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ABSTRACT 

The factors which determine the growth mode and molecular architecture of 

vacuum deposited organic thin films on single crystalline substrates were investigated. 

Specifically, the relative importance of layer planes in the bulk structure, lattice matching 

between the overlayer and substrate, topographic direction by the susbtrate. and specific 

molecule-substrate interactions, in determining the growth mode were examined. The 

majority of the molecules smdied here (ClAlPc, FieZnPc. PTCDA, C4-PTCDI, and C5-

PTCDI) exhibited layer planes in their bulk structures, however, the molecular plane is 

coincident with the layer plane only for PTCDA and ClAlPc. 

ClAlPc and FigZnPc were found to adopt different flat-lying commensurate square 

lattices on the Cu(lOO) surface. In both cases, the flat-lying orientation of the molecules 

was dictated by specific molecule-substrate interactions, while the orientation of the lattice 

was dictated by lattice matching with the substrate. ClAlPc was also able to adopt an 

incommensurate centered rectangular lattice whose orientation was directed by directed by 

alignment along step edges. 

Fluorescence investigation of submonolayer PTCDA and PTCDI films on alkali 

halide substrates demonstrated the great potential of fluorescence spectroscopy as a means 

of monitoring film growth. PTCDA was found to adopt a flat-lying orientation on NaCl, 

KCl, and KBr, while a flat-lying orientation of the PTCDI molecules was determined by 

the strength of the molecule-substrate interactions. From these measurements, the relative 

interaction strengths of the substrates were determined to be KCl > KBr > NaCl. IR 

dichroism showed that the expected growth along the layer planes was found only to occur 

for PTCDA, due to the coincidence of the layer and molecular planes. IR spectroscopy 

also revealed that a new polymorph of C5-PTCDI had been formed on these surfaces. 
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These studies showed that the relative importance of the factors in detrmining the 

molecular architecture adopted within the first 1-2 MLE of a film are: 1) molecule-

substrate interaction, 2) lattice matching, 3) topographic direction, 4) layer planes in the 

bulk structure. In addition the use of fluorescence spectroscopy to probe the evolution of 

vacuum deposited films was significantly advanced. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Applications of Organic Semiconductors 

Over the past several decades, organic molecules which exhibit semiconducting 

behavior, have proven to be amenable to a variety of technologies which lake advantage 

of their unique physical and chemical properties. In the majority of these technologies, 

the organic material is deposited as a thin film in which the organic material may be 

crystalline, amorphous, or dispersed in a matrix. Applications for which these materials 

are currendy being investigated include dye sensitization of semiconductors and 

photographic materials. ̂ -2 organic electroluminescent devices,^ photovoltaics,'^-^ 

electrophotography,^ chemical sensors,^ and organic transistors,^-^ to name a few. 

Organic materials offer several advantages over inorganic materials in most of these 

applications, including lower cost, the ability to fabricate large area devices, and relatively 

easier tuning of spectral and electrical characteristics. In spite of these potential 

advantages, the efficiency of most current organic based devices is much lower than that 

of most inorganic based devices in these applications limiting their widespread use. A 

notable exception is the field of electrophotography where 90% of the currently marketed 

photoreceptors are organic materials.^ Improvements in the choice of available dyes and 

the methods of integrating them into devices are rapidly closing the performance gap in 

other technologies between organic and inorganic materials. 

The suitability of organic materials for these applications is determined not only 

by the nature of the individual molecules, but also by the intermolecular interactions in the 

solid state, which determine the linear and nonlinear optical properties, electrical 
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conductivity and photoconductivity, etc. of the organic ^ Slight changes in the 

molecular architecture within an organic film can lead to spectral shifts of several tens (or 

even hundreds) of nanometers in the electronic absorption spectrum, and conductivity 

changes of several orders of magnitude.6'^2.l3 Consequently, it is essential to be able to 

control the morphology exhibited within organic thin films, and to understand the 

relationship between molecular architecmre and the observed physical properties so that 

the organic materials can be tailored for specific applications. 

Two of the most promising classes of dyes for many applications are the 

metallophthalocyanines (MPc) and the perylenetetracarboxylic dyes shown in Figure 1.1a 

and Lib, respectively. Some control of the solution and solid-state properties of the 

phthalocyanine molecules can be achieved by substitution of the central metal at position 

M, or by the addition of electron donating or withdrawing groups at position X.^5 

Changing the electron donating or withdrawing potential of the species at position X in 

the phthalocyanines, can greatly affect the position of the HOMO and LUMO with 

respect to the reference energy of a free electron in vacuum, causing a change from p-type 

behavior in an unsubstituted Pc, to n-type behavior in Pes with strong electron 

withdrawing substiments.^^-^^ Similarly, the solid-state optical absorption and electrical 

conduction of the perylene dyes may be highly dependent on the nature of substituents at 

the X position. For the perylene dyes, the absorbance in dilute, non-aggregated, solutions 

is relatively independent of the substituents, indicating that the intermolecular interactions 

in the solid-state are determining the resulting optical properties. ̂  3.14.17 j^e nature of the 

substiment at the X position of the perylenes, has relatively litfle effect on the position of 

the HOMO and LUMO since the X position lies at a node in both of these orbitals. 
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a) X X 
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Figure 1.1: Important crystalline semiconducting organic materials; a) structure of a 
generic phthalocyanine; and b) a perylene tetracarboxylic dye. 
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1.1.1 Photography 

One of the first uses for semiconducting organic materials, and one which is still 

quite important today, was as spectral sensitizers in photographic media. In the 

photographic process, photons of light are able to partially reduce photoactive silver 

halide particles dispersed in the film to produce a latent image. 1*2 The silver halide 

particles used in photographic film have virtually no absorbance at wavelengths longer 

than ca. 540 nm, which means that the red light reflected from objects will not be 

energetic enough to reduce the silver halide.^ Consequently, in order to accurately 

capture an image (in both black-and-white and color photography) the silver halide 

particles must be sensitized to photons of lower energy. This is accomplished through a 

process known as dye sensitization. In this process, appropriate dye molecules 

physically adsorbed to the surface of the silver halide grains, absorb the lower energy 

photons to form an excited state by promotion of an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The 

electron from this excited state can then be transferred to the silver halide crystal to reduce 

the silver. 

A highly simplified schematic of this dye sensitization process which neglects 

junction formation at the interface is depicted Figure 1.2. The optical bandgap of silver 

bromide is ca. 2.3 eV, consequently, photons of less than 2.3 eV (?t >540 nm) in energy 

are unable to promote an electron from the valence band to the conduction band of the 

silver halide.^ If the energy levels of the adsorbed dye are positioned relative to those of 

the silver halide so that the LUMO of the dye lies at higher energy than the conduction 

band of the silver halide, electrons excited to the LUMO of the dye can be transferred to 

the silver halide grain. The most important dyes for this process are the cyanine dyes, 

which are known to aggregate into J-aggregates on the surface, as will be discussed 
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Figure 1,2: Schematic of the dye sensitization process in photography. The electron 
which is promoted to the excited state can reduce silver ions in the AgBr grain. 

•i 
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below. 1 There is still extensive research aimed at the production, characterization, and 

incorporation of new dyes into photographic films in order to improve the color 

reproduction accuracy, response time, etc.^--

1.12 Electrophotography 

More recently, organic molecular semiconductors have been used as the 

photoreceptive element in electrophotographic devices, with 90% of the current devices 

incorporating organic photoreceptors.^ The electrophotography process, in its simplest 

form, is depicted in Figure 1.3. In this process, the photoreceptor is charged uniformly 

(step 1), then exposed to the image to undergo imagewise photodischarge. in which the 

portions of the photoreceptor which are exposed to light transfer their charges to a 

neutralizing species (step 2). The exposed image is then passed over dry toner which 

elecrostatically adsorbs to the portions of the photoreceptor which have not been 

discharged (step 3). In the final steps, the toned image is transferred to paper, and heat 

fused to ensure permanency(steps 4 and 5).^ The characteristics of the photoconductor 

are critical to the proper operation of this technology. The photoconductor must be able 

to accept and retain charges in the dark, and efficiently transfer those charges upon 

exposure to Light, (i.e. the material must exhibit a low dark conductivity and a high 

photoconductivity).^ 

Most modem devices utilize a bilayer photoreceptor configuration which allows 

for the independent optimization of the two important processes: 1) light absorption to 

generate charge, and 2) transfer of charge to a charge neutralizing species. A schematic 

of a typical bilayer device is shown in Figure 1.4, indicating the separate charge 

generation (CGL) and charge transfer (dTL) layers. The molecules in Figure 1.4 are 

representative of those used in these applications. Triaryl amines such as NJ^I'-diphenyl-
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Step 5 

Figure 13: Steps in the electrophotographic process. 
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+++++++++++++ ++++++++++++++++ 

b) 

Figure 1.4: Schematic cross-section of the charge generation and charge transport 
layers in a bilayer photoreceptor; a) during illumination; b) final state after 
illumination. 
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N.N'-di-m-toIyI-l.r-biphenyl-4,4'-diainine (TPD) depicted in Figure 1.4 are efficient 

hole-transporting materials for CTLs, while certain polymorphs of TiOPc exhibit suitable 

absorbance and photoconductivities for use as CGLs. In these devices, the incident light 

passes through the relatively transparent charge transport layer to be incident upon the 

charge generation layer. Since hole transport in organic materials is generally more facile 

than electron transport with the transport materials currently available, the photogenerated 

holes are transported to the surface to neutralize the negative charge which was placed 

there during the charging process. The photogenerated electrons are compensated by the 

underlying metallic substrate. 

For photocopier applications, illumination is generally accomplished with a 

tungsten or xenon lamp requiring the photoreceptor to have its maximum response in the 

range of 400-650 imi. For laser printer applications, however, the most commonly 

employed lasers are GaAs based devices which emit in the range of 750-850 nm, 

requiring the development of photoreceptors with significant absorbance in the near IR.^ 

Certain polymorphs of metallophthalocyanines and perylene dyes exhibit the desired 

absorbance, and have been incorporated into devices. These are often not the most 

thermodynamically favored polymorphs of these materials, however, and extensive 

processing may be necessary in order to induce the phase transformation from the stable 

phases.^ 

l.U Photovoltaics 

Organic materials such as phthalocyanines or perylenes placed in contact with 

metal electrodes or other inorganic or organic semiconductors, may exhibit rectification in 

the dark under an applied field, and the development of a photopotential upon 

illumination, enabling their use in photovoltaic devices.in these devices, the electric 
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field gradient formed at the interface between two materials with different electronic 

properties serves to dissociate the excited states of molecules into free carriers. A 

discussion of the process of charge generation and the electronic behavior of these 

materials is given in Section 1.2. 

There are several possible device geometries which rely on gradients formed 

between different species. If a rectifying junction exists between the organic 

semiconductor and a metal electrode, a Schottky-type cell can be created as shown in 

Figure 1.5a. A junction formed between two dissimilar organic semiconductors can be 

incorporated into a p/n device (or a pin device in which there is a mixed layer of the n-

and p-type materials inserted between the pure materials) (Figure 1.5b). The electric field 

gradient can also exist at the organic-electrolyte interface in the photoelectrochemical cell 

shown in Figure 1.5c. In each of the schematics shown in Figure 1.5, the interface at 

which the excited state is dissociated is indicated by a vertical arrow. 

Since die difference between the electrochemical potentials between the two materials in 

contact is generally at most ca. 1-2 V, the effective film thickness over which free carrier 

dissociation occurs is generally on the order of 20-50 nm. Photons absorbed at 

distances from the interface greater than this do not contribute to the observed 

photocurrent, as they do not lead to dissociation of the excited state unless the excited 

state is able to migrate into this region. In general, the quantum yield of photon 

conversion increases with decreasing layer thickness as more of the film will experience 

higher electric field gradients, however, the amount of light absorbed decreases with 

decreasing film thickness. 
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Figure 1^: Configurations of photovoltaic devices showing a) Schottky cell; b) p/n 
device; c) electrochemical cell. 
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1.1.4 Organic Light Emitting Diodes 

One of the currently most-investigated applications for molecular electronic 

materials is the production of organic electroluminescent devices. In these devices, 

positive and negative charges injected into the organic material recombine radiatively to 

emit a photon whose energy is dependent upon the emitting species.^ The earliest report 

of electroluminescence from an organic material was the 1963 observation by Pope et al. 

of electroluminescence from anthracene crystals under an applied field of 400 V.'S Since 

this report, electroluminescence has been observed from thin films of many different 

materials at voltages as low as 1-2 V.3-19 

The most efficient devices of this type typically possess a two- or three-layer 

geometry consisting of a hole transporting layer, an emitting layer, and an (optional) 

electron transport layer as shown in Figure 1.6a, however, single layer devices based on 

emitting polymers are known. ̂ ^-21 The three-layer geometry differs from a typical 

inorganic LED which is usually formed from a single semiconductor which has been 

differently doped to form a p-n junction. In order to have devices of high efficiency, it is 

necessary that the holes and electrons recombine within the emitting layer and do not 

simply pass through the device to reach the opposite electrode. This is ensured in three 

layer devices by careful choice of LED components so that large blocking contacts for 

electrons and holes (shown in Figure 1.6b) are fonned at the interface between the 

emitting layer and the transport layer for the opposite species. These blocking contacts, 

confine the charges to the emitting layer until they have the opportunity to diffuse together 

and recombine. Because each layer has only one function, it is only necessary to 

optimize the properties of each layer for its own specific purpose, avoiding the difficult 

task of trying to create a single organic layer which will efficiently conduct both holes and 

electrons, as well as emit light. 
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Figure 1.6: Three layer organic light emitting diode; a) schematic of device structure; 
b) energy level diagram. 
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The boundaries between grains in any of the organic materials wiU behave as trap 

sites for the injected carriers, capturing them until they are lost through thermal processes, 

reducing the overall efficiency of the device. Consequently, the materials commonly 

employed in these devices are generally deposited as amorphous films, leading to a very 

low density of grain boundaries within the film.^ Other approaches employing highly 

crystalline layers, with large grains and low grain boundary densities are also currently 

being investigated.^^ 

1.1^ Chemical Sensors 

Many semiconducting organic molecules, including most phthalocyanines and 

perylenes, also exhibit changes in their electrical and optical properties when exposed to 

various gaseous species. A great deal of effort has gone into trying to exploit these 

phenomena in the development of chemical sensors.23 The sensor response to various 

analytes is determined by several factors including the strength of the interaction with the 

analyte, the degree of crystallinity of the organic semiconductor, and the history of the 

device. The interactions between the organic semiconductors and various reducing or 

oxidizing species are charge transfer interactions.^^ Therefore, p-type semiconductors, 

such as most phthalocyanines. are expected to respond to electron accepting species such 

as O2, CI2, NO2, etc. by means of a conductivity increase upon interaction because the 

formation of the charge-transfer complex partially ionizes the molecules producing free 

carriers. Similarly, n-type materials, such as the perylenes, are expected to show a 

conductivity increase when exposed to electron donating species such as NH3 and H2. 

Pes have also been reported to respond to electron donating species such as NH3 by 

exhibiting a conductivity decrease due to displacement of oxygen from the Pc film by the 
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It is generally accepted that the charge-transfer interactions of perylenes and 

phthalocyanines occur through cofacial interactions with the aromatic core.^^ 

Consequendy, film geometries which leave these faces relatively unobstructed will allow 

for more facile interaction with the analyte species. The conductivity in these materials, 

however, is highly dependent upon cofacial interactions between adjacent molecules 

which allow charge carriers to hop from one molecule to the next.^^ The optimal 

molecular architecture for the molecules in a conductometric type sensor will, therefore, 

represent a compromise between these two competing requirements. 

The interaction between the organic semiconducting dyes and the analyte gas can 

be detected through changes in the conductivity of the dye film. Conductivity changes 

have generally been measured in a microcircuit geometry such as the one depicted in 

Figure 1.7. Devices of this type have often been referred to as chemiresistors, because 

the resistivity of the device is modified by chemical interactions within the sensing dye 

layer. The conductivity in devices of these types is believed to be dominated by defect 

sites which occur when impurities (dopants) are present or at grain boundaries within the 

polycrystalline film."^ 

1.1.6 Nonlinear Optical Devices 

Some of the most promising potential uses for thin films of organic dye 

molecules rely on the nonlinear optical (NLO) properties of these materials. Organic 

materials can exhibit quite large second- and third-order nonlinear optical coefficients 

when compared with inorganic materials.2'^26 ju order to have second harmonic 

generation (SHG) from an NLO material, it is necessary that the molecule, as weU as the 

overall film, be non-centrosymmetric.^'^ Most SHG materials are conjugated systems 

with donor and acceptor properties on different ends of the molecule, which exhibit very 
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Figure 1.7; Interdigitated array for use as a conductometric chemical sensor. The 
lower image is a cross-section showing the organic dye layer spanning the two 
electrodes. The two light electrodes are connected, and would be biased with respect 
to the central dark electrode. 
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large changes in dipole upon excitation. The magnitude of the second-order effect is 

proportional to Ap. = p-e - ^ig. where M-e is the electric dipole moment in the excited state 

and p.g is the electric dipole moment in the ground state.^^ Third-order optical 

nonlinearities in organic materials can also be quite large. Third-order effects, unlike 

second-order effects, do not require a non-centrosyirmietric structure, however, the 

magnitude of the third-order response is sensitive to the degree of ordering in a film.-^-^^ 

1.1.7 Organic Thin Film Transistors 

There has been considerable research effort recently in developing field effect 

transistors (FETs) in which the channel is an organic semiconductor.^-29-32 Organic 

FETs are currently much less efficient than comparable inorganic devices, as evidenced 

by the large source-drain voltages necessary to induce current flow (80-100V).3l-32 

Significant advances, however, have been made recendy in the performance of organic 

FETs through the incorporation of new materials, and higher purity (and quality) films.^^ 

In spite of their current technological limitations, FET devices based on organic materials 

are an excellent means for studying the conduction process in organic thin films. Recent 

studies of FETs incorporating a perylene dye as the channel material have revealed a 

conductivity type anisotropy within the film.^ Since the perylene dye studied (PTCDA) 

formed a highly ordered film, with a well-defined molecular orientation, the conduction 

process could be defined with respect to the molecular plane. It was found that 

conductivity along the molecular planes was n-type, while that normal to the molecular 

planes was p-type. This striking example highlights the importance of molecular 

architecture and molecular orientation in determining the physical and chemical properties 

of a material. 
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Optical Absorption and Conductivity in Films of Organic Semiconductors 

In order to understand how molecular architecture influences the optical 

absorption, luminescence, and electronic properties of these materials it is worthwhile to 

examine the events occurring in these processes at a molecular level. The conductivity a 

(Q~^cm-i) of a material is given by^^ 

a  =  Z e n i L  (1.1) 

where Ze is the net charge of the carriers, n is the concentration of charge carriers, and p, 

is the mobility of the carriers in cm^V-^s"^. The discussion below will show the impact 

of differences in the molecular architecture on the conductivity, through changes in n and 

p. in Equation 1.1. 

When a photon is absorbed by a material, an excited state consisting of an 

associated hole-electron pair, known as an exciton. is formed. In inorganic materials, the 

hole and electron can be weakly bound, i.e. widely separated from each other within the 

solid due to the strong electronic interaction between atoms in the lattice. This type of 

exciton. known as a Wannier exciton, gives rise to a true continuum of energy levels, as 

described by a band model. ^ ^ For most organic solids in which the interaction between 

the molecules in the solid are smaU, delocalization is unlikely, and a band model is not 

expected to give an accurate representation of the energy levels of the solid. A band 

model, however, has occasionally been applied to describe molecular systems.^^ 

Excitons formed in most organic materials are of the tightly bound type known as 

Frenkel excitons. Frenkel excitons are excitons in which the photoexcited electron is 

associated with a specific molecular center and does not migrate away from its 

corresponding hole. ̂  ^ third type of exciton, known as a charge transfer exciton, has 

been implicated as a necessary intermediate state between a tightly bound exciton and free 

charge carriers in certain materials such as phthalocyanines and perylenes.^-^ In a charge 

•i 
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transfer exciton. the electron and hole are located on adjacent molecules, forming a 

geminate electron-hole pair, which is the first step in dissociating an exciton into free 

charge carriers. 

The most likely deexcitation pathways for an exciton are radiative or non-radiative 

recombination of the electron and hole, returning the excited molecule to its ground state. 

The rate constants for these and other deexcitation processes are low enough that the 

exciton can migrate over significant distances before recombination occurs. Reported 

exciton difftision lengths of 5-20 nm are not uncommon, although evidence exists that in 

some materials it may be much greater.5'34-37 

The exciton diffusion length is highly dependent upon the crystallinity of the 

organic material as defects and grain boundaries in an organic crystal will act as trap-sites 

for excitons. These trap sites facilitate both non-radiative recombination and exciton 

dissociation. Excitons which encounter these sites will not emit photons, highlighting the 

need for highly crystalline or very amorphous materials for light emitting applications. It 

also has been necessary to attribute the significantly enhanced photocurrent yields in 

some organic materials to defect-assisted dissociation as excitons diffuse into the region 

near the defects, as will be discussed below.5.34 

Thermal generation of charge carriers, which is often the dominant mechanism 

for charge generation in inorganic semiconductors, is relatively rare in most organic 

semiconductors due to the large bandgaps and highly localized nature of the excitons.^^ 

Therefore, dissociation of photogenerated excitons is often the dominant mechanism of 

charge carrier generation, and it is not uncommon for the photocurrent in organic 

semiconductors to be several orders of magnitude greater than the dark conductivity (e.g. 

Pankow, et al. have measured photo- to dark conductivity ratios of 7600 in QGaPc 

vapor-deposited films)."^ 
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In the absence of an externally applied field, exciton dissociation into free carriers 

is generally not favored relative to radiative or non-radiative decay of the exciton.33 The 

exciton dissociation process is dependent upon the material in question, and is generally 

found to follow one of two mechanisms. Materials such as anthracene, naphthalene, and 

poly(N-vinylcarba2ole), exhibit a threshold for photoconductivity, similar to that 

observed in inorganic semiconductors.^^ Photons below a certain threshold energy wiU 

not be able to induce carrier photogeneration, while photons of energy greater than the 

threshold lead to free carriers. This type of carrier photogeneration process has been 

modeled by Onsager.39.40 Onsager theory of carrier generation, the probability for 

carrier generation scales with the energy available from the incident photon. Immediately 

after absorption of a photon, before internal conversion can occur to retum the molecule 

to the lowest vibrational state of the first excited state, a free carrier is ejected from the 

excited state. The kinetic energy of this carrier is related to the excess energy of the 

photon, and determines the average distance the free carrier can travel before its energy is 

dissipated by thermal means. If the coulombic attraction between the ejected carrier (once 

its energy has been dissipated) and its countercharge is greater than kT, then the carrier 

will not recombine with its countercharge. If the coulombic attraction is less than kT, 

then recombination will occur to regenerate an excited molecule in its lowest vibrational 

state which can then fluoresce or decay nonradiatively.39 

Noolandi and Hong have modified the Onsager theory to allow internal 

conversion in the excited molecule before carrier ejection, introducing an intermediate 

step between photon absorption and carrier photogeneration."^ Once internal conversion 

has occurred, the exciton can decay radiatively by fluorescence (or phosphorescence in 

the case of a triplet exciton), nonradiatively through thermal means, or the exciton can be 

dissociated to produce a charge transfer (CT) state in which the electron and hole are 

i 



42 

localized on adjacent molecules. In this theory, the CT state is in equilibrium with the 

lowest excited state of the originally excited molecule, so that once formed, the CT state 

can recombine to regenerate the initial singlet (or triplet) exciton. which can then either 

fluoresce (phosphoresce) or decay non-radiatively. 

The Noolandi and Hong theory was developed to describe the second class of 

materials which includes dyes such as the phthalocyanines, perylenes, and squaraines in 

which the efficiency of carrier generation does not exhibit a threshold, but instead follows 

the absorbance spectrum-^^-"^ Popovic has proposed a similar model to that proposed 

by Noolandi and Hong which better describes the behavior observed in materials such as 

H2Pc.'^'5 In this model, upon absorption of a photon, the molecule first experiences 

internal conversion to relax to the lowest vibrational state of the excited state. From this 

level, the excited state (exciton) can decay radiatively by fluorescence (or 

phosphorescence in the case of a triplet exciton), nonradiatively through thermal means, 

or the exciton can be dissociated to produce a CT state in agreement with the Noolandi 

and Hong theory. The charge transfer state can either decay non-radiatively to the ground 

state, or dissociate to form free carriers, however, recombination to regenerate the excited 

state is not allowed. This is the major difference between the Popovic and the Noolandi 

and Hong theories, and was proposed in order to explain the field-dependent fluorescence 

quenching behavior of H2PC films. If the excited state were regenerated, an additional 

fluorescence component at low fields would be expected. This low field fluorescence 

component was not observed, suggesting that the excited state was not being populated 

from the charge transfer state."^ The rate constant for the CT formation is dependent 

upon the strength of the electric field experienced by the molecule. In a perfect crystal, 

with no externally applied field, the rate of formation of the CT state is expected to be 

low. The application of an externally applied field will increase the quantum yield of 
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carrier generation by assisting the formation of the CT state. Popovic and Loutfy found 

experimentally, however, that the calculated xerographic carrier generation efficiency in 

X-H2PC of ca. 15% based on the applied electric field was much lower than the observed 

60% efficiency.'^ 

This unusually high carrier generation efficiency prompted the incorporation of 

additional terms describing carrier generation at ionized impurity sites within the organic 

material.'^-^'* Although this theory was developed for a p-type material such as a 

phthalocyanine, in which the ionized impurities are assumed to be negatively charged, it 

is valid for both p-type and n-type semiconductors.^^ The nature of the ionized impurity 

is not specified, and it could be either a substitutional impurity or a crystalline defect such 

as a grain boundary, etc. If the energy of the defect state in a p-type material is sufficient 

that it can trap an electron, a local electric field gradient, whose magnitude decays rapidly, 

will be produced around the impurity. For example, it has been proposed that at a 

distance of 1 nm from the impurity, the field was 320 V/^.m, while at 3 nm. the field 

strengdi was only 35 V/|im, for the parameters chosen to model the process in an X-

H2PC film.38 Inherent in this theory, is the assumption that the exciton diffusion length is 

long compared to average separation between the ionized impurities. 

In addition to acting as dissociation centers, crystalline defects may also act as 

recombination centers allowing radiative or non-radiative return of the exciton to its 

ground state leading to lower observed photoconductivities. The process which occurs at 

the defect sites is highly dependent upon the nature of the defect, and its relative energy 

with respect to the intrinsic energy levels of the molecules. If the defect state is at a very 

different energy relative to the surrounding molecules, the electric field gradient 

surrounding it will be large, leading to exciton dissociation. If the energy of the defect 

site is only slightly different from the surrounding molecules, it may trap the exciton until 
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it either decays non-radiatively. or radiatively, emitting a photon that is characteristic of 

the defect site rather than of the pure material. The presence of defect/impurity centers in 

an organic semiconductor, will affect the concentration of carriers (n in Equation 1.1) as 

interaction of an exciton with the centers will lead to enhanced or reduced carrier 

generation, depending upon the nature of the center. 

Once excitons become dissociated into free charge carriers, the charges must be 

able to migrate throughout the organic material in order to generate a useftil photocurrent. 

Typically the mobility of electrons and holes will not be equal for a given organic 

material, and, as a general rule, hole conduction is more facile than electron conduction in 

organic semiconductors.^ The means by which charge is conducted in organic 

semiconductors, in general, can not be explained by the band model used to describe 

conduction in inorganic semiconductors, due to the small mobilities observed in organic 

materials.33 xhe band model treats the solid as a delocalized system in which the carriers 

have little interaction with the molecular centers. The low mobilities of most organic 

materials localizes the charge carriers, making a band description inappropriate. 

Conduction in organic semiconductors is generally believed to occur by means of a 

hopping process, in which a carrier localized on a particular molecular center acquires 

enough activation energy to surmount a potential barrier and "hops" to the next molecular 

center. The barrier height, and consequently the mobility, is strongly dependent upon the 

intermolecular spacing between molecules.^^ Therefore, changes in the molecular 

architecture will affect the mobility (ji in Equation 1.1). It is clear that the molecular 

architecture and the degree of crystallinity, through their effects on p, and n, are key in 

determining the conductivity in a given material. In order to evaluate the intrinsic 

electrical properties of a material, highly ordered samples with a minimum of 

defect/impurity sites are necessary. Intrinsic organic films have such low conductivities. 
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however, that any practical device will require doping of the material or the creation of a 

heterojunction which will assist in exciton dissociation. 

U Effect of Morphology on Physical Properties 

There are several practical examples which clearly show that the behavior of 

organic semiconductors, in any of the applications mentioned above, is highly dependent 

upon the polymorph and crystallinity adopted within the organic layer. Copper 

phthalocyanine has five known polymorphs, H2PC has three, and TiOPc has five, 

however, only the e-polymorph of CuPc, the T-polymorph of H2PC, and the Y-

polymorph of TiOPc exhibit suitable near-IR sensitivity and photoconductivity to be 

useful for GaAs laser based electrophotography applications.^ Yanagi. et al. have 

recently shown that photoelectrochemical cells containing highly ordered epitaxial thin 

films of 5,10,15,20-tetraphenyIporphyrin exhibit a photocurrent quantum yield that is 

three times greater than that observed for polycrystalline films of the same material.^^-'^^ 

Epitaxial films of chloroaluminum phthalocyanine were also shown by this same group 

to exhibit photocurrent quantum yields that were 25x those observed for amorphous 

films. ^ Toda, et al. have shown that the photo- and electroluminescent spectra of 

epitaxial perylene films are significantly different from the spectra of amorphous films 

when tested in a two-layer LED structure.22 in chemical sensors incorporating CuPc as 

the sensing layer, exposure to oxygen causes a ICK increase in conductivity of die a-

polymorph, while having little effect on the P- polymorph.23 There are many more 

examples of the relationship between structural features and physical properties or device 

performance, but those listed here highlight the importance of the need for control of 

molecular architecture in order to maximize device performance. 

•i 
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The dependence of the physical properties of solid state organic materials on the 

morphology exhibited by the material represents both, one of the strengths and one of the 

challenges, of this particular class of materials. Unlike inorganic semiconductors in 

which the atoms of the semiconductor are covalently bound in a regular arrangement, 

organic semiconductors consist of individual molecules only weakly held together by van 

der Waal's interactions or, in some instances, by hydrogen bonding. It is these weak 

interactions which allow many polymorphs which differ in energy by only a few 

kcal/mole.'^^^ The properties exhibited in the solid state represent an ensemble average 

of each of the different environments experienced by molecules within a film. 

Consequendy, it can be quite difficult to understand the behavior of a particular 

polymorph if only a poorly crystalline sample is available, as the observed behavior may 

be more characteristic of defect states rather than of the bulk material. Disorder within 

the film will produce trap levels within the bandgap of the dye which will broaden the 

absorbance spectra as excitation occurs to or from these shallow traps, and decrease the 

conductivity as the free charge carriers become trapped at these sites. In order to study 

the effects of morphology on physical properties, it is necessary to be able to produce 

weU-ordered (ideally single crystalline) samples of organic materials to minimize the 

contributions of crystal defects, etc. to the observed physical properties."^ 

13.1 Solid-State Effects on Optical Properties 

It is well known that molecules can form aggregates with various geometries 

which exhibit different spectroscopic and electronic properties.^ Several examples of this 

were given in the previous section. In the solid state, the u^sition dipole of an individual 

molecule is perturbed by the collective effects of the neighboring dipoles leading to 

changes in the absorption spectra. Several researchers have developed theories which 

'jt 
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allow the prediction of the solid-state effects on the absorption spectra with reasonable 

success.The exciton coupling model treats the solid state absorption spectra 

as a linear combination of point (or extended) transition dipolesJ^-^ ^ The relative 

positions of the dipoles determines which transitions are optically allowed. This model 

has been successfiilly applied to the description of highly ordered films of cyanine dyes, 

phthalocyanine dyes, and many other molecules. ̂  Another approach examines the 

effects of interference between molecular orbital of adjacent molecules which determine 

the energy of linear combinations of the HOMOs and LUMOs of molecules, This 

model has been successfully applied to the description of perylene bisimide dyes. A 

detailed presentation of both of these theories will be given in Chapter 3. 

The luminescent properties of molecules are also know to be very sensitive to the 

environment of the emitting molecule in solution and in the solid-state. Many planar 

aromatic hydrocarbons such as pyrene crystallize in structures in which the molecules are 

arranged on the lattice sites as dimers (B-type). Other molecules such as anthracene 

crystallize with individual molecules (A-type) at the lattice sites.50-5i Some molecules 

such as perylene, 3:4-benzopyrene, and l-chloroanthracene can exist in both forms.^® 

general, the luminescence spectra of species of the A-type will exhibit structure similar to 

that observed for molecules in dilute solution, while molecules in B-type crystals will 

exhibit a broad featureless red-shifted emission due to excimer formation between the 

adjacent molecules which can readily interact-^O-^^'^^ In addition to the excimer 

luminescence observed from B-type crystals, there is evidence for emission from the 

dimers in the unit cell of certain B-type crystals (i.e. a-perylene) at low temperature. 

Defects in one type of crystal will often exhibit luminescence behavior similar to that 

expected for the other type of crystal. For example, the application of extreme pressures 

to A-type crystals will produce defects which give rise to excimeric luminescence 
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features, while microcrystalline samples of the B-type pyrene crystals exhibit a structured 

luminescence due to monomelic defects, in addition to the expected excimer 

luminescence.50 ^ detailed discussion of the luminescence behavior of planar aromatic 

molecules will be given in Chapter 3. 

Solid-State Effects on Conductivity 

Several examples of a polymorphic dependence of conductivity, 

photoconductivity, and analyte induced conductivity changes in chemical sensor 

applications are known.23.55-58 "The alpha and beta polymorphs typical of most 

phthalocyanines coordinated with small divalent metals (shown in Figure 1.8 for CuPc) 

differ only in the angle formed between the plane of the molecule and the columnar 

stacking axis. For CuPc, the tilt angle in the a-form is 26.5°, while in the P-form it is 

45.8°. In both cases, the interplanar spacing is 3.4 A, but the change in tilt angles spaces 

the metal centers in the P-polymorph 1 A further apart (4.79 A for p, 3.79 A for a).23.59 

This slight change in morphology has a large effect on the sensing properties of the 

molecules. Exposure to oxygen causes a 10^ increase in conductivity of the a-

polymorph, while having little effect on the conductivity of the P- polymorph.^^ 

An even more pronounced effect is observed for the two polymorphs of PbPc. 

The large size of the lead cation forces a puckering of the Pc ring, causing significant 

distortion from a planar geometry. The puckered nature of this ring leads to a different 

packing in the solid state than that discussed above for CuPc. In the monoclinic 

polymorph, the PbPc molecules stack in columns with the convex sides all pointing in 

the same direction within the column. The molecules in the adjacent column have their 

convex sides pointed in the opposite direction.^ In the triclinic phase, the molecules 

alternate concave and convex orientations along the a axis, leading to a much larger 
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Figure 1.8: Stable bulk polymorphs of CuPc; a) and c) projection of molecular planes; b) 
and d) side view of the herringbone stacking. Reproduced from ref. 59. 
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distance between molecular centers than in the monoclinic phase.^-^' The increased 

intermolecular distance leads to a very large change in conductivity between the two 

materials. At room temperature, the conductivity for the monoclinic phase has been 

reported to be as high as ca. lO"^ Sm'^ while the triclinic phase only exhibits a 

conductivity of 10"'^ Sm-^.^' The differences in conductivity in these materials is due to 

the decreased mobility of the charge carrier as the degree of n overlap between adjacent 

molecules is decreased. 

1.4 Control of Molecular Architecture through Preparation Techniques 

There are several reasons for studying the effect of preparation conditions on 

molecular architecture. For devices which are prepared by either solution casting or 

vacuum deposition of a dye molecule on a substrate, the nature of the substrate can play a 

large role in determining how the dyes will pack. An example of this is the solution 

deposition of the sensitizer dye on the silver halide particles in photographic film, in 

which the formation of the desired J-aggregate structure is influenced by the 

substrate. por devices which incorporate the dye molecules as suspensions in 

polymer matrices, etc., the desired polymorph of the dye is typically prepared ex situ 

before device fabrication and diere is no need to rely on the appropriate ordering 

occurring during deposition. In these systems, however, it is still of great interest to 

understand the relationship between molecular architecture and physical properties in 

order to be able to design new dye molecules with even better performance. 

The majority of the organic materials which have been incorporated into various 

devices have been prepared by rather crude techniques such as spin-casting from a 

solvent, precipitation under different conditions, or neat milling.^ These techniques are 

widely employed due to their simplicity and ease of incorporation into manufacturing 
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processes, however, the relationship between the polymorph created and the processing 

conditions is largely empirical. In addition, powder X-ray diffraction patterns and 

spectroscopic data for the different polymorphs of these materials prepared by such crude 

methods often are broad in nature indicating a large degree of heterogeneity within the 

sample.6 In some instances, the actual structure of a polymorph which exhibits certain 

desired properties is unknown due to the poor quality of the samples produced.^ In order 

to develop an understanding of the structure-function relationships within these materials, 

it is necessary to prepare high quality samples whose physical properties and 

crystallography can be determined. 

Techniques such as Langmuir-Blodgett (LB) deposition, self-assembly (SA). and 

organic molecular beam epitaxy (OMBE) in an ultra high vacuum environment offer the 

chance to prepare very highly ordered films. This highly ordered nature is reflected in the 

narrow lineshapes observed in the spectroscopic and crystallographic characterization of 

these materials. 12,63,64 addition, these techniques allow the systematic study of the 

effect of substiments on die physical properties. Through these techniques, it is often 

possible to distinguish between properties due to the identity of the molecule and 

properties due to the molecular architecmre of the film. Although the organic films 

characterized and presented here were prepared exclusively through vacuum deposition 

techniques, it is worthwhile to highlight some of the advantages and shortcomings of 

other film preparation techniques. LB, SA, and OMBE film preparation techniques 

differ in the interactions which determine the order in the film, and in many cases, a 

molecular architecmre exhibited by a film prepared by one technique is not achievable by 

any other method. 
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1.4.1 Langmuir-Blodgett Deposition 

Langmuir-BIodgett deposition relies on the transfer of an ordered film from the 

air-water interface of an LB trough to a suitable substrate.^5 Since the initial film is 

formed at the air-water interface, molecules which are amphiphilic, such as long chain 

fatty acids, are very well behaved because the polar head group will tend to associate with 

the water subphase, while the hydrophobic tail will "partition" into the air. Dye 

molecules such as the perylenes and phthalocyanines must be derivatized with various 

functional groups in order enhance their solubility in organic solvents, and to create 

hydrophilic fimctionalities to interact with the water subphase. 

The ideal behavior exhibited by molecules such as long chain fatty acids is often 

not observed for the LB deposition of molecular semiconductors, as many molecules of 

interest, especially large aromatic systems such as dyes and NLO materials, will tend to 

aggregate upon dispersion on the water surface, even at zero external applied 

pressure.^-®^ In addition, many of these molecules do not have well-defined hydrophilic 

and hydrophobic portions, even after modification to enhance their processability. making 

their behavior on the trough, therefore, hard to predict. In spite of this, LB films have 

been made from modified dye molecules such as phthalocyanines and perylenes.^'66-75 

In order to be of technological value, the films formed on the water surface must 

be transferred to a solid substrate. Multilayer films can be created by repeating this 

transfer process until the desired film thickness is achieved. The quality of the initially 

transferred monolayer is dependent upon the nature of the surface. For example, films 

which have a well-defined hydrophobic moiety exposed to the air, will best be transferred 

to a hydrophobic substrate when using the horizontal contact method, etc. Since the 

ordering in these films is dictated by the intermolecular interactions occurring on the 

trough surface prior to film transfer, there is no need for well-ordered crystalline 
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substrates. It is not uncommon for films prepared by this technique to exhibit a 

progressive loss of order as the number of monolayers is increased, due to propagation 

of defects, placing practical limits on the thickness of high quality films which can be 

prepared by this technique.^^ 

1.4^ Self-Assembly 

In the self-assembly technique, spontaneous ordering of films of organic 

molecules occurs when the molecules are placed in contact with an appropriate substrate. 

Self-assembled monolayers (SAMs) have been prepared on a variety of substrates 

including metals such as gold and silver, semiconductors such as Si and GaAs, and 

insulators such as glass and Si02. Thorough reviews of this work can be found in 

references 65 and 76. The chemistry for binding to these surfaces is quite varied, and the 

formation of multilayers will be more facile with some chemical systems than with 

others. Common to all of these, however, is the formation of a strong, usually covalent, 

bond between the surface and a functional group of the organic molecule^^. The 

requirement of bond formation with the surface imposes limitations on the molecules 

which can form self-assembled films. Only molecules which inherently possess, or have 

been modified to possess, the proper reactive group are suitable for self-assembly. In 

addition, molecules which possess only a single fimctional group which is bound to the 

surface will only be able to form a monolayer thick film. 

