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ABSTRACT 
 

 The frontier orbitals of organic semiconductors at interfaces as they relate to 

organic electronic device applications, both relative energy and possible relative 

orientations, are the focus of this work.  Heterojunctions between 

perylenetetracarboxylicdianhydride (PTCDA) or N,N'-di-n-butylperylene 

bis(dicarboximide) (C4-PTCDI) and metal centered phthalocyanines, including 

chloroaluminum, chloroindium, zinc, and copper phthalocyanine, have been 

characterized with ultraviolet photoelectron spectroscopy (UPS).    

 Organic semiconductors heterojunctions clearly demonstrate that they cannot be 

treated as insulators, that vacuum level shifts occur at many organic semiconductor 

heterojunctions, and that Fermi level alignment is achieved but the individual nature of 

the organic Fermi levels must considered.  UPS shows that the n-type semiconductors 

PTCDA and C4-PTCDI have organic Fermi levels pinned at the lower edge of the 

LUMO.  Phthalocyanines have organic Fermi levels approximately midway between the 

HOMO and LUMO.  The same Fermi levels are applicable for organic semiconductors at 

interfaces with gold as with other organic semiconductors.  Further, heterojunctions of 

the organic semiconductors on gold show that although the alignment farther from the 

interface is determined by Fermi level alignment, at the immediate interface the interface 

dipole is determined by different factors as described by the additive model of interface 

dipole formation which includes factors for metal surface dipole, charge transfer, and 

molecular dipole moments.  This model and the role of the molecular dipolar have been 

well characterized with alkanethiol and fluorinated alkanethiol self-assembled 
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monolayers on gold, leading to the conclusions that the effective work function of the 

gold surface could be modified over a range of ca. 1.5eV with the SAM dipole and that 

the gold-sulfur bond is largely covalent. 

 Fluorescence spectroscopy of phthalocyanine heterojunctions with PTCDA and 

C4-PTCDI was able to determine favored interfacial exciton dissociation pathways, and 

that charge transfer dissociation to form mobile charges is favored at PTCDA 

heterojunctions but energy transfer to create phthalocyanine excitons dominates at C4-

PTCDI heterojunctions.  The wavelength and progression of fluorescence emission from 

monomer phthalocyanines and aggregated phthalocyanine structures was also able to 

characterize thin film growth and the resultant polymorphs created by vacuum deposition 

of phthalocyanines on KCl (100) surfaces and on PTCDA and C4-PTCDI thin films. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 Organic Semiconductors 

 Organic semiconductors are considered as an inexpensive, environmentally 

friendly alternative to silicon based inorganic devices.  Organics, both small molecules 

and polymers, have a number of attractive properties that have already led to applications 

in photovoltaics, light emitting diodes, and field effect transistors.  They can be processed 

by less stringent and expensive techniques and are more tunable in both spectral and 

electronic properties.  Current device efficiencies, switching times, and device lifetimes 

are inferior to inorganic devices but are consistently improving.  

 Organic semiconductor thin films are composed of discrete overlapping 

molecules interacting primarily through van der Waals forces, not bonded through a 

network of atoms as in inorganic semiconductors.  This inherently involves localized 

electrons and changes the method of charge transport and usually decreases conductivity.  

The layers do not have a true band structure and the effects of doping are less well 

understood in terms of charge distribution with distance from interfaces and band 

bending.  Organic semiconductors are not usually doped to select for n-type or p-type 

charge conduction, instead the chemical structure of the organic molecules themselves 

cause some organic semiconductors to be favorable for electron conduction and some for 

hole conduction.  Organic semiconductors generally have π-electrons and usually one or  
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Figure 1.1 a) For an organic semiconductor discrete frontier orbitals, HOMO and 
LUMO, determine the ionization potential (IP) and electron affinity (EA). b) For an 
inorganic semiconductor the valence band (VB) and conduction band (CB) determine the 
ionization potential (IP) and electron affinity (EA). c) Doping of donor atoms lead to n-
type semiconduction and acceptor atoms lead to p-type semiconduction, without doping 
intrinsic semiconductors may have a Fermi level halfway between the VB and CB. 
 