Multilayer film formation requires bifimctional molecules which, upon 

monolayer formation, create a reactive surface to which fiirther monolayers can be 

attached. Mallouk and coworkers have developed an excellent approach to self-

assembled multilayer film formation using zirconium bis(phosphonate) chemistry.^^'^O 

An even more elegant approach to the creation of multilayer films with definite potential 
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for the deposition of non-linear optical materials has been developed by Marks and 

coworkers.25.26 xhis approach represents a modification of the standard SAM siloxane 

bonding chemistry, incorporating trilayers of molecules with different purposes in film 

formation, instead of creating multilayer films consisting of repeating units of a single 

molecule. 

All of the self-assembly methods can be used to prepare highly ordered thin films 

which are suitable for smdy or applications, or which can be used as well-defined 

substrates for the deposition of molecules by other means. The recent advances in the 

use of bifiinctional molecules, and the creation of multicomponent films have greatly 

extended the utility of self assembly techniques. In spite of die exceptional film quality 

which can be achieved, all of these deposition procedures are quite time consuming, 

which will probably prevent the widespread incorporation of multilayered films into 

devices. Reports of the time required to form one monolayer vary from as little as 1 hour 

to as long as ca. 7 days, depending upon the procedure.26-76 in order to create multilayer 

films thick enough for many applications, an inordinate amount of time must be invested. 

Monolayer films, however, currently show a great deal of promise for passivation or 

photoresist applications, etc. 

1.4.3 Vacuum Deposition and Organic Molecular Beam Epitaxy (OMBE) 

Vacuum deposition of dyes has been employed for many years as a means of 

creating films of materials, such as the phthalocyanines, which due to their low solubility 

are not readily processable by other means. Advances in vacuum technology in the 

past several decades have allowed the deposition and characterization of highly ordered 

crystalline dyes through the OMBE process. The differences between vacuum 

deposition and OMBE lie in the technology used to create the films and the deposition 
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conditions. Evaporated dye layers, which exhibit little or no crystallinity. are typically 

deposited at higher pressures {10"5-10-^ torr), faster rates (tens of nm/min.). and on 

amorphous or polycrystalline substrates. Under these conditions, substrate induced 

ordering is very unlikely, and any observed order is due to the tendency of the molecules 

to self-associate. In the OMBE process, however, single crystal substrates, higher 

vacuum (~10-9 torr), and slower deposition rates (.1-10 A/min.) allow the formation of 

highly ordered thin films whose ordering, at least in the-first few monolayers, is dictated, 

in large part, by molecule-substrate interactions. Through the OMBE process, highly 

ordered single crystalline domains can be created, which allow the characterization of the 

intrinsic optical and electronic properties of the material with minimal interference from 

defects, grain boundaries, etc. 

OMBE offers several advantages over the self-assembly and L-B techniques 

described above, for the study of organic dyes. Since many of these dyes are relatively 

insoluble, derivitization of the dyes is necessary in order to make them processable by LB 

and S A techniques. This derivitization may alter the electronic properties of the dyes 

depending on the electron-withdrawing or -donating ability of the added substituents.^2 

Even if the electronic properties are unaffected, the addition of the groups necessary to 

increase processability will inevitably alter the packing of the chromophores in the solid 

state. Smdy of films prepared from LB or S A techniques will, therefore, only provide 

information concerning the derivatized material. Extrapolation to the properties of the 

original unsubstituted dye may be ambiguous or impossible. In addition, multilayer 

films are formed quite readily by OMBE, allowing relatively thick films to be prepared in 

much less time than is possible with the other methods. 

•i 
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1.4 J.l Definition and Types of Epitaxy 

Since the epitaxial relationship between the substrate and the growing organic film 

often determines the final film morphology in OMBE-created films, a thorough 

description of this relationship is warranted. Epitaxy is defined as the formation of a 

crystalline lattice of an overlayer species whose dimensions and orientation are 

determined by the lattice of the substrate.^^ jhe 2-D lattice adopted by the overlayer at 

the interface with the substrate can correspond to a plane through a known crystal 

stmcmre of the material, or it can be a new stmcture adopted by the material in order to 

maximize the favorable interaction with the substrate. The first reported incidence of 

epitaxy of an organic material on an inorganic substrate was the deposition of 

phthalocyanine thin films on mica by Suito etal. in 1962.^^ Since then, reports have 

been published on the creation of epitaxial thin films of phthalocyanines,l--5^'^^-^5-99 

perylenes,22.84.l00-i07 oligothiophenes,^®^"^^^ etc. on surfaces ranging from various 

single crystal faces of metals such as Cu, Ag, Au. and Pt; covalent semiconductors such 

as GaAs, Si: layered semiconductors such as SnS2, M0S2, and HOPG, and insulators 

such as mica and alkali halides. The namre of the surface has been found to play a key 

role in determining the geometry adopted by the organic overlayer. 

The orientation of the molecules on a surface has also been found to be highly 

dependent upon the deposition conditions used to create the films. Molecules such as 

ClAlPc and PTCDA, whose bulk crystal structures possess planes which contain the 

molecular planes of all of the molecules in the unit cell, often tend to prefer growth habits 

which orient this plane parallel to the substrate. 101-105 This type of growth is termed P-

type growth, and represents the "thermodynamically favored" structure. If the rate of 

deposition is greatly increased, and the substrate temperature lowered, then an edge-on 

i 
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epitaxial orientation of the molecules can be observed.This type of growth, known as 

S-type growth, produces a "kinetically favored" structure. 

If the rate of molecules reaching the surface is low, the molecules, on average, 

have the opportunity to find the most favorable adsorption site on the surface before 

another molecule arrives from the vapor phase (P-type). If however, the rate of 

molecules reaching the surface is high enough, the molecules can begin to associate 

significantly and adopt structures which represent local energy minima (S-type). 

Surprisingly, there have been no reports to date of the successful conversion by annealing 

of films exhibiting S-type morphologies to the, presumably, more stable P-type 

morphology. 

\A32 Theoretical Treatments to Explain Epitaxial Orientations 

While some general trends regarding the ordering of epitaxial organic thin films 

have been observed, a clear picture of the factors controlling the ordering of the initial 

monolayers in contact with the substrate has not yet emerged. The type of epitaxial 

growth in the first monolayer of an organic thin film is determined by the balance 

between molecule-molecule and molecule-substrate interactions. On weakly interacting 

substrates like the layered materials SnS2, M0S2 , and mica, molecule-molecule 

interactions are often dominant, leading to the adoption of the bulk structure of the 

material on the surface. In these cases, the orientation of the overlayer then appears to be 

determined largely by the degree of lattice mismatch between the organic overlayer and 

the substrate. 102,111,112 On strongly interacting substrates such as reactive metals (e.g. 

copper), the interaction between the substrate and molecules in the first monolayer are 

often stronger than the molecule-molecule interactions which dictate the molecular 

architecture in the bulk material. On these surfaces, significant distortions of the organic 
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lattice may be observed, so that the molecules can reside on special low energy 

adsorption sites on the surface.^^ On substrates of medium interaction strength, both 

interactions are likely to play significant roles in determining the orientation, and similar 

molecules may behave differently on the same surface due to the differences in the 

strength of the interactions. Recently, there has been considerable effort put towards 

trying to predict new (and rationalize observed) orientations of organic molecules on 

various surfaces using the concepts just described. 

1.43 J.1 Topographically- or Ledge-Directed Epitaxy 

One of the simplest concepts to explain epitaxial relationships is the 

topographically- or ledge-directed epitaxy proposed by the Ward group.^ 13.114 

concept has been successfully used to explain epitaxial relationships in films which were 

grown by solution and vapor deposition on single crystalline organic substrates, and 

relies on the generally accepted principle that nucleation is most likely to occur at 

energetically unique sites on the surface, such as step edges. ̂ In this theory, the 

guiding force in determining epitaxial relationships comes from a geometric agreement 

between the interplanar dihedral angle between two close-packed planes of the substrate 

and the dihedral angle between two close packed planes of the overlayer. For example, 

crystals of benzoic acid have been grown on 1-Valine so that the ((X)l) and (10-2) planes 

of the benzoic acid are in contact with the (001) and (-201) planes of the 1-Valine. This 

orientation is favorable since the dihedral angle between these two planes of the substrate 

(111 .2°) matches the dihedral angle between these two planes of the film (111.1°). ^^3 

Similar relationships have been observed for benzoic acid on succinic acid in which a 

different growth face is favored due to the different dihedral angle of the substrate 
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(112.6°). ̂  Less thermodynamically favored growth faces of an organic salt have also 

been produced on succinic acid substrates due to the match of the dihedral angles. ̂  

1.43 Layer Planes 

In all of the systems reported in the previous section, the observed growth faces 

corresponded to layer planes of the bulk crystals. Layer planes are closest-packed planes 

which exhibit very little molecular corrugation. Molecular corrugation implies that to 

form a close-packed surface, one would either have to cleave bonds within molecules, or 

allow some molecules to jut out of the surface. Both of these options would be 

energetically unfavorable. An example of layer planes in an organic crystal is shown in 

Figure 1.9a, for one of the perylene tetracarboxylic molecules investigated in Chapter 5. 

In most organic crystals, the intermolecular forces which are holding the crystal 

together are highly anisotropic. In some crystallographic directions, the intermolecular 

interactions may be quite strong (e.g. H-bond, dipole-dipole). while in other directions, 

they may be quite weak (e.g. van der Waal's forces). Some inorganic crystals which 

exhibit highly anisotropic bonding, such as the layered semiconductors, SnS2, M0S2, 

(shown in Figure 1.9b) etc., also possess layer planes in their bulk structure. In these 

inorganic systems, the layer planes invariably separate the unit cell in the direction which 

exhibits the weakest lattice forces. The layer planes in organic crystals, however, may 

intersect the unit cell of the material along directions which exhibit either strong or weak 

intermolecular lattice forces, depending upon how the molecules are arranged with 

respect to the layer planes in the unit cell. 

The relative strength of the mteractions within the layer plane compared with 

those between the layer planes will likely determine the growth mode (see Figure 1.11) 

exhibited by the material, if growth does occur widi the layer planes parallel to the 
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Figure 1.9: Layer planes in a) an organic material (C4-PTCDI), and 
material (SnS,) 
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substrate surface. Molecular crystals in which the in-plane interactions are much stronger 

than the out-of-plane interactions should have more tendency to exhibit layer-by-layer 

growth on a surface. Termination of the growing crystal along this layer plane represents 

the formation of a relatively low energy surface. In contrast, if the interactions between 

layer planes are much stronger than those within the layer plane, an island growth mode 

may be favored. In this case, termination of the crystal along this layer plane produces a 

relatively energetically unfavorable surface. 

1A3J,3 Minimization of Substrate-Moiecule Interaction Energy 

Mobus, et al. have put forth an explanation for the observed orientation of 

3.4,9.10-perylenetetracarboxylic dianhydride (PTCDA) on the (100) faces of NaCl and 

KCI.105 They proposed that the electronegative carbonyl oxygens would have the most 

favorable interaction with the surface if the molecular plane were parallel to the surface 

and the carbonyl oxygens were arranged over the cationic sites of the alkali halide. This 

interaction would then dictate the orientation of the unit cell of the PTCDA. On NaCl, if 

the long axis of the molecule were aligned along the [110] direction of the substrate, all 

four carbonyl oxygens of one of the two molecules of the unit cell could lie above 

sodium ions in the surface. This explanation satisfactorily explained the observed 4° 

rotation (from NaCl<001>) of the unit cell of the alpha modification of PTCDA on the 

surface. Similarly, it was proposed that a rotation of the unit cell of a-PTCDA by 24° 

from KC1<001> would allow opposite pairs of carbonyl oxygens of both molecules in 

the unit cell to lie above K"^ sites, consistent with the observed orientation. 

Similar explanations have also been proposed by Ashida, et al. to rationalize the 

observed orientation of several different phthalocyanine molecules on KCl surfaces.^^'^ 

If a flat-lying Pc molecule is oriented on the surface so that the "arms" of the molecule lie 

i 
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along the <110> directions of the KQ, all four of the electronegative aza nitrogens can be 

placed above surface cations. Recent molecular modeling studies of the orientation of 

VOPc on KCl surfaces by Tada and Mashika have, however, indicated that the most 

favorable orientation of the Pc molecules on the surface aligns the arms along the <100> 

directions which does not place the aza nitrogens over cation sites.^ xhe calculated 

structure, in fact, places the aza nitrogens directly over anion sites, while placing the 

relatively electropositive vanadium ion above a cation site.^ No explanation was given 

for this apparendy counter-intuitive result, however, it is possible that the calculations 

were not properly parameterized. In both of these examples, it was assumed that the 

molecules adopted a flat-lying orientation on the surface. Fortunately, for these particular 

molecular systems, diis does not require significant rearrangement from the bulk 

structures of the dyes. The proposed interactions serve only to orient the dye unit cell on 

the surface. 

If the specific molecule-substrate interactions are strong enough, it is also possible 

that the molecules in ±e first monolayer will be forced into an arrangement which is not 

consistent with any plane of the bulk structure, in order to maximize the individual 

molecule-substrate interactions. This can lead to the observation of a new lattice structure 

in the first monolayer which can either revert to its reported bulk structure, or form a new 

polymorph upon increasing the film thickness. This situation is observed relatively 

frequently in films of large planar aromatic molecules on many surfaces. In general, 

most large planar aromatic molecules appear to favor a flat-lying orientation.28.59 pgr 

PTCDA and ClAlPc, this orientation is consistent with growth along one of the close 

packed layer planes of the bulk structure. 154 pgj. many other molecules, however, a 

flat-lying orientation of the first monolayer represents a significant distortion from the 

bulk structure. Films of these molecules often exhibit a polymorphic change with 

'i 
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increasing thickness, while films of layered materials such as PTQDA and ClAlPc do 

not, suggesting that coincidence between the molecular plane and a layer plane of the bulk 

structure may be an important factor in achieving sustainable epitaxial growth. 

\A32A Lattice Matching 

Contrasting this purely molecular explanation of the relationship between the 

overlayer and the substrate, there have recently appeared several theories attempting to 

explain epitaxial relationships from a purely crystallographic perspective.^^2.11 i.i 12 jjj 

these treatments, a geometrical relationship between the unit cell of the overlayer and the 

unit cell of the substrate is sought. The possible relationships between the unit cells have 

been classified as either commensurate, coincident, or incommensurate, as shown in 

Figure 1.10 In a commensurate relationship, every molecule in the first monolayer of the 

overlayer has exactly the same registry with atoms in the substrate. This is the case for 

CuPc films on Cu(lOO) and KC1(100).^5*^ The diagram in Figure 1.10a represents a 

commensurate relationship in which every overlayer lattice site is in exactly the same 

registry with respect to the substrate lattice sites. Monolayers in which rows of overlayer 

lattice sites are coincident with evenly spaced rows of substrate lattice sites are said to 

exhibit a coincident relationship. ̂ ^ ^ This same concept has also been termed point-on-line 

epitaxy because each lattice point of the overlayer lies on a parallel lattice line of the 

substrate.^ '̂̂ ^2.119 -fjus type of epitaxy is represented in Figure 1.10b. It is evident that 

every lattice point of the overlayer lies on one of the substrate lattice lines, however not 

every lattice point of the overlayer lies on a lattice point of the substrate. From Figure 

1.10b, it is easily seen that coincidence implies the existence of a non-primitive unit cell 
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Lattice Point ̂  Lattice Line 

Pseudo Lattice Line 

Figure 1.10: Relationships between overlayer and substrate lattices, a) commensurate; 
b) coincident: c) and d) two types of incommensurate lattices. 
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whose perimeter is commensurate with the substrate. ̂ ^ This type of lattice matching is 

quite common and has been observed for PTCDA, CuPcCli6, and other molecules on 

HOPG, and for several Pes on M0S2 and Monolayers in which the 

overlayer unit cell exhibits no relationship to the substrate unit cell are said to form an 

incommensurate structure as in Figure 1.10c, in which there is no periodic relationship 

between lattice sites of the overlayer and either lattice lines or lattice points of the 

substrate. 

Recently, there have been several search algorithms developed by Hillier^ ^ ^ 

Fritz' and Hoshino'02 explore possible relationships between overlayer and 

substrate combinations as a ftinction of the rotation angle between the two lattices. The 

more complex of these can also iteratively search for relationships as the dimensions of 

the overlayer are incremented through a specified range.' These algorithms are 

concerned only with lattice matching between the overlayer and the substrate, and 

completely neglect the nature of the molecules, and their interactions with the substrate. 

The type of lattice matching between an overlayer and a substrate can be 

determined mathematically using simple geometry and matrix algebra. If the lattice 

vectors defining the overlayer lattice are bi and b2, and those defining the substrate are ai 

and 32 as defined in Figure 1.10. then the azimuthal relationship between the overlayer 

and the substrate can be represented as 

bi = miiai + mi2a2 (1.1) 

b2 = m2iai + m22a2 (1.2) 

where my represent multiples of the lattice vectors of the substrate. 111,112 jjus 

relationship can also be represented in terms of a matrix 

^ ^ (1.3) 
_ b2. . ni21 ni22 - - ®2 - - 32. 

i 
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For a commensurate relationship, each lattice point lies on a substrate point, and all my 

and the det(C) assume integer values. For example, the commensurate lattice depicted in 

Figure I.IOa has the mij values of 
3 0' 

-0 3-

A coincident relationship occurs when both of the elements in a column in 

matrix C are integers. 111.112 integer values for mij elements, indicate registry between 

overlayer lattice points and lattice lines of the substrate. For a truly coincident relationship 

to occur, lattice points of the overlayer must all be coincident with parallel substrate lattice 

lines, which is the case if both matrix elements in a column of C have integer values. This 

is shown for the lattice in Figure 1.10b which has matrix elements 
'1/3 1 ' 
- 3 -1 -

On hexagonal surfaces, in addition to the integer combinations above, integer values for 

combinations of the cross elements, (mn and m22), and (mi2 and m2i) will also 

produce a coincident relationship.! 11-112 For incommensurate relationships it is not 

possible to define a transformation matrix C, since there is no relationship between the 

lattice vectors of the overlayer and the lattice vectors of the substrate. 

A special case occurs when there are two integer mij values which are not in the 

same column. The two integers can occur in the same row or in consecutive rows. This 

corresponds to the physical situation in which there is a periodic lattice matching in at 

least one lattice direction of the overlayer. At first glance, this type of relationship may 

appear to be coincident with the substrate, however, close examination reveals that the 

conditions for point-on-line epitaxy are not satisfied. Consider the lattice shown in Figure 

1. lOd which has mij values of 
' 1 1/2 " 

- -1/2 1 . 
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Qearly, there is coincidence for every other molecule on the surface (lattice positions 

(2bi,2b2)). however the net interaction with the surface would not be predicted to be 

favorable due to the lack of point-on-line epitaxy at lattice position (Ibi. Ib2). Upon 

examination of Figure l.lOd, it is clear that all of the lattice points of the overlayer lie on 

lines parallel to the lattice lines of the substrate, but not every overlayer lattice point 

actually lies on substrate lattice lines. Every other row of atoms along bi (or bi) exhibits 

point-on-line epitaxy with the substrate. The alternating sites lie on "pseudo"-lattice lines, 

which run parallel to the true lattice lines, but which do not have any significance in 

determining epitaxial relationships. If the individual displacements between lattice points 

of the substrate and lattice points of the overlayer at each of the positions in lattices of the 

type in Figure l.lOd, are smnmed over many unit cells, die net interaction has been found 

to be unfavorable. 102 

It should be stressed that algorithms of the sort proposed by Hillier, Fritz, and 

Hoshino do not predict the placement of the overlayer lattice sites with respect to the 

substrate lattice sites, and that the lattice sites in Figure 1.10 are not meant to represent 

atoms of the substrate or the overlayer, merely the relationship between the lattices. For 

example, on the four-fold surface depicted in Figure 1.10, the substrate lattice sites could 

represent 4-fold symmetric atop or hollow sites, or 2-fold synmietric bridging sites. The 

surface lattices defined by these different types of sites would all be equivalent for a 

square lattice, because a lattice defined by one type of site can be converted into another 

by simple translation of the coordinates of the lattice points. 

1.4 Limitations of Current Epitaxy Theories 

Each of the theories mentioned above have been successfully used to rationalize 

the observed epitaxial relationships for several systems, however a system adequately 
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described by one theory often is inconsistent with another theory. Each of the treatments 

above have attempted to simplify an intractable problem by limiting the number of 

factors being considered. The epitaxial relationship exhibited by a molecule on a surface 

will undoubtedly be determined by topographic, molecule-substrate interaction, and lattice 

matching considerations, and probably also by other factors which are currently not 

understood. 

At present, there is no direct evidence which can be used to infer the exact 

position and orientation of molecules on surfaces, however it is clear from the evidence 

which is available that the interactions of molecules with all classes of surfaces are 

significant Several examples are known in which molecules have adopted a flat-lying 

orientation, which is not consistent with any plane of the reported stable bulk structure, 

when deposited on surfaces such as metals and even the layered semiconductors. An 

excellent example of this occurs in the study of CuPc films (whose stable a and P phases 

have a herringbone packing, see Figure 1.8), where flat-lying orientations have been 

observed in the first monolayer deposited on Cu(lOO), Au(l 11). M0S2, HOPG, and 

KCI.85,1 18,123-125 On each of these substrates, the lattice adopted by the CuPc is either 

conmiensurate or coincident. This example highlights the importance of considering the 

system from both molecular, and crystallographic, perspectives in order to understand the 

observed epitaxial relationship. 

1.43.4 Growth Modes of Films on Surfaces 

The balance between molecule-molecule and molecule-substrate interactions, and 

the degree of lattice match between overlayer and substrate, also determine the growth 

mode of the film. There are three classifications of growth modes, and the likelihood of 

the occurrence of any one is determined by the relative energetics of the growing film. 
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Molecules which have a strong tendency to self-associate will often exhibit island, or 

Vollmer-Weber type, growth on surfaces because it is more energetically favorable for 

the molecules to interact with each other than with the surface.5^-^26 Films following this 

growth mode exhibit the formation of three dimensional islands directly in contact with 

the surface, which begin to form before a single monolayer on the surface is complete 

(Figure 1.1 la). This is the expected growth mode for molecules which have relatively 

weak, or repulsive, interactions with the substrate. 

Stranski-Krastanov, or island-plus-layer, growth is often observed in organic 

thin films.^^'^2^ In this growth mode a complete monolayer of molecules is formed due 

to the significant interactions between the molecules in the first monolayer and the 

substrate. Subsequent monolayers, growing on the first monolayer, are not able to 

interact as effectively with the substrate, and the energetics of the interface are now 

defined by the intermolecular interactions between the molecules in the second layer, and 

the molecules in contact with the surface. If the surface presented by the first adsorbed 

monolayer does not have favorable interactions for continued layer-by-layer growth, 

subsequent monolayers may exhibit island growth, as in Figure 1.1 Ib.^^'^^? Organic 

materials which exhibit drastic rearrangements from their stable bulk strucmres in the 

first monolayer on the surface would be expected to follow this type of growth 

mechanism. The first monolayer may be highly strained in order to maximize its 

interactions widi the surface, and is only able to adopt this strained orientation due to the 

net energy savings arising from interactions with the surface. Subsequent layers will 

not be able to experience the energy savings due to surface interactions, and a reversion to 

the bulk structure may occur, leading to island formation. 

True layer-by-layer, of Frank-van der Merwe, growth (Figure 1.1 Ic) is relatively 

uncommon for organic materials, and has generally only been observed for aromatic 
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Figure 1.11: Possible growth modes for thin films; a) island growth, b) island-plus-
layer growth, c) layer growth. 
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dyes whose bulk structures exhibit close-packed layered planes which contain the plane 

of the molecule.^28 Molecules which are known to exhibit this type of growth under 

certain conditions are ETCDA, ClAlPc, and VOPc.^05,128 These molecules, however, 

have also been observed to follow other growth mechanisms when deposited under 

different conditions.^Oi 

Characterization of Monolayer and Multilayer Films 

Since the degree of ordering, and the final film morphology, are often determined 

by the events occurring during the initial stages of growth, it is important to be able to 

characterize ultrathin films, and relate their properties to those expected from bulk 

material. Films which adopt bulk-like stmctures in the initial monolayer on the surface, 

would most likely be able to maintain this stmcture as thickness is increased. Films 

which initially adopt a highly strained stmcture, which does not correspond to any low 

energy polymorph of a material, would be expected to exhibit conformational changes as 

the film thickness is increased. Currently the number of techniques which are suitable for 

the smdy of both bulk samples and ultrathin films is rather limited, but there are some 

surface analysis techniques which can provide at least a subset of the infomiation 

available from a bulk analysis technique. In general there are four types of information 

obtainable by surface analysis techniques: surface crystallography, chemical composition, 

the nature of molecule-substrate interaction forces, and the nature of intermolecular 

interaction forces. 

1^.1 Surface Crystallography 

X-ray diffraction is an excellent technique for determining the crystallography of a 

material in three dimensions. 129 in order to be analyzed by most X-ray diffractometers. 

d 
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however, sample dimensions of ca. 0.1 mm on a side are necessary. Obviously, this 

teclinique is not suitable to the study of films of a few monolayers thickness. Recent 

advances in the use of a low angle scattering geometry and synchrotron radiation sources 

have extended the suitability of X-ray analysis to the study of films as thin as a few 

monolayers. 

Electron diffraction techniques, such as transmission electron diffraction (TED), 

low energy electron difiraction (LEED), and reflection high energy electron diffraction 

(RHEED), however, can be used to determine the 2-D crystallography of monolayer to 

multilayer films in the plane of the surface, and the relationship between the unit cell of 

the overlayer and the unit cell of the substrate. ̂  33 Each of these techniques has its 

limitations, and none can provide as much information as bulk single crystal X-ray 

diffraction, however, it is often relatively easy to determine if the two-dimensional 

crystallography exhibited by a thin film is a subset of the three-dimensional 

crystallography of a bulk sample. ̂ ^5 

The scaiming probe microscopies can also reveal detailed crystallographic 

information about a sample, in certain cases. Scanning tunneling microscopy has been 

widely employed in the study vacuum deposited films of molecules such as 

phthalocyanines and PTCDA on Au and HOPG substrates.^^-^^^'^O^'^^-^^S these 

experiments, molecular resolution was achievable for monolayer thick films, allowing the 

determination of the relationship between the overlayer lattice, and the substrate lattice. 

STM, when applicable, may offer some advantages over experiments such as LEED, 

because STM images occasionally exhibit periodic contrast modulation, similar to a 

Moire pattern, due to interference between the orbitals of the substrate and the overlayer. 

This contrast moduladon has been used, in one example, to determine the cell dimensions 

to within 0.001 nm- a resolution unobtainable with LEED.^'^^ Atomic force microscopy 
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has also been used to provide crystallographic information from organic monolayers, 

however, the acquisition of molecular resolution images is much more difficult than it is 

in STM. Many organic materials are relatively soft, and will move due to forces from the 

tip, making very high resolution images difficult to obtain. Bonafede and Ward. 

however, have achieved molecular resolution of an organic salt on succinic acid 

substrates. 

UJ, Chemical Composition 

X-ray and ultraviolet photoelectron spectroscopies (XPS and UPS) and Auger 

spectroscopy can be used to probe the identity of molecules adsorbed on a surface at 

coverages down to ca. 0.1 monolayers. UPS probes the valence shell electrons and 

can be used to determine the relative energy of the valence orbitals (HOMO. HOMO -1, 

etc.). which are characteristic of a molecule. XPS probes core levels, and reveals 

information about relative amounts of the different atoms on a surface, and the oxidation 

states of those atoms. Dissociative adsorption can be determined by Auger spectroscopy 

and XPS if one of the fragments leaves the surface upon dissociation, as the remaining 

material will not exhibit the proper atomic ratios for the complete molecule.^^-l^^ 

Dissociative adsorption may also be reflected in the UPS spectmm. 

1^3 Molecule-Substrate and Molecule-Molecule Interactions 

Thermal desorption experiments, monitored through changes in mass 

spectrometry signals (TDMS) or changes in conductivity (TDC) can be used to examine 

the strength of interactions within a film.5^-i35,l36 jf desorption experiments are carried 

out as a function of coverage of a given material, the relative energetics of each 

monolayer in multilayer films can be examined. Schuerlein, et al. have shown that the 

4 
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TDMS signals of coronene and PTCDA films on Cu( 100) exhibit a strong dependence 

on film coverage. Thermal desorption experiments can also be used to evaluate the 

interaction strength of an organic material with small gas molecules for sensing purposes. 

Rickert, et al. have performed TDMS experiments on calixarene films in order to 

demonstrate selective binding of C2CI4 to the sensing layer. 

Infrared and Raman spectroscopy are also widely employed in the smdy of 

organic materials. Changes in molecular architecture of both bulk and film samples 

can be examined through their effects on the spectral lineshapes. Shifts in peak positions, 

peak splittings, and dichroic behavior when using polarized spectroscopy are aU indicative 

of the average morphology (and intermolecular interactions) exhibited by a material. 

While bulk samples, or relatively thick films (> 100 nm) are readily analyzed by infrared 

and Raman spectroscopy, the strength of the vibrational transitions is generally too small 

to allow the analysis of very thin films in a transmission geometry. However, on suitable 

substrates (Au, Ag, Al, etc.) it is possible to use the optical properties of the substrate to 

enhance the sensitivity enough to analyze monolayer films.^'^^'^ SAMs on gold and 

silver substrates are routinely examined by these techniques.^®' 

Visible absorbance spectroscopy can also be a very sensitive indicator of 

molecular architecture. While the sensitivity of this experiment is better than that of the 

vibrational spectroscopies, examination of the absorbance of very thin films is still 

generally not possible in a transmission geometry. Advances in waveguide 

spectroscopy, however, have allowed the analysis of submonolayer coverages of 

materials on suitable substrates. 

Luminescence spectroscopy is inherently sensitive enough to study submonolayer 

coverages of lumophores on non-quenching substrates, making it an ideal technique for 

the study of the dynamics of film growth. Changes in intermolecular interactions (i.e. 

'g 



75 

molecular enviromnents) are readily reflected in the luminescence spectra as changes in 

lineshape and peak positions. In addition, there is some evidence that the energy of 

excimer-like emission is sensitive to the geometry of the overlap between adjacent 

molecules, however, these relationships are currently not well understood.^'^-i'*^-^'^^ 

Time-resolved fluorescence can also be used to infer infomiation about the nature of the 

emitting species on the surface. 1^9-152 

Fluorescence spectroscopy is poised at a unique position with respect to film 

analysis. The coherence length of experiments such as LEED and RHEED is on the 

order of 500 A -1000 A. Until the crystallites on the surface reach these dimensions (or 

if the film is amorphous), no diffraction pattern is obtainable by LEED and RHEED. 

Huorescence spectroscopy, however, can examine amorphous films, and films in which 

the dimensions of the molecular aggregates are well below the coherence length 

requirements for LEED and RHEED. Huorescence spectroscopy also allows the study 

of dynamic processes such as diffusion and crystallization on surfaces, which are not 

readily smdied by other techniques. ̂ ^3 

1,5.4 Limitations of Techniques 

Each of the analysis methods above impose requirements on the sample 

characteristics which make many of them mutually exclusive. For example, STM and 

LEED require conductive substrates which are often opaque making them unsuitable for 

transmission spectroscopy. In addition, many conductive substrates will quench 

fluorescence. Substrates which are transparent in the infrared region, may or may not be 

transparent in the visible region. Many waveguiding substrates are amorphous, ruling 

out the possibility for epitaxial growth on these substrates. Transmission electron 

diffraction requires relatively thick films which must be removed from crystalline 
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substrates which would dominate the observed diffraction patterns. Thick films such as 

those which are suitable for TED analysis, may no longer exhibit the same relationship 

with the substrates as monolayer films, making it difficult to draw conclusions about 

what is occurring at the interface with the surface. 

In general, no one technique can provide all of the information necessary to 

characterize a deposited film, making a multi-technique analytical approach essential. 

Crystallographic techniques such as electron diffraction or STM can provide information 

about the unit cell of the molecules and its relationship to the substrate, but spectroscopic 

techniques are necessary to determine information about intermolecular interactions 

which are indicative of the relative positions of the molecules within the unit cell. 

1.6 Focus of Current Research 

As has been demonstrated above, the molecular architecture and molecular 

orientation of the molecules in a thin film are critical in determining the suitability of that 

film for various device applications. The architecture of films prepared by vacuum 

deposition techniques, such as OMBE, is often determined by the forces which orient the 

first deposited monolayer. The work undertaken here represents a study of the nucleation 

and growth of vacuum deposited organic thin films of phthalocyanine and perylene 

tetracarboxylic dyes on crystalline substrates, in order to examine the factors which lead 

to sustainable epitaxial growth. Through the choice of molecules, it was possible to 

isolate some of the possible growth-directing factors discussed in Section 1.4, in order to 

determine their relative importance in directing epitaxial growth at the organic-inorganic 

interface. 

The growth of chloroaluminum phthalocyanine and zinc hexadecafluoro-

phthalocyanine (ClAlPc and FieZnPc, respectively), was studied on a Cu{100) single 

£ 



77 

crystal as a function of thickness and deposition conditions (see Chapter 4). These films 

were analyzed in vacuo by LEED, reflection absorption UV-Visible spectroscopy 

(RAS), and thermal desorption mass spectrometry (TDMS). Films of a series of 

perylene dyes, (perylenetetracarboxylic dianhydride (PTCDA), NJ^'-di-/i-butylperylene-

bis(dicarboximide) (C4-PTCDI), and NJ^^'-di-/I-pentylperylenebis(dicarboximide) (C5-

PTCDI)), which exhibit different types of layered crystal structures, were also studied on 

the (100) face of the alkali halide substrates, NaCl, KCl, and KBr (see Chapter 5). The 

different types of layered stmctures of the perylenes, and the different lattice dimensions 

of the alkali halide substrates often led to unique film structures as revealed by FTIR, 

AFM. UV-Visible spectroscopy, and in vacuo fluorescence. 

In addition to the study of the epitaxy process, one of the goals throughout this 

work, was to characterize the various analytical tools employed, and determine how best 

to apply them to the study of organic thin films. For the techniques whose application to 

the smdy of organic films was not well-established (e.g. fluorescence spectroscopy), a 

framework for the interpretation of the data was developed (see Chapter 3). In all cases, 

the complementary information obtained from multiple analytical techniques was used to 

develop a more complete understanding of the molecular architecture within the organic 

films, and how this architecture evolves as a function of film thickness, deposition 

conditions, substrate, etc. 
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CHAPTER TWO 

EXPERIMENTAL 

2.1 Molecular Systems of Interest 

The molecules smdied in this work consist of the two phthalocyanine dyes and 

the three perylene tetracarboxyiic dyes shown in Figure 2.1. Chloroaluminum 

phthalocyanine (ClAlPc, Figure 2.1a) was obtained from Aldrich, and the zinc 

hexadecafluorophthalocyanine (FieZnPc, Figure 2.1b) was prepared by S. HiJler and K. 

Hesse at the University of Bremen from a melted mixture of 3,4,5,6-tetrafluoro-l,2 

dicyanobenzene and zinc acetate. The synthesized FieZnPc was dissolved in acetone, 

precipitated in petrol ether, washed with petrol ether and H2O, and then washed for 12 

hours in petrol ether in a Soxhlet extractor. The FieZnPc was donated to this work 

through a collaboration with Dr. D. Schlettwein. The QAlPc was purified by 

sublimation under high vacuum (10*7 - 10"^ torr) in order to remove any volatile 

impurities, such as unreacted precursors, before being loaded into the vacuum system for 

deposition. The FigZnPc was used as received, however, it had been purified by high 

vacuum sublimation in Bremen. 

The perylene dyes studied were perylenetetracarboxylicdianhydride (PTCDA, 

Figure 2.1c), N,N'-di-«-butylperylenebis(dicarboximide) (C4-PTCDI, Figure 2. Id), and 

N,N'-di-/j-pentyIperylenebis(dicarboximide) (C5-PTCDI, Figure 2.1e). Aldrich supplied 

the PTCDA, which was used as a starting material for the synthesis of the C5-PTCDI, in 

addition to being studied in the vacuum deposition chamber. The C4-PTCDI was 

synthesized by G. Schnurpfeil (Bremen) by a method reported elsewhere, ^^7 ^nd also 

donated by Dr. D. Schlettwein. The C5-PTCDI was synthesized by B. Nablo in this 

•i 
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Figure 2.1: Molecules studied; a) chloroaluminum phthalocyanine (ClAlPc); b) zinc hexa-
decafluorophthalocyanine (FigZnPc); c) perylenetetracarboxylicdianhydride (PTCDA); 
d) N.N'-di-/i-butyl-perylenebis(dicarboximide) (C4-PTCDI); e) N,N'-di-Ai-pentylperylene-
bis(dicarboximide) (C5-PTCDI). 
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laboratory following the procedure reported by Yanagi. et al. In this synthesis. 

PTCDA, n-pentyl amine, and 1,3-dicyclohexyIcarbodiimide (DCC) catalyst were mixed 

in a 1 ; 2 :2.2 molar ratio in 30 ml of quinoline. The mixture was heated at 180 for 

24 hours, under constant stirring, in a dry nitrogen atmosphere. The resulting solid was 

filtered, and recrystallized from DMF. The identity of the product was confirmed by 

elemental analysis for C, H, N, and O (Desert Analytics). All of the perylene dyes 

studied were purified by high vacuum sublimation prior to being loaded into the ultra 

high vacuum deposition chamber. 

2.2 Ultra High Vacuum (UHV) Deposition Chambers 

Depositions of the dyes of interest occurred in two separate ultra high vacuum 

chambers, each of which was equipped with multiple analytical tools. In both chambers, 

sublimation of the dyes occurred from resistively healed Knudsen-cell type sources. The 

crucibles in the Knudsen-cell sources were either boron nitride or quartz, and had die 

approximate dimensions of 1.5" long, 1/4" i. d., and a 1/16" wall thickness. The 

temperature of the Knudsen cells could be controlled with Omega temperature controllers 

incorporated into custom heater supply circuits. Quartz crystal microbalances (QCM) 

were used to monitor the rate of deposition and thickness of the deposited films. The 

sample stages in both chambers were also resistively heated, and the temperatures were 

monitored through thermocouples in contact with the stages. Pressures were monitored 

with nude ionization gauges. In the following discussion, the two chambers will be 

referred to as the LEED chamber or the fluorescence chamber, after die primary 

analytical tool with which the chamber was equipped. 

Films deposited in the LEED chamber could be characterized by low energy 

electron diffraction (LEED), thermal desorption mass spectrometry (TDMS), and UV-

•i 



Figure 2^; LEED Chamber, showing (A) LEED apparatus: (B) deposition sources; 
(C) transfer rod; (D) quadrupole mass spectrometer; (E) optical viewport; (F) sample 
mount; (G) Ar sputter port. 
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Visible reflection absoqjtion spectroscopy (RAS). This combination of techniques 

allowed the study of the surface crystallography, molecule-substrate interactions, and 

intermolecular interactions. It was also possible to perform Auger electron spectroscopy 

(AES) with the LEED detection optics, but this was rarely done due to experimental 

difficulties. Films deposited in the fluorescence chamber could be characterized by 

reflection high energy electron diffiaction (RHEED) or in vacuo fluorescence. RHEED 

analysis was only sparingly used, due to the tendency of the electron beam to damage the 

films and substrates. 

All of the phthalocyanine depositions occurred in the LEED chamber depicted in 

Figure 2.2. This chamber was pumped by a CTI Cryogenics CT-8 cryopump to a base 

pressure of less than lO"® torr. The substrate studied in this chamber was a Cu( 100) 

single crystal supplied by Commercial Crystals Laboratories. The crystal was mounted 

on the end of an Vacuum Generators Omniax MX600H transfer rod which allowed the 

crystal to be translated up to 60 cm, and rotated about the rod axis, in order to position 

the crystal in front of the deposition sources, or in front of one of the analytical 

instruments. The copper crystal was approximately 2 mm thick and elliptical in shape 

with approximate dimensions of 25 mm by 40 mm. The crystal was mounted to the 

transfer rod through the system shown in Figure 2.3a. Two holes (approximately 1/8" in 

diameter) were machined through the crystal near the edges defined by the long crystal 

axis. Copper posts were then press-fit into these holes to provide a stand-off for the 

crystal which could be attached to the manipulator. The other end of the copper posts 

were secured in a copper block, which was attached to a copper braid connected to a 

liquid nitrogen reservoir attached to the end of the transfer rod. This system allowed the 

sample to be cooled to ca. -100 °C. The sample was heated by a coiled tantalum wire 

resistive heater, which had been threaded through a boron nitride support to provide 
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a) 

/ 
/• 

b) 

A = Ruorescent Screen 
B = Grids 
C = Electron Gun 
D = Sample 

Figure 13'. a) Sample mount for Cu( 100) crystal; b) Schematic diagram of the LEED 
apparatus used in these experiments. The diffraction image would be viewed from the 
left side of this figure. 
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rigidity. The tantalum heating filament was shielded with thin sheets of tantalum, which 

were also used to position the backside of the copper crystal ca. 1/8" above the filaments. 

The temperature of the crystal was monitored with a K-type thermocouple, which was 

kept in contact with the backside of the crystal by a stiff stainless steel spring. The 

temperature of the substrate was controlled with a Eurotherm temperamre controller, and 

could be ramped at rate of ca. 2 °C/s. This substrate design offered advantages over 

previous designs^^ because it was not necessary to spot-weld directly to the copper 

crystal, the heater was rigidly supported, and the sample was extensively heat-shielded, 

allowing more uniform heating of the surface. 

The LEED system in this UHV chamber was an Omicron SPECTALEED 

reverse-view system with retractable optics, shown schematically in Figure 2.3b. Since 

this is a reverse-view system, the diffraction pattern is observed from behind the 

fluorescent screen, which means that there will be a shadow due to the electron gun at the 

center of each diffraction image. The operation of this instrument has been described 

extensively elsewhere, and will not be repeated here.33.59 The focal length of the system 

was ca. 25 mm. Typical operating voltages for the incident beam energy were ca. 5-25 

eV for the analysis of Pc films, and 50-100 eV for the analysis of the Cu substrate. In 

order to obtain an undistorted diffraction image, the surface being analyzed should ideally 

be placed at the focal point of the system, however, this positioning was difficult to 

determine, and brought the remote liquid nitrogen reservoir dangerously close to the 

LEED optics. Therefore, an arbitrary sample position close to the focal length was 

chosen and used for the analysis of all films, allowing comparison between the 

diffraction pattems obtained from separate films. Diffraction images were acquired with 

a Burle camera connected to a Data Translations acquisition board installed in a PC. The 
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images, once collected, were analyzed using Image-fto Plus v. 1.3 for Windows 

software. 

The TDMS studies in the LEED chamber were performed with a Balzers Prisma 

300 amu quadrupole mass spectrometer. The vaJz 128 peak, corresponding to the 

phthalonitrile fragment from a Pc molecule, was used to monitor the desorption of the Pc 

films, as the molecular ion was outside the available mass window. To prevent detection 

of desorption events from regions other than the region of interest on the crystal, a mask 

with a 1 cm diameter aperture was fitted to the front of the mass spectrometer. The mask 

was positioned ca. 1 cm away from the ionization source of the spectrometer, and the 

crystal would be positioned ca. 5 mm from the mask for the desorption experiments. 

This greatly reduced the amount of background signal detected from desorption events in 

other places in the chamber, however, extraneous signals were observed if the sample 

was cooled prior to the desorption. Along with the rapid desorption events from the 

surface of the crystal, there would be a steadily rising background as the components 

connecting the sample to the liquid nitrogen reservoir would also warm and desorb 

species. 

Reflection absorption UV-Visible spectroscopy was performed through an optical 

viewport on an extension tube which was attached to the LEED chamber. The sample 

could be positioned within 5 mm of the viewport so that light from the spectrometer 

stmck its surface at normal incidence. The light from a Spectral Instruments 400 

spectrometer was coupled to this viewport through a bifurcated fiber optic which allowed 

coUinear excitation and detection. The detected light output was plotted as AR/Rs where 

AR = (light reflected from the substrate plus film - light reflected from the bare substrate 

) and Rs is the light reflected from the bare substrate. This treatment produced a 

spectmm which was analogous to a transmission spectrum through the film. The 



86 

sensitivity of this system limited the minimum film thickness observable to ca. 5 

monolayers. 

The perylene tetracarboxylic dyes were deposited onto alkali halide substrates and 

characterized in the fluorescence chamber depicted in Figure 2.4 This chamber was 

pumped with a 510 LVs turbomolecular pump to base pressures of ca. 1x10"^ torr. It was 

necessary to break vacuimi every time a new substrate was loaded for study, 

consequently, the base pressure of this chamber was not as low as that of the LEED 

chamber described above, where vacuum was only broken to load the sources and make 

repairs. The fluorescence chamber was equipped with a custom RHEED system which 

allowed the determination of the crystallography of deposited films, however, it was 

rarely employed, due to the extensive damage of the substrate and the loss of film 

ordering caused by the electron beam. The sample stage in this system consisted of a 

molybdenum plate to which a thermocouple had been attached. The temperamre of the 

sample stage was regulated with an Omega temperature controller wired into a custom 

heater supply circuit. Freshly cleaved alkali halide substrates were affixed to the 

molybdenum plate by means of clips which had been spot welded onto the assembly. It 

was possible to load multiple substrates at once, so that differences in the behavior of the 

molecules on different substrates could be studied under identical deposition conditions. 

The (obviously incorrect) assumption was made that the temperature of the molybdenum 

plate was the same as the temperamre of the substrate surface, and all deposition 

temperatures reported will actually refer to the temperature of the molybdenum plate. 

Fluorescence spectra could be collected from deposited films using laser 

excitation and custom optics. Excitation of the samples occurred with illumination from 

an argon ion laser (Ion Laser Technologies). The 488 nm emission line from the laser 

was the most commonly employed, however the 514 nm Une was occasionally used. 

•i 
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Figure 2.4: Vacuum deposition chamber used for in vacuo luminescence experiments 
showing (A) deposition sources; (B) detection system; (C) sample mount; (D) RHEED 
system; (E) laser. 



88 

The incident laser power at the sample was < 10 mW for both lines. The aperture of the 

laser was fitted with a mount to hold laser line filters (Edmund Scientific) for the 

appropriate wavelength, in order to eliminate any plasma lines. The beam from the argon 

ion laser was modulated at 1 kHz by an acousto-optic modulator driven by the internal 

oscillator of an EG&G PARC 5209 lock-in-amplifier. A front surface mirror was used 

to direct the modulated beam into the chamber so that it was incident on the sample stage 

at ca. 45° from the stage normal. 

The emitted light was also collected at an angle of ca. 45" from the surface normal 

so that the planes defined by the emission and detection optics were orthogonal to each 

other as shown in Figure 2.4. One port of the vacuum chamber was modified to allow 

the placement of an f/2 relay lens within ca. 2" of the sample surface. The light collected 

by this lens was passed to a Mamiya RB-37 camera body coupled to the entrance slit of a 

Jobin-Yvon H-20 monochromator. The camera body was equipped with a viewport 

which enabled the position of the sample stage being illuminated to be determined when 

the shutter was closed. A notch filter (Notch Plus, Kaiser Optical Systems) was placed 

in front of the monochromator, in order to prevent scattered laser light from reaching the 

detector. The photons exiting the monochromator were detected with a Hamamatsu 

R446 photomultiplier tube (PMT), which generated a photocurrent which was read with a 

lock-in-amplifier locked to the 1 kHz reference frequency. The monochromator and 

PMT were under computer control using a custom data acquisition program written in 

Labview 3.1. 

23 Preparation of Substrates 

The surface of the copper crystal studied in the LEED chamber was cleaned prior 

to all depositions by repeated cycles of Ar^ sputtering (ca. 20 min. with the crystal held at 
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ca. 300 °C) followed by vacuum annealing at ca. 550 °C forca. 30 min.. It had been 

determined previously that three sputter/anneal cycles was sufficient to reduce residual 

contaminants to acceptable levels, and this was confirmed here. Surface cleanliness was 

generally confirmed by examining the quality of the LEED pattern from the bare Cu 

surface (sharp spots, low background). If the crystal was annealed for extended periods 

at higher temperatures, anomalous diffraction spots due to an overlayer would 

occasionally appear in images of the supposedly bare surface. The namre of these spots, 

and the symmetry of the unit cell of the overlayer were difficult to obtain. 

Occasionally, when repeated sputter/anneal cycles could not reduce the 

background (due to incoherent scattering of contaminants on the bare surface) to 

acceptable levels, it was necessary to anneal the crystal at elevated temperamres (ca. 650 

°C) in oxygen (@ ca. 5x10"^ torr for 20 rain.). This would remove most of the residual 

contaminants on the surface, gready reducing the background intensity in diffraction 

images of the bare substrate. If a diffraction image of the surface was collected 

immediately after annealing in oxygen, the pattern in Figure 2.5 was observed. This is 

very similar to the pattern which could be obtained upon extended annealing at elevated 

temperamres in vacuum, suggesting that die origin of the anomalous pattern was the 

diffusion of interstitial oxygen from the bulk of the copper crystal to the surface. 

Repeated sputter/anneal cycles of the oxygen treated surface could eliminate the 

anomalous spots, and regenerate a sharp diffraction pattern attributable to the Cu( 100). 

The alkali halide substrates (NaCl, KCl, KBr) examined in die fluorescence 

chamber were prepared by cleaving a fresh surface along the (100) plane with a razor 

blade, and immediately loading the sample into vacuum. These substrates were selected 

because, while they are chemically similar, their lattice constants span a range of nearly 1 

A (NaCl = 5.640 A, KCl = 6.294 A, KBr = 6.590 A). The variation in lattice constants 

•i 



Figure 2.5: LEED pattern of an oxygen overlayer on the Cu(lOO) surface. The four 
bright spots are due to the Cu, while the lighter spots arise from the overlayer. 
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was expected to lead to different arrangements of molecules in the overlayer, as the film 

attempted to achieve a commensurate or coincident relationship with the substrate. It was 

found that the surface morphology exhibited by the substrates was highly dependent 

upon the history of the substrate. Two different methods of cleaving the alkali halides 

were employed in this study, resulting in the preparation of substrates with very different 

morphologies. 

If the sample was cleaved by striking a razor blade, aligned parallel to the <100> 

direction of the alkali halide, with a rubber mallet, the surfaces consisted of large regions 

of large terraces with occasional single atomic layer steps, the majority of which ran 

perpendicular to the direction of the applied force as shown in the atomic force 

microscopy images in Figure 2.6a and 2.7a. In both of these images, the direction of the 

applied force was from the left side of the image. If the alkali halides were cleaved by the 

application of a continuous force to the razor blade, highly stepped surfaces with irregular 

morphologies like the one depicted in Figure 2.6b resulted. The irregular morphology is 

attributed to the coalescence of microfractures, which developed under the pressure of the 

razor blade. The application of pressure to the crystals clearly creates stress-induced 

defects, which are more numerous if the force is applied slowly. Cleaving the substrate 

by striking the razor blade apparently reduced the number of microfractures. 

Armealing of the substrates cleaved by either means, at temperatures as low as 

150 °C. led to some restructuring of the surface. Annealing at temperatures of ca 250 °C, 

or greater, caused surfaces prepared by both cleavage methods to adopt a morphology of 

the type depicted in Figure 2.7b, consisting of many regularly spaced steps whose 

orientation bore no relation to the major symmetry axes of the substrates. 

Cleavage by either method would produce high optical quality substrates as 

judged by the naked eye, however, even the best cleaves produced surfaces with a large 

•jf 
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Figure 2.6; KBr surfaces prepared by a) striking the razor blade used to cleave the 
sample, and b) applying steadily increasing force to the razor blade. 
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Figure 2.7: a) KCl surface prepared by striking method; b) KCl surface in a) after 
heating in vacuum to 250 °C overnight 
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amount of irregularity as seen in the lOx optical micrographs in Figure 2.8. which were 

representative for most of the samples smdied. Most of the surfaces prepared by the 

strike cleave technique consisted of, at least some, relatively large, optically flat regions, 

which were up to ca. 0.5 mm wide, as shown in Figure 2.8a for a KCl surface. In 

addition to these flat regions, however, the siorfaces typically also exhibited large domains 

with a much higher step density, as shown for a representative KBr surface in Figure 

2.8b. In both of these images, a tapping mode AFM tip (nominal length 125 p. m) is 

poised just above the surface to provide a distance calibration. AFM imaging was only 

performed on the flattest regions on the optical scale, and all of the resulting images 

reveal that, even in these regions, the surfaces are highly stepped as indicated in Figures 

2.6 and 2.7. The spectroscopic techniques used to probe these surfaces had spot sizes on 

the mm scale, leading to averaging of the signal from domains on different steps. In 

spite of the highly stepped namre of these surfaces, they can still be considered single 

crystal (100) surfaces because each plateau corresponds to a (100) plane, and the plateau 

size is generally large compared to the molecular dimensions. The high density of steps, 

however, would tend to favor step-edge nucleation processes. 

2.4 ex-situ Characterization Tools 

It was not feasible to remove the Cu(lOO) crystal from the vacuum chamber, so 

no ex-situ characterization was done of films deposited on this surface. The alkali 

halides, however, were readily removed from the vacuum chamber, and the deposited 

films (of suitable thickness) were characterized ex-situ by UV-Visible and infrared 

absorbance spectroscopies, and atomic force microscopy. Due to the transparency of the 

alkali halide substrates, it was possible to characterize the spectroscopy of the deposited 

films in transmission mode. 

d 
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a) 

b )  

Figure 2.8: lOx optical micrographs of freshly cleaved alkali halide surfaces; a) KCl; 
b) KBr, nominal length of AFM tip in each image is 125 ^im. The arrows indicate 
some of the many steps present on the surfaces. 
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UV-visible spectra of the fihns were collected using a Hitachi U-2000 double 

beam spectrometer. Since it was virtually impossible to cleave two substrates with 

identical optical scattering properties, the film absorption was referenced to air for all 

samples. Attempts were made to study the out-of-plane dichroism of the samples by 

changing the angle of incidence of a polarized light beam from normal to more grazing 

angles. This was generally unsuccessful as spectra collected at off-normal incidence 

appeared to be dominated by scattering events or reflection from the substrate. The 

minimum film thickness which could be analyzed with this instrument was ca. 10 

monolayers. 

Polarized infrared spectra were acquired using a Nicolet Magna 550 FTIR 

Spectrometer. The sample compartment was fitted with a rotary stage which allowed 

rotation about a vertical axis. Spectra were acquired at both transverse electric (TE) and 

transverse magnetic (TM) polarizations. In this instrament, TE polarization was defined 

as having the electric field vector of the incident radiation parallel to the (vertical) rotation 

axis of the sample. Spectra were acquired at both TE and TM polarizations at incident 

angles ranging from normal to 70° off normal. It was found that light loss due to the 

substrate dominated the observed spectra at incident angles greater than ca. 40°, therefore, 

only data from spectra obtained at incident angles between 0 and 40° were used in 

calculations of mean orientations of molecules on the surface. Spectra collected at higher 

angles of incidence (i.e. > 40°), however, were often usefiil in accentuating dichroic 

behavior in order to gain a qualitative understanding of film orientation. 

The nature of the loss process attributed to the substrate is not known. The 

intensity of TM polarized light reaching the detector of the IR spectrometer after passing 

through a bare KBr substrate, le, was recorded as a function of incident angle. A plot of 
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le divided by the intensity at normal incidence, I©, is shown in Figure 2.9. Also shown 

in Figure 2.9 is the ratio of the transmitted component of light as a function of angle 

ratioed to the transmitted component at normal incidence, as predicted by the Fresnel 

equations for TM polarized light incident upon a material, with n = 1.559. ̂ 57 Both plots 

decrease rapidly at larger incident angles, suggesting that reflection losses might be an 

important component of the substrate loss process, however, the overall shapes of the 

two curves are not the same. The experimental data show a monotonic decrease in the 

amount of light transmitted, while the curve predicted by the Fresnel equations 

experiences a maximum. The onset of the sharp decrease in transmitted intensity also 

occurs at lower incident angles for the experimental curve than for the predicted curve. 

The differences between the two curves suggests that the intensity loss due to the 

substrate can not be explained solely by reflection losses. 

Atomic force microscopy images of submonolayer to ca. 5 MLE thick perylene 

tetracarboxylic films were obtained with a Digital Instruments Nanoscope m Multimode 

AFM. The majority of the films were imaged in tapping mode using etched silicon tips 

with a resonant frequency of ca. 275 kHz - 325 kHz. Images of the bare substrates, as 

presented in Figures 2.6 and 2.7, were obtained in contact mode using an oxide-

sharpened SiN tip. Molecular scale resolution of the deposited films was unobtainable, 

presumably due to the softness of the material. It was found that, even in tapping mode, 

there was significant tip-induced damage to the deposited film. 
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Figure 2.9: Plot of transmitted intensity through KBr at incident angle 6 
ratioed to the intensity at normal incidence; —•— experimental; —•— T^/T^ 
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CHAPTER THREE 

THEORETICAL BASIS FOR DATA INTERPRETATION 

3.1 Low Energy Electron Diffi*action (LEED) 

Since tlie discovery of the diffraction of low energy electrons by Davisson and 

Germer in 1927, and the subsequent advancements in vacuum technology which allowed 

the routine study of surfaces, LEED has become a commonly employed technique for 

the study of the crystallography of surfaces and overlayers on surfaces. ̂ 33 Diffraction of 

X-rays by crystals was a well understood phenomenon by the time LEED was 

developed, however, it was soon realized that LEED offered several advantages over X-

ray diffraction for the smdy of surfaces. The most important advantage is a result of the 

strong interactions between electrons and matter. Since X-rays only weakly interact with 

matter, the penetration depth of X-rays into a sample is quite large, making X-ray 

diffraction generally insensitive to surface structure. However, the use of low angle 

scattering techniques and synchrotron radiation sources have now made it possible to 

study very thin films by X-ray techniques. xhg penetration depth of electrons, on 

the other hand, is generally confined to 10 A or less for electrons with energies between 

ca. 30 eV and 500 eV, making LEED highly sensitive to surface structure.'33 

3.1.1 Information Available from LEED 

A plane wave of radiation incident upon a material with a regularly repeating unit 

ceU will be scattered in all directions, but a net flux will only be observed in those regions 

which exhibit coherent scattering (i.e. the scattered waves are in phase).'̂ 3 7^5 requires 

that the path traveled by scattered waves from neighboring cells differ only by integer 
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multiples of the wavelength. A.. This requirement (for a one-dimensional lattice) can be 

expressed mathematically as the Laue condition 

a(sin0n - sin0o) = n>, (3.1) 

where a is the separation distance between scattering centers. A. is the wavelength of the 

incident radiation, n is the diffraction order, and 0n and 0o are the incident and diffracted 

angles, respectively. For electrons, the wavelength (in Angstroms) can be related to the 

energy of the electrons in electron-volts (E(eV)) through the equation 

A,= \ -15QA (3 2) 
\ E(eV) 

If the incident and diffracted beams are described by unit vectors, the Laue condition can 

also be expressed as 

a • (s'n - So) = nX or a • Asn = nA, where Asn = (s'n - Sq) = nAVa (3.3) 

Since the spatial positions at which coherent diffraction occurs are determined by ASn, it 

is clear that diffraction occurs for integer multiples of XJa. This means that diffraction 

experiments probe the reciprocal lattice (as defined by the reciprocal lattice vector 1/a), 

not the real-space lattice. As a result of this, the experimentally determined diffraction 

pattern is essentially an image of the reciprocal lattice of the sample. The chief physical 

manifestation of the reciprocal nature of the LEED pattern are that larger spacings 

between scattering centers will produce more closely spaced diffraction events for a given 

energy, and that as the electron energy is increased, the diffraction events will tend to 

collapse upon the specularly reflected beam. 

The simple one-dimensional case described above can be extended to describe a 

two-dimensional lattice, which must simultaneously satisfy two Laue conditions. 

ai • As = hA. and a2 • As = kA. (3.4, 3.5) 
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where ai and slz are the lattice vectors describing the two-dimensional diffracting surface, 

and h and k are the diffraction orders along ai and 32- In this two-dimensional case, 

coherent diffraction occurs when 

ASn = X,(hai* + ka2*) (3.6) 

where ai* and a2* are the reciprocal lattice vectors of ai and a2, which must satisfy the 

relationships ai • ai* = 32 • a2* = 1 and ai • a2* = ai* • 32 = 0. This second condition 

implies that 32* is perpendicular to ai and ai* is perpendicular to 32- If the real space 

vectors ai and 32 are subtended by the angle a, and ai* is at k/2 to 32. then the 

relationship between the real space lattice vector ai and the reciprocal lattice vector ai* 

can be determined by 

ai = 1 (3.7) 
31** sina 

While these relationships can be used to deduce the real space lattice 

corresponding to an observed diffraction pattern, there would be little use for LEED if 

this were the only information obtainable. The real utility of LEED is in its ability to 

examine the unit cell of an ordered overlayer on an ordered surface. Overlayer lattices 

can be described in the plane of the surface by the lattice parameters bi and b2. As 

discussed in Section 1.4.3. the overlayer lattice vectors can generally be related to the 

substrate lattice vectors through a transformation matrix C 

A similar relationship exists between the reciprocal lattice vectors of the overlayer and the 

substrate. 

b» = C* • a* (3.9) 

where 

= mi2* j jQ 
\ m2i* m22* I 

'i 
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The matrices. C and C*, can be related through matrix algebra by the following 

expression 133 

/ m i l  n i i 2  \  1 / m22* -ni2i* 
\ m2i m22 ' detC*\ -mi2* mn* 

(3.11) 

From equation 3.11 it is possible to determine the real space lattice vectors of an 

overlayer on a surface if the reciprocal lattice vectors of the overlayer can be determined 

from the LEED pattern. This will be demonstrated for the simulated LEED pattern in 

Figure 3.1a. In this pattern, the filled spots correspond to diffraction spots from the 

substrate, while the open circles represent diffraction spots due to the overlayer. From 

careftil raeasurements of the reciprocal lattice vectors in Figure 3.1a, it can be determined 

that the matrix C* is 

C* J 0 . 3  -0.1 1 
\ 0.1 0.3 / 

Substimting these matrix elements and the corresponding determinant into Equation 3.11, 

the matrix C of the real space lattice vectors can be determined to be 

which corresponds to the lattice in Figure 3.1b. 

In most cases, due to the symmetry of the overlayer and the substrate, multiple 

domains may exist on a surface, leading to the observation of additional spots in a 

diffraction pattem. For example, a four-fold syimnetric overlayer on a four-fold 

substrate must adopt two equivalent domains on the surface. If the angle between ai of 

the substrate and bi of one domain of the overlayer is {3, then there must exist an 

equivalent orientation which has an angle between ai and bi of -p. A similar relationship 

exists about 32. In the case of four-fold symmetry of both the overlayer and substrate, 

this relationship produces domains which are equivalent to those defined by the rotation 
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Figure 3.1; a) Simulated LEED pattern of a commensurate overlayer on a four
fold symmetric surface, corresponding to the real space lattice in b). The filled spots 
in a) are due to diffraction from the substrate, while the open spots arise from the 
overlayer. 
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about ai- For P = 0° or P = 45°. the two domains are identical, and there is only one set 

of observed diffraction spots. At any other value of p. the lattice vectors of the overlayer 

will not describe the same domain, and multiple diffraction spots will be observed in the 

diffraction pattern as shown in Figure 3.2a. This diffraction image corresponds to the 

actual real space structure shown in Figure 3.2b which shows the relationship between 

the two equivalent domains. An overlayer which exhibits two-fold symmetry may adopt 

four equivalent domains on a four-fold surface: two at ±p about ai and two at ±|3 about 

32. 

Although only first order diffraction features are shown in Figures 3.1 and 3.2. 

higher order diffraction features may also be visible in a diffraction image. The presence 

of features from higher diffraction orders often aids in the interpretation of the LEED 

pattern. Figure 3.3 shows multiple diffraction orders arising from the lattice in Figure 

3.1b. From the symmetry of the repeating unit (the square connecting the diffraction 

spots in Figure 3.3a), the symmetry of the reciprocal unit cell can be determined. If 

multiple domains are present, pattern interpretation becomes more difficult as it is first 

necessary to assign each of the observed diffraction spots to the appropriate domain 

before the symmetry of the unit cell will become obvious. This is demonstrated in 

Figure 3.3b which shows higher order diffraction features arising from the surface 

strucmre in Figure 3.2b. 

If the pattern is of high enough quality, the type of relationship (i.e. 

commensurate, coincident, or incommensurate) between the overlayer and the substrate 

may sometimes also be determinable from simple examination of the LEED pattem. 

The mechanism for the generation of a LEED pattem discussed above was based on 

back-scattered electrons which had undergone only a single diffraction event from either 

the overlayer or the substrate. If the overlayer is very thin, and only a weak scatterer of 
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Figure 32: a) Simulated LEED pattern arising from multiple domains of the 
commensurate overlayer shown in b). The filled spots in a) are due to diffraction 
from the substrate, while the open spots arise from the overlayer. 
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Figure 33: Simulated LEED pattern showing multiple diffraction orders arising from 
a) one square domain, and b) two equivalent square domains rotated ± P from the 
substrate lattice. 
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electrons (as many organic materials are), however, the majority of the scattering will 

occur in the forward direction (i.e. towards the substrate). 1^3 When the forward-scattered 

electrons are incident upon the substrate, they can be further diffracted by the scattering 

centers of the substrate. Alternately, if the overlayers are only weak scatterers, a 

significant portion of the electrons in the incident beam may reach the substrate without 

first being scattered by the overlayer. Upon back-scattered diffraction by the scattering 

centers of the substrate, the diffracted electrons can be fiirther scattered by the overlayer 

as they exit the film.^^^ 

If the overlayer is commensurate with the substrate, these second scattering 

events will not introduce any new diffiraction features, however, the intensity of the 

features will be modulated as the second scattering process reinforces all of the initial 

diffraction events of the overlayer. If the overlayer is coincident or incommensurate, the 

second diffraction event will generate additional features due to the relationship between 

the overlayer and the substrate. These additional overlayer diffraction features will be 

arranged symmetrically about each of the diffraction features of the substrate, as the 

substrate diffraction features represent additional probe beams for the overlayer. (In this 

case, the diffraction by the overlayer occurs in the forward-scattered direction, allowing 

this relatively unfavorable process to be observed with comparable intensity to the single 

diffraction events due to back scattering of the incident beam.) A coincident or 

incommensurate relationship between the overlayer and the substrate will generate new 

diffraction features for every lattice point of the overlayer, leading to the observation of a 

diffraction pattern about each of the substrate diffraction features which is identical 

(except for the spherical aberration of the screen) to the pattern about the primary (0,0) 

back-scattered beam. The expected double diffraction events for each type of overlayer 

are shown in Figure 3.4. 
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In summary, LEED can reveal numerous features of the crystallography of a 

surface. From the relationship between diffraction features of the overlayer and 

diffraction features of the substrate, the dimensions and orientation of the unit cell of the 

overlayer can be determined. The existence of multiple equivalent (or nonequivalent) 

domains within an overlayer may also be determined readily from a LEED pattern. It 

should be emphasized, however, that LEED is only of use when the overlayer is 

crystalline and exhibits a regular array of scattering centers. In addition, the type of 

relationship between the overlayer and the substrate may sometimes be inferred by the 

presence of additional diffraction features arranged syimnetrically about the diffraction 

features of the substrate. 

In order to observe any diffraction, however, the size of the domains on the 

surface must be greater than the coherence length of the LEED experiment. The 

coherence length of the LEED apparatus and conditions used here has previously been 

estimated to be ca. 625 Features smaller than this, even if they exhibit a high degree 

of crystallinity, will not give rise to an observable diffraction pattern. 

3.1.2 Geometrical Interpretation of LEED Patterns 

The method of determining real space lattice parameters based on the 

determination of the transformation matrix elements, discussed above, is applicable to the 

study of any surface in which a diffraction pattern containing both overlayer and substrate 

diffraction spots can be obtained. In practice, for the smdy of systems, such as large 

organic molecules, which exhibit large lattice dimensions, it is often impossible to collect 

diffraction images from the molecules and the substrate simultaneously. For example, at 

a typical beam energy of 60 eV, used to study a bare Cu( 100) surface (lattice spacing 
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2.556 A), the diffraction features from an overlayer with dimensions typical of those for 

an adsorbed phthalocyanine (ca. 14 A) would be barely resolvable from the backscattered 

beam due to the reciprocal nature of the experiment. 

As a result of this, it is experimentally necessary to acquire diffraction images 

from the overlayer and substrate at different energies, and subsequently relate their 

reciprocal lattice vectors. The real space lattice parameters are related to the observed 

diffraction pattem through a function containing the incident beam energy, X. the radius 

of the LEED screen, r, the diffraction order of the spot being analyzed, n, the spacing of 

the diffraction spots, X, and a camera constant, 

ai = >.m/KX (3.12) 

Equation 3.12 assumes the sample is positioned at the focal point of the LEED system. 

As mentioned in Chapter 2, the sample is generally not positioned at the focal point of the 

LEED system, making analysis by equation 3.12 unreliable. In addition, it is difficult to 

determine the value of the camera constant K, necessitating some other means of 

analysis.59 

The dependence upon K can be removed if the adsorbate LEED pattem under 

analysis is referenced to a LEED pattem for the substrate obtained with the same camera 

and sample positioning. The real space overlayer lattice dimension (bi) can be related to 

the real space lattice dimension of the substrate (ai) by comparison of their 

corresponding diffraction spot spacings, X (as defined in Figure 3.5), through^^ 

^1 — ^ovT*DoviXsub /o ION 
^sub*nsubXovr 

where the subscript, ovr, refers to the overlayer, and the subscript, sub, refers to the 

substrate. In the work presented here on the Cu(lOO) surface, ai = 2.556 A.59 It has 

been stated previously that Equation 3.13 will account for any distortions due to 
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Figure 3^: Representation of the LEED apparatus, showing the errors in the spot 
positions which will arise if the sample is not at the focal point of the optics. 



112 

mispositioning of the sample with respect to the instrumental focal point.59 This is only 

strictly true, however, if Xovr - Xsub-

Consider Figure 3.5 which represents diffracted beams from a surface impinging 

on a LEED screen in a plane which contains the center of the screen. The upper (light 

gray) sample is positioned at the focal point of the instrument, resulting in diffraction at 

the positions of the dashed gray lines. If the sample is displaced beyond the focal point 

of the instmment, the pattern will become distorted as shown for the lower (black) 

sample in Figure 3.5 The positions of all of the diffracted beams appear at larger X 

distances than predicted, and the degree of distortion increases as the distance of the 

diffracted beams from the center of the screen becomes progressively greater. This will 

affect the calculated lattice parameters by affecting the ratio Xsub ! Xovr Equation 3.13. 

If the overlayer spots are at a significantly smaller value of X than the substrate spots 

with which they are being compared, then Xsub / Xovr will be larger than it should be, 

leading to an overestimation of bi. If the overlayer spots appear at larger X values than 

the substrate spots, then the calculated bi will be underestimated. Only if Xovr = Xsub. 

will Equation 3.13 give a reasonable estimation of the value of bi relative to ai, allowing 

the determination of the length of the real space lattice vectors of the overlayer. 

The error in the determination of the real space lattice vectors from the 

experimental LEED pattem is related to the width of the diffraction spots. Highly 

ordered films with large coherent domains result in very sharp diffraction features, while 

films with smaller domains produce broader diffraction features. In general, the error 

expected for the determination of real space lattice vectors for overlayers of large organic 

molecules is ca. 0.5 A.59457.I58 With the experimental system used here, the expected 

error is probably a bit larger (ca. 0.7 A) due to the positioning enor with respect to the 

focal point of the LEED optics. 
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Figure 3.6: The projection of the face-centered cubic unit cell in a) onto the (100) 
face is shown by the dashed square in b). The surface unit cell for the (100) face 
of an fee lattice is shown as the solid square in b). 
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The direction of the real space lattice vectors relative to those of the substrate can 

be determined by measuring the angle between the horizontal and the vectors defining the 

first order diffiraction spots of the substrate and the overlayer on separate images. The 

measured angle 3 is the angle between the reciprocal lattice vectors of the overlayer and 

the substrate, however, due to the relationship between the reciprocal lattice and the real-

space lattice, P will also be the angle between the real space lattices as shown in Figure 

3.1a and 3.1b. 

It should be noted that the substrate lattice is defined in terms of the simplest 

surface unit cell, and that the measured angles will give the orientation with respect to this 

unit cell, which may not be identical to the bulk unit cell. For example, the surface unit 

cell of the (100) face of a face-centered cubic material, such as Cu, will be rotated 45° 

with respect to the bulk unit cell projected onto this surface as shown in Figure 3.6. On 

such a (100) surface, the surface lattice vectors lie along the <011> directions, and not the 

<010>. 

3^ UV-Visible Absorbance Spectroscopy 

It was demonstrated in Section 1.3, that changes in molecular architecture can lead 

to pronounced changes in the visible absorbance spectrum of a material. Several 

researchers have attempted to explain the relationship between the observed spectroscopic 

properties and molecular geometry in terms of coupling of the electronic dipoles or of the 

individual molecular orbitals on adjacent molecules.Some rules have now been 

established that allow the use of UV-Visible spectroscopy as a crystallographic tool, in 

certain cases. 
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3^.1 Classification of Molecular Aggregates: J vs. H 

Due to the discrete nature of the individual molecules which comprise a 

crystalline organic material, the observed physical properties such as visible absorbance. 

etc. can be described as arising from individual molecules whose properties have been 

perturbed by their environment. The crystal structure adopted by an aggregated material 

determines the environment around the molecules. The two simplest types of one-

dimensional linear translational aggregate structures which can be formed, are those in 

which the all of the molecules lie parallel, and are packed in either a head-to-tail fashion or 

in a cofacial "card-pack" geometry. A head-to-tail aggregate is known as a J-aggregate, 

while a cofacial aggregate is termed an H-aggregate.^-^o.i i should be noted that these 

definitions of H- and J-aggregates represent the extreme cases which are rarely observed 

in organic crystals. In true molecular systems, there are many more possible aggregate 

geometries whose behavior will tend to be intermediate between that of the J- and H-

aggregates. 

3.2.2 Exciton Coupling Model 

The theory of molecular exciton coupling, as outlined by Kasha, ̂ ' is applicable to 

large molecular aggregates, however, a discussion of the exciton coupling in molecular 

dimers is sufficient to present the concepts. The interaction of a dimeric species will, by 

necessity, generate two excitonic states, only one of which is quantum mechanically 

allowed if the two molecules in the dimer are equivalent. An extensive quantum 

mechanical treatment has been developed for describing the interactions of molecular 

excitons, however, the types of spectral shifts and splittings can be qualitatively 

understood by a model in which the electronic dipoles are treated as vectors. The allowed 

electronic transitions are those in which the vector sum of the dipoles is nonzero. ̂  ^ 
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The H-aggregate shown in Figure 3.7a describes an eclipsed cofacial dimer of a 

planar dye in which the electronic dipoles of two adjacent molecules lie parallel. If the 

electronic transition dipoles in the two molecules are in-phase (i.e. their representative 

vectors point in the same direction), there exists a repulsive electrostatic interaction 

between them, raising the energy of this state relative to the energy of an isolated 

molecule. An out-of-phase relationship would generate an attractive electrostatic 

interaction between the two dipoles, lowering the energy of this state. In this case, 

however, the net vector sum of the dipoles is zero, making it an optically forbidden 

transition. Consequentiy, a cofacial dimer should exhibit a blue-shifted electronic 

absorbance spectrum. ̂ ^ If the molecules pack so that their electronic dipoles are aligned 

in a head-to-tail fashion, as shown for the J-aggregate in Figure 3.7b, it is clear, using 

similar arguments to those presented for the H-aggregate above, that a red-shifted 

electronic transition should be observed. Between these two extremes, lie all cases in 

which the electronic dipoles are parallel, but not aligned exactly adjacent or head-to-tail. 

The predicted splitting AE can be described by an interaction between two point-dipoles 

by the equation^®'11.160 

AE = 2M-(l-3 cos20)/r3 (3.14) 

where M is the dipole moment, 0 is the angle between the vectors defining the dipole 

moments and the line joining their centers in adjacent molecules, and r is the distance 

between the center of the dipoles. Refinements of the point-dipole approximation which 

incorporate extended dipoles of length L, instead of the point dipole used to derive 

Equation 3.14 have also been reported.'̂ 7.48 Equation 3.14 shows that the splitting 

between the two excitonic levels is determined by the angle between the direction of the 

dipoles and the axis joining their centers. At an angle of 54.7°, the splitting goes to zero, 

and the visible absorption spectrum appears as it would for an isolated molecule (with 
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Figure 3.7: Exciton coupling scheme used to explain solid-state absorbance spectra; a) 
H-aggregate dimer, exhibiting a blue-shift; b) J-aggregate dimer, exhibiting red shift; c) 
non-parallel aggregate dimer, in which optical transitions to both excited state 
combinations of dipoles are allowed 
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some slight solid-state broadening). ̂  ^ At angles greater than 54.7°. H-aggregate like 

behavior is observed, while J-aggregate behavior is observed at angles less than 54.7°.'' 

Any arrangement of the two molecules so that their dipoles are not parallel will result in 

two bands in the visible absorption spectrum due to the nonequivalency of the two 

molecules in this geometry, as shown in Figure 3.7c. In this case, transitions to both of 

the molecular excitonic levels become allowed. 

In a tme molecular solid, there are obviously many more molecules interacting 

than in a dimer. When the interactions of all of the molecules in an aggregate are 

considered, the number of possible states will be equal to the number of molecules within 

the radius over which the molecules can effectively interact. For an H-aggregate. the 

lowest and highest excitonic states will still correspond to the completely out-of-phase 

and in-phase relationships, respectively, although their energies will be further displaced 

(vs. the dimer) from the energy of the isolated molecule due to the larger number of 

interactions. ̂  ^ Consequently, as the number of molecules in the aggregate increases, the 

observed spectral shift from the energy of the monomer absorption becomes 

progressively greater. For an ideal infinite crystal, however, there will still be the same 

number of allowed electronic transitions. Since real crystals are rarely ideal, there will 

always be molecules which are in slightly different environments from the rest, which 

will lead to a broadening of the spectral peak, as previously forbidden transitions become 

allowed. 

The exciton coupling treatment of Kasha presented above has been developed 

only for the case of linear dipoles arranged in a one- or two-dimensional fashion. Chau, 

et al. have extended the exciton coupling approach to the description of three-dimensional 

arrays of phthalocyanine molecules which are best described by a circular dipole 

model. They were able to demonstrate good agreement between the calculated and 

4 
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experimentally determined electronic transition energies for the Q-band of CllnPc, 

ClGaPc, and ClAlPc which are known to adopt a staggered configuration in the solid-

state leading to a red-shifted absorption peak. 

It has been observed that the width of the absorption spectra of molecular films is 

dependent upon the degree of homogeneity within the aggregate structure.^^ Highly 

crystalline samples can produce very narrow absorbance peaks, while less ordered 

samples will exhibit significant spectral broadening. 

J Crystallochroray 

Another attempt to address the effects of molecular architecture on physical 

properties has been published by Klebe, etal. in a study of crystallochromy within the 

perylenebis(dicarboximide) family of dyes. Crystallochromy is the dependence of 

color on crystal packing, and manifests itself as spectral shifts and broadening in the 

absorbance spectra of many materials. Most perylene dyes exhibit very similar solution 

absorption spectra, indicating that the nature of the substiment (at the X-position in Figure 

1.1b) has little effect on the electronic transition. Consequendy, the differences in the 

solid-state absorption spectra for these materials are due almost exclusively to changes in 

molecular architecture which are directed by the substiments. Klebe, et al. established an 

empirical relationship between the magnitude of the longimdinal and transverse 

displacements of adjacent parallel perylene units, and the position of the lowest energy 

electronic transition. The empirical relationship predicted that crystal structures which 

exhibited the greatest degree of overlap between adjacent perylene units (i.e. smallest 

longitudinal and transverse offsets), should exhibit the largest red shift in their absorbance 

spectrum. 
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3.2.4 Quantum Interference Effects on Crystallochromy 

Kazmaier and Hoffman further refined the approach of Klebe. et al. to include 

quantum interference effects by considering the shapes of the interacting molecular 

orbitals on adjacent molecules. In this treatment, it was assumed that the nodal 

structure of the HOMO and LUMO of the molecules will modulate the intermolecular 

interactions depending upon the relative displacement between the molecular planes. In 

the HOMO of the perylene tetracarboxylic dyes shown in Figure 3.8a, there are three 

nodes along the longitudinal axis of the molecule, and one node along the transverse axis. 

In the LUMO. there are zero longimdinal nodes, and three transverse nodes. Linear 

combinations of the orbitals from N molecules will produce N combined HOMO levels 

and N combined LUMO levels. This concept is illustrated for a cofacial eclipsed dimer 

in Figure 3.8b. An antisymmetric combination of the orbitals of the two molecules, 

arranged in this fashion, will introduce zero nodes between the molecules, leading to an 

energy minimum for both the HOMO and LUMO levels, as shown for the lower pairs 

of molecules on the left of Figure 3.8b. The symmetric combination will produce a state 

which is less energetically favorable than the free molecules, leading to an energy 

maximum, as shown for the upper pairs of molecules on the left of Figure 3.8b. 