more conjugated aromatic rings.  Nitrogen atoms with nonbonding electron pairs help 

make a molecule a p-type hole transport organic semiconductor since a removed electron 

can be resonance stabilized by adjacent π-electrons.1  N-type organic semiconductors are 

generally electron-poor conjugated molecules, sometimes with electron withdrawing 
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substituents.1  Electrical conductivities of organic semiconductors commonly fall in the 

range of 10-12 Ω-1 cm-1 to 102 Ω-1 cm-1 at room temperature.1,2 

 

1.2 Solid State – Structure and Properties 
 
 Organic semiconductor properties are strongly influenced by the surrounding 

environment.  Isolated molecules in the gas phase have similar properties and molecular 

geometry to molecules solvated in solution, however when solid aggregates of organic 

semiconductors are formed the properties depend strongly on the organization of 

molecules within the aggregate.  For organic semiconductors the valence molecular 

orbitals have contributions from large numbers of atoms within the molecule.  This 

results in the specific orientation between molecules influencing the coupling of these 

molecular orbitals and changing the rate and efficiency of charge transfer from one 

molecule to another as well as influencing the transition dipole moment and therefore 

absorbance and emission strength and wavelength.6-8,28 

 

1.2.1 Solid State Structure 

 Organic semiconductors in organic electronic devices are solid state and the most 

general form of aggregate is amorphous, meaning there is no defined distribution of 

molecules within the solid and the relationships between molecules in the solid are 

random.  A thin layer of amorphous organic semiconductor is made by forming the solid 

quickly by vacuum depositing at fast rates or solution processing, such as spin coating, so 

there is no time for favorable molecule-molecule interactions to create oriented domains.  
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Fast, simple processing which is relatively inexpensive and reproducible is one of the 

main advantages of amorphous films.  Another advantage is that the film is continuous, 

since there are no ordered domains there are no grain boundaries between separate 

domains, eliminating one significant source of traps.  Lastly, amorphous films sometimes 

provide better barriers for intercalation of foreign atoms deep into organic layers, as 

shown for diffusion of F4-TCNQ into amorphous α-NPD vs. ordered ZnPc.9 

 Well ordered organic semiconductors have other advantages; while amorphous 

films have broad absorbance spectra and consistent conductivities, ordered structures can 

have specifically tailored spectroscopic properties and anisotropic conductivity for 

favorable charge conduction in the preferred direction for organic electronic device 

geometries.  One study showed that polycrystalline ClAlPc epitaxial thin films have 25 

times greater photocurrent compared to amorphous thin films.10  Crystal structures can be 

determined by X-ray diffraction and desired polymorphs can be selectively produced by 

choice of deposition technique, substrate, and temperature as well as solvent or 

temperature annealing procedures.11-13 Certain polymorphs have been shown to have 

higher conductivities or charge generation efficiencies, for example the Y-phase for 

tetravalent phthalocyanines which exhibits better photoconduction than phase II or phase 

I polymorphs.14-15  Single crystals with a single polymorph without multiple domains 

allow enhanced conductivity and diffusion lengths and achieve the best device 

efficiencies by far, but are extremely difficult to produce and are not cost effective so are 

more of a novelty than a serious prospect for the future of organic electronic devices.16,19  

Ordered crystal phases are very useful even when not single crystals.  
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 Certain organic semiconductors are more likely to produce ordered thin films.  

Molecules which have bulk crystal structures containing distinct layer planes (i.e. 

molecular layers without interdigitation with molecules in neighboring layers) are good 

candidates for layer by layer growth.3,17,18 The orientation of the first molecules deposited 

on a metal or inorganic substrate is dominated by the substrate-molecule interaction, but 

as more molecules are deposited the molecule-molecule interactions may control 

molecular orientation.  If an organic semiconductor has a very favorable crystalline 

structure it may adopt its bulk structure when vacuum deposited, and if the structure 

contains layer planes the thin film is more likely to grow evenly and maintain structural 

ordering.3  In order to make conclusions about organic semiconductor interfaces it is best 

to have a well behaved, reproducible organic layer.  Several of the semiconductors 

studied in this work have been chosen in part for their layer planes and well-studied 

crystal structures, including both perylene and phthalocyanine derivatives. 

 

Perylene Derivatives 

 3,4,9,10-perylene-tetracarboxylic-dianhydride, PTCDA, is a popular molecule for 

organic interfacial studies because it forms well ordered layers on substrates including Au 

(111), Au(100), MoS2, HOPG, and many others as confirmed by STM and LEED.21-22  

PTCDA grows in a herringbone pattern that corresponds closely to the (102) plane of the 

bulk crystal with the molecular plane parallel to the substrate. The molecular structure of 

PTCDA and the crystal structures with layer planes noted are in Figure 1.2. 