Extension of this concept to an N-molecule structure will lead to the broadening of the 

discrete levels of the dimer into bands, the bottom of which represents the most 

"bonding" combination, and the top of which represents the most "anti-bonding". 

The symmetric and antisymmetric combinations of HOMO and LUMO states 

are conceptually similar to the parallel and antiparallel combinations of transition dipoles 

discussed previously for the exciton coupling model. The similarity is easily seen by 

comparison between Figure 3.7a. and the left side of Figure 3.8b. In both cases, the 

completely symmetric (in-phase) combination of an N-molecule system will lead to a 
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Figure 3.8: Molecular orbitals of perylene bisimides; a) top view of the LUMO and 
HOMO; b) symmetric and antisymmetric combinations of HOMOs of adjacent 
molecules as a function of the lateral offset between molecules (shown in side view). 
The dashed line represents the energy of the HOMO of an isolated molecule. 
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stale of higher energy Uian that of the individual molecules, while the antisymmetric (out-

of-phase) combination leads to a state of lower energy. The major difference between the 

two concepts is that the antiparallel combination of dipoles in the exciton coupling model 

represents a strictly forbidden state into which no excitation can occur. In the model of 

Kazmaier and Hoffman, there are no restrictions on the allowedness of any of the states. 

According to die quantum interference theory of Kazmaier and Hoffman, 

translation of the molecules along the longitudinal and transverse axes will alter the 

bandwidth between the most and least bonding combinations as the interactions between 

adjacent molecules become more or less favorable. Upon longitudinal translation of the 

antisymmetric configuration of HOMOs of the completely eclipsed cofacial dimer shown 

on the lower left of Figure 3.8b, lobes of the individual MOs with the same sign will 

initially be separated, then be opposed to, lobes of opposite sign in the other molecule. 

The alignment of lobes of opposite sign leads to a node between the molecules, and a 

resulting configuration which is anti-bonding, as shown on the right side of Figure 3.8b. 

After the translation, the antisymmetric combination of HOMOs becomes the most 

energetically unfavorable configuration. Similar interactions are also being experienced 

by the initially most anti-bonding configuration, as it becomes more energetically 

favorable. 

As shown schematically in Figure 3.8b, the degree of energy stabilization or 

destabilization is not as great in the case of the staggered molecules as it is for the 

completely eclipsed configuration. Between the two extremes in energy, lie nodes where 

the bonding and anti-bonding configurations both have zero stabilization relative to the 

energy level of the isolated molecules. The zero stabilization energy is indicated by the 

horizontal dashed line in Figure 3.8b. 

si 
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Unlike the treatment of Klebe. et al. which predicted a monotonic decrease in 

wavelength with increasing offset, due to smaller area overlap, in this refined u^tment. 

there can be configurations which exhibit very large area overlaps, which do not exhibit 

significant spectral shifts widi respect to the solution absorption. This occurs at offset 

values at which the bandwidth between the bonding and anti-bonding configurations has 

collapsed to zero. Reasonable correlation was obtained between both the energy of the 

^max» the bandwidth as a fimction of the longitudinal and transverse offsets as 

determined by the X-ray structure for eleven perylene dyes.^^ It should be noted that 

neither of the above theories attempts to predict the probabilities of the relative transitions, 

and it has been experimentally observed that the transitions predicted are often not the 

most intense transitions within the spectra of many perylene dyes.^-^^^'^^^-^^"* 

It should also be noted that both the treatment of Kazmaier and Hoffman, and that 

of Klebe, et al. attempt to represent the crystal structures as a collection of non-interacting 

one-dimensional stacks of molecules. The geometric overlap between molecules within 

the one-dimensional stacks was used to determine the empirical relationship, while the 

interactions of the molecules between adjacent stacks was ignored. This clearly is an 

oversimplification of the effects of molecular architecture on the spectroscopic properties, 

and conflicts with the more well-established exciton coupling model are obvious. 

If one looks at the relative positions of two adjacent molecules in the bulk crystal 

structure of most of the perylene dyes.^3-l65-i68 jg clear that the two molecules are in 

an H-aggregate geometry, as classified by the exciton coupling scheme. Therefore, the 

exciton coupling model predicts a blue-shifted absorption spectra, while the 

crystallochromy treatments predict red-shifts for all of the perylene dyes. The 

discrepancy can be resolved once it is realized that the two treatments are not attempting 

to describe the same absorption phenomena. The exciton coupling model describes the 
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energy of the absorption of the most likely transition, while the two crystallochromy 

treatments attempt to predict the energy of the lowest energy transitions (into states which 

are strictly forbidden by the exciton coupling model). 

These results highlight one of the common problems in the smdy of organic 

molecular systems. Empirical relationships determined from the study of one class of 

molecular systems often do not adequately describe any other molecular systems. The 

concepts developed in the studies of crystallochromy of the perylenebis(dicarboxiniide) 

dyes do have merit, however, they do not constimte a complete representation of the 

relationship between crystal strucmre and spectral properties. 

Reflection Absorption UV-Visible Spectroscopy 

The majority of the UV-Visible absorbance spectra reported here were obtained in 

the transmission geometry, however, in order to obtain spectra from films deposited on 

the CuClOO) surface, it was necessary to use a reflection-absorption (RA) format. In the 

simplest case, the change in reflectivity, AR, upon deposition of an overlayer will simply 

be due to the absorbance of the incident beam by the overlayer, and the quantity AR/R 

(where AR is Rqvt -R- and Rovr and R represent the reflectivity of the interface with and 

without an adsorbed film, respectively) will resemble a transmission spectrum of the 

material on the surface.^55 However, the optical properties of metals are often perturbed 

by the presence of an adsorbed organic species, leading to possible complications in the 

interpretation of the RA spectrum. It has been found experimentally, and modeled 

theoretically, that the shape of the RA spectrum of H2PC on a gold surface was highly 

dependent upon the angle of incidence. 1^5 xt normal incidence, however, transmission

like spectra were obtainable. The spectra became highly distorted as the angle of incidence 

was increased. Even at normal incidence, only a qualitative interpretation of the 
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observed spectrum was warranted. ̂ 55 xhe geometry of the RA experiment reported here 

uses a normally incident beam, so the spectra of adsorbed films should be qualitatively 

similar to transmission spectra of the same materials, and will be interpreted as such. 

33 Infrared Spectroscopy of Crystalline Solids 

Infiared radiation has the proper energy to excite quantized molecular vibrational 

states which possess a well-defined orientation with respect to the molecular coordinates. 

Therefore, a study of the dichroism of key vibrational bands in the solid-state can be used 

to determine molecular orientation with respect to an arbitrary laboratory coordinate 

system. In the gas phase, individual molecules have virtually no interaction with each 

other, and their infrared spectra reflect the vibrational slates of the individual molecules. 

In the solid stale, however, iniermolecular interacdons may broaden bands, shift bands, 

or even split existing bands into multiple components which may exhibit different 

polarizations. 

To a first approximation, if the molecules interact only weakly in the solid state, 

their behavior can be described in terms of an "oriented gas" modeh^^^-^^^-^^O in 

model, the crystal lattice merely orients the molecules, and has no effect on the peak 

positions or peak splittings. In this case, the relative intensity of a band observed with 

polarized light should be should be describable by the square of the projection of the 

transition dipole onto the electric field vector of the incident light. If the molecules in 

the lattice experience significant coupling forces, this last condition may no longer be ime. 

As the strength of the coupling forces between molecules in a crystal increases, 

the intensity of an absorbance band predicted by a dipole projection model may exhibit 

less correlation with observed intensities. The presence of crystal field splitting is an 

excellent indicator that the oriented gas model is not a suitable description of the behavior 

•i 
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of the molecules. Consequently, one should use caution when trying to determine dipole 

orientations based on projections onto the electric field vector in systems exhibiting such 

behavior. 

The phenomenon of band-splitting has been extensively studied for crystals of 

long-chain alkanes, such as n-paraffins between C20H42 and C36H74, and 

polyethylene.'71-175 Dichroic splitting due to crystal field effects can be recognized by 

the presence of two bands in the solid-state absorption spectrum in regions in which only 

one band is expected. Theoretically, peaks may be split into more than two peaks, since 

the number of peaks expected is equal to the number of inequivalent molecules in the unit 

cell, however these occurrences should be rare.'^' 

The /i-alkanes tend to crystallize in an all-trans configuration, with all of the chain 

axes parallel. The crystal structure, however, can be monoclinic, triclinc, orthoriimbic. or 

hexagonal, and is determined by the relative orientations of molecules with respect to 

each other. In addition, many of these materials exhibit phase transformation between 

two different crystal structures, which has allowed the positive assignment of certain 

spectral bands to crystal splitting effects.174 crystal splitting effects have been 

observed for molecules in a hexagonal crystalline environment, or in triclinc crystals 

which contain only one molecule per unit cell.l^'^ The IR absorption spectra of w-alkanes 

in monoclinic or orthorhombic unit cells, however, do exhibit splitting. 

The degree to which individual bands are split depends upon their relative 

orientation within the crystal. Studies of the IR spectra of orthorhombic crystals of the 

series of paraffins C20H42 through C30H62, revealed that both the methylene wagging 

and rocking modes exhibited dichroic splitting, with one of the resulting absorption bands 

polarized along the a-axis of the crystal and the other polarized along the b-axis.'^^ 

Absorption bands due to vibrational transition dipoles polarized along the c-axis of the 
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crystal (i.e. parallel to the chain axis) did not exhibit any splitting as the environment 

within the crystal was symmetric in this direction. Dichroic splitting due to crystalline 

environments is not limited to straight chain alkane crystals. Similar observations have 

been reported in the study of single crystals of aromatic molecules such as 

naphthalene^^^, and sexithiophene.^®^ 

3^.1 Infrared Linear Dichroism 

In the ideal case, the intensity of absorption. I, by a transition dipole. is directly 

proportional to the square of the projection of the electric field onto the dipole. and can be 

expressed as 

I = Iiicos2Y (3.15) 

where In is the intensity of absorption when the dipole is aligned exactly parallel to the 

electric field vector, and gamma is the angle between the electric field vector and the 

absorbing dipole. ̂ 39,176,177 jhis relationship is independent of the energy of the incident 

radiation and Equation 3.15 should be valid for UV-Visible, as well as, infirared 

absorption spectroscopy. Since the orientation of a transition dipole is well-defined with 

respect to the molecular coordinate system, the average orientation of a molecule in a 

solid may be determined if the orientation of the dipole with respect to the laboratory 

coordinates is known. 

There is a well-established precedent in the literature for the determination of the 

orientation of transition dipoles in molecular films on reflective substrates by infrared 

reflection-absorption spectroscopy (IRRAS).145,178,179 xhe determination of dipole 

orientation on transparent substrates in a transmission geometry, however, has been less 

thoroughly studied. Several treatments for the evaluation of transmission geometry 

i 
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spectroscopic data have been published in the literatureJ^^-^^^-^^^ The experimentaUy 

simple method of Schmidt, etal. was adopted for use here.^^^ 

In the well-known IRRAS experiment, there exists a surface selection rule which 

states that only vibrational transitions with a component normal to the surface will be 

observed in the spectrum.In the transmission geometry, there is also a "selection" 

rule given by Equation 3.15. Since the electric field vector of the incident light is normal 

to the propagation direction of the incident radiation, only those transitions which have a 

component normal to the propagation direction of the beam will be able to interact with 

the exciting radiation. At normal incidence, for transition dipoles which are aligned with 

the plane of the surface, y = 0°, while g = 90° for dipoles aligned normal to the surface. 

33.1.1 Method of Direction Dependent Concentrations 

Schmidt, et al. have developed a simple method for the determination of dipole 

orientations in organic thin films which does not rely on the independent knowledge of 

the optical constants of the material. 1*^6 Iq this treatment, the total absorption by the film 

is described by direction-dependent concentration terms according to the laboratory 

coordinate system in Figure 3.9a (which is fixed with respect to the substrate), where the 

light is incident from the left side of Figure 3.9a. TE polarized light has its electtic field 

vector parallel to the y-axis. while TM polarized light is parallel to the x-axis. Each of the 

molecules in the film contributing to the total concentration of molecules in the film, c, 

can be resolved into components parallel to the x-, y-, and z-axes of the laboratory 

coordinate system, giving rise to the direction-dependent concentrations Cx, Cy, and Cz-

For example, a molecule whose transition dipole lies in the plane of the surface at an 

angle of 45° to both the x- and y-axes would contribute 1/2 of a molecule to Cx, 1/2 of a 

molecule to Cy, and 0 molecules to Cz, etc. 
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Figure 3.9: Coordinate system for the Schmidt treatment; a) laboratory coordinate 
system, showing the orientation of the dipole ji as defined by (p; b) view along y-axis, 
showing the increase in path length upon changing the angle of incidence. 
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The absorbance of TM-poIarized light by the film at normal incidence (i.e. 

incident angle, i = 0°). ATM. can be expressed by 

ATM(i=0°) = 2.3 eii Cx d (3.16) 

where en is the extinction coefficient of molecules which are aligned parallel to the electric 

field vector of the incident light, Cx is defined above, and d is the film thickness. A 

similar equation exists to describe absorption of light polarized along the y-axis. 

ATE(i=0°) = 2.3 eii Cy d (3.17) 

At normal incidence, absorbance by molecules aligned with the z-axis, Az, is zero 

because there is no electric field component along the z-axis. If the sample is rotated 

about the y-axis and the direction of the incident light is kept the same, Aj will assume a 

nonzero value. Rotating the sample with respect to the beam will also increase the 

effective path length through the film, L, to^"^^ 

L = d/cos^ (3.18) 

where ^ is the refracted angle dirough the film determined by Snell's law. 

It would appear that this treatment requires an independent knowledge of the 

refractive index of the film in order to determine however, this is not the case, since ^ 

can be estimated experimentally.If the sample is rotated about the y-axis. the effective 

concentration along the y-axis (as measured with TE polarization), Cy is unchanged. The 

path length, however, is increased by the amount predicted by Equation 3.18 as indicated 

in Figure 3.9b leading to an absorption along the y-axis at nonzero incidence which is 

given by 

ATE(i?tO°) = 2.3eiiCyd/cosl^ (3.19) 

The refracted angle, can now be determined from the ratio of ATE(i=0°) to ATE(i'^°) 

through Equations 3.17 and 3.19. 

'i 
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Upon rotation of the sample about the y-axis. TM polarized light will begin to 

interact with a significant portion of the dipoles aligned with the z-axis. This leads to the 

following equation for TM polarized light at nonzero incidence 

= 2.3 en (Cx cos^^ + Cz sin^Q d/cos^ (3.20) 

Equations 3.16,3.17, 3.19, and 3.20 can be combined to yield^^^ 

Cx _ A.'rM(i=0 ) (3 21) 
ATE(i=0'') 

^ ̂  /ATM(i*0°) _ ATM(i=0°) f ^.^2^ 
\ATC(i*0°) A-re(i=0°) l' ^ 

^ _ Cz/Cy 
C Cj/Cy + 1 + Cz/Cy 

(3.23) 

From the same considerations used in the derivation of Equation 3.15, it can be seen that 

Cz = c <cos2(p> (3.24) 

where (p is the angle between the surface normal and the dipole vector as defined in 

Figure 3.9. Evaluation of Equation 3.24 allows the determination of the mean dlt angle 

of the molecules on the surface. The validity of Equation 3.24 can be evaluated by 

simple consideration of three extreme cases. If all of the dipoles in the film are perfectly 

aligned along the z-axis then (p = 0° and Cz is at a maximum. If the dipoles are aligned 

perfectly in the x-y plane, then (p = 90° and Cz =0. If the film is completely isotropic, cz/c 

= 1/3 , and (p assumes the magic angle value of 54.7°. 

33.1^ Sample Calculation of Dipole Orientation using Experimental Data 

Three of the most useful vibrational bands for the determination of the average 

orientation of perylenebis(dicarboximide) molecules are the symmetric C=0 stretch 

(vc=0(sym)). the asymmetric C=0 stretch (vc=0(asym)). and the out-of-plane C-H 

wagging mode of the perylene core (OJc-H(pery.))- The transition dipole of these 
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vibrations are polarized along the long molecular axis, the short molecular axis, and 

normal to the plane of the perylene core, respectively, allowing for complete 

determination of the orientation of the molecule within the film. In addition, the CH2 

rocking mode of the alkyl chains (pc-H(alk.)) t>e useful in determining the 

orientation of the flexible alkyl groups. A more detailed discussion of the assignments of 

the infrared absorbance modes of the perylene tetracarboxylic dyes can be found in 

Chapter 5. 

Vc=0(asvm) WC-Hfoerv.) PC-Hfalk.) 

ATM(i=0°) 0.03626 0.01625 0.00987 

ATE(i=0°) 0.03810 0.01575 0.01054 

ATMCi?^®) 0.03311 0.01364 0.00852 

ATE(i'^°) 0.04571 0.01954 0.01215 

71° 

0 
0

 
00 

U/D 

Table 3.1: Absorbance intensities of key vibrational bands of C5-PTCDI. 

Table 3.1 contains the intensities of the absorbance of the asymmetric C=0 

stretch (vc=0{asyra))* the out-of-plane C-H wag (coc-H(pery.)). and the CH2 rocking 

mode of the alkyl chain (pc-H(alk.))' measured for a 60 MLE film of NJ^'-di-w-pentyl-

perylenebis(dicarboximide) on NaCl, at the appropriate orientations and polarizations 

discussed above. Substimtion of the data in Table 3.1 into Equations 3.16 through 3.24 

allows the determination of the mean orientation angle between the surface normal and 

each of the dipoles. The calculated orientations indicates that the transition dipole of the 

asymmetric C=0 stretch (short molecular axis) is inclined ca. 71°, the transition dipole of 

the out-of-plane C-H wag (normal to the molecular plane) is inclined ca. 80°, and that the 

orientation of the transition dipole of the CH2 rocking mode is undefined. The angles 
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calculated for the asymmetric C=0 stretch, and the out-of-plane CH wag indicate that the 

molecules are inclined with respect to the surface. The specific orientation of the 

molecules as determined by IR will be discussed further in Chapter 5. The undefined 

value, determined from the data for the CH2 rocking mode, highlights one of the inherent 

difficulties in the application of equations such as this. 

3 J.U Analysis of the Schmidt Approach 

The major potential flaw of the Schmidt approach is an unfortunate consequence 

of its simplicity. Since the ratio of the absorbance of TE polarized light at normal and 

nonzero incident angles is used to determine the refracted angle through the film, any 

error associated with either of these measurements may affect leading to inaccurate (p 

values. It was shown in Figure 2.9 that there is a significant light loss due to the alkali 

halide substrates as the angle of incidence is changed. Even in the ideal case of a well-

behaved substrate, whose transmissive properties follow the Fresnel equations, there will 

be a different amount of light reaching the detector depending upon the inclination of the 

sample with respect to the incident beam. If the absorbance at nonzero incidence is 

calculated with respect to a background spectrum obtained with an identical bare substrate 

at the same incident angle. A(i9J0°) will represent a true measurement of the film 

absorbance (assuming the optical properties of the film do not affect the reflection 

properties of the subsurate). If, however, the absorbance is calculated with respect to an 

identical substrate at normal incidence, or with respect to air (as was done here), A(i7'0°) 

will be incorrect. In addition to reflection losses from the substrate, the Fresnel equations 

also predict that the relative proportions of transmitted and reflected light will be modified 

by reflection losses at the film surface. These reflection losses should also be accounted 

for in order to obtain the most accurate estimation of the mean dipole orientation. 



134 

Figure 3.10: Dependence of (p on the value of Aj^(ioO). Incremented 
in values of 0.05. A,^(i=0) = Aj^(i=0) = 1; A JioO) =1.1. 
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One consequence of these equations for the determination of the mean tilt angle 

(which appears to be common to most methods) can be seen in Figure 3.10 which shows 

the calculated (p-values for a value of ATE(i''0°) =1-1. and a range of values, 

at constant values of ATE(i=0°) = ATM(i=0°) =1- These parameters are comparable to 

those derived from the data in Table 3.1. From Figure 3.10. it is readily apparent that the 

sensitivity of the calculation for the determination of the mean orientation angle is not 

constant across the range of possible data. The equations are very sensitive for the 

determination of orientation angles near 90°, where changes in the measured values of 

ATECi?^") and ATM(i'^°) of a few percent can lead to calculated orientation angles 

which differ by several degrees. In addition, if the ratio of 1 / ATE(i'^°) is less than 

ATM(i'^°). Equation 3.22 becomes negative, leading to nonphysical cp values. At the 

other extreme (near 0° orientation), changes in the measure values of ATE(i?^°) and 

by a factor of two or more, have relatively little effect on the calculated mean 

tilt angle. Unfortunately, the error associated with the determination of absorbance 

intensities from IR data is on the order of a few percent, frequently leading to undefined 

values when (p = 90°. This is the case for the transition dipole of the CH2 rocking mode 

shown in Table 3.1. 

3.4 Fluorescence Spectroscopy 

Huorescence spectroscopy is an excellent tool for the study of rigid aromatic 

molecules at concentrations which can not be probed by other spectroscopic techniques, 

such as UV-Visible or infrared absorbance. The origin of fluorescence and the nature of 

the observed spectral features, in both absorbance and fluorescence spectra, can be 

understood by consideration of a Jablonski diagram of allowed energy states and 
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Figure 3.11: Jablonski diagram showing the possible photophysical processes which 
can occur upon photoexcitation. Shown are the ground and excited singlet states, Sq, 
Sj, and the triplet excited state. Tq, and their associated vibrational levels. Radiative 
processses are indicated by solid arrows, while nonradiative processes are shown with 
dashed arrows. Processes A. B, and C correspond to fluorescence. Process D denotes 
phosphorescence. 
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processes. The Jablonski diagram shown in Figure 3.11 is highly simplified, and only the 

most basic phenomena are represented here, yet diagrams of this type can adequately 

describe many experimental systems. The photophysical processes of fluorescence of 

individual molecules in dilute solution have been thoroughly described elsewhere,50.i82 

and only the points relevant to this study will be mentioned here. 

3.4.1 Monomer and Excimer Luminescence 

The fluorescence spectrum of a dilute C4-PTCDI solution in chloroform is 

shown in Figure 3.12a. The spectrum displays the typical vibronic structure expected for 

a rigid aromatic molecule, corresponding to the transitions A, B, and C in Figure 3.10. 

The fluorescence spectrum of a film of C4-PTCDI shown in Figure 3.12b, exhibits a 

large red-shift with respect to the energy of the solution emission peaks, and a loss of all 

fine structure. The large red shift in die emission spectrum is due to the formation of 

excimers which, in the strictest definition, are dimers that are stable only in the excited 

state because there is no attractive potential between the two molecules in the ground 

state.^^'i^^ 

The formation of excimers has been well documented in concentrated solutions of 

pyrene.i^"^ fluorenone,^^^ anthracene,phenanthrene derivatives,and other planar 

aromatic species. In addition, there has been extensive work on the study of excimers, of 

these same materials and others, in crystals,52.l49-i51,188-190 rigid glasses and 

polymers,5'^-^9'-^^2 vacuum deposited films,8'^'i64.i93-i95 lb films,^91.193.196-201 and 

adsorbed onto various siufaces.202.203 

In most non-aggregated solutions, the absorbance spectrum (or fluorescence 

excitation spectrum) of the solution does not exhibit any new features as the concentration 

is increased. If, at concentrations at which excimer formation is clearly observed in the 
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Figure 3.12: Fluorescence emission spectra of C4-PTCDI; a) dilute 
solution in CHCI3; b) ca. 60 MLE thick film on NaCl. 



139 

fluorescence spectrum, the corresponding absorbance spectrum shows only monomer

like features, then it is inferred that the emitting species does not exist in the ground 

state.50 In order to understand the nature of the excimer emission, it is necessary to 

consider the relative energies of the states involved as a ftmction of the intermolecular 

separation. The most widely accepted theory of excimer formation can be described 

schematically by Equation 3.24 

A A —> A* A —> A*A —> (AA)» (3.24) 

In this process, a molecule in its ground state is promoted to its excited state. A*, by 

absorption of a photon. If the lifetime of the excited state is long enough that another 

molecule in its ground state is able to diffiise near enough (within Tq in Figure 3.13) to 

interact with the excited molecule, a delocalization of the excited state may occur. The 

final step in the formation of an excimer is a configurational change which lowers the 

overall energy of the excimer by pulling the two molecules in the excimer closer together 

to a separation of re. 

This process is illustrated in the energy coordinate diagram of Figure 

3.13^0-52,151.204 where the initial absorption of a photon occurs when the molecules are 

separated by ro. In the groimd state, there is a repulsive interaction between the two 

molecules situated at the excimer interaction distance re. The lack of vibronic stmcture in 

die excimer emission is easy to understand from Figure 3.13. In the ground state there 

are no vibrational levels associated with the structure at separation re into which the 

excited state can transfer its energy. 

The energy coordinate diagram of Figure 3.13 adequately describes the excimer 

formation process in solutions where there is no interaction between molecules in the 

ground state. In the solid-state, or in fairly rigid matrices such as sol-gels, polymers or 

LB films, however, molecules are often held in configurations which do generate 
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Figure 3.13: Energy coordinate diagram of the excimer formation process 
in solution. 
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significant intermolecular interaction. (This point is obvious if one considers the case of 

an organic molecular crystal. If there were no intermolecular interactions, there would be 

no forces holding the crystal together.) It was shown in Section 3.2, that the interaction 

between molecules in the solid state can cause drastic changes in the absorbance spectra, 

and it is not surprising that similar effects can be observed in the luminescence spectra. 

The fluorescence excitation spectra of a solid-state sample observed at the wavelength of 

the excimer emission generally does not resemble that of a concentrated solution of the 

same material.^®-The shape of the excitation spectrum corresponds closely to the 

absorption spectrum of a solid-state sample and indicates that the species giving rise to 

the excimeric emission is loosely associated in the ground state. 

The solid-state excimer formation process can also be understood in terms of an 

energy coordinate diagram, as shown in Figure 3.14. The separation distance at the far 

right of Figure 3.14 corresponds to isolated molecules in the gas phase. As the 

molecules approach each other and condense to the solid state separated by a distance, rc, 

there is a stabilization of the ground state of magnitude AWf, due to the intermolecular 

interactions.205 As discussed in Section 3.2, the interaction of molecules in a crystalline 

solid may cause a splitting of the excited state, leading to absorption at higher and/or 

lower energies. The system diagrammed in Figure 3.14 represents an H-aggregate as 

discussed in Section 3.2.1. If the molecules become closer than rc (as they would during 

the formation of an excimer), the ground state potential becomes repulsive, while the 

excited state develops an energy minimum at the most favorable excimer interaction 

distance, re. In this energy coordinate diagram, the absorption of the initial photon occurs 

when the molecules are separated by rc, the distance between lattice sites in the crystal. 
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Figure 3.14: Energy coordinate diagram of the excimer formation process 
in aggregated materials. 

'Jt 



143 

3.4^ Solvent Effects on the Energy of the Monomer Peak 

Qianges in the nature of the environment surrounding a fluorescent molecule are 

often readily detected by changes in the shape, position, and quantum yield of the 

monomer emission spectrum. An isolated molecule or atom in the gas phase may 

exhibit resonant fluorescence in which emission occurs at exactly the same wavelength as 

absorption. jf the molecule is surrounded by other like (solid state) or different 

(solution) molecules, there will be some degree of interaction which will cause a shift of 

the emission to longer wavelengths, known as a Stoke's shift. The stronger the 

interaction with the surrounding environment, the larger the magnimde of the shift. 

Absorption of a photon promotes an electron to a higher orbital which changes 

the electronic potential surface of the molecule. Nearby solvent molecules may reorient 

in response to the change in local electric field due to the excited molecule. The extent to 

which this reorganization can occur plays a role in determining the magnimde of the 

Stoke's shift of the emission. Solvent effects have been extensively studied for many 

molecules, and the namre of the effects can be classified as either general (involving no 

chemical interactions with the molecule) or specific (involving specific chemical 

interactions with the molecule, such as hydrogen bonding, acid-base chemistry, etc.).^^2 

The general solvent effects are determined by the electronic and molecular polarizability 

(which represent the solvent's ability to reorient in response to the change in the potential 

surface) of the solvent. The former is related to the refractive index of the solvent, while 

the latter is a function of the static dielectric constant. ̂ ^2 

While general solvent effects are almost exclusively due to the properties of the 

solvent, specific solvent effects are determined by the combined properties of both the 

solvent and the fluorescing molecule. ̂  ^2 Fluorophores possessing groups which can 

form hydrogen bonds, may exhibit large spectral shifts in polar vs. nonpolar solvents. 
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The effects of environment on the planar dye molecule pyrene and its derivatives 

have been extensively smdied.^O-1^3.184.189.206-208 general, it was found that the ratio 

of the intensity of the third vibronic peak to the first increases with increasing polarity of 

the environment.209.2iG has led to the development of pyrene based fluorescent 

probes for chemical and physical sensor applications.209 xhe luminescence spectrum of 

pyrene is also sensitive to solid environments, and pyrene emission has been smdied in 

LB films, in sol-gel matrices, and in low coverage films adsorbed onto 

surfaces. ^-200.207.208 these smdies, the intensity ratios within the vibronic structure 

of the monomer emission bands was dependent upon the environment. It was also 

shown that the likelihood and type of excimer formation was determined by the 

environment. In some cases, in addition to the expected excimer emission at ca. 480 nm. 

another band attributed to excimeric origin was observed at higher energies. 

3.4 J Types of Excimers 

In pyrene crystals, at low temperatures (< 70 K), the normal E-type excimer 

emission feature becomes quenched and a new stmctured violet emission feature appears 

at ca. 405 tun at 4.2 Similar behavior has been observed for a-perylene, which 

possesses the same crystalline motif as pyrene (see section 1.3.1), as a new structured 

emission appears at 540 nm at 4.2 K. These new features have been named after the 

color of their emission maxima. The violet emission feature in pyrene is a V-type 

excimer, while the new feature in a-perylene is called a Y-type excimer due to the yellow 

color of the emission. Recently, V- and Y-type excimers have been observed at room 

temperature in LB-films of pyrene and perylene derivatives and other molecules, 

renewing the debate over the origin of these features.^90,i93.i98.i99.20i jg generally 

accepted that the E-type excimer arises from a symmetric cofacial interaction between 

•1 
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two eclipsed adjacent molecules.^® The origin of the Y- and V- type emission features, 

however, is less well established. 

Before the origin of the different emission features can be discussed, ii is first 

necessary to describe their behavior. Monomeric, Y- (or V-) type, and E-type excimeric. 

emission features can each be characterized by their distinct energies of emission, spectral 

shape, and fluorescent lifetime. In one study, the decay time for the monomer 

fluorescence of perylene was reported to be ca. 5 ns, while that of the E-type excimer was 

determined to be ca. 77 ns in a cyclohexane matrix. The decay time of the Y-type 

emission falls in between these two values, generally being nearer to the lifetime of the 

monomer emission. The absolute lifetimes of each species vary over quite a large range 

in the literature, however, the relative order is consistent. In general, it has been observed 

that the rise time for the E-type emission corresponds approximately to the decay time of 

the Y-type emission, leading several investigators to postulate a link between the two 

processes.^2' 150.151 

In the following sections, explanations are presented for the origin of the Y-type 

emission. These concepts can also be applied to the V-type emission in pyrene, as the 

two features most likely arise from the same type of interactions. In some cases, the 

models presented actually described V-type emission, but for clarity and consistency, 

these have been reapplied here to describe Y-type emission. 

3.43.1 The Y-State as a Metastable Dimer or Less-Relaxed Excimer 

Ferguson has studied the spectra of species which he assigns to perylene 

monomers and dimers in low temperature organic glasses.54 In solution, dimers of 

aromatic species, such as perylene, are not stable with respect to the isolated monomers, 

however, metastable dimers can be trapped in rigid glasses. The absorption spectra of the 
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glasses revealed the expected vibronic progression of the monomer species, and the 

presence of another species with a much broader strucmred absorption band, which was 

attributed to the metastable dimer. The emission spectra of the glasses consisted of both 

monomeric and excimeric emission features, and the appearance of the Y-type emission 

at 20 K. Both the dimer absorption and Y-state emission spectra possessed vibronic fine 

structure, and the two spectra approximately exhibited the mirror symmetry relationship 

typical of many fluorescing species. The apparent mirror symmetry relationship between 

diese two spectra led to the assignment of the Y-state as a metastable dimer.^"^ 

A similar argument to explain Y-type emission from a-perylene crystals, has 

assigned the emission feature to a less-relaxed excimer.52.53.150 xhe excimer formation 

process described in Section 3.4.1, consisted of absorption of a photon by a single 

molecule, delocalization of its energy over a neighboring molecule, and relaxation of the 

geometric configuration of the molecules in the delocalized state to form the emitting 

species. If this process is stopped before the configurational change can occur, the 

emitting species would be an excited state dimer in which the molecules are still at their 

ground state separation distance. In this model, the Y-state is a precursor to the E-state, 

which is in agreement with the correlation between the decay time of the Y-state and the 

rise time of the E-state. 

It was assumed that the ability of the molecules to move within the crystalline 

lattice would be reduced by lowering the temperature, leading to the observation of the Y-

emission at the expense of the E-emission. A potential barrier of ca. 360 cm'' was 

proposed to exist between the Y- and E- states, which became insurmountable upon the 

removal of thermal energy from the crystal. 150 in light of recent LB work in which the 

E- type emission of the methyl ester of 1 l-(3-perylenonyl)undecanoic acid was observed 
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with essentially no activation at 2 K, the necessity of the Y-state as an intermediate in the 

formation of the E-state is questionable J98.211 

3.43^ The Y-state as an Excimer of Different Configuration 

While early work tried to associate the Y-type and E-type emission features with 

the same process, a more recent trend has been to assign the high energy emission feature 

and the E-type emission to excimers of different conj5gurations.^'^^'i^8'l^^-2l2 the 

crystal structure of pyrene and a-perylene (Figure 3.15). there are two possible 

interactions between molecules in the lattice. Sumi has reported that formation of the 

eclipsed cofacial excimer between molecules 1 and 2 in Figure 3.15 gives rise to E-type 

emission, while the Y-type emission arises from an excimer formed between molecules 

2 and 3. 

According to most theories, in order to form the E-type excimer, the two 

molecules of the lattice dimers move closer together. Sumi proposes that the Y-type 

excimer, on the other hand, is formed when one of the molecules from each lattice dimer 

is shifted transversely to interact with one of the molecules from the nearest parallel lattice 

dimer. In this explanation, the Y-state and E-state are independent species, and in fact, 

the formation of one precludes the formation of the other due to the different 

configurational relaxation processes necessary for each.^'^^ This is consistent with the LB 

experiments discussed above in which the E-state was found to be populated 

independently of the Y-state. One puzzling aspect of this explanation of the Y-state 

emission is that the proposed formation of the staggered excimer requires a larger 

configurational relaxation than is required for formation of the E-state. It is hard to 

understand how the process which requires a larger movement of molecules has a shorter 

decay time and is favored at lower temperatures. 

£ 



Figure 3.15: Crystal structure of a-perylene 
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3.4 The Y-State as the In-Phase Combination of Dipoles 

One of the most recent explanations for the origin of the Y-type emission is the 

concept proposed by Daubler, etal. that the Y-state is due to the in-phase combination of 

transition dipoles in an eclipsed dimerJ^^ long lifetime of the excimer with respect 

to die monomer has been used as an argument to support a completely eclipsed cofacial 

geometry. 152 if lowest energy excimer state arises from an out-of-phase combination 

of the transition dipoles of the two individual molecules, the net transition dipole is zero 

(as seen for an H-aggregate described by the exciton coupling theory in Figure 3.7a). 

Therefore, transitions from this state to the ground state should be forbidden, leading to 

increased lifetimes. It is only through vibrational processes which alter the dimer 

stracture that the radiative transition to the ground state becomes allowed. (This is 

essentially die same argument (in reverse) as that presented in Section 3.2.1 for the 

exciton coupling model in which excitation to the anti-symmetric combination of dipoles 

in an eclipsed configuration was optically forbidden, as shown in Figure 3.7a) At lower 

temperatures, the extent of the vibrations of the molecules in the E-state will be reduced, 

and the transition becomes strictly forbidden, consistent with the observations of many 

systems. 1^9.152.213 Significantly, this theory does not explicidy require any 

configurational relaxation of the excimer prior to emission, in contrast to most of the 

other theories which have been presented. 

The umisition from the in-phase combination of dipoles is allowed at all 

temperatures, and it has been observed that the lifetime of this emission feamre increases 

as the temperature is decreased. 1^2 if it is assumed that one of the relaxation 

mechanisms for the Y-state emission is conversion to the fluorescent E-state across a 

potential barrier, then, as emission from the E-state becomes forbidden, the lifetime of 

the Y-state should increase due to the loss of one its relaxation pathways. 

•i 
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This theory successfully explains the shorter lifetime of the Y-state and the loss of 

E-type emission at lower temperatures, and is consistent with the models presented 

above in which the Y-state is an intermediate in the formation of the E-state, and is 

separated from it by a potential barrier. ̂  50 jhe higher energy of the Y-state with respect 

to the E-state can be rationalized because the interaction between adjacent in-phase 

transition dipoles is expected to be repulsive. 

As stated above, this model for the description of the emissive states is very 

similar to the exciton coupling model, presented in Section 3.2, to describe the 

absorption processes in molecular aggregates. A potential flaw in this model for the 

emissive process can be seen by comparison of the two theories. The in-phase 

combination of dipoles of an H-aggregate as described by the exciton coupling model 

leads to absorption at higher energies than that of the corresponding monomer, however, 

the observed emission from the in-phase combination of dipoles presented here occurs at 

lower energies than that of the monomer. 

3^ Applications to Experimental Data 

In the following chapters, the experimental data will be interpreted within the 

framework established here. As the concepts are applied to the data, any refinements 

necessary for the specific discussion will be presented at the appropriate time. Wherever 

possible, attempts will be made to synthesize conflicting models into a complete 

description of the experimental system. 
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CHAPTER FOUR 

EPITAXIAL GROWTH OF PHTHALOCYANINES ON Cu(lOO) 

4.1 Introduction 

Phthalocyanines, in addition to their favorable optical and electronic properties, 

generally possess high thermal stability and low vapor pressure, which makes them 

amenable to deposition by vacuum sublimatioo.^^-^^-^^ Epitaxial growth of Pes (and 

other large organic molecules) has been smdied for both applied and ftmdamental 

reasons. Organic molecular beam epitaxy (OMBE) provides a means of improving 

certain properties of a material through the preparation of highly ordered films. OMBE 

is also an excellent means of investigating the behavior of organic adsorbates on surfaces. 

The epitaxial growth of phthalocyanines on a variety of surfaces, ranging from insulating 

ionic salts to eovalent semiconductors and reactive metals, has been extensively studied, 

and thorough reviews of these smdies have been published.28.8i 

In spite of the differences in interaction strength between the various substrates 

onto which Pes have been deposited, certain common features have been observed for the 

epitaxial growth of Pes. In general, when deposited under favorable conditions, a flat-

lying orientation of Pc molecules in the first monolayer may be adopted, regardless of the 

identity of the molecule and the surface.28 (Pes in which both axial positions of the 

central metal are coordinated, obviously, will not adopt flat-lying configurations.) The 

lattice adopted in the first monolayer of flat-lying molecules is always square or nearly 

square, irrespective of the symmetry of the underlying surface.28 These two points 

highlight the interactions involved in determining the epitaxial relationship adopted by the 

molecules. The fact that flat-lying coplanar orientations are observed for molecules 
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whose bulk structure does not contain any planes in which all of the molecules are 

coplanar, indicates the importance of the molecule-substrate interactions, which are strong 

enough to cause a deviation from stable bulk structures in at least the first monolayer. 

The adoption of square, or nearly square, lattices which are similar in dimensions to the 

square lattice of coplanar molecules found in the bulk structure of "layered" Pes such as 

ClAlPc (discussed below), highlights the importance of intermolecular interactions within 

the first monolayer. 

4.1.1 Previous Studies of Pc Adsorption on Cu(lOO) 

The Cu( 100) surface is an attractive substrate for the study of the epitaxial growth 

of phthalocyanines, and die growth of CuPc, FePc. and H2PC on this surface by 

Buchholz and Somogai represents some of the earliest smdies of phthalocyanine 

epitaxy.-i"^ One of the main reasons the Cu(lOO) surface has been smdied as a substrate 

for the growth of Pes is the relatively small degree of mismatch between die symmetry 

and lattice dimensions of the surface and the Pc overlayer, which is expected to facilitate 

epitaxial growth.28.i02.il 1,112 jn addition, the Cu(lOO) surface possesses certain 

physical properties which are important for some characterization techniques. Copper is 

an excellent thermal conductor- a favorable characteristic for a substrate which is to be 

studied by thermal desorption techniques. Copper also possesses reasonable reflectivity 

in the visible and IR, which allows the characterization of deposited films by reflection 

absorption spectroscopy. 

The growth of several different Pes, on Cu( 100) has been thoroughly examined 

by Schuerlein, etal. using a combination of low energy electron diffraction (LEED), 

thermal desorption mass spectrometry (TDMS), and UV-Visible reflection absorption 

spectroscopy (RAS).^^-^ The behavior observed for CuPc, which is discussed below. 
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is reported to be representative of the behavior of most of the Pes which produced 

ordered films (as evidenced by LEED). A typical LEED pattern for monolayer 

coverages of CuPc on Cu(lOO) is shown in Figure 4.1a. Analysis of this pattern reveals 

that it arises from the superposition of diffraction events from two equivalent square 

domains, 13.8 A on a side, each rotated ± 22° with respect to the <011> axes of the 

substraie.59 The dimensions of the Pc lattice are consistent with a flat-lying orientation of 

the Pc molecules. (The length of a single molecule measured from hydrogen to 

hydrogen in either the x- or y-directions of Figure 4.4 is ca. 14.7 A.) 

As shown in Figure 4.1b, in order for the molecules to adopt the reported 

spacing, it is necessary to for them to be rotated within the imit cell so that they are 

interdigitated. This arrangement is consistent with that observed in the bulk structures of 

the layered trivalent Pes, ClAlPc, QGaPc, etc. (see Figure 4.4).^54 Qf packing, 

shown in Figure 4.1b. is typical of most phthalocyanines studied on this surface, 

suggesting that it is die interactions between the macrocycle (not the central metal) and the 

surface which are primarily responsible for determining the orientation of deposited 

monolayers.59 Several researchers have suggested that the interactions between the 

surface and the aza-nitrogens of the Pc macrocycle are the interactions responsible for the 

flat-lying orientation of the molecules.^^'^ 

As the deposition of CuPc on Cu(lOO) progressed to multilayer coverages, the 

initial LEED pattem corresponding to a square lattice was rapidly lost, indicating that a 

change in the stmcture of the film had occurred in the subsequent monolayers.^^-^ 

This loss of epitaxy has been observed for divalent Pes such as CuPc, FePc, and ZnPc on 

a variety of surfaces, indicating diat it most likely arises due to properties of the organic 

material rather than the surface.^^ In contrast, films of trivalent Pes such as ClAlPc, 
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Figure 4.1: a) LEED pattern of 1 MLE of CuPc on Cu(lOO); and b) proposed real space 
lattice of one of two equivalent square domains derived from the LEED data. Note the 
commensurate relationship between the overlayer and substrate lattices. Adapted from 
ref. 59. 
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ClGaPc. and CUnPc which possess a layered bulk structure have been grown as thick as 

50 monolayers, without a substantial loss of epitaxy 28 

Previous reports of thermal desorption mass spectra of CuPc films on Cu( 100). 

indicate that Pc desorption from films less than two monolayers thick does not occur 

until temperatures in excess of 350 °C have been reached, as shown in Figure 4.2.5^ The 

desorption peak for a 0.5 MLE film occurs at ca. 400 °C, while that for a 2 MLE film 

occurs at ca. 380 °C. These desorption temperatures are higher than the sublimation 

temperature of CuPc in vacuum, which suggests that strong interactions exist between the 

molecules (in at least the first few monolayers) and the substrate. The shift in the 

desorption maximum to lower temperatures in the 2 MLE film implies that the 

interactions between the molecules in the second monolayer and the substrate are weaker 

than those between molecules in the first monolayer and the substrate. 

It has been reported that monolayers in contact with the Cu(lOO) surface do not 

desorb intact, and therefore, do not contribute to the observed TDMS signal.^^-^l^ The 

m/z 128 peak monitored in these experiment corresponds to a phthalonitrile fragment. It 

is possible that this fragment may be generated during the dissociative desorption of 

molecules in the first monolayer, leading to an observable mass spectra signal. The 

observation of desorption signals from submonolayer coverages of material has been 

interpreted as an indicator of an island growth mode,59 however, this may not be strictly 

true, if the decomposition of molecules in the first monolayer leads to production of the 

monitored phthalonitrile fragment. 

The reflection absorption spectra obtained from thicker (>10 MLE) CuPc films 

on Cu(lOO), which had initially exhibited the LEED pattern shown in Figure 4.1a, did not 

exhibit the lineshape expected for a layered arrangement of molecules.^^ When applied 

to layered structures, the exciton coupling model discussed in Section 3.2, predicts a 
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Figure 4^: Thermal desorption mass spectrometry signal of a) 0.5 MLE and 
b) 2 MLE of CuPc on Cu( 100). Reproduced from ref. 59. 
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Figure 4 J: Reflection absorption spectra of a) a 13 MLE crystalline film and b) an 
18 MLE polycrystalline film of CuPc on Cu(l(X)). Reproduced from ref. 59. 
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single absorption peak, which is either red-shifted or blue shifted with respect to the 

absorption maximum in solution. The observed RAS spectra for CuPc films on Cu( 100) 

shown in Figure 4.3, however, clearly exhibited two peaks, and was reminiscent of the 

spectra reported for the P-form of CuPc (shown in Figure 1.8), suggesting the adoption 

of a herringbone structure in the growing film.28.59 tjus observation implies that 

materials, which do not possess naturally layered planes within their bulk strucmres, may 

have difficulty sustaining epitaxy if significant rearrangement is necessary in order to 

accommodate the first monolayer on the surface. 

4.1J2 Importance of Layer Planes 

Since the observed packing in the first monolayer of CuPc on Cu( 100) is very 

similar to that observed in the bulk structure of the layered trivalent Pes, sustainable 

epitaxial films of these materials may be possible on this surface. The top and side views 

of the layer plane of the reported bulk structure of ClGaPc (Figtire 4.4), clearly show the 

layered nature of the material. (Although ClGaPc was not smdied here, the 

crystallographic coordinates for the molecules in this structure are more refined than for 

the QAlPc structure. Therefore, the discussions below will be presented with respect to 

the ClGaPc structure, although similar relationships should be valid for ClAlPc as well.) 

The distance between molecules within each layer is 13.78 A, and the distance between 

adjacent layers is ca. 3.25 A. All of the molecules in the Nth layer have their axial 

halides pointing in the same direction, while those in the N+1 layer point in the opposite 

direction. The axial halides in the N+2 layer point in the same direction as those in the 

Nth layer, however the molecules have been translated within this layer leading to an AB-

A'B' packing structure as shown in Figure 4.4b Similar polymorphs are known to exist 
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Figure 4.4; ClGaPc bulk structure (see text) showing a) top view of a bilayer in which 
the halides of the bold molecules are directed opposite to the halides of the lighter 
molecules, and b) side view showing the AB-A'B' layered structiire. 
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for QAlPc, CllnPc, and the tetravalent TiOPc and VOPc, suggesting that all of these 

may be good candidates for sustainable epitaxial growth. 

Although the bulk structure of only one polymorph of ClAlPc has been reported 

to date, spectroscopic evidence (discussed below) indicate that other polymorphs are 

possible. Unlike CuPc, which adopts a herringbone structure, however, all of the known 

polymorphs of ClAlPc are assumed to have a layered structure, in which all of the planes 

of the Pc macrocycles in the unit cell are coplanar. 

4.2 Investigations of CIAIPc on Cu(lOO) 

In order to investigate the importance of layer planes in epitaxial growth, QAlPc 

films were deposited on the Cu( 100) surface and characterized by LEED, TDMS, and 

RAS. Epitaxial films of ClAlPc on Cu(lOO) have received only a brief study to date.^^ 

It was reported that in addition to the typical surface lattice exhibited by most Pes on 

Cu(lOO) (Figure 4.1), another type of morphology was possible for ClAlPc which gave 

rise to a different LEED pattern, as will be discussed below.^^ deposition conditions 

necessary to reproducibly obtain this new stracture were not thoroughly investigated, 

however, it was reported that a strucmre like that in Figure 4.1 was obtained at substrate 

temperatures of 170 °C, while the new structure was obtained at temperatures of 150 

°C.59 From the previous reports, it could not be determined if a new polymorph had 

been adopted on the surface, or if a different orientation of the bulk structure was present. 

Some of the goals of this work were to clarify the conditions necessary for the adoption 

of the new structure, to analyze the exciton coupling effects by RAS, and to examine the 

interactions between molecules and the substrate in order to determine if a new 

polymorph had indeed been found. 

i 
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42.1 Possible Structures Which May Be Observed in Epitaxial ClAlPc Films 

As discussed above, a flat-lying orientation of the first monolayer of ClAlPc 

molecules with their axial halides directed away from the surface would allow the growth 

of an epitaxial film exhibiting the bulk structure. The observation of a diffraction pattern 

from a single monolayer, which corresponds to the proper lattice spacing for this 

orientation, is not enough to conclude that the bulk structure will be adopted. Depending 

upon how the second and subsequent layers of molecules pack, there are three possible 

known polymorphs which could be grown from an initial flat-lying layer. 

If the molecules in the second layer are incorporated so that their halides are 

directed towards the surface, the bulk structure may be adopted. If the molecules in the 

second layer are translated in both the x- and y-directions (with respect to the axes in 

Figure 4.4), the structure is known as the Phase HI polymorph. (This is the polymorph 

reported for the bulk stmctures of ClGaPc and QAlPc-^^"^) If the molecules in the 

second layer are translated along the x- (or y-) direction only, then a new polymorph 

(known as Phase U) with different properties will be observed. The exact structure of a 

Pc polymorph exhibiting a Phase H packing motif has never been published, due to the 

difficulty associated with the growth of single crystals of this phase. 

If the molecules in the second layer are incorporated into the film with their axial 

halides directed away from the surface, then a third known structure is possible. The 

related molecule FAlPc is known to forai a linear cofacial ionic polymer in which the 

adjacent molecules are linked through electrostatic interactions between the 5* F and 5+ 

A1 atoms.28 In this structure, the adjacent Pc rings are completely eclipsed. It has been 

proposed that Q AlPc can also form such a structure, albeit with weaker bonding due to 

the differences in electronegativity between CI and F.l In order to distinguish between 
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these different polymorphs, which would all exhibit the same diffraction pattern, 

spectroscopic probes which are sensitive to molecular architecture are necessary. 

Unlike the planar CuPc mentioned above, which exhibits D4h symmetry, the 

trivalent Pes possess C4V symmetry. One important consequence of the lowered 

symmetry is that the two sides of the molecular plane are no longer equivalent. 

Statistically, a significant number of the Pc molecules incident upon the surface from the 

gas phase will have their axial halides directed toward die surface. In this orientation, the 

plane of the Pc macrocycle will adopt some tilt angle with respect to the surface. 

Structures which nucleate from this initial orientation of molecules must also be 

considered as a physical possibility. 

There are no close-packed low-index layered planes in the published bulk 

strucmre of the trivalent Pes which could be grown on a surface so that all of the halides 

in the first monolayer are directed towards the surface. If a deposited film, which has the 

axial halides directed towards the surface exhibits Phase Il-type behavior, then 

comparisons between the surface structure and the reported bulk stmcmres are 

meaningless since the reported bulk structure is of the Riase in polymorph. It is 

possible, however, that a surface structure which is compatible with the bulk structure of 

Phase H ClAlPc (whose exact stmcture is unknown) could be adopted. 

4.2.2 Growth Mechanisms of Flat-Lying and Non-Flat-Lying CIAlPc Structures 

on Cu(lOO) 

The formation of two different surface stmctures from the two initial adsorption 

geometries (axial halide directed towards or away from the surface) is discussed below. 

In this discussion, a hypothetical dimer intermediate is proposed as a conceptually simple 

means of visualizing the surface processes, although die actual surface processes most 
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likely involve species larger than the discussed dimer. Figure 4.5 schematically illustrates 

how both, a flat-lying structure with the halides in the first monolayer directed away from 

the surface, and two different tilted structures with the halides in the first monolayer 

directed towards the surface, may be formed from a prenucleation coverage of both flat-

lying and inclined molecules. In Figure 4.5a, molecules which arrive at the surface from 

the vapor phase, may adopt either the flat-lying or tilted orientation, depending upon how 

they strike the surface. The molecules have sufficient thermal energy that they are able to 

diffuse across the surface until they either reach a site where they begin to nucleate a new 

crystal, add on to an existing crystal, or reevaporate from the surface.28.8i 

If a flat-lying and a tilted molecule encounter each other, they can interact in one 

of two ways as shown in Figures 4.5c and 4.5d. The flat-lying molecule can partially lift 

off the surface to form a back-to-back dimer in which the halides of the two molecules 

are directed away from each other, as in Figiare 4.5c. Continued crystal growth in this 

fashion may lead (after some rearrangement) to a tilted structure on the surface which is 

similar to the bulk structure of ClAlPc (or QGaPc) as can be seen by comparison of 

Figure 4.5g and Figure 4.4b. The alternative crystallization motif involves the tilted 

molecule sliding over the top of the flat-lying molecule forming a face-to-face dimer as 

shown in Figure 4.5d. Continued crystal growth in this fashion leads to a flat-lying 

structure as shown in Figure 4.5h consistent with the typical Pc adsorption motif on 

Cu(lOO). 

In forming these two different surface structures, the molecules must pass 

through the intermediate steps in Figures 4.5c and 4.5d. In both cases, energy is needed 

to reorient one of the molecules, however the energy gained by formation of the 

intermediate structures will not be equal. The back-to-back dimer in Figure 4.5c 

stabilizes the dimer stracture, as the portion of the initially flat-lying molecule which is no 
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Figure 4^: Evolution of possible surface structures from the two different adsorption 
geometries. 
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longer in contact with the surface, is in contact with the initially tilted molecule. 

Formation of the face-to-face dimer in Figure 4.5d requires that the portion of the initially 

tilted molecule, which had been stabilized by the surface, be free standing in space, until 

other flat-lying molecules are able to slide underneath iL If the energy necessary to 

partially lift molecules with either initial orientation from the surface is too great (as 

TDMS data discussed below suggest), then both of these proposed growth mechanisms 

become unlikely. 

If two molecules possessing the same initial orientation encounter each other, they 

can favorably interact without the need for significant rearrangement of either of the 

molecules as shown schematically in Figure 4.5b and 4.5e. Continued growth of these 

two structures can lead to formation of crystals of the type shown in Figures 4.5f and 

4.5g, and 4.5h, depending upon the way in which the second monolayer is incorporated 

into the strucmre. Addition of a second monolayer of molecules which have their axial 

halides directed towards the surface to the stmcture in 4.5b results in the structure in 

Figure 4.5f, while the addition of a second monolayer of molecules whose axial halides 

are directed away from the surface leads to a structure similar to Figure 4.5g. The bilayer 

structures in Figure 4.5g and 4.5h are reasonably consistent with different orientations of 

the bulk unit cell of ClAlPc on Cu( 100), however the crystal in Figure 4.5f represents a 

new poljmiorph of this material in which all of the axial halides are directed in the same 

fashion. 

The nearly exclusive formation of square flat-lying structures from this molecule 

on most surfac'ts studied to date28.4i,8i,l 16 would imply that the interactions with those 

surfaces are too weak to allow the nucleation of an inclined structure in which the axial 

halides are directed towards the surface. It is assumed that the flat-lying strucmre is the 

more thermodynamically favored orientation for the initial monolayer, since this 
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orientation has been observed so dominantly in the study of epitaxial growth of Pcs.^' If 

the molecule-substrate interactions are relatively weak, it is possible that there is 

insufficient interaction strength to stabilize molecules which initially adopt a halide-down 

orientation on the surface. In this case, the inclined molecules, would most likely be 

desorbed preferentially with respect to the flat-lying molecules, leading to the 

predominance of the flat-lying structure, as observed. 

423 LEED Observations of the Two Surface Structures of CIAIPc on Cu(lOO) 

The LEED pattern shown in Figure 4.6a was obtained from a 2 MLE CIAIPc 

film deposited at 170 °C on a Cu(lOO) surface which had undergone three sputter/anneal 

cycles followed by an extended anneal at > 500 °C for two days. Deposition on this 

surface occurred immediately upon cooling to 170 °C. This pattern is very similar to the 

one obtained firom CuPc, which was presented earlier, but is of higher quality, suggesting 

that the film is more ordered. As discussed above, the pattem arises from two equivalent 

square Pc lattices, 13.8 A on a side, rotated ±22° with respect to Cu<011>. A simulated 

pattem is shown in Figure 4.6b to aid in the interpretation of the experimental pattem. 

Translation of the sample to examine different regions of the surface revealed that this 

was the only structure adopted within this film. The LEED pattem of the bare substrate, 

collected immediately prior to deposition, suggested that the surface was contaminated 

with a small amount of some adsorbate (leading to an increased background in the 

diffraction pattem). The adsorbate was likely a contaminant from the bulk of the crystal 

which had diffused to the surface during the extended anneal process. 

The LEED pattem in Figure 4.7a was obtained from a 1.5 MLE diick film of 

CIAIPc deposited at a rate of 1/4 MLE per minute onto a rigorously cleaned Cu( 100) 

surface held at 200 "C. The cleaning procedure consisted of four Ar+ sputter/aimeal 

•i 
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a) 

Figure 4.6: a) LEED pattern obtained from a 2 MLE thick film of ClAlPc on Cu(lOO) 
exhibiting the typical flat-lying Pc surface structure (E = 17.0 eV); b) Simulated LEED 
pattern arising from the superposition of diffraction features from two equivalent square 
domains rotated ± 22° with respect to Cu<011>. 

i 



168 

b) 

Figure 4.7: a) LEED pattern of centered rectangular phase of ClAlPc on Cu(lOO) 
obtained at an incident beam energy of 12.3 eV. The circled spots arise from double 
difBraction events; b) Simulated LEED pattern arising from two equivalent centered 
rectangular domains whose edges are aligned along the Cu<011> directions. 

C 
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cycles, followed immediately by cooling the substrate to the deposition temperature. The 

LEED pattem of the freshly cleaned surface, checked immediately prior to deposition, 

was of higher quality then the pattem observed above, for the surface which had 

undergone the extended anneal in vacuimi, suggesting that this surface contained fewer 

adsorbed contaminants. Unfortunately, due to experimental difficulties, the surface 

cleanliness could not be confirmed through spectroscopic means such as Auger electron 

spectroscopy. 

From Figure 4.7a, it is evident that a different structure has been adopted in this 

film. This pattem did not appear until a coverage of exactly 1 MLE, as determined by a 

QCM. had been reached, suggesting that below this saturation coverage, there is 

insufficient driving force to promote crystallization. LEED images of the type in Figure 

4.7 could be maintained for 20 MLE with only a slight loss of quality, suggesting that no 

stmctural rearrangement occurred in the film as the thickness was increased, although 

further consideration (discussed below) suggests that a stmctural rearrangement did 

occur. 

This pattern had originally been interpreted as arising from three different flat-

lying square domains, two of which were equivalent to each other.59 Fiuther 

consideration of the data, however, suggest diat this interpretation was in error. If the 

diffraction pattem in Figure 4.7 corresponds to the superposition of two different types of 

square lattices, the lattice dimensions for each would have to be ca. 14.0 A and 12.3 A. 

While the former lattice dimension is reasonably consistent with the ClAlPc bulk 

stmcture, the latter dimension represents a significant distortion (ca. 12%) from the 

dimensions observed in the bulk stmcmre, making this interpretation unlikely. 

A more reasonable interpretation is to assign the diffraction pattem to two 

equivalent centered rectangular (oblique) lattices whose sides lie parallel to the CucOl 1> 

i 



170 

direction, as shown in the simulated pattern in Figure 4.7b. Following this interpretation, 

the lattice parameters of the oblique unit cell are determined fiom the LEED data to be 

14.0 A on a side, spaimed by an angle of 109°. The dimensions of the equivalent 

centered rectangular lattice are 23.1 A x 16.4 A. These dimensions are large enough to 

accommodate flat-lying molecules in a centered lattice as shown in Figures 4.8a and 4.8b. 

Since Pc films which exhibit flat-lying surface structures are known to adopt square or 

nearly square lattices regardless of the substrate symmetry, it is unlikely that the ClAlPc 

molecules would adopt such a lattice on the four-fold symmetric Cu( 100) substrate, 

unless they experienced some net energy gain by doing so. 

A more plausible structure for the centered rectangular LEED pattem is one in 

which the molecules in the first monolayer adopt a halide-down orientation as shown in 

Figures 4.8c and 4.8d. Although this structure appears to posses much open space, it is 

likely that molecules in the second monolayer are partially interpenetrating into the open 

space defined by the first monolayer. Since the positions and orientations of molecules 

within the unit cell can not be determined from LEED data alone, the molecules were 

placed into the unit cell in Figure 4.8 in a fashion which would allow them to have the 

maximum interaction with the surface. The most probable orientation for the molecules 

in this new surface structure has the molecules oriented so that their axial halides and two 

arms of the Pc macrocycle are in contact with the surface. From the LEED data, it is not 

possible to determine the orientation of the molecules in the second (and subsequent) 

monolayers in order to distinguish between strucmres of the types shown in Figure 4.5f 

and 4.5g. 

Close examination of the LEED pattem in Figure 4.7a reveals the presence of 

extra diffraction spots, in addition, to those shown in Figure 4.7b, which has been 

modeled for a single diffraction event firom the Pc overlayer only. The additional spots 
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Figure 4.8: Possible structures for the first monolayer of ClAlPc which gives rise to the 
centered rectangular LEED pattern. A possible flat-lying structure is shown in a) and 
b), and the proposed inclined structure is shown in c) and d). 
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(which are circled in Figure 4.7a) are arranged symmetrically about the diffraction 

features of the substrate (which are just off screen at this energy). From the arguments of 

Section 3.1.1, the additional spots are attributed to electrons which have been diffracted 

by both the substrate and the overlayer. This double-diffraction can only occur if the 

overlayer is not commensurate with the substrate. From the symmetry of the additional 

features, an incommensurate relationship is inferred. Since the additional features are still 

observable at a coverage of 20 MUE. a layer-plus island growth mode for this polymorph 

is proposed since it is unlikely that an electron could pass through a 20 monolayer film, 

be diffracted by the substrate, experience additional diffraction by the film, and still reach 

the LEED screen. No additional diffraction features attributable to the proposed islands 

are observed at any coverage suggesting that the dimensions of the islands may be less 

than the coherence length of the electron beam, implying a needle-like or plate-like 

morphology. The comparable quality of the LEED patterns obtained from a 1 MLE and 

a 20 MLE film suggests that only a single monolayer of the centered rectangular lattice 

may be formed on the surface, before island growth occurs. 

4.2.4 Thermal Desorption Mass Spectrometry Studies of the Two ClAlPc Surface 

Structures 

Thermal desorption mass spectra of 2 MLE thick ClAlPc films exhibiting the two 

different surface structures are presented in Figure 4.9. Two peaks are present in the 

desorption spectra (monitored at m/z 128) of both strucmres- a small broad peak at >4CX) 

°C which maintains roughly the same intensity for all coverages (> 1 MLE) studied, and 

a relatively sharp peak with an onset at ca. 200 °C whose intensity increases with 

increasing coverage. The broad desorption feature observed at > 400°C most likely 

corresponds to the desorption of phthalonitrile fragments from the first monolayer. For 
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Figure 4.9: Thermal desorption mass spectra of CIAlPc fihns exhibiting 
the two different surface structures. Shown also for comparison is the TDMS 
signal of a ZnPc film. All films are ca. 2 MLE thick. 
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films which exhibited a centered rectangular LEED pattern, this feature tended to peak at 

ca. 450 °C, while for films exhibiting the square LEED pattern, this peak was centered 

closer to 500 °C. suggesting that the first monolayer of the flat-lying material is more 

tightly bound to the surface, as expected. The desorption temperature of the sharp 

feature, corresponding to desorption from the second and subsequent monolayers, is 

significantly lower than that reported for the desorption of similar coverages of CuPc.^^ 

This suggests that the interactions between the ClAlPc molecules in the second 

monolayer and the surface are weaker than those between the second monolayer of CuPc 

molecules and the surface. 

In order to gain insight into the desorption behavior of ClAlPc, it is worthwhile to 

first examine TDMS data for divalent Pes on Cu(lOO). For this reason, ZnPc was also 

briefly investigated here, and the desorption spectra of a ca. 2.5 MLE thick film of this 

material is included in Figure 4.9. The desorption (and LEED) behavior of ZnPc was 

very similar to that reported for CuPc above. At submonolayer coverages, a desorption 

feature at ca. 400 °C was observed. This feature appeared to shift to lower temperature as 

the film thickness increased, eventually appearing at 381 °C for a 2 MLE film. As the 

coverage was increased beyond 2 MLE, a new sharp desorption feature at ca. 240 °C 

appeared. 

Further increases in coverage merely added to the intensity of the 240 °C peak. 

This type of behavior would be predicted for the desorption of bulk material from regions 

of the film which have no interaction with the surface. The activation energy determined 

for this desorption event is equivalent to the heat of sublimation of the material, assuming 

there are no kinetic complications. The heat of sublimation of the ZnPc film has been 

estimated from this peak using the method of Redhead^i^ (assuming a first order 

desorption process) to be ca. 135 kJ/mol, while the heat of sublimation of ClAlPc films 
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have been estimated at ca. 137 kJ/mol. Not surprisingly, the heats of sublimation of 

ZnPc and ClAlPc are similar, suggesting that the packing structures of the two molecules 

are of similar energy. 

The TDMS data of ZnPc (and CuPc) can be rationalized by assuming an island 

growth mode, and a change in film structure as the film thickness is increased.^^ At 

coverages of < 2 MLE, the molecules in the first and second monolayers from the 

surface interact strongly with the substrate, as evidenced by the high desorption 

temperature. Upon formation of the third monolayer, the interaction with the substrate 

becomes too weak to dictate the adsorption geometry, and the ZnPc bulk structure is 

adopted. Desorption from films > 2 MLE reflect the sublimation of ZnPc from its bulk 

structure, which occurs at much lower temperatures. 

If it is assumed that the first monolayer interacts strongly with the surface 

inducing a strained structure, and that this strain is progressively relaxed as the film gets 

thicker, then a desorption feature whose peak temperature slowly increases with coverage 

would be expected, since the less strained structures would be more stable. While this 

behavior was not observed for the Pes, it has been observed for films of NJ^'-

dimethylperylenebis(dicarboximide) (Cl-PTCDI) on CudOO).^^ A possible explanation 

for this is that the Cu surface only induces a small amount of structural rearrangement in 

the first monolayer of the Cl-PTCDI, while that induced in the CuPc and ZnPc films is 

quite large, and once the stabilizing influence of the substrate is removed, relaxation to the 

bulk structure occurs immediately. Support for this argument can be found from 

examination of the bulk stmctures of the two materials. The plane of Cl-PTCDI 

molecules are only ca. 7° from being coplanar. while in the a-form of the Pes, the 

molecules are inclined ca. 26° with respect to the line connecting their molecular centers. 
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In light of the data presented for ZnPc and CuPc and Cl-PTCDI. in which 

interactions of the substrate are evident in the first few monolayers, it is remarkable that 

the desorption of QAlPc exhibits bulk-like behavior at all coverages exceeding 1 MLE. 

Adsorption of the first monolayer of ClAlPc must effectively screen the subsequent 

monolayers from the substrate. This can be understood by examining Figure 4.1b. 

which describes the orientation of the first monolayer of a flat-lying Pc film. If the 

molecules in the second monolayer are arranged so that at least one of their aza nitrogens 

lies over the void between molecules in the first monolayer, then they may still 

experience significant interactions with the substrate. This is easily possible for the 

divalent Pes, such as CuPc and ZnPc. In contrast, the molecules in the second 

monolayer of a film of a flat-lying trivalent Pc will most likely be oriented so that the 

axial halide is directed towards the surface in the void between the molecules in the first 

monolayer (see Figure 4.4a). In this arrangement, the aza nitrogens of the molecules in 

the second monolayer would be effectively screened from the surface, leading to weaker 

interactions. If the molecules in the first monolayer of a ClAlPc film are inclined with 

respect to the surface, the molecules in the second layer should be even more effectively 

screened. 

Reflection Absorption Spectroscopy of the Two ClAlPc Surface Structures 

Films of ClAlPc on Cu( 100) were also studied by reflection absorption 

spectroscopy (RAS) in order to clarify the namre of excitonic interactions in films 

exhibiting the two different surface structures. RAS data collected as a function of 

coverage from a film which originally exhibited a LEED pattern of the type shown in 

Figure 4.6 (i.e. arising from flat-lying molecules) is shown in Figure 4.10. The nature of 

these spectra convey important information regarding the packing geometry of the 
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Figure 4.10: Reflection absorption spectra of ClAlPc films, exhibiting the 
square lattice structure, collected as a fimction of coverage. 
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molecules in the film. The Q-band absorbance which develops at 788 nm clearly 

indicates that the molecules in the film are not adopting a cofacial arrangement (as this 

would cause a blue shift of the absorbance band from the position of the solution 

absorbance of ca. 680 nm). The predicted position of this band for a Phase HI packing 

structure (discussed in Section 4.2.1) is 775 nm. while that for the Phase II structure is 

expected to occur at longer wavelengths. T^e position of the observed Q-band implies 

that the polymorph prepared on the Cu(lOO) surface may be of the Phase II type. It has 

been stated, however, that ±ere may have been significant error in the determination of 

M2 in Equation 3.14, leading to inaccuracies in the prediction of the Xmax for this 

molecule. 158 Therefore, it is likely that the prepared polymorph is of the more common 

phase HI type. 

The slowly increasing red shift of this band as the coverage is increased is 

consistent with the behavior observed by Chau, et. al. for CllnPc films on SnS2 which 

exhibited a further red shift as the extent of the exciton coupling (film thickness) was 

increased. Unlike the CllnPc films on SnS2, the red-shifted Q-band absorbance of the 

ClAlPc films on Cu(lOO) exhibited a relative increase in intensity and spectral narrowing 

as the film thickness increased. 

As discussed above, the position of the Q-band is a sensitive indicator of the 

average molecular architecture exhibited by a Pc film. The width of the Q-band, 

however, is also sensitive to molecular architecture. As the films become more highly 

crystalline (and exhibit fewer crystallographic defects), the Q-band becomes sharper.28.63 

The relative increase and narrowing of the Q-band of the ClAlPc films on Cu( 100) as the 

film thickness is increased, suggests that the films are becoming more crystalline. This 

implies that the interactions with the surface are imposing some degree of disorder on the 

initial films. The FWHM of the Q-bands in Figure 4.10 levels off at ca. 1320 cm*'. 
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Figure 4.11: RAS data for a film exhibiting a LEED pattern of the type 
shown in Figure 4.7,arising from the centered rectangular surface 
structure. 
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however other QAlPc films of higher quality (shown in the inset of Figure 4.10) have 

been deposited with FWHM values approaching those observed in solutions (700 cm*^. 

The spectra in Figure 4.11 were collected as a function of coverage from films 

which exhibited the centered rectangular structure. The peak position of the Q-band is 

much further red-shifted (to 850 nm) than that observed for films exhibiting the square 

lattice, however the FWHM is much larger, implying a higher degree of disorder in this 

film. The LEED patterns of the centered rectangular structure as a function of coverage 

suggest that a high degree of order is maintained in the films at all coverages studied. 

LEED is only sensitive to two-dimensional order parallel to the plane of the surface, 

however, while the RAS spectrum will be affected by the degree of order in all three 

dimensions. In addition, the presence of double-diffiraction events in the LEED patterns 

of the centered rectangular lattice require that the overlayer be relatively thin (1-2 MLE). 

Since these double-diffiraction events are also observed in the LEED pattem of a 20 MLE 

film, island growth must be occurring. Therefore, the disorder implied by the RAS data 

arise from disorder in the islands, while the order implied by the LEED data arises from 

the first 1-2 MLE. The extreme red shifts observed for films exhibiting the centered 

rectangular stmcture indicate that this stmcture may correspond to a Phase Il-type 

packing of the molecules in which the molecules have been translated with respect to each 

other along either the x- or y-axis only (see Figure 4.4). 

4J2.6 Discussion of the Two CIAlPc Surface Structures 

The LEED data clearly indicate that two different surface structures may be 

adopted in ClAlPc films on Cu( 100). One of these is consistent with the flat-lying 

orientation observed for most Pes on this surface, however the non-square dimensions of 

the unit cell of the other structure suggest that a flat-lying orientation may not adopted. A 

M 
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flat-lying centered rectangular structure, however, can not be discounted if the molecules 

exhibit a more favorable interaction with the surface when arranged in this lattice vs. the 

square lattice. Attempts were made to model the epitaxial relationship observed between 

the overlayer and the substrate using the lattice matching algorithm developed Fritz. ̂  

which is a computationally more efficient one based on the algorithm first proposed by 

Hillier, et ai, m as discussed in Section 1.4.3.2.4. A commensurate relationship was 

found for the proposed flat-lying orientation of QAIPc (and CuPc) which exhibited the 

square surface unit ceU. The conunenstirate relationship corresponded to a lattice with 

dimensions of 13.8 A on a side, rotated ±21.8° with respect to the CucOl 1> directions, 

as shown in Figure 4.1b. The epitaxial relationship between CuPc and the Cu(lOO) 

surface had been previously used by Hillier, et a/.' ̂  ^ to evaluate their computational 

algorithm, and the agreement which is observed from the Fritz ̂  algorithm helps to 

validate both methods. 

Neither computational algorithm, however, indicated a commensurate or 

coincident relationship between the observed centered rectangular lattice and the Cu( 100) 

surface, even if the lattice parameters of the overlayer were aUowed to vary within ± 0.7 

A, suggesting that an incommensurate structure had been formed. This result confirms 

the incommensurate relationship proposed based on the double-diffiraction spots present 

in the LEED pattern of this surface. From the LEED data, it is clear that the edges of the 

rectangle defining the centered lattice are aligned with the CucOl 1> directions (which also 

aligns the bisectors of the equivalent oblique unit cell with the same substrate lattice 

vectors). This orientation corresponds to a rotation of the edges defining the oblique unit 

cell by ±54.5° from the Cu<011> lattice directions (the angle expected to be output by the 

computational algorithms). A traly incommensurate relationship would not be expected 

to exhibit any favorable orientation on the surface, leading to the observation of rings in 
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the diffraction pattern which arise from diffi^ction from many domains randomly 

oriented with respect to the substrate. The observation of sharp, well-oriented diffraction 

features from the ClAlPc films indicates that some other factors must be inducing a 

favored orientation on the surface. Since there do not appear to be any favorable lattice 

matching interactions between the centered rectangular lattice and the substrate which 

would promote a flat-lying structure, it is likely that the centered rectangular strucmre 

corresponds to molecules which are inclined towards the surface in a halide-down 

adsorption geometry. 

Consideration of the differences in surface preparation conditions producing the 

two surface stmctures leads to the postulation of a mechanism which could dictate the 

orientation of the centered rectangular lattice. The proposed mechanism is predicated 

upon the concept of topographically-directed epitaxy^ introduced in Section 1.4.2.3.1. 

In the topographically-directed epitaxy process, nucleation occurs at step edges of the 

substrate which, due to geometrical factors, are able to interact favorably with the 

molecules. On the Cu(lOO) surface, the most stable steps would be along the closest 

packed (Oil) plane. If one edge of a ClAlPc domain exhibiting the centered rectangular 

lattice stmcture nucleates against this edge, the orientation imposed upon the lattice by the 

step edge would correspond to that observed in the LEED data, as shown in Figure 4.12. 

If the extended anneal time reduced the density of step edges on the surface, then the 

nucleation of the centered rectangular stmcture would become less favored on this 

surface. Alternatively, since the LEED pattern of the bare Cu(lOO) surface which had 

undergone an extended anneal, was of poorer quality than that of a freshly annealed film, 

it is possible that the contaminants proposed to exist on the surface are blocking the edge 

sites, preventing nucleation of the centered rectangular domains. This explanation is 



Figure 4.12: Ledge-directed epitaxy against a Cu(011) step edge. 
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likely since the contaminant molecules would realize the same energy savings from 

interaction with a step edge as the deposited Pc molecules. 

The RAS data for films exhibiting the two different surface lattices suggest that 

the flat-lying square lattice corresponds to a Phase Hl-type structure, similar to the 

reported bulk structure. The broadness of the RAS data for the centered-rectangular 

lattice indicates a significant degree of disorder in these films. In addition, the persistence 

of the LEED pattem with increasing thickness suggests a layer-plus island growth mode 

in which the islands have dimensions which are less than the coherence length of the 

LEED experiment. This observation implies a needle-like or plate-like morphology of 

the islands, which is consistent with the morphology which has been observed previously 

for ClGaPc films exhibiting highly red-shifted absorbance spectra.226.227 since the RAS 

and LEED data of the film exhibiting the centered-rectangular lattice suggest that the 

structure giving rise to the LEED pattern is not the structure responsible for the 

absorbance spectmm of the material, it is likely that the orientation of the molecules in the 

first monolayer is not maintained in subsequent monolayers. Consequently, it is 

unwarranted to extrapolate the initial adsorption geometry to multilayer film growth. 

It was noted earlier that, to the author's knowledge, studies of ClAlPc on other 

surfaces has never revealed a structure in which the axial halides are directed towards the 

surface, suggesting that on most surfaces this adsorption geometry is unfavorable due to 

weaker molecule-substrate interactions. It is possible that the presence of surface 

contaminants on the Cu(lOO) surface weaken the molecule-substrate interactions enough 

to prevent a stable halide-down adsorption geometry. Molecules which initially adsorb 

with their halides directed towards the surface on contaminated substrates may tend to 

desorb before they can nucleate crystals of the type in Figure 4.8, leading to the 

dominance of flat-lying stmctures. 
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43 Investigation of Fi^ZnPc Films on Cu(lOO) 

Films of the substituted phthalocyanine. zinc hexadecafluorophthalocyanine 

(FigZnPc) were also investigated on the Cu(lOO) surface. The substitution of the 

peripheral hydrogens of zinc phthalocyanine with fluorines to produce the 

hexadecafluorophthalocyanine alters the electronic levels of the molecule. The HOMO 

and LUMO are both shifted, by ca. 1.6 eV, to more negative values (with respect to the 

vacuum level), and the material begins to exhibit n-type conductivity behavior. Since 

the magnitude of the shift of the HOMO and LUMO are approximately the same, the 

observed bandgap of FigZnPc is approximately equivalent to that of the unsubstituted 

material, as evidenced by the similarity in the position of Xmax in the solution absorption 

spectra. The presence of the fluorine substituents was expected to induce different 

interactions in films on the Cu(lOO) surface (due to both electronic and steric effects), 

possibly leading to previously unobserved surface stmctures. 

4J.1 LEED Observations of FigZnPc Films on Cu(lOO) 

FigZnPc films deposited on the Cu(lOO) surface at 100 °C produced the highest 

quality LEED patterns ever observed in this laboratory. A representative pattern obtained 

from a I MLE FigZnPc film is shown in Figiu-e 4.13a and simulated in Figure 4.13b. 

Analysis of the LEED data revealed that the surface structure adopted by the film 

consists of two equivalent square domains rotated ±31° with respect to the <011> axes 

of the substrate. The dimensions of the unit cell of the Pc measure 14.6 A on a side, 

which is consistent with a flat-lying orientation of the molecules on the surface. No 

additional diffraction features due to double diffraction from the overlayer and the 

substrate were observable, suggesting a commensurate relationship with the surface. 
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Figure 4.13: a) LEED pattern obtained from a 1 MLE thick film of F,gZnPc on Cu(lOO) 
at an incident beam energy of 25.0 eV; b) Simulated LEED pattern arising from the 
superposition of two equivalent square domains, rotated ±31° with respect to Cu<011>. 
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The larger lattice dimensions for this overlayer compared to those observed for 

the flat-lying square ClAlPc lattice, are not surprising, since there will be more repulsion 

between the electron rich fluorine groups on the periphery of adjacent FieZnPc molecules 

than there is between the hydrogens on the periphery of the unsubstimted Pc. In order to 

accommodate the larger lattice on the surface, a different rotation of the unit cell with 

respect to the substrate lattice vectors is necessary. 

The epitaxial relationship between the FigZnPc overlayer and the substrate was 

also modeled using the algorithm developed by Fritz.^ It was found that no 

commensurate or coincident relationship was possible for an overlayer of the observed 

dimensions, rotated 31° with respect to the surface, suggesting that (if the calculated 

dimensions are correct) an incommensurate structure is adopted. If the lattice parameters 

of the overlayer were allowed to expand by ca. 2 % to 14.91 A on a side, a 

commensurate lattice exhibiting the observed 31° rotation is possible. 

Alternatively, a commensurate lattice relationship could be found if the lattice 

dimensions of the substrate were reduced by 1% from 2.556 A to 2.53 A. The FigZnPc 

lattice parameters corresponding to this commensurate relationship are 14.75 A on a side. 

The proposed reconstmction of the Cu surface may occur if the interactions between the 

molecules and the substrate are sufficiently strong. This type of interaction has been 

suggested for films of tetracyanoquinodimethane (TCNQ) on Cu, in which a charge 

transfer complex has been proposed between the first monolayer of TCNQ and the Cu 

surface.^5^'216-218 jjig electron affinity of FigZnPc and TCNQ are comparable, so the 

formation of a charge transfer complex in the first monolayer of these films is not 

unreasonable. 158 
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Figure 4.14: Proposed commensurate lattice observed for F,jZnPc on Cu(lOO). 

•i 
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It was stated in Section 3.1.2 that the uncertainty in the determination of lattice 

parameters from LEED data is probably on the order of 0.7 A when using this particular 

experimental system. The lattice parameters of both of the commensurate relationships 

proposed above for FieZnPc on Cu(lOO) fall within the experimental error. 

Consequently, it is impossible to determine which (if either) of the two relationships is 

adopted on the surface. The proposed commensurate surface structure predicted by both 

models is shown in Figure 4.14. 

4 J.1.1 Study of the LEED Behavior of Fi^ZnPc on Cu(lOO) as a Function of 

Coverage 

The LEED behavior of FieZnPc films on the Cu( 100) surface was highly 

dependent upon the amount of material deposited. The exceptional LEED pattern in 

Figure 4.10a was obtained at a surface coverage of 1 MLE as estimated by a quartz 

crystal microbalance. At both lower and higher film coverages, the quality of die pattem 

was poorer than that observed at exactly 1 MLE coverage. During one series of 

experiments, LEED data were recorded every 1/4 monolayer until a film thickness of 4 

MLE was reached. At coverages up to 3/4 monolayer, no diffraction features were 

evident, however, the addition of a further 1/4 monolayer produced the diffraction pattem 

shown in Figure 4.10a. At 1 1/4, 1 1/2, and 1 3/4 monolayer coverages, the diffraction 

pattem degraded. This degradation was manifested as the loss of some of the higher 

order diffiraction features. Upon reaching a coverage of 2 monolayers, however, the 

diffraction pattem again improved, approaching the quality of the pattem observed for a 1 

MLE thick film. Deposition of a further 1/4 MLE drastically degraded this pattem so 

that only first and second order diffraction features were observable. At all film thickness 



190 

greater than 2 1/4 monolayers, the quality of the pattern remained constant (and poor). 

No further periodic quality enhancements of the diffraction pattern were observed. The 

significant reduction in the quality of the LEED pattern at coverages greater than 2 MLE 

suggests that the structure observed in the first two monolayers is lost at this point. If a 

new ordered film structure was created, then new diffraction features would be expected 

to appear. Since these features did not appear, disordered growth is inferred at coverages 

greater than 2 MLE. The fact that the ordered pattern attributable to the first 2 MLE 

persists (albeit with poor quality) at coverages up to 15 MLE suggests a layer-plus-island 

growth mode for this material. 

Coverage dependence of this type has been observed previously for the deposition 

of coronene on Cu(100).^9 There are two possible interpretations for the this type of 

behavior. If the domain size of submonolayer films of the organic molecules on the 

surface is less than the coherence length of the diffraction experiment (ca. 600 A),59 no 

diffraction pattern will be observed. If, upon reaching a coverage of 1 monolayer, the 

domains become larger than the coherence length, a diffraction pattern will be produced. 

An organic film whose structure evolved by this mechanism would be highly 

polycrystalline, and the observed diffraction pattern would most likely be of low quality. 

The alternative explanation is that the molecules adsorb to the surface due to 

attractive surface-molecule interactions which are strong enough to hold the molecules to 

the surface, but are too weak to dictate any specific adsorption site. At submonolayer 

coverages, repulsive intermolecular interactions keep the molecules from nucleating a 

surface crystal. As long as there is room on the surface, the molecules will repel each 

other (assuming a significant surface mobility). At the saturation coverage of one 

monolayer, the net repulsive interactions between all molecules in the film will force the 

molecules into a regular close packed arrangement which minimizes the intermolecular 
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(and if possible, molecule-substrate) interactions. A film whose structure evolved by this 

mechanism would exhibit large domains upon the formation of the complete monolayer, 

most likely giving rise to high quality diffraction patterns. 

Assuming a flat-lying geometry for the first monolayer of FigZnPc on the 

surface, the second explanation is very likely. Each of the molecules on the surface is 

surrounded by an electron rich perimeter of fluorine atoms, which would tend to repel 

each other. Once the first monolayer is completed, the molecules in the second 

monolayer will again have the freedom to minimize their interactions with their neighbors 

until completion of the second full monolayer. The loss of the diffraction pattern upon 

the beginning of the third monolayer indicates that the substrate is effectively being 

screened by the first two monolayers, and that stabilizing interactions with the substrate 

are no longer possible. The film thickness at which complete screening of the substrate 

occurs in the FigZnPc films is comparable to that deduced from the TDMS studies of 

ZnPc reported above. 

43 Reflection Absorption Spectroscopy of FigZnPc Films on Cu(lOO) 

Reflection absorption spectra of FieZnPc films as a function of coverage are 

shown in Figure 4.15. The spectra are very broad indicating that several different 

polymorphs are being adopted within the film.28.i58 Interestingly, a relatively narrow 

red-shifted peak develops at ca. 810 nm as the film thickness is increased. As discussed 

above for QAIPc, and in general in Section 3.2.2, the presence of red-shifted absorbance 

features in the spectra of phthalocyanines is indicative of a staggered, layered arrangement 

of molecules within the film. ^ 2 apparent presence of multiple polymorphs within the 

deposited films is not surprising considering the repulsive nature of the intermolecular 

interactions surmised from the LEED data. 

i 
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Figure 4.15: RAS data for Fj^ZPc films as a function of coverage. 
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43^ TDMS Investigations of FieZnPc Films on Cu(lOO) 

Several attempts were made to collect thermal desorption mass spectra from 

F ifiZnPc films, however none were successful. The perfluorinated fragment, 

corresponding to the phthalonitrile fragment which is monitored for unsubstimted Pc 

films, was not detected from any film coverage. The electron-withdrawing ability of the 

fluorine atoms may be so strong that the molecules were thermally dissociated upon 

desorption. This explanation is consistent with previous studies of an octacyano-

substituted phthalocyanine which was found to thermally decompose in vacuum. ̂ ^8 jjig 

cyano group is more electron withdrawing than fluorine and decomposition of the cyano-

substimted compound was found to occur in the deposition source. The perfluorinated 

Pc is apparently more stable as the LEED pattern and XPS studies indicate that 

decomposition did not occur prior to film formation. Desorption of the film from the 

surface, however, may have produced decomposition, possibly through some catalytic 

effect of the Cu substrate. If a thermal desorption mass spectra were obtained for this 

material, it would be expected to exhibit features similar to those discussed for ZnPc 

above, since in both cases, only the first two monolayers interact strongly with the 

surface. 

43.4 Discussion of FigZnPc films on Cu(lOO) 

The data discussed above for the FieZnPc films indicate that this molecule 

exhibits quite remarkable behavior for a phthalocyanine. In addition to the change in 

conductivity type due to the fluorine substitution, the epitaxial behavior of this molecule 

in thin films is unique. The observed lattice dimensions and orientation have not been 

previously reported for the smdy of any phthalocyanines on Cu(l{X)). Like the centered 
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rectangular phase of ClAlPc. films of FieZnPc tend to exhibit a layer-plus-island growth 

mode. The presence of the red-shifted absorbance feature is also remarkable, as it 

represents some of the first evidence for a layered packing motif in a planar divalent Pc. 

AH of the planar unsubstituted Pes are known to adopt herringbone structures in the bulk 

as shown for CuPc in Figure 1.8. 

4.4 Summary of the Study of Pc Films on Cu(lOO) 

From an analysis of the behavior of thin films of the Pes on Cu{ 100) reported 

here and elsewhere,^^'^ several general trends can be inferred. It is clear that a flat-

lying adsorption of the first monolayer of molecules is favored on this surface for planar 

molecules. This appears to be true for most large aromatic molecules,59.8i.n8.i23-

125.135.136 however, exceptions may exist (e.g. a-sexithiophene may adopt an end-on 

orientation on some surfaces29.31.32.219) jjje planar arrangement of the first monolayer 

must be due to favorable interactions with the surface which become attenuated as the 

distance from the surface increases. 

In both ZnPc and FigZnPc films, the effective interaction length of the Cu surface 

was found to be ca. 2 MLE. For QAIPc, only the first monolayer was able to interact 

significantly with the surface, due to the axial chlorides which dictate the geometry of the 

second monolayer. The presence of the axial chloride also allowed a non-flat-lying 

adsorption geometry in the first monolayer, which was not possible for the planar 

divalent Pes. The centered rectangular configuration of ClAlPc appears to be slightly less 

favored since the first monolayer desorbs at slightly lower temperatures, and this 

structure is not observed on less clean substrates in which the interactions between the 

molecules and the substrate are likely to be weaker. 
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One of the goals of this study was to determine if the presence of low index 

layered planes in the bulk structure, which contain the molecular plane, would enhance 

the ability of a molecule to exhibit sustainable epitaxial growth in a layer-by-layer fashion. 

Ironically, the same factor which is responsible for the layered bulk structure of QAlPc 

appears to interfere with the layer-by-layer growth on the surface. The presence of the 

axial halide on ClAlPc forces the molecules to adopt a layered bulk structure because the 

formation of the herringbone structure observed for most divalent Pes is energetically 

unfavorable. If the first monolayer adsorbs with the halide directed away from the 

surface, then sustainable epitaxial growth does indeed appear to be more favorable for 

this system than for molecules such as CuPc or ZnPc. 

Adsorption of molecules in the first monolayer of ClAlPc with the halide directed 

towards the surface is approximately equally probable as a halide up geometry. The 

halide down orientation blocks the adoption of the layered Phase Hl-type bulk structure, 

leading instead to an orientation of the Phase n polymorph, in which the molecules in the 

first monolayer are inclined with respect to the substrate. These data represent one of the 

few observations of both the Phase n structure, and the adoption of a non-flat-lying 

orientation of Pc molecules on a surface. 

Consideration of the intermolecular lattice interactions parallel to vs. between the 

layer planes of the bulk structure of ClAlPc suggests that a layer-plus-island or island 

growth mode would be favored for this material (assuming the first monolayer adsorbs 

so that the layer/molecular plane lies parallel to the surface). If island growth does occur, 

however, the dimensions of the islands are apparently large enough that they there is no 

compromise of the LEED pattem. In addition, the RAS spectra of these films suggest 

that reasonable order is maintained in the islands. For both FieZnPc and the centered 

rectangular phase of ClAlPc. a layer-plus-island growth mode was observed. In these 
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films, the LEED pattern arose from the layered material, while the RAS spectra were 

determined by the islanded material. In both cases, the RAS data indicated more disorder 

in the islanded material than was observed for films of ClAlPc exhibiting the square 

lattice structure. While the combination of LEED, RAS, and TDMS allows conclusions 

regarding the evolution of the films on these surfaces to be drawn, it would be 

informative to supplement these techniques with AFM, which would confirm the 

proposed growth modes of each of these films. 
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CHAPTER FIVE 

CHARACTERIZATION OF THE EVOLUTION AND MORPHOLOGY OF 

THIN FILMS OF PERYLENE DYES ON ALKALI HALIDES 

5.1 Introduction 

Perylene dyes in the solid state have been widely studied for use in xerographic 

photoreceptors,6'^3 photovoltaics,^^ and several other applications which take advantage 

of dieir unique optical and electronic properties. In addition, there are many reports of 

basic research on the perylene dyes as a class of materials. These materials, in 

general, are strongly absorbing (e > 10^), highly fluorescent, and exhibit unusually high n-

type semiconductivity.82458 Recently, there has been a great deal of interest in the 

formation and characterization of systems containing perylene dyes in restricted 

geometries through preparation by L-B techniques, vacuum deposition, and incorporation 

into rigid glasses.54.l90-i93.l98.i99.201 These new methods for creating perylene dye-

containing structures have led to the observation of unique properties for the materials. 

The most widely studied subgroup of perylene dyes are the tetracarboxylic dyes 

represented in Scheme 5.1. One of the main interests in this class of molecules stems 

from the fact that the solid-state optical properties are determined almost exclusively by 

the molecular architecture surrounding the planar aromatic core of the molecule. 

Substimtion of the molecules at the X-position in Scheme 5.1, has virtually no effect on 

the energy of the orbitals involved in optical transitions. This is reflected in the nearly 

identical absorbance and luminescence spectra of molecules in which one or both of the 

X-positions is an anhydride, imide, or thioanhydride functionality 13.14,17 Substitution at 

this position does, however, lead to drastic changes in the solid state packing stmcture 

i 
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exhibited by the materials.Consequently, this class of molecules presents a 

unique opportunity for isolating the effects of solid-state structure on the physical 

properties. As an example, bulk samples of these dyes can range in color from peach-

colored to nearly black, reflecting changes in the solid-state absorbance spectra due to 

differences in packing geometries.^ 

Scheme 5.1 

Another primary motivation for the smdy of these molecules is to evaluate their 

suitability for incorporation into various technological applications. The ability to "tune" 

the absorbance maximum through changes in molecular packing, has led to extensive 

investigation of these materials for many applications which require absorbance of a 

particular wavelength of light. For example, the absorbance maxima of many of the 

perylene dyes in the solid state overlaps favorably with the solar spectrum, suggesting that 

these materials may have potential for photovoltaic applications. ̂ addition, die 

absorbance maxima can also be shifted into ranges useful for electrophotography 

applications.^ These applications rely on the electrical, as well as the optical, properties of 

these materials, and both of these properties are intimately related to the molecular 

architecture adopted by the dye molecules. 
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5^ Previous Studies of Perylenetetracarboxylic Dye Films Prepared by Vacuum 

Deposition 

The two most widely investigated classes of perylenetetracarboxylic dyes are the 

dianhydride (PTCDA) in which X in Scheme 5.1 = O. and the diimide (PTCDI) (or 

bis(dicarboximide)) dyes in which X= N-R, where R can represent any organic 

fimctionality. The two known polymorphs of perylenetetracarboxylic dianhydride 

(PTCDA) exhibit a layered structure in which the layer plane contains the molecular plane 

of all of the molecules in the unit cell.^®^ The coincidence of the crystallographic layer 

plane and the molecular plane leads to facile growth in the first monolayer on most 

surfaces. Consequently, films of PTCDA have been extensively studied on a variety of 

substrates, including alkali halides,^^^-^®^ HOPG,^®^ A.g( 110).'^ Au( 111),^®^ 

Cu( 100), 136,220 giass.'^ In almost all cases, the molecule has been shown to adopt a 

flat-lying orientation with a lattice structure which varies only slightly fi-om that exhibited 

by the bulk material. 

An STM image of a ca. 1 MLE thick film of PTCDA on Au( 111) is shown in 

Figure 5.1, along with a top view of the (102) layer plane of the bulk structure of the a-

polymorph for comparison. This STM image was acquired by T. Fritz and T. Schmitz-

Hiibsch during an extended visit to this research group, and reproduces work previously 

published by these investigators.'^3 in both the bulk lattice and the surface lattice, the 

molecules are packed in a herringbone, or brickwork, fashion and the resulting unit cell 

exhibits glide symmetry. The lattice dimensions for the (102) plane of the a- and P-

polymorphs of PTCDA are 11.96 A x 19.91 A and 19.30 A x 12.45 A, respectively. The 

lattice dimensions observed in films deposited on the Au(111) surface are 12.2 ± 0.2 A x 

19.7 ± 0.4 A spanned by an angle F = 90 ± 2°, which is consistent with either the a- or p-

polymorph.103 The surface unit ceU of the PTCDA was found to adopt three 
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Figure 5.1: STM a-PTCDA. 
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nonequivalent rotations (55°. 22°, or 39°) on the Au( 111) surface, all of which exhibited 

a coincident point-on-line epitaxial relationship (see Section 1.4.3.2.3).^^^ 

PTCDA films on KQ(IOO) and NaQdCX)) have been extensively studied by 

Mdbus. et ai 101-105 Xhe (102) layer plane of die a- and P- polymoiphs of PTCDA was 

found to lie parallel to the substrate on both surfaces, however, the orientation of the unit 

cells of the two polymorphs with respect to the substrate differed. For the a-polymorph 

on NaQ, the unit cell was rotated ± 4° with respect to the <001> axes of the substrate, 

while the ^-polymorph could adopt either a ± 7° or ± 31 ° rotation. On KCl, the unit cell 

of both polymorphs exhibited a ± 24° rotation. An edge-on orientation of the PTCDA 

molecules, in which the (102) plane was perpendicular to the surface, was also reported 

for a film deposited under different conditions. lOi 

In some cases, if the interaction with the substrate is sufficiently strong, or if the 

deposition conditions are changed, surface structures which differ firom the typical flat-

lying motif may be observed. Schuerlein, etal. have deposited PTCDA on Cu(l(X)) and 

found by LEED that the surface lattice, while exhibiting glide symmetry, possessed 

dimensions of 14.5 A x 18.0 A, which represents a significant distortion from the known 

bulk structures. ̂ 3^-220 The highly distorted PTCDA lattice exhibited a commensurate 

relationship with the substrate. It is surprising, however, that the reported conmiensurate 

strucmre was adopted since several coincident relationships were possible for lattices 

which exhibited strain of < 1% from the bulk structures. The observed distortion is 

caused by the extremely strong interactions between the molecules and the surface, which 

position the molecules on certain energetically favorable sites whose spacing is not 

consistent with the dimensions of the bulk structure. Further evidence supporting the 

strongly interacting nature of the Cu(lOO) surface was provided by XPS which indicated 

that the anhydride oxygens of molecules in the first monolayer were lost upon 
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adsorption. 59 Distorted PTCDA surface lattices which do not possess glide symmetry 

have also been seen on Ag(l 10). suggesting diat the molecular interaction with this 

surface is also quite strong. 

Vacuum deposited films of other perylenetetracarboxylic dyes have received little 

attention to date, however, the deposition, and characterization by TEM. of films of N.N'-

di-/i-butyl-perylenebis(dicarboximide) (C4-PTCDI) on KCl(lOO) has been studied by 

Tsuchida, et al. The molecules in ±ese films were reported to be inclined with respect to 

the KQ surface so that the (010) plane of the bulk unit cell was parallel to the substrate. 

As will be discussed below, this orientation of molecules represents growth along a layer 

plane of the bulk structure, however, in the bulk structure of C4-PTCDI (unlike that of 

PTCDA), the molecular plane is not coincident with the layer plane. 

5^ Bulk Structures of Perylenetetracarboxylic Dyes 

The molecules studied here include PTCDA, and two perylene 

bis(dicarboximide)s, C4-PTCDI, and the related NJ^'-di-n-pentyl-perylenebis 

(dicarboximide) (C5-PTCDD- These molecules were chosen because the bulk structure of 

each exhibits low index layer planes which may lead to favorable epitaxial growth in the 

first monolayer, and layer-by layer growth in subsequent layers. The orientation of 

molecules with respect to the layer planes, however, is drastically different for each of the 

molecules studied. As mentioned above, the molecular plane of the PTCDA molecules 

lies parallel to the (102) layer plane of both of the bulk polymorphs. In contrast, both of 

the PTCDI molecules studied posses bulk strucmres in which the molecules are inclined 

with respect to the layer planes, however, the degree of inclination is different for the two 

dyes. One of the goals of this work was to further investigate the importance of close-

packed, low index layer planes in the bulk stmcture in facilitating epitaxial growth. 
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The bulk structures of the two known polymorphs of PTCDA have been 

established, by TEM and X-ray diffraction, by Mobus, et al. and Forrest, et al.-~' The 

unit cells of both polymorphs are monoclinic, and, as mentioned above, all of the 

molecular planes are coincident with the (102) plane of the material. The interplanar 

spacing for the a- and P- polymorphs are 3.22 and 3.25 A. respectively. If the molecules 

in one layer, parallel to the (102) plane, are projected onto the molecules in the adjacent 

layer, it can be seen that the molecules in the two layers exhibit a translation with respect to 

each other. In the a-polymorph, the molecules are translated 1.9 A along the [-201] 

direction, while those in the ^-polymorph are translated by 1.95 A in the [010] 

direction. 105 xhg relative positioning of adjacent molecules will, in part, determine the 

solid state optical properties of the material, as discussed in Section 3.2. 

The bulk structures of over 20 different perylenebis(dicarboximide) dyes have 

been determined by Graser and Hadicke in an effort to relate crystallographic parameters 

to solid-state optical properties. ̂  3,165-168 From this work, the bulk structures of C4-

PTCDI and C5-PTCDI were obtained. C4-PTCDI adopts a monoclinic unit cell with two 

molecules per unit cell described by the lattice parameters: a = 4.734 A, b = 28.233 A, c = 

9.396, P = 110.86°, 167 as shown in Figure 5.2. The longimdinal and transverse offsets 

between adjacent parallel molecules are 3.10 A and 1.11 A, respectively. Within this unit 

cell, there is a layer plane which lies parallel to the (010) plane of the bulk unit cell as 

indicated by the arrows in Figure 5.2. The long axis of the molecule is tilted ca. 44° from 

the normal to the layer or fOlO) plane, while the molecular plane is tilted ca. 23° from the 

normal. The orientation of the molecules with respect to the layer plane leads to a 

predicted step height of ca. 14 A if growth occurs with this plane parallel to the surface. 
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a) b) 

Figure 5.2: Bulk structure of C4-PTCDI showing top views of the a) (100) and 
b) (10-3) planes. 
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a) 

b) 

c) 

d) 

Figure 5.3: Bulk structure of C5-PTCDI showing the layered structure in the a) top and 
b) side views of the (O-Il) plane; and c) top and d) side views of the (0-12) plane. 
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The published bulk structure of C5-PTCDI is triclinic (a = 4.754 A. b = 8.479 A. c 

= 16.296 A, a = 86.66°, p = 83.5°, y = 83.60°), with only one molecule per unit cell. 

The longitudinal and transverse offsets within this bulk structure are 3.11 Ax 1.31 A. 

respectively. Within the C5-PTCDI unit cell, there are two low index layer planes which 

may promote favorable epitaxial, and layer-by-Iayer growth. These planes are the (0-11) 

shown in Figure 5.3a and 5.3b, and the (0-12) shown in Figure 5.3c and 5.3d. The 

dimensions of the 2-D unit cell defined by these planes are 18.673 A x 4.754 A. F = 

83.9° for the (0-11) plane, and 23.886 A x 4.754 A, F = 87.5° for the (0-12) plane. The 

long molecular axis and the normal to the molecular plane are inclined ca. 17° and 25°. 

respectively to the (0-11) plane and ca. 12° and 12°, respectively to the (0-12) plane. As a 

result of the molecular tilt with respect to these planes, the expected step height for film 

growth with the (0-11) plane parallel to the surface is ca. 7.3 A, while that for a parallel 

orientation of the (0-12) plane is 5.7 A. 

The different relative orientations of the PTCDA, C4-PTCDI, and C5-PTCDI 

molecules, with respect to the layer planes of their bulk crystal structures, will allow 

investigation of the importance of coincidence between crystallographic layer planes and 

molecular planes in governing epitaxial growth. In addition, the surface created by 

termination of the bulk unit cell along each of the layer planes wiU present different 

functionalities for each of the molecules. Since the molecular plane of PTCDA lies 

parallel to the layer plane, termination of the bulk unit cell along this plane will result in the 

formation of a surface with a large aromatic character. Termination along the layer plane 

of C4-PTCDI will present an alkane-Iike surface, while termination of the C5-PTCDI unit 

cell along either of its layer planes will present a surface whose character falls between the 

two extremes just mentioned. Consequently, in addition to lattice matching considerations 
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in determining epitaxial relationships, the chemical nature of the surface formed by the 

layer plane of the molecules must also be considered. 

Perlstein has shown through Monte Carlo simulations of one-dimensional linear 

aggregates of perylenebis(dicarboximide)s that, in addition to the crystal structures 

reported above, several other molecular arrangements which are only slightly energetically 

less favorable are possible.'^^ jhg energy separation between the structure representing the 

global energy minimimi and local minima structures was often found to be less than 5 

kcal. In light of this, it would not be surprising to find film structures which do not 

correspond to any orientation of the reported bulk unit cell, if the interactions with the 

substrate favor the formation of a new polymorph. 

5.4 Characterization of Deposited FUms 

The alkali halides, NaCl, KCl, and KBr, which were studied as substrates for the 

preparation of thin films of PTCDA, C4-PTCDI, and C5-PTCDI, were chosen because of 

their favorable optical properties, which allowed analysis by transmission experiments in 

the visible and IR spectral regions. Unformnately, these substrates are unsuitable for 

analysis by most of the common crystallographic techniques. The insulating nature of the 

alkali halides prevents the examination of the surfaces by LEED and STM, as these 

techniques require conductive substrates. The deposition chamber was equipped with a 

RHEED system, and attempts were made to characterize the deposited films using this 

technique, however, it was found that the electron beam caused significant damage to the 

substrates, resulting in a loss of film order. Due to the lack of crystallographic 

information, it is difficult to draw conclusions regarding the crystal structure within the 

film or the relationship between the unit cells of the film and the substrate. Attempts will 

be made to determine if the molecules in the film adopt a polymorph which is consistent 
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with some orientation of the bulk stmcmre by comparison of the mean tilt angles derived 

from IR measurements and step heights observed in AFM images. The discussion in 

Chapter 3 of the spectroscopic techniques employed here indicated that information 

regarding the molecular packing may be obtained from each technique, allowing some 

hypotheses regarding the surface structures to be proposed. 

5^ Fluorescence Spectra of PTCDA, C4-PTCDI, and C5-PTCDI Thin Films 

Fluorescence spectroscopy is an excellent (yet relatively imdeveloped) analytical 

technique for the smdy of organic thin films, due to its inherent sensitivity to very small 

fluorophore surface coverages. The sensitivity of the fluorescence experiment allows it to 

be used to monitor organic thin films during the early stages of film nucleation and 

growth, in a coverage regime which is not accessible to other characterization techniques. 

A second goal of this research was to further develop in vacuo fluorescence spectroscopy 

as a technique for the smdy of the early stages of film growth of vacuum deposited thin 

films. 

The theoretical basis describing the luminescent behavior of molecules in solutions 

is well established, however, the understanding of the fluorescence behavior of molecules 

in an organic thin film is relatively imdeveloped.50.182 There are several dieories relating 

absorption spectra to molecular architecture (see Section 3.2), however, there are currently 

no widely accepted theories to relate solid-state fluorescence spectra to crystallographic 

parameters. In the several accounts of the use of fluorescence spectroscopy to smdy 

organic thin films which have been reported, the conclusions regarding the nature of the 

emitting species responsible for the observed luminescent features differ greatly (see 

Section 3.4). 
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In general, a fluorescence spectrum of an organic thin film of planar aromatic 

molecules may contain luminescent feamres of three different types. One can observe 

monomer-like (M-type) fluorescence from individual molecules which are unable to 

interact significantly with their neighbors, excimer-like (E-type) fluorescence from 

molecules which exhibit a cofacial eclipsed stmcture. and Y-type fluorescence (whose 

origin is still debated) at wavelengths between the M-type and E-type features. While 

only one type of monomer-like emission is possible, and it is generally accepted that the 

E-type emission originates from a symmetrical eclipsed dimer geometry, the species 

responsible for the Y-type emission has not been conclusively determined. There have 

been multiple reports of Y-type emission features in thin films which suggest that these 

features arise from aggregates with geometries different from that giving rise to the E-type 

emission.^'^-^^i-^93,196-201 it should be noted that since the term Y-type emission merely 

implies that the emission is yellow in color, and occurs between the monomer and 

excimer emission features, it is acceptable to denote any features which fall in this energy 

range as Y-type. While the exact nature of the emitting species is unknown, the work 

presented below provides strong evidence that the emission features contain information 

regarding molecular stmcture within the film. 

5,5.1 Monomer Emission of C5-PTCDI, C4-PTCDI, and PTCDA in Solution and 

on Surfaces 

Absorbance and fluorescence spectra of dilute chloroform solutions and 

submonolayer films on KBr of each of the perylene dyes are shown in Figure 5.4. Both 

the absorbance and the emission spectra of each of the different dyes appear very similar 

in the chloroform solutions, supporting the idea that the nature of the functionality at the 

X-position of Scheme 5.1 has little effect on the optical properties of the individual 
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CHCI3 

2 . C4-PTCDI / KBr 

C5-PTCDI / KBr 

PTCDA / KBr 
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Wavelength (nm) 
Figure 5.4: Absorbance and emission spectra of PTCDA, C4-PTCDI, 
and C5-PTCDI in CHCI^ and on a iCBr surface at room temperature. 
In the top spectra, the solution absorption and emission spectra of ail 
three molecules are overlayed in order to emphasize the similarity 
between them. The line types for the solution spectra correspond to 
those used for the surface spectra. 



m o l e c u l e s I t  w a s  n o t  p o s s i b l e  t o  o b t a i n  a n  a b s o r b a n c e  s p e c t r u m  o f  P T C D A  i n  CHCI3, 

due to its extremely low solubility, which is evidenced by the additional broad, long 

wavelength emission feature in the PTQDA solution spectrum, due to emission from 

suspended microcrystallites in the solution. PTCDA is very insoluble in most organic 

solvents, however, modification of the molecule by the replacement of the anhydride 

oxygen with /i-alkyl imide groups makes the molecule quite soluble (up to ca. 1x10'^ M 

for C5-PTCDI) in chloroform. The solubility which is imparted is likely due to the 

reduced lattice energy of the organic crystal, as well as the increased solubility of the alkyl 

chains. 

When deposited at submonolayer coverages onto a substrate held at room 

temperamre. the energy of monomer emission features depends on the identity of both the 

molecule and the surface, as demonstrated in Figure 5.4 for films on KBr. As discussed 

in Section 3.4.2, the monomer emission features can be very sensitive to the nature of the 

environment surrounding the emitting molecule. Therefore, differences in the energy of 

the emission features on the different surfaces can provide information regarding the 

nanire of the substrate-molecule interactions. The energy of the emission peaks 

corresponding to the first two peaks of the vibronic progression for each of the molecules 

in solution, and on the surfaces, are listed in Table 5.1. 

CHCh NaCl KBr KCl Glass 

C5-PTCDI 0-0 
0-1 

537(18.6) 
581 (17.2) 

537(18.6) 
580(17.2) 

520(19.2) 
565 (17.7) 

520(19.2) 
565(17.7) 

543(18.4) 
590(16.9) 

C4-PTCDI 0-0 
0-1 

537(18.6) 
581 (17.2) 

536(18.6) 
581 (17.2) 

534(18.7) 
580(17.2) 

525(19.0) 
564(17.7) 

548(18.2) 
590(16.9) 

PTCDA 0-0 
0-1 

537 (18.6) 
581 (17.2) 

517(19.3) 
554(18.1) 

509(19.6) 
547(18.3) 

516(19.3) 
550(18.2) 

n/a 

Table 5.1: Position in nm (and thousands of cm"0 of 0-0 and 0-1 emission peaks in 
solution and on surfaces. 
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The observation of differences in the energy of the monomer emission features on 

the various surfaces is analogous to the observation of solvatochromism in different 

solvents, in which different interactions with solvents leads to a different energies of 

emission. The phenomenon of solvatochromism in solution absorbance and fluorescence 

spectra is well understood^®-^^- (see Section 3.4), and can be attributed to either general 

effects associated with the dielectric constant of the solvent, or specific effects due to 

molecule-solvent interactions. Since all of the substrates studied here are high bandgap 

insulators with similar dielectric constants, the solvatochromic effects observed on the 

surfaces are most likely due to specific "solvent" (i.e. surface) interactions. 

The data in Table 5.1 suggest that the interactions of C5-PTCDI molecules with 

the NaCl surface are similar to those between C4-PTCDI and the NaCl and KBr surfaces. 

Surprisingly, the emission features of these molecules on these surfaces are essentially 

identical in energy to the corresponding features in dilute CHQ3 solutions, suggesting that 

the molecules' interactions with the surfaces are similar to their interactions with CHCI3. 

Since the planar portion of the molecule may be only weakly solvated by CHCI3, it is 

reasonable to postulate that the molecular plane of the PTCDI molecules in these 

submonolayer films are inclined at some angle with respect to the alkali halide substrates, 

so that only weak interactions with the surface are possible. 

The emission features of C5-PTCDI on the KBr and KCl surfaces are similar to 

those of C4-PTCDI on KCl, however, the energy of the emission features on these 

surfaces does not correspond to those observed in solution, suggesting that the degree of 

"solvation" is different. In addition, the 0-0 emission features of PTCDA on the alkali 

halides also appear at similar energies, but the 0-1 peak of PTdDA is blue-shifted with 

respect to the 0-1 peak of the PTCDIs, suggesting differences in the strength of interaction 

with the substrate. In all cases, the 0-0 emission features of these films have been blue-
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shifted by ca. 500-1000 cm"^ from their position in CHCI3 solution due to the different 

nature of the environment around the molecules. Similar blue-shifts (of ca. 300 cm"') 

have been observed by Gomez, etai in the specu^ of amorphous submonolayer films of 

PTCDA deposited at 10 K onto quartz substrates.Both the emission and the excitation 

spectra of the amorphous PTCDA films exhibited the blue-shift, while the Stoke's shift 

between the absorption and emission features remained approximately constant. The 

larger magnimde of the blue shift observed here on the alkali halide surfaces (vs. the 

quartz surface at 10 K) is indicative of stronger molecule-substrate interactions. Since the 

PTCDA molecules assume a flat-lying configuration on most surfaces, the blue shift 

observed here for both PTCDA and the PTCDIs is taken to be indicative of a flat-lying 

orientation of the first monolayer. This assumption is reasonable since the orbitals 

involved in the optical transitions are predominantly associated with the perylene core, and 

a flat-lying configuration will allow significant interaction with these orbitals. 

Gomez, et al. also reported that monomer-like peak shapes were only obtainable if 

the quartz substrate temperature is kept below ca. ICX) K, as the films underwent 

irreversible crystallization at higher temperatures leading to a loss of monomer-like 

emission, and the appearance of solid-state spectral features. In agreement with the report 

of Gomez, etai. no monomer-like emission features were observed from PTCDA films 

on glass substrates held at room temperature or greater, suggesting diat aggregation occurs 

very rapidly on the glass surface. The observation of monomer-like emission feamres 

from PTCDA films on the alkali halide substrates is significant, since it implies that the 

interactions with these surfaces are competitive with the intermolecular interactions which 

promote crystallization. 

In contrast to PTCDA, both of the PTCDI molecules appear to interact similarly 

with the glass surface, exhibiting monomer emission features which are significantly red-
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shifted from the position of the corresponding features on the alkali halide surfaces. The 

cause of the spectral shift is due to a "specific solvent effect" of the glass substrate. 

The surface hydroxyl groups on glass can hydrogen bond with both the carbonyl oxygens 

and the imide nitrogens of the molecules, inducing a red-shift in the emission spectmm. 

Although at neutral pH, the relative proportion of glass surface sites which are protonated 

is fairly small, the mobility of these molecules at room temperature is likely sufficient to 

allow them to diffuse across the surface until they can find the favorable H-bonding sites. 

The effects of hydrogen bonding have been thoroughly smdied for solution spectra of 

various species with funcdonalities capable of hydrogen bonding, where red-shifted 

emission feamres were generally observed in protic solvents. 

The interaction of the perylene core of these molecules with the glass surface is 

most likely unfavorable due to the negatively charged surface groups. The observation of 

blue-shifted monomer emission features for PTCDA films on quartz at 10 K suggests 

that, at these temperatures, the mobility of the molecules has been greatly reduced. The 

reduced mobility prevents the molecules fi-om readily nucleating crystals, forcing the 

perylene core to interact with the surface instead. PTCDI films on quartz at 10 K would 

be expected to exhibit similar blue-shifts, as the molecules would not be able to diffuse to 

the sparse hydrogen bonding sites. 

Time Dependence of the Monomer Emission Features 

The monomeric emission features of C5-PTCDI and C4-PTCDI on the alkali 

halides were generally observable at coverages greater than a monolayer and remained 

relatively constant with time, exhibiting at most 5-10% loss in intensity over the course of 

an hour. In contrast, the monomeric emission feature of PTCDA films decayed much 

more rapidly, dropping to below detection limits at monolayer coverages within the same 
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time frame on all of the alkali halides. The rate of the decay of the monomer emission 

feature was dependent upon the surface coverage of the film, and became more rapid as 

the coverage increased, suggesting that intermolecular interactions play a role in quenching 

the monomer luminescence. The decay continued even during periods of no illumination, 

ruling out photobleaching as a possible mechanism. 

Based on the strong tendency of PTQDA to crystallize, and the coverage 

dependence of the decay rate, the loss of the monomer signal was attributed to the 

incorporation of the surface monomers into crystallites on the surface which exhibit 

exclusively excimer fluorescence. The fact that significant decay rates were only 

observable for PTCDA suggests that the decay rate is probably a fimction of both surface 

mobility, and the rate of crystallization. The surface mobility is expected to be 

approximately the same for PTCDA and the PTCDIs. however, it is likely that the rate of 

crystallization differs for the two molecules. The alkyl chains of the PTCDIs possess 

internal degrees of freedom which allow them to adopt various conformations (i.e. trans 

vs. gauche, and syn vs. ami). If the conformation of an individual mobile molecule is 

incompatible with the conformation of molecules within an existing crystal, some 

reorganization must occur before the molecule can be incorporated into the crystal. This 

conformational reorganization process adds a kinetic barrier to incorporation into crystals 

which is not present for the completely planar PTCDA. 

Figure 5.5 shows the time dependence, for a submonolayer film deposited at 105 

°C on NaCl, of both the monomeric emission feature of PTCDA monitored at 525 nra 

and the excimeric emission feature monitored at 650 nm. The film in Figure 5.5 was 

deposited very slowly, while the monochromator was cycled between the two 

wavelengths, allowing the observation of both emission features as a function of coverage 

and time. The deposition was halted at the time indicated in the figure, and the evolution 
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Figure 5.5: Evolution of monomer and excimer emission 
signals with time. The solid line represesnts the monomer 
signal, and the dotted line represents the excimer emission 
signal. 



I l l  

of the two emission features with time were recorded. Over the course of ca. 1000 

seconds, the monomer emission signal decays to near zero intensity, suggesting that the 

molecules on the surface possess significant mobility at this temperature. (Similar decay 

curves could also be obtained even at room temperature.) 

If the decay mechanism is due to incorporation of the surface monomers into 

surface crystals, the intensity of the excimeric emission should increase, however, no 

change is observed in the intensity of this feature with time. The lack of observable 

changes can be attributed to the lower sensitivity of the detection system at the excimer 

emission wavelength, and a lower quantum efficiency of the excimer emission process 

compared to monomer emission. If, for example, the quantum efficiency of the excimeric 

emission process is 2 orders of magnitude lower, then a decline of emission intensity of 

the monomer by nearly 100%, will correspond to only a 1% increase in the emission 

intensity of the excimer. This small change is less dian the noise level in Figure 5.5. 

Figure 5.5 clearly shows that emission from both surface monomers and surface 

crystals (excimers) increase immediately from the onset of deposition, suggesting that 

crystallites fomi on the surface at extremely low coverages and that a saturation coverage 

of monomers is not necessary for crystallization to occur. From this observation, a layer-

by-layer growth mode for PTQDA on this surface can be excluded, if a flat-lying 

configuration of the molecules on the surface is assumed. 

SS3 Fluorescence Spectra of C5-PTCDI Films as a Function of Coverage 

Fluorescence spectra were collected during the course of the room temperature 

vacuum deposition of C5-PTCDI films on NaCl, KCl, KBr, and glass substrates as a 

function of coverage. In these experiments, two different substrates were mounted in the 

vacuum chamber for each deposition to allow for the direct comparison between the 
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luminescent behavior of the molecules on the different substrates under identical 

conditions. The fluorescence spectra of C5-PTCDI films deposited simultaneously onto 

KBr and KCl substrates held at room temperature are shown in Figure 5.6a and 5.6b. The 

coverages at which each spectrum was collected, as estimated by a quartz crystal 

microbalance (QCM), are indicated ia the caption of Figure 5.6. For the first two spectra 

in Figure 5.6, no change in the QCM frequency was observed. From the 1 Hz resolution 

of the QCM frequency counter, and an estimate of ca. 15 Hz per monolayer, the coverage 

of the thinnest film reported here can be estimated at < 1/15 MLE. In all cases, the 

coverages for the corresponding spectra on the two surfaces are identical, as the deposition 

was halted during spectral acquisition. 

Initially, at submonolayer coverages, the spectra collected from the two substrates 

are very similar and both exhibit only a monomer-like fluorescence feature which peaks at 

520 nm. As the coverage is increased to a point (ca. 1/2 MLE) where emission features 

due to the aggregates (E-type and Y-type, see the discussion in Section 3.4) are first 

observed, a slight spectral shift of 4 nm to the red is observed in the emission feature due 

to the surface monomer. The origin of this shift is most likely due to concentration 

quenching (reabsorption) effects, which are known to occur in concentrated solutions of 

fluorophores. Due to the spectral overlap between the absorption and emission bands 

(discussed below), some of the emitted photons are reabsorbed by other molecules in 

solution before they can be detected.50.i82 jg ^§0 possible that this shift corresponds to 

a change in the environment surrounding the molecules. If the initial 520 nm emission 

arises from molecules on the bare surface, the 524 run emission may be due to molecules 

which are in contact with C5-PTCDI crystallites, but which are unable to incorporate into 

the crystalline lattice. 
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Figure 5.6: Fluorescence spectra of C5-PTCDI films deposited at room 
temperatiure on a) KCl, and b) KBr as a function of coverage. The film 
coverages in each plot are: ca. 1/20 MLE; ca. 1/10 MLE; ca. 1/5 MLE; ca. 
1/2 MLE; ca. 3/4 MLE; ca. I MLE; ca. 2 MLE; ca. 4 MLE; ca. 60 MLE. 
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Further increases in coverage to ca. 1 MLE lead to the reduction of the monomer-

like emission and the increase in Y-type emission from the films on both substtates. 

however, the nature (and number) of the Y-type species is not the same on the two 

surfaces. (For simplicity, both the emission feature and the corresponding species 

responsible will be referred to as Yx.) On the KBr surface at ca. 1 MLE, there appear to 

be two Y-type emission features: Y1 at 584 nm and Y2 at 625 nm, while on the KQ 

surface only the Y2 feature is observed. At this coverage (and all higher coverages), the 

relative proportion of monomer emission from films on the KCl surface is much larger 

than from films on KBr. This implies that the C5-PTCDI molecules may exhibit less of a 

tendency toward aggregation on the KQ surface, possibly due to the inability to form the 

Y1 stmcture. which may represent a favorable intermediate in the crystallization process. 

Further increases in coverage do not significantly affect the Y1 feamre on KBr, 

however the Y2 feature does increase and exhibit a progressive red shift, reaching 677 nm 

at ca. 60 MLE coverage. The position of the excimeric emission feature from a bulk C5-

PTCDI powder purified by entrainer sublimation is 699 nm, which suggests that either a 

new stmcture has been formed on the surface or that further red shifts with coverage are 

expected until the position of the emission from the bulk powder is reached. Since the E-

type emission from 60 MLE C4-PTCDI and PTCDA films, discussed below, occurs at 

die position of the emission from bulk powders of those materials, it is likely that a new 

suiicture has indeed been adopted here. 

A progressive red shift in the emission spectra of PTCDA on quartz, as the dye 

coverage was increased, has been observed previously, and attributed to increases in the 

average intermolecular interaction experienced by the emitting species, This effect is 

conceptually similar to the monotonic red shift observed in the absorbance spectra of 
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progressively thicker films of Pes discussed in Qiapter 4. which has been theoretically 

explained by Qiau, etalA^ As the number of molecules in the aggregate described by the 

exciton coupling model increases, the observed spectral shift ft-om the energy of the 

monomer absorption becomes progressively greater, since the extent of coupling is 

determined by a summation over the entire aggregate. While no corresponding 

descriptive theory has been proposed to describe spectral shifts in the luminescence 

spectra of solid-state materials, it is reasonable that the interactions which induce the shift 

in the absorbance spectnmi will affect the emission spectrum similarly. 

The fluorescence spectra of C5-PTCDI films deposited on glass and NaCI 

substrates at room temperature as a function of coverage are shown in Figure 5.7a and 

5.7b. The spectra in Figure 5.7a and 5.7b correspond to the same coverages, however, the 

coverages smdied for these films (while spanning the same thickness regime) are not 

identical to those shown in Figure 5.6. This difference must be kept in mind when 

comparing spectra from the two figures. The fluorescent spectra of the molecules on 

these two surfaces are very different from those just discussed for C5-PTCDI films on 

KCl and KBr, suggesting that different surface processes are involved. 

At submonolayer coverages on glass, only monomer-like emission feamres are 

observed, however, the position of the emission is red shifted with respect to the emission 

from films on KCl and KBr due to the specific surface interactions discussed above. In 

contrast to the films on all of the other surfaces discussed, C5-PTCDI films deposited on 

NaCl exhibit aggregation, even at submonolayer coverages. This observation is consistent 

with the assertion, based on Table 5.1. that C5-PTCDI molecules on NaCl interact only 

weakly with the surface. Weaker molecule-substrate interactions, and a non-flat-lying 

geometry, will tend to promote crystallization at lower coverages. 
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Figure 5.7: Fluorescence spectra of C5-PTCDI films deposited at room 
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Increases in the film coverage to ca. 1/2 MLE, again lead to the observation of Y-

type emission on both substrates. C5-PTCDI films on glass substrates exhibited only one 

Y-type emission feature similar to the Y2 feature discussed above. It would appear that a 

Y1 feature is present on both surfaces, however, fiirther consideration suggests that the 

apparent Y1 peaks may be associated with the vibronic structure of the monomer 

emission. As observed above, further increases in coverage induce a red-shift of the Y2 

feature which levels off at 60 MLE coverages at the assumed energy of the E-state for the 

particular structure exhibited by the film. Interestingly, the E-type emission of films on 

NaCl occurs at 685 nm, while that of films on glass coincides with the position observed 

from C5-PTCDI films on KBr and KCl at 675 nm. These data suggest that, although the 

aggregation process was surface dependent, the films on KCl, KBr, and glass have all 

adopted the same morphology in the 60 MLE thick films, while ±e structure of the 60 

MLE film on NaCl is different. In addition, none of the deposited films appears to have 

adopted its bulk structure, as evidenced by the differences in the position of the E-type 

emission. 

5^.4 Fluorescence Spectra of C4-PTCDI Films as a Function of Coverage 

C4-PTCDI films were also smdied as a function of coverage in the same manner 

as the C5-PTCDI films just discussed. Figure 5.8a and 5.8b show emission spectra of 

equivalent coverage C4-PTCDI films deposited at room temperature on KBr and KCl. 

The behavior of C4-PTCDI films on KCl is very similar to the behavior of C5-PTCDI 

films on this same surface. Both films exhibit a monomer-like emission spectra at sub-

monolayer coverages, in which the main peak occurs at ca. 520 nm, and the second 

vibronic peak occurs at ca. 565 nm. In addition, as the coverage is increased to ca. 1/5 
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MLE, both films exhibit a Y2-type emission which red shifts with coverage and a 

persistent monomer signal which is observable at coverages much greater than 1 MLE. 

In contrast. C4-PTCDI films on KBr appear similar to C5-PTCDI films on NaCl. 

exhibiting a monomer-like emission at 534 nm (and a possible Y1 emission feature at 580 

nm), and aggregation at very low coverages consistent with weak molecule-substrate 

interactions. In spite of the differences observed at low coverages, the position of the E-

type emission at a coverage of ca. 60 MLE is nearly the same for C4-PTCDI films on 

KBr and KCl, occurring at 683 nm and 680 nm. respectively. 

C4-PTCDI films on NaCl and glass were also smdied, and their emission spectra 

as a function of coverage are shown in Figure 5.9. The behavior of C4-PTCDI on both 

NaQ and glass surfaces is similar to that observed for C5-PTCDI on the same surfaces, 

suggesting similar interactions in the growing films. As observed previously for C5-

PTCDI on NaQ, crystallization occurred at submonolayer coverages for the C4-PTCDI 

film on NaCl. Interestingly, the position of the E-type emission (from 60 MLE films) on 

both surfaces appears at ca. 692 nm, which is significantly different than the position 

reported for films on KBr and KCl above. E-type emission from a bulk powder of C4-

PTCDI occurs at ca. 690 nm, suggesting that the 60 MLE films on NaCl and glass may 

exhibit a bulk-like structure. 

5^.5 Fluorescence Spectra of PTCDA Films as a Function of Coverage 

As discussed in Sections 5.5.1 and 5.5.2, the behavior of the molecules at 

submonolayer coverages of PTCDA films is very different than that of either of the 

PTCDI molecules. Fluorescence spectra acquired from identical coverage PTCDA films 

deposited at room temperature on NaCl and KBr are shown in Figure 5.10. Due to the 

transient nature of the monomer emission signal, the study of submonolayer coverage 
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films was difficult. Since the emission spectra had to be collected from the two surfaces 

sequentially, the monomer emission feature may or may not be present in a spectrum 

from a given surface, depending upon whether the surface was the first or second one 

analyzed. 

Submonolayer PTCDA films on NaCl exhibited a main monomeric emission 

peak at 516 nm, while on KBr the corresponding peak occurred at 509 nm. Upon 

increasing the coverage to ca. 2 MLE, the film on NaCl showed only a Y2-type emission 

feanire, while the film on KBr exhibited both a Y1 and Y2 feature. Due to the 

normalization process and the noise in the data, the Y1 feature on the KBr surface is 

difficult to distinguish in Figure 5.10b, however, its presence has been confirmed in the 

spectra of other PTCDA films on KBr. At ca. 60 MLE coverages, the E-type emission 

occurs at ca. 720 nm on both surfaces, which is consistent with the position of this 

emission feature in a spectrum of a bulk PTCDA powder. (The E-state in films of 

comparable thickness on glass also emits at ca. 720 nm) 

Since no monomer-like features were ever observable for PTCDA films on glass 

substrates, the evolution of the emission spectra on this surface was not studied, however, 

emission spectra of a film on KQ as a function of coverage were collected and are shown 

in Figure 5.11. At very low coverages, the main monomeric emission occurs at 516, 

suggesting that the interactions between the molecules and the KCl substrate are similar to 

those between the molecules and NaCl. Upon increasing the coverage to ca. 1 MLE, 

however, in addition to the Y2 feamre which has been present in all of the films smdied, a 

clear Y1 emission feature at 597 nm is observed. Due to the normalization process, the 

intensity of this peak appears to decline with increasing film thickness. In actuality, the 

intensity of this feature remains relatively constant, while the intensity of the Y2 feature 

increases and red shifts. The position of the E-state emission in a ca. 60 MLE thick film 
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Figure 5.11: Fluorescence spectra of PTCDA films deposited at room 
temperatvire on KCI, collected as a function of coverage. The coverages 
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of PTCDA on KQ is 717 nm. suggesting that PTCDA films on KCl also exhibit the 

same structure as the purified powder. 

The apparent peak shift of the monomer emission feature at higher coverages in 

Figure 5.11 is a consequence of the time-dependent decay of the monomer signal. Since 

the emission data are being collected with a monochromator, simultaneous acquisition of 

the entire emission spectrum is not possible. The passband of the monochromator must 

be scanned through wavelengths in order to generate a spectrum. The time required for 

the collection of an entire spectrum with a suitable signal-to-noise ratio was ca. 10 minutes 

(600 sec.) per spectrum, which corresponded to ca. 2 sec. per nm. Figure 5.5 shows that 

the monomer signal can completely decay in ca. 1000 sec. in a submonolayer film. 

As the coverage approaches 1 MLE, which is approximately the coverage at which 

the peak shifts were observed, the decay becomes even more rapid, eventually becoming 

comparable to the data acquisition rate. Consequently, each subsequent data point is 

reduced from its steady state value by some factor attributable to the decay rate, leading to 

an apparent peak shift. This is demonstrated in Figure 5.12 which simulates the apparent 

shift for a Gaussian peak, initially centered at 500 nm, as a fimction of various decay rates. 

Each subsequent data point in Figure 5.12 (which is plotted every 2 nm) has been reduced 

by a constant factor of of its initial value where X is the percentage loss per unit time 

indicated in Figure 5.12, and n is the data point number (which is equivalent to time units 

assuming a constant data acquisition rate). 

5 J.6 Coverage Dependence of Films Deposited at Elevated Temperatures 

All of the coverage dependent fluorescence data reported above was collected from 

films which were deposited at room temperamre. Similar studies were performed on 

films deposited at 100 °C. In general, no new features were seen, however, several of the 
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films which did not exhibit a Y1 emission feature when deposited at room temperature 

did exhibit Y1 emission when deposited at 100 °C. and a few of the films which had 

exhibited a Y1 feature at room temperature did not at 100 °C. The emission spectra of a 

ca. 1/4 MLE C4-PTCDI film deposited at room temperature and one deposited at 100 °C 

on KCl are shown in Figure 5.13. There is a clear Y1 feature in die emission spectrum of 

the film deposited at the higher substrate temperature as indicted by die arrow. From 

Figure 5.13. it can also be inferred that the monomer emission disappeared at lower 

coverages when the films were deposited at higher temperatures. This trend was observed 

on all of the surfaces smdied and is consistent with an annealing process which enhances 

the incorporation of molecules into the crystalline matrix. A comparison of the emission 

feamres which can be observed for the molecules on the different surfaces can be found in 

Table 5.2. 

NaCl KBr KCl Glass 

C5-PTCDI RT M,Y2,E M,Y1,Y2,E M,Y2,E M,Y2,E 

100 °C M,Y1,Y2.E M.Y2.E M,Y2,E M,Y2.E 

C4-PTCDI RT M,Y2,E M,YLY2,E M,Y2,E M,Y2,E 

100 °C M,Y1,Y2,E M.Y1,Y2,E M,Y1,Y2.E M.Y2,E 

PTCDA RT M,Y1,Y2,E M,Y2,E M,Y1,Y2,E Y2,E 

100 °C M,YLY2,E M.Y1,Y2,E M,Y1.Y2,E Y2.E 

Table 5^: Summary of the emission feamres observed on the different surfaces. 

5^.7 Effects of Oxygen on the Fluorescence Spectra of Deposited Films 

Venting of the vacuum chamber to laboratory air exposed the films to oxygen, and 

generally produced an increase in the fluorescence yield from the films as shown in Figure 

5.14. In contrast to its effects in solution, where oxygen is known to be an excellent 
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quencher of fluorescence,^®-^^^ an enhancement of the fluorescence is observed for these 

films. This can be explained by the presence of an unintentional dopant in the as-

deposited films which partially quenches the fluorescence. The nature of the dopant is 

unknown, however, die Popovic model for photoconduction (see Section 1.2), suggests 

that it most likely is a charged species which enhances exciton dissociation, leading to 

lower fluorescence intensities (and higher photocurrents).'̂ '̂  if oxygen interacts 

preferentially with the dopant, it may produce a state which is less likely to quench the 

fluorescence. This observation is consistent with previous work in this research group on 

the photoconductivity of PTQDA and PTCDI films in which an anomalously large current 

was observed in freshly deposited films in vacuum, suggesting the presence of an 

unintentional dopant.^^ Exposure of the as-deposited film to oxygen led to a decrease in 

the conductivity by 5 orders of magnitude, suggesting diat oxygen was preferentially 

interacting with the dopant.^2.158 

5^.8 Origin of the Differences in the Fluorescence Behavior 

It has been established above, and in Section 3.4, that the energy of the 

fluorescence emission of a molecule is influenced by the environment surrounding the 

molecule. This can be confirmed by examination of Tables 5.1 and 5.2 which show that 

die energy of the emission feamres, as well as which emission feamres are present, is 

determined by the substrate-molecule combination under smdy. Although die three alkali 

halide surfaces studied are expected to be chemically similar on a macroscopic scale, the 

differences between them at the atomic level determines the nature of their interactions 

with the molecules. 
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5^.8.1 Monomer Emission Features 

As discussed in Chapter 4, planar molecules tend to adopt a flat-lying 

configuration in the first monolayer on most surfaces, even if doing so requires significant 

rearrangement of the molecules firom their stable bulk configuration.^^. 105.136 7^5 

tendency is even more pronounced if the molecular plane is coincident with a low-index 

layer plane of the bulk structure (e.g. PTCDA). While the PTCDI molecules possess the 

same planar core as PTCDA, the presence of the alkyl chains makes their behavior more 

difficult to predict. In the bulk structures of both molecules, the chains exhibit an all-frcr/ij 

structure and an a/ir/-configuration with respect to the molecular plane, precluding a flat-

lying surface orientation of molecules in this configuration. If the chains are reoriented to 

adopt a j>'n-configuration, dien a flat-lying orientation of the molecule in the first 

monolayer becomes possible. In general, the higher symmetry configurations of a 

molecule will be the most stable. Since the onrt-configuration exhibits D2h symmetry, 

while the 5>7i-configuration possess only C2v symmetry, the an/i-configuration should be 

the favored structure. The likelihood of observing a flat-lying orientation of the PTCDI 

molecules will be related to the ability of the surface to stabilize a 5>7i-configuration. 

It has been proposed that the dominant interaction determining the molecular 

orientation of PTCDA on alkali halide surfaces is the dipole-induced dipole interaction 

between the carbonyl oxygens of the PTCDA molecule and the surface cations. 

According to Mobus, etai, a flat-lying PTCDA molecule on the NaCl(lOO) surface can 

be arranged so that all four of its carbonyl oxygens are above surface cations, while on the 

KC1( 100) surface only opposite pairs of carbonyl oxygens could lie above surface 

cations. 105 These proposed surface orientations are shown in Figure 5.15a and 5.15b. 

The distance between the two carbonyl oxygens on the same side of the 

longitudinal axis (A and B in Figure 5.15) is ca. 11.35 A, while the distance between the 
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Figure 5.15; Proposed molecule-substrate interactions and orientations of a generic 
perylene tetracarboxylic dye on a) NaCl, b) KCl, c) KBr. The larger spheres in each 
image represent anions, while the smaller ones represent cations. 
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two carbonyl oxygens on the same side of the transverse axis (A and C) is ca. 4.54 A. 

Comparison of these lengths with the nearest neighbor spacings within the surface unit 

cells of the substrates indicates that the relationships proposed by Mobus, et al. are 

plausible. For NaCl, the nearest neighbor distance between like ions is 3.998 A (and lies 

along the <011> direction), while the nearest neighbor distance between cations and 

anions is 2.820 A (along the <010> direction). For KCl. the like-ion distance is 4.451 A. 

and the distance between anion and cation is 3.147 A. For KBr, these distances are 4.667 

A and 3.300 A, respectively. 

If the long axis of the molecule is aligned along the <011> direction of NaCl. the 

mismatch (with respect to the molecular dimensions) between the carbonyl oxygens and 

the surface cations is ca. 5% in the longitudinal direction, and 12% in the transverse 

direction. On KQ, if the molecule is aligned so that the line between opposite pairs of 

carbonyls lies along the <010> direction, then a mismatch of ca. 3% is observed between 

the surface cations and the opposite pairs of carbonyl oxygens. The other two carbonyl 

oxygens do not adopt any favorable relationship with the substrate. On KBr. the most 

favorable orientation for PTCDA is similar to that proposed for KCl, however, due to the 

larger lattice constant of KBr, the mismatch is ca. 8% as shown in Figure 5.15c. From 

consideration of the proposed carbonyl interactions with the substrate, one would predict 

that PTCDA molecules on NaCl would be most likely to exhibit a flat-lying structure due 

to the potential interactions of all four carbonyl oxygens, and that molecules on KBr 

would be the least likely to exhibit a flat-lying structure since only two stabilizing carbonyl 

oxygen-surface interactions (which exhibits a larger mismatch than the similar interaction 

on KCl) are possible. 

Since the tetracarboxylic core of the PTCDI molecules is identical to PTCDA, 

similar interactions are possible, suggesting that these molecules should also lie flat on the 
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surfaces in most cases. If the blue shift in the monomer emission peaks shown in Table 

5.1 is indicative of flat-lying molecules, then the data in Table 5.1 suggest that molecules 

in submonolayer films of C4-PTCDI on KCl, and C5-PTCDI on KCl and KBr adopt a 

flat-lying configuration, while molecules of C5-PTCDI on NaCl, and C4-PTCDI on NaCl 

and KBr do not This suggests that the strength of interactions with the surface, which 

would induce a flat-lying orientation, decrease in the order: KQ > KBr > NaQ. The 

prediction that molecules on NaQ would exhibit the largest tendency to adopt a flat-lying 

configuration is obviously in conflict with the reported data, suggesting that other 

interactions have some influence on the surface orientation of the molecules. 

Further examination of Figure 5.15 suggests that the interaction of the central 

aromatic ring with a surface cation may also be important. The molecular orientations 

proposed for both KCl and KBr place the central ring above a surface cation, while on 

NaQ. die central ring lies above a surface anion. Benzene and other planar aromatic 

systems have exhibited a well-documented tendency to behave as r|6-electron donors in 

coordination compounds with transition metals.222 Relatively few compounds of this 

type have been reported to form with alkali ions, however, Ti^-sodium cyclopentadienyl is 

known to exist.222 (Due to the larger size and polarizability, and the more accessible d-

orbitals of potassium vs. sodium, the interaction of aromatic systems with potassium ions 

is expected to be even stronger.) Therefore, the placement of the central ring above the 

surface cations should be more favorable than the placement of the ring above surface 

anions. In the interactions of the aromatic system with the surface cations are the 

dominant interactions, and the interaction of the carbonyl oxygens with the surface have a 

minor (but still significant) effect, the tendency for inducing a flat-lying orientation of the 

perylene dyes becomes KCl > KBr > NaCl, which is in agreement with the experimental 

observations. 
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Another possible explanation for the difference in the interaction strength of these 

surfaces can be proposed simply on the basis of the atomic-scale corrugation which would 

be present on these surfaces due to the differences in the sizes of the cations and anions. 

The ionic radius of Na"^ is 0.97 A, while that of K"*" is 1.33 A. The ionic radii of the 

anions are CI* = 1.81 A, and Br - = 1.96 A.228 Assuming no relaxation or reconstruction 

of the surface layer of the alkali halides upon cleaving, the cation would be most accessible 

on the KCl surface, and least accessible on the NaCl surface. The different accessibility of 

the cation on each surface would also predict that the interaction strength of the alkali 

halide surfaces should decrease in the experimentally observed order KCl > KBr > NaCl. 

5^.8^ Y»Type Emission 

In Section 3.4.3 several explanations for the origin of the Y-type emission feature 

were presented, however, none of them seemed to fiilly explain experimental 

observations, and none were consistent with the observation of a Y-type emission feamre 

at room temperamre. The room temperature observation of Y-type (or V-type, see 

Section 3.4.3) emission features has been reported previously in the study of LB-films of 

various perylene and pyrene dyes.84.i48,l60,i98.i99.208 xhe common feature invoked in 

the explanation of the observation of a Y-type emission from room temperature films is 

the existence of an excimer with a different geometry than that which gives rise to the E-

type emission. The much shorter fluorescence lifetime of the Y-staie than the E-

statei'^^-i^-^os provides further evidence that the emitting species possesses a different 

geometry, as emission from the E-state (according to some theories) only becomes 

allowed due to vibrational processes. 

The observation of the Y1 state at room temperature in the PTCDA and PTCDI 

films reported here, and the decay kinetics of emission features of this type reported 
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elsewhere suggest that the emission arises from a new species. This species, 

which is apparently only possible due to the restricted architectures within the film, must 

possess a different symmetry which makes the emission process allowed. The exact 

namre of this species is indeterminable, however, from the current data. 

From the coverage dependence of the luminescence spectra, it is clear that the Y1 

state is only observable in films which are ca. 1-5 MLE in thickness, suggesting that it 

may be due to a species which exists only at the interface between the first and second 

monolayer. The orientation of molecules in the first monolayer is undoubtedly dictated in 

large part by interactions with the surface, while the orientation of molecules in higher 

layers will be determined primarily by intermolecular interactions. Between these two 

regimes exists an interfacial layer which may possess molecular geometries which are 

unique, and which can only exist due to the presence of the interface. In light of this, it is 

plausible that the Y-state emission observed in LB-films, etc. of similar materials is due to 

a similar molecular geometry which can only exist due to the restricted namre of the 

film 54.190-193.198.199.201 

The Y-type emission observed in single crystals of a-perylene, etc. at cryogenic 

temperatures may actually be due to defect states at grain boundaries, twiiming planes, etc. 

If these species do exist only at grain boundaries, etc. they will be present in the crystals in 

relatively small amounts compared to the defect-free material. Even in a highly 

poIycrystaUine material, the surface-to-volume ratio is relatively small, leading to a 

dominance of the defect-free material in the center of the crystal. It is likely that emission 

from the defect states in the crystal occurs at all temperatures, but that the emission signal 

is overwhelmed by the emission from the far more numerous defect-free E-states at room 

temperature. It is only after the E-state is "turned off' by cooling the sample, that the Y-

state becomes observable. 
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Perlstein has shown theoretically that 2-D arrays of molecules can be formed from 

1-D translational aggregates.^^-'^ It was often found that the lowest energy 1-D 

translational aggregate did not give rise to the lowest energy 2-D array. Therefore, it is 

also possible that the relative intermolecular arrangement which gives rise to the E-type 

emission in crystals corresponds to a 1-D translational aggregate which leads to a low 

energy 2-D array, while the relative intermolecular arrangement of die Y-state represents a 

1-D aggregate which is not easily incorporated into a 2-D array. This explanation is 

consistent with the coverage dependence of the Y1 state which disappears as the film 

thickness exceeds 1-2 MLE. 

5^.83 E-Type Emission 

It is generally accepted that the E-type emission occurs from a symmetric cofacial 

eclipsed dimer which has undergone some configurational relaxation. The bulk structures 

of all of the perylenetetracarboxylic dyes investigated here are composed of 2-D arrays of 

i-D translational aggregates. The geometry of adjacent molecules within the 1-D 

translational aggregates places the molecules in a cofacial eclipsed dimer geometry. 

Therefore, E-type emission would be expected from each of these materials in thick films 

or crystals. Since the relative positions of the molecules in this hypodieticai dimer which 

can be identified in the unit cell differs for each of the molecules studied here, the energy 

of the E-type emission is expected to be different for each of the dyes. In light of this, the 

energy of the E-type emission for a material can be used as a probe of the average 

molecular architecture on a distance scale of a very few molecules. 

The energies of the E-type emission features obtained from 60 MLE thick films of 

PTCDA and the PTCDIs deposited at room temperature are summarized in Table 5.3. 
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NaCl KBr KCl Glass 

C5-PTCDI 685 677 672 675 

C4-PTCDI 696 686 681 693 

PTCDA 714 725 717 720 

Table 5«3: Position of the E-type emission from 60 MLE thick films. 

Striking differences can be observed from the trends presented in Table 5.1 and 

5.2. Many of the molecule-smface combinations which appeared to be similar at the 

submonolayer level exhibit very different E-type emission features at 60 MLE thickness, 

while others which initially appeared dissimilar exhibit similar E-type feamres. From 

Table 5.3, it would be reasonable to suggest that 60 MLE C5-PTCDI films on NaCl 

possess a similar molecular arrangement to C4-PTCDI films on KBr. The UV-Visible 

absorbance spectra of these two films, however, suggests that this is not the case. 

5.9 UV-Visible Spectroscopy of Deposited Films 

UV-Visible absorbance spectra were collected at normal incidence from 60 MLE 

films on each of the surfaces. (Attempts to collect spectra at non-normal incidence in 

order to determine dipole orientation from dichroic ratios were generally unsuccessful. In 

most cases, the scattering properties of the substrates began to dominate the spectra when 

the angle of incidence was increased from the normal.) The shapes of die spectra which 

were collected were highly dependent upon the identity of the molecule, and in most cases, 

exhibited little dependence upon the substrate and deposition conditions. Representative 

spectra for each of the materials are shown in Figure 5.16. 
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Figure 5.16: Visible absorbance spectra of 60 MLE thick films of PTCDA, 
C4-PTCDI, and C5-PTCDI, deposited at room temperature on KCl. 
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The positions of the lowest energy absorbance for C4-PTCDI and C5-PTCDI 

predicted by the empirical relationsiiip of Klebe, et al. are 574 nm and 570 nm. 

respectively, however, the positions at which these absorbance feamres were actually 

observed by Klebe, et al. are 588 nm and 577 nm. In the films studied here, the lowest 

energy absorbance feature of C4-PTCDI occurred at 570 nm and that of C5-PTCDI 

occurred at 577 nm, suggesting that, within the error established by Klebe, etai, the 

molecules in the films may be adopting their bulk structures. Since the empirical 

relationship exhibited the strongest dependence on the extent of the longitudinal offset, 

(which is nearly identical for the bulk structures of these molecules), it is not surprising 

that their lowest energy absorption features are so similar in energy. 

While the peak positions of the lowest energy absorption feamres are similar for 

the two molecules, the relative intensities of these peaks to the other peaks in the spectrum 

are significantly different, indicating that the molecules are clearly adopting two different 

molecular architectures. This difference imparts a distinct color to the films: C4-PTCDI 

films are pink, while C5-PTCDI films of approximately the same thickness are generally 

peach-colored. 

In all cases, the UV-Visible absorbance spectra do not appear to be merely solid-

state broadened versions of the solution spectra, due to intermolecular perturbation effects 

of the crystalline lattice. The most significant characteristic of the solid-state absorbance 

spectra of the films is that they exhibit significant overlap with the emission spectra of the 

monomer. Therefore, the loss of the monomer signal in thicker films is not necessarily 

due to incorporation of the monomeric species into a crystalline lattice. 
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5.10 Infrared Dichroism Measurements on Deposited Films 

In Figure 5.17a. representative infrared spectra of PTCDA, C4-PTCDI. and C5-

PTCDI films on KBr at normal incidence are shown. The infrared spectra of PTCDA and 

various PTCDI films have been reported previously.^O. 161.163.223 and the assignments of 

the peaks in these reports have been used to generate Table 5.4. 

PTCDI PTCDA Assisnment 

734 perylene wag, coc-H(pery.) 

747 alkyl rock, pc-H(alk.) 

794 795 perylene wag, coc-H(pery.) 

808 810 perylene wag, 0)C-H(pery.) 

1087 C-H bend (alkyl). 5C-H 

1342 C-H stretch (pery.), vc-h 

1578 C=C stretch, vc=c 

1592 1594 C=C stretch, vc=c 

1655 1731 C=0 stretch (asym), vc=0(asym) 

1744 C=0 stretch, vc=o 

1756 C=0 stretch, vc=o 

1696 1772 C=0 stretch (sym), Vc=0(syra) 

2858 C-H alkyl stretch, vc-h 

2871 C-H alkyl stretch, vc-h 

2927 C-H alkyl stretch, vc-h 

2955 C-H alkyl stretch, vc-h 

Table 5.4: Assigiunents of IR absorbance modes 
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Figure 5.17a: IR absorbance spectra of PTCDA, C4-PTCDI, and C5-PTCDI 

films deposited at 100 °C on KBr. 
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Figure 5.17b: ^ and Pc.H(,ik.) of PTCDA, C4-PTCDI, 
and C5-PTCDI. 
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Figure 5.17c: and bands of PTCDA, C4-PTCDI, 

and C5-PTCDI. 
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The infrared spectra of these materials are miusual in that the symmetric carbonyl 

stretch occurs at higher energy than the asymmetric carbonyl stretch. The assignment of 

these bands has been confirmed by comparison with other cyclic anhydride and imide 

systems. In single crystal phthalimide, in which the orientation of the molecules with 

respect to the incident radiation was known, the asymmetric vc=o stretch occurred at 

lower energy. 169.170 addition, the depolarization ratios of the two carbonyl bands of 

1,8-dicarboxylic anhydride were studied by Raman spectroscopy in an attempt to confirm 

the assignments.67 It was found that the higher energy transition was polarized, 

supporting its assignment to the symmetric stretching vibration. 

The average orientation of PTCD A and the PTQDIs with respect to the surface 

normal can be completely determined by any two of three orthogonal transition dipoles-

two which are polarized parallel to the molecular plane, and one which is polarized normal 

to the plane. In these molecules, the symmetric carbonyl stretch (vc=0(syra)) of the 

tetracarboxylic anhydride or imide groups is polarized parallel to the long molecular axis, 

while the asymmetric stretch (vc=0(asym)) is polarized parallel to the short molecular 

axis. The transition dipole of the perylene C-H wag (coc-H(pery.)) is polarized normal to 

the molecular plane. The relationship between the dipole orientations and the molecular 

axes is shown in Figure 5.18. For the ETCDI molecules, the orientation of the chains, 

which can be determined by the C-H rocking mode, pc-H(alk.) (which is polarized normal 

to the alkyl chain axis), is also an important parameter in determining whether or not the 

molecules in the films are arranged in some orientation of their bulk stmcmre. 
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Figure 5.18: Relationship between the IR transition dipole moments and the molecular 
axes for a generic perylene tetracarboxylic dye. 
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5.10.1 Orientation of the Molecules Within the Films 

In general, the infrared spectra of films deposited at room temperature appeared 

very similar to films of the same material deposited on the same substrate at 100 °C. 

indicating that the film structure was not dependent upon the deposition conditions. 

(There were a few exceptions to this generality, which will be discussed below.) The 

peak width of films deposited at higher temperatures was usually more narrow than the 

peak width in corresponding films deposited at room temperamre. suggesting that the 

films deposited at higher temperature exhibited longer range order on the scale of the 

coherence length of the IR experiment. 

The orientation of the vibrational transition dipoles with respect to the surface 

normal of the deposited films can be obtained through the method of Schmidt and 

ReichJ^^ outlined in Section 3.3.1. The orientation calculations were only applied to 

dipoles which exhibited a known orientation with respect to the molecular axes. In these 

crystalline films, some vibrational bands appeared to be split due to the crystalline 

environment. In some cases, the split bands both appeared to exhibit the same orientation 

with respect to the surface normal (indicated by the * in Figures 5.17b and 5.17c), while 

others were split into components whose intensity ratio varied with incident angle, as 

indicated by the arrows in Figures 5.17b and 5.17c. Since the orientation of the transition 

dipole of the split bands with respect to the molecular axes is generally not known, no 

orientation calculations were attempted for bands which displayed this second type of 

splitting. It was assumed that bands which exhibited the first type of splitting were still 

polarized in the same direction as the corresponding dipole of the individual molecules. 

The orientations of the symmetric and asymmetric carbonyl stretches, the out-of-

plane perylene C-H wag, and the alkyl rocking mode (if determinable) for films deposited 

at room temperature and at 100 °C are given in Tables 5.5 and 5.6, respectively. Bands 
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which exhibited splitting which prevented orientation calculations are denoted as "split" in 

these tables. The rocking mode of the alkyl chains on C4-PTCDI were generally very 

broad and exhibited little dichroism, making these bands of little use in determining the 

orientation of the alkyl chains. Therefore, the orientation of the alkyl chains in C4-PTCDI 

films was not obtainable. In many cases, the inherent noise in the spectrum led to the 

determination of peak intensities which produced undefined values in the orientation 

calculations. Undefined values correspond to orientations which are calculated to be either 

greater than 90° or less than 0°. It is assumed that when these undefined values occur, the 

true orientation of the vibrational dipole is very near the physical limits (of 0° or 90°), and 

the orientation will be reported as either U/D(90°) or U/D(0°) to indicate which limit has 

been exceeded. Representative orientations of the molecules within room temperature-

deposited C4-PTCDI and C5-PTCDI films on KCl, based on Table 5.5. are shown in 

Figure 5.19. Also shown in Figure 5.19 are the orientations predicted for growth along 

the (010) layer plane of C4-PTCDI, and the (0-11) layer plane of C5-PTCDI. 

Since the vc=0(sym). vc=0(asym)i and the coc-H{pery.) of the perylene ring are 

orthogonal, the sum of the orientations of these three absorption bands should equal 180°. 

This allows for the determination of the orientation of the third dipole if only two are 

experimentally accessible. Orientations for the split bands which have been determined in 

this manner, are shown in the braces in Tables 5.5 and 5.6. 

VC=Ofsvm) Vc=0(asvm) tOC-Hfoerv.) PC-H(alk.) 

C5-PTCDI KCl split {20} 75° 85° U/D(90°) 

KBr split {35} 75° 70° U/D(90°) 

NaCl split {30} 71° 79° U/D(90°) 

C4-PTCDI KCl O
N

 o
 

72° 00
 

o
 

o
 

n/a 
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Table 5.5 continued 

KBr 55° 

o
 
O
 U/D{90°) n/a 

NaCl U/D(90°) split {n/a} 00
 
o
 

o
 

n/a 

PTCDA KCl 77° 

o
 
o
 

00 

U/D(0°) n/a 

KBr 83° 80° 5° n/a 

NaCl 82° U/D(90°) U/D(0°) n/a 

Table 5S: Orientation of IR bands in films deposited at room temperature 

Vc=Ofsvm) VC=0(asvm) <OC-H(Derv.) PC-Hralk.) 

C5-PTCDI KCl split {29} 74° 77° 85° 

KBr split {n/a} 

O
 
O
 

00 

U/D(90°) 75° 

NaCl split {24} 75° 81° 73° 

C4-PTCDI KCl 63° 63° 75° n/a 

KBr 65° split {35} 80° n/a 

NaCl 78° split {32} 70° n/a 

PTCDA KCl 86° 80° U/D(0°) n/a 

KBr 86° 83° 5° n/a 

NaCl 87° 86° U/D(0°) n/a 

Table 5.6; Orientation of IR bands in films deposited at 100 °C 

Due to the nature of the calculation, experimental problems, and a typical sample 

set of N=l, it is difficult to provide an estimate of the uncertainty of these calculated 

values. From Figure 3.9, it can be seen that the sensitivity of the orientation calculation is 

not constant over the entire range of possible dichroic ratios. As the calculated angle 

approaches 90°, the relationship becomes extremely sensitive to small changes in the 
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C4-PTCDI 

C5-PTCDI 

Figure 5.19: Expected and observed orientations of the long molecular axis (left side 
of each image), and the molecular plane (right side of each image) in PTCDI films on 
KCl. a) and c) are the orientations predicted from the bulk structures, and b) and d) are 
the orientations determined from IR dichroism measurements. The uncertainty of the 
measurements is indicated by the shaded regions in b) and d). 
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dichroic ratio, leading to a larger uncertainty associated with angles in this region. Further 

complicating the error analysis is the energy dependent throughput of the FTIR 

spectrometer. The maximum throughput occurs between 1500 cm"' and 2500 cm"^ 

leading to a large signal-to-noise ratio in this region. Unfortunately, the throughput falls 

off rapidly below 1000 cm*^ leading to a poor signal-to-noise ratio in the peaks 

corresponding to the wagging and rocking modes, resulting in larger uncertainty in the 

determination of the orientation of these dipoles. 

The alkali halide substrates employed here occasionally produced additional 

complications in the determination of the peak intensities. Interference fringes (whose 

intensity varied with energy) would occasionally be observed if the substrate being 

examined possessed planes of the proper spacing to interact with the IR radiation. The 

interference fringes were most prominent below 1000 cm*^ making the determination of 

orientation of the wagging and rocking modes even more unreliable. Finally, due to the 

dme required to prepare and analyze each film, typically only one (or at most two) films 

of each type were used to generate the data in Tables 5.5 and 5.6. Qualitative analysis of 

other films whose thicknesses led to poor IR spectra which were unusable for 

calculations, suggested, however, that the trends observed in the films reported in Tables 

5.5 and 5.6 are representative. 

Upon consideration of all of the various uncertainties associated with these 

experiments, an uncertainty in the calculated angles of at least 15°-20° is probably a 

reasonable estimate. Since the sum of the three orthogonal transitions in Tables 5.5 and 

5.6 should equal 180°, this relationship can be used to confirm the error estimate. The 

average difference between the expected 180° sum and the actual sum (when 

determinable) is ca 19°. This leads to an average error of just over 6° for each of the three 

orthogonal transitions, establishing a lower limit to the uncertainty of the experiment. 
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Within the assumed error of the experiment, it is difficult to determine, based 

solely on the calculated orientations, if any of the films exhibit different structures. Certain 

conclusions, however, can be drawn from the data in Tables 5.5 and 5.6. In general, the 

expected flat-lying orientation of PTCDA molecules on the surfaces has been confirmed 

in all cases. It is also clear that the molecules in both C4-PTCDI and C5-PTCDI films do 

not lie with their molecular planes parallel to the substrate in any of the films. The 

orientation of the C4-PTCDI molecules is generally consistent (within the uncertainly 

limits) with that expected for the growth of a film in which the (010) plane of the bulk 

strucmre lies parallel to the substrate as shown in Figures 5.19a and 5.19b. This 

arrangement would lead to observed orientations of the dipoles of vc=0(sym) == 44°, and 

Q)C-H(pery.) = 67° (i.e. the molecular plane is tilted ca. 23° from the surface normal). The 

calculated mean orientation angles for these two vibrational bands in a 60 MLE film 

deposited at room temperature on KCl are 63° and 80°. respectively 

The orientation of the C5-PTCDI molecules on the surface is, however, generally 

not consistent with layer-by-layer film growth along either of the proposed layer planes of 

the bulk structure. The expected orientations for growth along these planes would be 

vc=0(sym) = 73°, and coc-H(pery.) = 65° (i.e. the molecular plane is tilted ca. 25° from the 

surface normal) for growth along the (0-11) plane as shown in Figure 5.19c, and 

vc=0(syni) = 78°, and coc-H(pery.) = 78° (molecular plane tilt of ca. 12°) for growth along 

the (0-12) plane. The calculated orientations for these bands in a 60 MLE C5-PTCDI film 

deposited at room temperature on a KBr surface are vc=0{sym) =35°. and 03c-H(pery.) = 

70°. In addition, the pc-H vibration of the alkyl chain suggests that the chain axis is 

essentially parallel to the surface normal in all of the films as shown in Figure 5.19d. 

Even within the rather large experimental uncertainty, these mean orientation angles are 
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clearly not consistent with the orientations predicted for growth along either of these layer 

planes. 

A potentially more useful analysis of the infrared data is to examine the splitting 

patterns of the peaks for similarities between the films. Since the splitting of peaks is 

dependent upon the number and arrangement of molecules within the unit cell of the 

organic material, the presence or absence of peaks can be used to aid in the determination 

of whether the molecules adopt their known bulk structure. The synunetric carbonyl 

stretch of all of the C5-PTCDI films exhibited similar splitting which prevented the 

calculation of the orientation of this transition dipole. suggesting that the stmcmre adopted 

in all of the films is similar. The reported bulk structure of C5-PTCDI, however, contains 

only one molecule per unit cell (which should not lead to peak splitting), indicating that the 

published bulk stmcture has not been adopted on any of the surfaces. 

The asymmetric carbonyl stretch exhibited splitting in C4-PTCDI films deposited 

on NaCl at both room temperature and 1(X) °C, while no splitting was observed for this 

band in films of C4-PTCDI on KCI deposited under the same conditions. C4-PTCDI 

films on KBr surfaces did not exhibit splitting of this band when deposited at room 

temperature, however, deposition of films at 100 °C did lead to splitting similar to that 

observed from films of C4-PTCDI on NaCl. This suggests that C4-PTCDI films on KBr 

can adopt either of two polymorphic structures (which are probably similar in energy), 

depending upon the deposition conditions. From consideration of the fluorescence data 

presented in Section 5.5.1, the interactions between the C4-PTCDI molecules and the 

NaCl surface are weaker than those between the molecules and the KCI surface. This 

suggests that the structure adopted on the KCI surface is dictated by specific molecule-

substrate interactions, while that on NaCl is less likely to be so. Addition of thermal 
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energy to the films on KBr. apparently overcomes the interactions with the surface, 

allowing the formation of a strucnire similar to that adopted on NaCl. 

5.11 Tapping Mode Atomic Force Microscopy of Deposited Films 

Films of PTCDA, C4-PTCDI, and C5-PTCDI on each of the surfaces were 

examined in the low coverage regime by atomic force microscopy. The gross 

morphology exhibited by the films, like the fluorescence and infrared spectra, was highly 

dependent upon the surface being studied. Evidence for a monolayer of flat-lying 

molecules was observed for some films, while others exhibited step heights which 

corresponded to molecules which were inclined with respect to the surface. In general, 

films whose submonolayer fluorescence spectra did not indicate significant interactions 

between the molecules and the surface exhibited three dimensional crystal structures at the 

lowest coverages studied. One common feature observed, in almost all cases, was the 

tendency for step edge nucleation of the deposited films. The crystallites of the organic 

material typically had at least one edge aligned with one of the plentiful single atomic 

height step edges of the alkali halide surface. 

5.11.1 C5-PTCDI 

According to the fluorescence data from submonolayer films, C5-PTCDI 

molecules in the first monolayer of films deposited at room temperature on KCl and KBr 

should lie with their molecular planes parallel to the substrate, leading to the observation of 

step heights in AFM images of ca. 3-4 A (the thickness of a single flat-lying molecule). 

The representative AFM images of ca. monolayer thick films on KBr and KCl shown in 

Figure 5.20 indicate that while a flat-lying monolayer is clearly present on the KBr 

surface, its presence on the KCl surface is debatable. Examination of C5-PTCDI films on 
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Figure 5.20: C5-PTCDI films dq)osited at room temperature onto a) KBr and b) KCI. 
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KBr (Figure 5.20a) reveals ordered needle-like crystallites which grow on top of a nearly 

continuous monolayer whose occasional pinholes allow its thickness to be determined. 

The thickness of the nearly continuous monolayer is ca. 3.5 A ± 1 A. suggesting that 

initially a flat-lying monolayer is formed on the KBr surface. Nucleation of the second 

layer initiates the growth of crystallites in which the molecules are inclined with respect to 

the surface as evidenced by the height of the crystallites which is ca. 8 A ± 2 A above the 

flat-lying monolayer. These step heights are reasonably consistent with growth along the 

(0-11) layer plane of the bulk structure. 

Remarkably, the crystallites which grow from the flat-lying first monolayer exhibit 

a relatively narrow distribution of orientations with respect to the major axes of the 

substrate. In all of the AFM images shown here, the substrate was oriented so that its 

major crystallographic directions are approximately parallel to the edges of the images, 

allowing the determination of the orientation of film features with respect to the substrates. 

The long axis of the crystallites in Figure 5.20a are oriented ca. 30° ± 5° with respect to 

the <010> directions of the substrate. The narrow orientation distribution which is 

symmetric around the <010> directions of the substrate suggests that the crystallites are 

being directed by the substrate. This is possible if the molecules in the first monolayer 

adopt a regular arrangement which maximizes favorable molecule-substrate interactions. 

Lattice matching between the lattice formed by the flat-lying molecules and the lattice of 

the crystallites may then be dictating the observed orientation. Unfortunately, this 

hypothesis can not be confirmed since the crystallographic parameters of the molecules in 

the crystallites are unknown. 

On the KCl surface shown in Figure 5.20b, very different film stmctures are 

observed. The light-colored large flat regions in Figure 5.20b correspond to the C5-

PTCDI film. In contrast to the film on the KBr surface, the strucmres in this image are ca. 
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5 A ± 1 A high, which is reasonably consistent with growth along the (0-12) layer plane. 

Since the position of the alkyl chains of the molecules are unknown, however, it is still 

possible that a flat-lying monolayer is present on this surface. If the molecules are packed 

so that the alkyl chains are projected away from the surface, a larger layer thickness for the 

flat-lying monolayer would be observed. If the monolayer diickness observed on this 

surface corresponds to the height expected for a flat-lying monolayer whose chains are 

projected away from the surface, then the smaller height observed on the KBr surface 

suggests that the alkyl chains lie approximately in the same plane as the perylene core. 

Surprisingly, the organic strucmres on this surface are not all associated with step edges. 

Some of the stmctures appear to have nucleated in the middle of the substrate terraces, 

indicating that the molecule-substrate interactions in the first monolayer are significant 

enough that nucleation can occur even at these energetically unfavorable sites. 

C5-PTCDI films on NaQ were extremely difficult to image and often exhibited 

very noisy images with no sharply defined edge features. No evidence for an ordered film 

strucmre was found on these surfaces, suggesting that either there are no molecules on the 

surface or that the molecules which are there are so weakly interacting with the substrate 

that they become mobile under the force of the AFM tip. The second case is more 

probable, fluorescence spectra acquired from the NaCl substrate immediately prior to 

venting of the vacuum chamber and imaging by AFM revealed both monomer and 

excimer emission features corresponding to ca. 1-2 MLE coverages. The weak 

interactions between the C5-PTCDI molecules and the NaCl substrate are consistent with 

the fluorescence data from submonolayer films which suggests that these molecules 

interact only weakly with the substrate. 

On a glass surface, irregularly shaped needles growing away from the surface 

were observed for films of C5-PTCDI (shown in Figure 5.21), C4-PTCDI, and PTCDA, 
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Figure 5.21; C5-PTCDI film deposited at room temperature on a glass substrate. 
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suggesting that there are no interactions with the substrate which induce order in the 

deposited films. This result is not surprising since the amorphous nature of the glass 

substrates prevents any epitaxial relationship between the overlayer and the substrate. 

Since there is no definable substrate surface lattice, lattice matching between the overlayer 

and the substrate can not exist. Although the fluorescence data indicate strong molecule-

substrate interactions, the random nature of the surface will prevent the formation of an 

ordered flat-lying monolayer of the type proposed to exist on the KBr surface. 

5.11J C4-PTCDI 

The fluorescence data indicate that molecules in the first monolayer of C4-PTCDI 

films on KCl experience similar interactions with the surface as C5-PTCDI molecules on 

KCl and KBr, suggesting that similar film structures should be observed. Representative 

AFM images of a ca. 4 MLE thick film, and a submonolayer film, of C4-PTCDI 

deposited on KCl is shown in Figures 5.22a and 5.22b, respectively. C4-PTCDI films 

deposited on KCl exhibited a remarkable tendency for layer-by-layer growth under any 

deposition conditions. No crystalline features, such as those observed on NaCl (discussed 

below) were observed in any C4-PTCDI films deposited on KCl. Step heights in the 

image in Figure 5.22a are ca. 15 ± 2 A, which is consistent with the ca. 14 A step height 

expected from growth along the (010) layer plane of the bulk structure. The absence of 

regular crystallites in films on KCl, suggests that these films may exhibit a large degree of 

disorder. The disordered nature of the films is supported by the persistence of the 

monomer-like emission signal from films on this surface at coverages up to at least 12 

MLE. (On most other surfaces, the monomer signal disappeared at ca. 1-2 MLE.) 

Surprisingly, the corrugation of the substrate can be observed through the 

deposited film (at submonolayer coverages), as indicated by the arrows in Figure 5.22b. 



Figure 5.22: C4-PTCDI films deposited at room temperature onto KCI; a) ca. 4 MLE 
coverage, b) less than 1 MLE coverage.. 
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The presence of the substrate corrugation within the film structure suggests that the 

intermolecular interactions within the film are too weak to "heal" the defect caused by the 

substrate step. The step heights in the films in Figure 5.22b are ca. 9 A ±1 A. which is far 

too large to correspond to a flat-lying monolayer, even if the alkyl chains are directed away 

from the surface. These dimensions are not consistent with growth of the films along the 

(010) plane of the bulk stmcture at this coverage, suggesting that the molecules undergo a 

change in molecular orientation to that expected for layered growth before the coverage 

shown in Figure 5.22a is reached. 

The monomer emission spectra of these films, however, suggest a flat-lying 

orientation of the first monolayer. The most likely explanation for the apparent 

discrepancy between the two experiments is that the monomer emission features are due 

to molecules which are not observed in the AFM images. These molecules can be either 

at the edges of the crystallites, or at completely different regions of the surface. 

The behavior of C4-PTCDI on the NaCl surface exhibits much better correlation 

with the submonolayer fluorescence data of Table 5.1. The weak molecule-surface 

interactions indicated by the fluorescence data suggest that a flat-lying film structure 

should not be observed on this surface. The AP^ images of C4-PTCDI films on NaCl, 

deposited at both room temperature and 100°C exhibit regularly oriented crystallites of the 

type shown in Figure 5.23. As the substrate temperature during deposition is raised, the 

crystallites exhibit anisotropic growth, with the long axis of the crystallites being the 

favored growth direction. Crystallites of > 5 p. m in length have been observed in some 

films deposited at 110 °C. The shape of the crystallites on the surface is wall-like, as can 

be seen in the perspective view AFM image in Figure 5.23b. The structure indicated by 

the arrow in Figure 5.23a is consistent with a molecular "wall" which has fallen over. In 
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Figure 5.23: C4-PTCDI films deposited at 100 °r \T R Î 
perspective view. onto NaCl; a) surface view, b 
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all cases, the direction of the long axis of the crystalline walls is ca. ± 10° with respect to 

the <010> direction of the substrate. 

From the AFM and fluorescence data, the growth mode of C4-PTCDI on NaQ 

can be postulated. The specific interactions between individual molecules and the 

substrates is relatively weak, so that flat-lying strucnires are not imposed upon the 

molecules. Therefore, the most likely factor leading to the growth of oriented crystals on 

the surface is lattice matching between the substrate and the C4-PTCDI overlayer. The 

shape of the crystals, suggests that the lattice matching in one dimension (along die short 

crystallite axis) requires a significant strain firom the favored film strucmre, leading to only 

minimal growth in this direction as the degree of mismatch becomes progressively greater 

with increasing crystaUite dimensions. The strain necessary for lattice matching in the 

other dimension (along the long axis of die crystallites), however, is apparently minimal, 

leading to favored growth in this dimension. The occasional kinks in the crystallites are 

most likely due to twinning defects. 

While C4-PTCDI films on KQ and NaCl always exhibit the same type of surface 

structure regardless of the deposition temperamre, the surface structures adopted by C4-

PTCDI on KBr surfaces are highly temperature dependent. Films deposited at room 

temperature exhibit surface structures very similar to those observed on KCl, except that 

the step height of the films on these surfaces is 13 A ± 1 A. When deposited at higher 

temperatures, such as 100 °C, wall-like crystals similar to those observed on NaCl are 

formed, although the long axis of the crystals are oriented ca. ± 40° with respect to the 

substrate <010> directions. These observations are consistent with the infrared 

spectroscopy of C4-PTCDI films on KBr where a change in the splitting of the 

asymmetric carbonyl stretch was observed as the deposition temperature was changed. 
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5.11 J PTCDA 

Films of PTCDA, deposited at room temperature on all of the surfaces 

investigated, exhibited structures similar to those observed in Figiure 5.24. The edges of 

the stmctures do not exhibit regular geometric features like those observed for C4-PTCDI 

films on NaQ. Qose examination of the structures in Figure 5.24 reveals single 

molecular steps of ca. 3-4 A, confirming the flat-lying orientation of the molecules 

predicted by infrared and fluorescence spectroscopy. 

Deposition of PTCDA at 100 °C onto the three different alkali halides produced 

stmctures which exhibited quite different gross morphologies as shown in Figure 5.25. In 

all cases, however, single molecular steps of 3-4 A in height were present indicating that 

the molecules in these films are also flat-lying. On NaQ, dendritic growth features were 

observed which occasionally extended across several substrate terraces as shown in Figure 

5.25a. Unlike the C4-PTCDI films on KQ, in which the substrate cormgation was visible 

in the molecular film, the intermolecular interactions within the crystals of PTCDA on 

NaCl are strong enough to "heal" the defect induced by the substrate steps. These 

dendritic features are very similar to the feanires observed by Mobus, eta/, in TEM 

analysis of thicker films. ^^5 According to Mobus, er al. the molecular lattice in the 

dendritic feamres exhibits a coincident relationship with the substrate lattice. The 

orientation of the lattice, however, is proposed to be determined by specific molecule-

substrate interactions rather than lattice matching. The adoption of a coincident lattice for 

PTCDA on this surface is surprising because there is a commensurate lattice possible 

between the alpha modification and the NaCl surface which requires relaxation of the unit 

cell of PTCDA of less than 1%.158 

PTCDA films deposited onto KBr surfaces at 100 °C exhibit large plate-like 

crystals whose long axes are aligned widi the <010> axes of the substrate. The 
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Figure 5.24; PTCDA film deposited at room temperature onto KCl. 
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Figure 5.25: PTCDA films deposited at 100 °C onto a) NaCl and b)KBr. 
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dominance of alignment of the crystallites along one particular axis in Figure 5.25b. 

suggests that nucleation at edge sites plays a key role in the formation of these films. It 

was shown in Figures 2.6 and 2.7 that the method used to cleave the substrates led to the 

formation of large terraces separated by steps which ran perpendicular to the direction of 

the applied force. Alignment of nucleation sites along these step edges would result in 

anisotropic film structures such as the ones observed in Figure 5.25b. Films deposited on 

KQ exhibit significant amounts of both the dendritic and plate-like crystallites seen on 

NaCl and KBr, respectively. The cause for the different morphologies on the different 

surfaces is most likely due to different orientations of the unit cell of the PTQDA lattice. 

In all cases, PTQDA films on all of the substrates investigated exhibited a 

tendency for island growth, even within the first monolayer. Occasionally, between the 

PTCDA crystallites a monolayer was observed, whose occasional pinhole defects allowed 

its thickness to be determined to be ca. 3-4 A, supporting the flat-lying orientation 

predicted from consideration of the layer planes of the bulk stmcture. 

5.12 Summary of the Study of PTCDA, C4-PTCDI, and C5-PTCDI on the Alkali 

Halides 

In general, the smdy of the perylene dyes on the alkali surfaces support the 

conclusions drawn from the smdy of Pes on the CuClOO) surface reported in Chapter 4. 

Planar molecules such as CuPc and PTCDA assume flat-lying orientations in the first 

monolayer on nearly all surfaces studied to date.^^-^^-^ 18'123-125,135.136 Modification of 

the molecules to introduce substituents which lower the symmetry of the molecule 

dismpts the tendency for the molecules to assume flat-lying structures as other adsorption 

geometries become possible, provided that the specific molecule-substrate interactions are 

favorable. 
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Fluorescence spectroscopy indicates that the interactions between the p)erylene 

tetracarboxylic dyes and the KCl surface may be strong enough to induce a flat-lying 

geometry of all of the molecules studied in the first monolayer, even though this requires 

intramolecular rearrangement of the alkyi groups of the bis(dicarboximide)s. On NaCl, 

the interactions between the PTCDIs and the surface appear to be too weak to maintain a 

flat-lying geometry and crystallization of the molecules occurred at very low coverages. 

The interaction strength of the PTCDIs with the KBr surface is poised between these two 

extremes. The submonolayer fluorescence data suggest that the C5-PTCDI molecules 

interact strongly with the KBr surface at room temperature, while the C4-PTCDI 

molecules do not. 

The orientations inferred from the infrared spectra of relatively thick films indicate 

that the PTCDI molecules are inclined with respect to the surface, while the molecular 

plane of PTCDA lies parallel to the surface in all cases. The splitting pattems of the 

infrared peaks indicates that the structures adopted by C4-PTCDI and C5-PTCDI are 

distincdy different. The IR peak splitting also reveals that C5-PTCDI can not be 

exclusively adopting its published bulk structure on the surface as this structure contains 

only one molecule per unit cell (which should induce no splitting of the IR bands). The 

splitting pattern of C4-PTCDI on the KBr surface is affected by the deposition conditions. 

Films deposited at higher temperatures exhibit splitting of the asymmetric carbonyl 

stretch, while room temperature depositions lead to no splitting of this peak. In all cases, 

the observed infrared absorbance peak splitting could be arise from crystal field splitting 

of interacting molecules in a morphologically pure crystalline film. Alternatively, the 

films could be composed of domains of multiple polymorphs of slightly different 

molecular architectures, which may exhibit different IR (and visible) absorbance spectra. 
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AFM images of the surfaces confirm the flat-lying orientation of PTCDA 

expected from the fluorescence and IR data in all cases. Hat lying structures were also 

observed for the first monolayer of C5-PTCDI on KBr and possibly KCl, however no 

single molecular height steps corresponding to flat-lying structures were observed for C4-

PTCDI films on KCl, where flat-lying structures would be expected from the fluorescence 

data. Both of the PTCDI molecules appeared to nucleate crystals at submonolayer 

coverage when deposited on NaCl, possibly consuming an initially flat-lying monolayer in 

doing so. The structure observed in AFM images of C4-PTQDI on KBr is dependent 

upon the temperature of the substrate during deposition. Higher temperature depositions 

lead to the formation of oriented crystallites, which apparently possess a different stmcture 

than that adopted in room temperature films as evidenced by the splitting patterns in their 

infrared spectra. 

As stated above, one of the goals of this study was to examine the effects of 

different types of layer planes in the bulk structures on the ability of a molecule to exhibit 

epitaxial growth. From the above observations, PTCDA appears to be exhibiting growth 

along the layer plane of its bulk structure in all cases. C5-PTCDI does not appear to 

sustain an orientation which was consistent with growth along either of its layer planes, 

suggesting that the coincidence between the layer and molecular planes may be 

instramental in determining the growth mechanism. If, as the IR data suggest, a new 

polymorph of C5-PTCDI has been formed, it is possible that layer growth is occurring 

along some layer plane of the (unknown) bulk structure of the new polymorph. In general 

C4-PTCDI films also did not exhibit structures which were consistent with growth along 

the layer planes of the bulk crystal, with the possible exception of C4-PTCDI films on 

KQ, which exhibited the best layer-by-layer growth of any of the films studied. The data 

suggest that growth along a layer plane of the bulk may most favored if the orientation of 
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the molecules at the prenucleation stage is consistent with their orientation within the layer 

plane or if the energy gain from a rearrangement of the molecules toward a layered 

morphology is great enough. The orientations of the first molecules deposited on the 

surface is dictated almost exclusively by interactions with the substrate due to the low 

density of intermolecular interactions at these very low coverages. 

The morphologies exhibited by the two systems which appear to be exhibiting 

growth along the layer planes of their bulk stmcture (C4-PTCDI on KCl and PTCDA on 

all substrates) are distinctly different. C4-PTCDI films on KCl are much more 

continuous than PTCDA films, which tend to exhibit island growth on all surfaces. 

Consideration of the relative strength of the in-plane vs. between plane interactions in the 

bulk structures (see Section 1.4.3.2.2) would lead to the prediction of a layer-by-layer 

growth mode for C4-PTCDI and an island growth mode for PTCDA, as observed. In the 

C4-PTCDI bulk structure, the strength of the intermolecular interactions within the layer 

plane significantly exceeds that between layer planes, while the opposite is true for 

PTCDA. Although layered growth of C4-PTCDI appears so favorable from 

consideration of its bulk structure, it was only consistendy observed on the KCl surface. 

The interactions of the first monolayer of molecules with the NaCl and KBr surfaces 

appear to prevent the nucleation of a layered stmcture in multilayer films. Without 

crystallographic data from the first monolayer and the multilayer structures, it is difficult 

to suggest how the nature of the relationship at the interface is affecting the growth mode. 

In addition to the information gained about the relative importance of various 

growth factors, significant evidence was presented that the interaction strength of the alkali 

halide surface varies in a systematic way, in the order KCl > KBr > NaCl. The monomer

like emission spectra were found to be very sensitive to molecule-substrate interactions, 

exhibiting blue-shifts from the corresponding energy of the solution emission feature on 
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surfaces which were more strongly interacting. In all cases, the monomer emission of 

PTCDA on the alkali halides was significantiy blue-shifted from its energy in chci3 

solution, suggesting that the interaction between PTCDA and the surfaces is greater than 

between the PTCDIs and the surfaces. The reduced interaction strength of the PTCDI 

molecules with some of the surfaces is most likely due to steric hindrance of the alkyi 

chains, which is not present in the completely planar PTQDA. 

The evolution of the fluorescence spectra as film thickness was increased revealed 

different aggregation mechanisms in the different films, although the exact namre of the 

mechanisms remains unknown. The Y1 feature which was observed in some films 

appears to be an interfacial species between the first and second monolayers, since it is 

only observable at coverages of ca. 2-6 MLE. The fact that this feature is not observed in 

all films suggests different interfacial alignments of molecules on the different surfaces. 

While further investigation of these phenomena are necessary, the potential of 

fluorescence spectroscopy for the investigation of the evolution of organic thin films has 

been clearly demonstrated. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary of Experimental Results 

The potential for epitaxial growth of ClAlPc and Fi6ZnPc on Cu( 100), and of 

PTCDA, C4-PTCDI, and C5-PTCDI on the (100) surface of the alkali halides was 

investigated. Each of these materials were chosen as likely candidates for epitaxial growth 

due to favorable characteristics of their molecular and bulk structures. Flat-lying 

adsorption motifs and/or growth along layered planes of the bulk structure was possible for 

each molecule. 

ClAlPc deposited on the Cu(lOO) surface exhibited two different surface structures 

depending upon the deposition conditions. One of the strucmres was consistent with the 

commensurate square unit cell of flat-lying molecules which has been widely reported for 

Pes on many surfaces.59 The other structure, which had never been reported previously, 

however, possessed an incommensurate centered rectangular unit cell in the first 

monolayer, which suggested that the Pc molecules were inclined with respect to the surface 

leading to the adoption of a new surface lattice. Reflection absorption UV-Visible 

spectroscopy of the ClAlPc films indicated that films possessing the square unit cell were 

of the Phase in polymorph, while films possessing the centered rectangular unit cell in the 

first monolayer adopted a Phase 11 structure in multilayer films. LEED patterns of films 

of the centered rectangular structure possessed diffraction features due to double diffraction 

from the overlayer and the substrate at coverages up to 20 MLE, suggesting island 

formation within at most two monolayers from the surface. 
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FigZnPc deposited on the Cu(lOO) surface adopted a conunensurate flat-lying 

lattice whose dimensions and orientation differed from that adopted by most Pes on this 

surface. The intermolecular repulsions due to the larger, more electron rich fluorine atoms 

on the periphery of the Pc led to the formation of an expanded surface lattice which was 

forced to adopt a different orientation with respect to the substrate in order to maintain an 

epitaxial relationship. The UV-Visible spectroscopy of these films revealed the presence of 

many polymorphs, including a red-shifted narrow absorption peak which results from a 

layered configuration of the molecules within the film. This represents some of the first 

evidence for a layered structure in a divalent phthalocyanine. The coverage dependence of 

the LEED data suggest that amorphous island growth occurs in the third monolayer. 

PTCDA was found to adopt a flat-lying geometry on the alkali halide surfaces 

under all deposition conditions studied. Similar flat-lying orientations have been reported 

for PTCDA films deposited onto most substrates. 105.59 j^e flat-lying orientation inferred 

from the step heights of monolayer films was maintained as the film thickness was 

increased up to at least 60 MLE. AFM images of films of intermediate coverage suggest 

an island or layer-plus-island growth mode on most surfaces. 

In relatively thick films (ca. 60 MLE), both of the PTCDI molecules adopted a 

structure in which the molecular plane was inclined with respect to the surface, on all of the 

alkali halide surfaces investigated. At monolayer coverages, however, the PTCDI 

molecules appeared to adopt flat-lying geometries in some cases as determined by spectral 

shifts in the emission spectra, and step heights in AFM images. In all cases, the C5-

PTCDI molecules adopted an orientation which differed from that predicted by 

examination of its bulk stmcture. The growth of C5-PTCDI films on the alkali halide 

surfaces appeared to lead to the adoption of a new polymorph which was not consistent 

with the previously reported single crystal structure. The molecular orientation of C4-
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PTCDI films on KQ appears to be consistent with growth along the layer plane, which 

was predicted from examination of its bulk structure. Both the step heights in AFM 

images of intermediate thickness films, and the dichroism of key vibrational bands in the 

infrared suggest that a layered growth mode is followed from the onset of film growth on 

this surface. 

Fluorescence spectroscopy was employed as a means of probing the events 

occurring during the nucleation of films on the alkali halide surfaces. Although 

fluorescence spectroscopy is widely employed in the study of solutions or fluorophore 

doped films, this work represents one of die first comprehensive reports of its use for the 

study of the growth of films of fluorescent dye molecules. The energy of the monomer 

emission features in submonolayer films was indicative of the relative strength of the 

molecule-substrate interactions. If the strength of the molecule-substrate interactions were 

sufficient to maintain a flat-lying geometry of the molecules on the surface, blue shifts in 

the emission spectra were observed. The relative interaction strength of the substrates was 

determined to be KQ > KBr > NaQ. This order is consistent with the relative 

polarizabilities of the surface cations and their degree of mismatch with electron rich 

functionalities of the molecules. 

Ruorescence spectroscopy was also useful in examining the evolution of the films 

as the amount of material on the surface was increased. The emission spectra at low 

coverages was due to surface monomers which experienced little or no interaction with 

each other. As the coverage progressed from the submonolayer level to the multilayer 

level, the intensity of the monomer emission decayed and emission features due to 

excimers were observed. In some cases, a Y1 excimer state was observed as the films 

progressed from monolayer to multilayer thickness. This species appears to be confined at 
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the interface between the first and second monolayers, and was only present in some cases, 

suggesting that it arises from a dimeric interfacial species with a specific geometry. 

The position of the excimeric emission feature gradually red-shifted with coverage 

as the degree of intermolecular interactions increased, until it approached a value which was 

indicative of the film structure. While many of the films exhibited excimeric emission 

features which were representative of the expected bulk structure, the emission spectra of 

other films suggested that a new structure had been adopted. The strucmres adopted in ail 

of these films were determined, in large part by the events occurring at submonolayer 

coverages. 

62 Factors Which Control Epitaxial Growth of Organic Molecules 

The relative importance of such concepts as layer planes in the bulk strucmre, flat-

lying adsorption geometries which maximize specific molecule-substrate interactions, step-

edge directed nucleation, and lattice matching between the organic overlayer and the 

substrate were investigated. Each of these concepts has been proposed to be the dominant 

factor in the growth of ordered thin films of specific organic molecular systems, however, 

a complete understanding of the mechanisms which dictate film order will encompass 

contributions from all of these. From the data obtained here, a relative ordering of the 

importance of each of these concepts is beginning to emerge. 

62.1 Layer Planes vs. Specific Molecule-Substrate Interactions 

The importance of layer planes in promoting sustainable (for several multilayers) 

epitaxial growth of organic dyes was investigated. Each of the dyes smdied here exhibits at 

least one low index layer plane in their bulk structure which could possibly support 

epitaxial growth. In the bulk structures of ClAlPc and PTCDA, the layer plane lies parallel 
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to the molecular plane, while the molecular plane of both of the PTCDIs is inclined with 

respect to the layer plane. Therefore, the film structure adopted by PTCDA. in which the 

molecular plane lies parallel to the surface, also orients the layer plane of the bulk crystal 

parallel to the surface. The flat-lying orientation of ClAIPc on Cu( 100) also aligns both the 

molecular and layer planes parallel to the surface. From these two observations alone, it is 

not possible to determine if the flat-lying orientation is dictated primarily by the 

maximization of molecule-substrate interactions, or by the orientation of the layer plane of 

the bulk structure parallel to the surface. 

Since the molecular plane of the PTCDI molecules are inclined with respect the 

layer plane of their bulk structure, the contributions from the layer plane and specific 

molecule-substrate interactions can be separated. The observation that the molecules in the 

PTCDI films generally did not adopt orientations which were consistent with a parallel 

alignment of their bulk layer planes and the surface, suggests that, for these materials, the 

specific molecule-substrate interactions within the first monolayer play a more important 

role than bulk layer planes in determining the manner of film growth. The emission 

spectra obtained from submonolayer films suggests that the strength of the molecule-

substrate interactions may be strong enough to impose a flat-lying adsorption geometry 

even diough this involves a conformational change within the molecule. Further support 

for the relative importance of molecule-substrate interactions over growth along layer 

planes is provided by the non-flat-lying orientarion of ClAIPc on the Cu( 100) surface, since 

this arrangement does not correspond to growth along the known layer plane of the bulk 

structure. Thermal desorption mass spectra of films exhibiting this stmcture also reveal 

molecule-substrate interactions which are significantly stronger than the intermolecular 

interactions within the film. 
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The relative importance of specific molecule-substrate interactions in determining 

film strucmre is acmally quite reasonable if one considers the evolution of films during 

deposition. During the very early stages of film growth, the molecules which arrive from 

the vapor phase and adsorb to the surface remain relatively isolated from each other due to 

the low density of molecules present. Consequently, the specific interactions between the 

molecules and the substrate determine the adsorption geometry of the molecules. If this 

initial adsorption geometry is not consistent with the orientation of molecules within the 

layer plane of the bulk crystal, then it is likely that growth along the layer plane will not 

occur in the first monolayer if the molecule-substrate interactions are strong enough to 

prevent rearrangement to a structure which is consistent with the orientation of molecules 

within the layer plane. In some cases, however, the interactions between the molecules and 

the substrate may be overcome due to more favorable intermolecular interactions, and 

growth along the layer plane may still occur. It was also observed that reconstruction could 

occur from the flat-lying orientation adopted by the first monolayer of molecules, as the 

film thickness increased (e.g. C4-PTCDI on KBr). 

6J.2 Topographical Direction vs. Lattice Matching 

If the initial adsorption geometry of the molecules on the surface is consistent with 

the adoption of a crystalline lattice on the surface, the orientation of the overlayer may be 

directed by lattice matching between the overlayer and the substrate. The flat-lying 

orientation of ClAlPc on the Cu(lOO) surface was found to be consistent with a 

commensurate lattice match with the substrate. Although the exact molecular position is 

not readily determined, if it is assumed diat an individual molecule lies at a favorable site, 

the commensurate relationship wiU ensure that every molecule in the lattice lies on exactly 

the same site, thereby maximizing the specific molecule-substrate interactions, as well. 
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The centered rectangular lattice observed for CIAlPc. did not exhibit a 

commensurate or coincident lattice matching relationship with the substrate, although the 

lattice did exhibit a well-defined orientation with respect to the substrate lattice. The edges 

of the centered rectangular lattice were determined to lie parallel to the <011> directions of 

the substrate. Since the bulk structure of copper is face centered cubic, the closest-packed 

planes through the unit cell are the <011> planes. Therefore, the most stable step edges 

present on the Cu(lOO) surface would lie along the <011> directions. If the edges of the 

unit cell of the centered rectangular structure lie against the <011> step edges, the 

orientation of the QAlPc lattices would be consistent with the observed LEED pattern. 

From the two different strucmres of ClAIPc which have been observed on the 

Cu( 100) surface, conclusions about the growth processes can be drawn. The flat-lying 

orientation of molecules probably represents the most stable adsorption geometry since the 

first monolayer of films exhibiting this structure desorb at higher temperatures. The 

observation of a non-flat-lying orientation of ClAIPc molecules on the Cu( 100) surface 

suggests that the interaction strength of the non-flat-lying molecules with the surface is also 

quite substantial. Significantly, this adsorption geometry for these molecules has not been 

reported previously on other surfaces, presumably due to weaker molecule-substrate 

interactions on these surfaces. While the strong interactions between the molecules and the 

substrates dictates the initial adsorption geometry of the individual molecules, other factors 

are necessary to produce an ordered lattice. It is likely that the initial nucleation of the films 

exhibiting both structures occurs at the step edges, since the molecules in the nucleating 

films could be additionally stabilized by interactions with the step edge. Since a 

commensurate relationship is possible for the square flat-lying lattice, however, the 

orientation of this lattice is dictated by lattice matching considerations. Since no lattice 
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matching is possible between the non-flat-lying lattice and the substrate, the orientation of 

this structure appears to dictated by the step edges of the substrate. 

6^3 Relative Importance of Factors 

From the considerations presented above, the most important factor in determining 

molecular orientation on surfaces appears to be the interactions between the substrate and 

the individual molecules. Adsorption geometries which preclude the adoption of a 

crystalline lattice will not lead to the formation of films which exhibit a well defined 

relationship to the substrate, however, an adsorption geometry which allows the formation 

of a crystalline lattice, may exhibit lattice matching between the substrate and the overlayer. 

which will lead to a specific orientation of molecules on the surface. Should this 

arrangement be consistent with the arrangement of molecules in a layer plane of the bulk 

structure, sustainable epitaxy is likely. If, however, the molecule-substrate interactions 

dictate an adsorption geometry which is not compatible with the bulk stmcture, either new 

polymorphs can be adopted or the molecules in the film can experience structural 

rearrangements with thickness until a stable bulk structure is achieved. If the molecules do 

not exhibit lattice matching or growth along layer planes, then the orientation of the 

molecules on the surface may be directed by the step edges of the surface. 

In all cases however, the individual molecule-substrate interactions determine the 

growth mechanism of the film. Consequently, the rational design of organic-inorganic 

interfaces must first take these interactions into consideration. Once these interactions have 

been optimized to give the proper molecular orientation of the molecules in the first 

monolayer, oriented multilayer structures can be formed by growth along layer planes. 

The orientation of the multilayer structure can then be determined by a combination of 

lattice matching and ledge-directed epitaxy. 
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While coincidence between the layer planes of the bulk structure and the molecular 

plane appears to lead to sustainable epitaxy, in which the relative orientation of the 

molecules within the film does not change with thickness, this coincidence may preclude a 

layer-by-layer growth mode. Coincidence between the layer and molecular planes 

generally suggests that the strongest lattice forces within the crystal occur across the layer 

plane, leading to island or layer-plus-island growth in order to terminate the crystal with the 

minimum number of high energy sites exposed. In contrast, systems such as C4-PTCDI. 

in which the strongest lattice forces are parallel to the layer planes appear to exhibit more of 

a tendency toward layer-by-layer growth motifs. If one wants to prepare an organic 

heterojunction which is well-defined on the molecular level, clearly a layer-by-layer growth 

mode is more favorable. 

63.1 Future Directions in the Investigation of the Organic-Inorganic Interface 

The general trends observed here need to be further investigated with other 

molecules and other surfaces in order to expand the understanding of organic-inorganic 

interfaces and determine if these trends are representative or are specific to the molecule-

substrate combinations smdied here. The establishment of a database of information 

regarding the growth of organic molecules on interfaces may lead to increased 

understanding which will enable the rational design of organic-inorganic interfaces. Since 

the nature of the interface plays such a large role in determining the structure of the organic 

material, rational design of this interface will lead to easier production of films with the 

desired properties. Work currently in progress in this group on the deposition of 

quinacridone derivatives suggests that the relative interaction strengths determined for die 

alkali halides may be a general trend.224 
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The (111) and (100) surfaces of silicon may represent ideal surfaces for the study 

of thin films of these materials. Like the alkali halides. silicon is IR transparent, however, 

if properly doped, silicon may also be conductive enough to allow molecular resolution 

imaging by STM. It is not known, however, if the amount of doping necessary to make 

the films conductive enough for STM analysis will cause the fluorescence from 

submonolayer films to be quenched. Si surfaces also present a very-well defined surface 

for characterization of deposited films by grazing incidence X-ray scattering techniques. 

As mentioned in Secdon 1.5, grazing incidence X-ray analysis can reveal information 

about the repeat structure normal to the surface. This information would be very useful in 

determining if these materials are indeed exhibiting growth along any of the layer planes of 

their bulk strucmres. 

63^ Future Directions for the Examination of Vacuum Deposited Dye Films by 

Fluorescence Spectroscopy 

The theory describing fluorescence spectroscopy of films of fluorophores needs to 

be further developed if this technique is to be incorporated as a routine characterization tool. 

Knowledge of the nature of the emitting species is essential in order to understand how the 

crystallization of films occurs on the surface. In addition, rules describing the correlation 

between the molecular architecture of a film and the emission spectra need to be established 

in order to extract some crystallographic information from the optical behavior. Rules of 

this type have been established for the absorption processes of organic crystals, however, 

the development of similar theories for emission processes has lagged significantly behind. 

From this work, it is apparent tiiat the YI-state is an interfacial species, however, the exact 

nature of this species is stiU unknown. If the fluorescence spectroscopy could be combined 

with another technique which could probe the molecular arrangement at the interface (such 
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as molecular resolution AFM or STM), perhaps the identity of this species could be 

determined. 

633 Novel in-vacuo Fluorescence Experiments 

The capability of studying the fluorescence of films in vacuo provides the ability to 

study several interesting phenomena. The evolution of film growth and the effects of 

oxygen on the fluorescence of deposited films have already been reported here. Both of 

these experiments were only made possible by the ability to monitor the fluorescence 

spectra in vacuo. Some other intriguing experiments which can be envisioned involve the 

formation of heterojunctions between two dissimilar organic materials. Collins has shown 

that the photoconductivity of a perylene dye film was greatly enhanced by the deposition of 

a small amount of a phthalocyanine on top of the perylene dye.225 This suggests that the 

junction formed between the two materials enhanced exciton dissociation, leading to larger 

observable photocurrents. The enhanced exciton dissociation should also lead to a 

quenching of the fluorescence of the film. 

Replacement of the crystalline substrates by an interdigitated microcircuit array or a 

field effect transistor may allow for simultaneous fluorescence quenching and 

photoconductivity experiments. Preliminary experiments on the quenching of the 

fluorescence of aluminum quinolate films by CuPc have shown that ca. 90% of the 

observed quenching occurs at a CuPc coverage of only 1 MLE, highlighting the 

importance of the interface. If the fluorescence quenching (and the corresponding 

photoconductivity enhancement) is smdied as a function of film thickness, estimates of the 

exciton diffusion length can be obtained. This parameter is important in determining the 

active region of photovoltaic devices, for example, as only excitons which reach the charge 

dissociating interface will produce useful photocurrents. 
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The previous photoconductivity measurements of Collins were performed on 

highly polycrystalline films, and the observed conductivity was probably dominated to a 

large extent by grain boundaries and defects within the film. This research has 

demonstrated that high quality films of the perylene tetracarboxylic dyes can be grown on 

crystalline substrates by OMBE. If films of this quality can be grown between the 

electrodes of the microcircuits, it should be possible to measure a conductivity which better 

represents the intrinsic conductivity of the material. In addition, the relative importance of 

the orientation of the perylene core in the conductivity response to heterojunction formation 

can be investigated due to the different crystalline motifs observed for the PTCDIs vs. 

PTCDA. 
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