 

 

26

 N,N'-di-n-butylperylenebis(dicarboximide), C4-PTCDI, has been less extensively 

studied but the X-ray crystal structure shows it has a monoclinic unit cell with a clear 

layer plane.  Unlike PTCDA, the molecular plane is not parallel to the layer plane as 

shown in Figure 1.2.23-25  AFM studies of C4-PTCDI vacuum deposited on alkali halide 

salts have found that the molecules in the first monolayer are flat-lying with the 

molecular core parallel to the substrate, but in the following layers the molecules tilt and 

a structure very similar to the crystal structure is adopted.3,17,18 The molecules are 

oriented such that the (010) layer plane from the crystal structure is parallel to the 

substrate.  The long axis of the molecular core is tilted approximately 44 degrees from 

surface normal, the molecular plane is tilted 23 degrees from normal, and the bulky n-

butyl chains are tilted approximately 90 degrees from surface normal to form the layer 

terminus.3,17  If layer by layer growth occurs in the organic semiconductor thin films in 

this study, the PTCDA molecular plane should be exposed at the surface but for C4- 

PTCDI the surface should consist primarily of butyl chains and the molecular core should 

be buried and tilted at a significant angle with respect to the surface. 

 This structural difference makes for interesting comparisons because as 

monomers PTCDA and C4-PTCDI have almost identical properties because the frontier 

orbitals are largely localized within the PTCD core which is structurally identical for both 

molecules.26,27  Solution absorbance spectra in chloroform are identical with an overlap 

and core dihedral angles) in the solid phase,23,24,26 solid state absorbance spectra 

absorbance maximum at 537 nm for both.3  Because they aggregate differently (both core 
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Figure 1.2  Crystal structure representations of a) PTCDA with the (102) layer plane in 
the plane of the page, and b) C4-PTCDI with the layer plane (010) in the horizontal axis 
of the page 
 

are slightly different3 and UPS spectra have similar valence orbital features but ionization 

potentials differing by 0.3 eV (as seen in Chapters 4 and 5). 

 

Phthalocyanines 

 Metal centered phthalocyanines have a number of stable polymorphs, often not 

too different in energy or structure.  Divalent phthalocyanine α and β polymorphs differ 

only in the angle formed between the plane of the molecule and the columnar stacking 
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axis.  Although the interplanar spacing is 3.4Å for both, the metal atoms are 1 Å further 

apart in the β form which changes the conductivity and sensitivity to oxygen doping.31,32  

Trivalent and tetravalent phthalocyanines form different polymorphs from the exclusively 

planar divalent phthalocyanines as a result of the axial ligand, required to charge balance 

the positively charged metal ions and most commonly halides or hydroxide for trivalent 

metals and oxygen for tetravalent.  The trivalent phthalocyanines contain nearly planar 

phthalocyanine cores, but the central metal is approximately half an Angstrom out of the 

plane of the phthalocyanine ring and the halide atom is another 2 - 2.5 Å out of the 

plane.33-35  The size of the metal influences how far it protrudes from the planar 

phthalocyanine core, as well as how distorted from planar the core becomes.34   

 Only one polymorph of chloroaluminum phthalocyanine has been published; 

multiple forms are known to exist but producing single crystals of pure polymorphs is 

extremely difficult for the trivalent phthalocyanines .33,39  Titanyl phthalocyanine has 

similar packing structures and is used to illustrate the two main polymorphs, α and β, 

which both have layer planes.35  The α triclinic crystal structure has a center of inversion, 

space group of P(-1), and a layered structure with layers of phthalocyanine molecules in 

staggered orientation as shown in Figure 1.3 with the axial atoms directed up and down in 

alternating layers.3,33-35 The monoclinic β phase also has alternating layers with staggered 

axial orientation, but the lateral displacement between layers is slightly different.  

Although both polymorphs have similarities, the overlap between adjacent 

phthalocyanine molecules is significantly different.30,35  
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Figure 1.3. Representation of the crystal structure of a) CuPc α polymorph and two 
polymorphs of TiOPc: b) α P-1 and c) β P21/c.  
 

 The orientation of vacuum deposited chloroaluminum phthalocyanine has been 

studied by Penning ionization spectroscopy (PIES) on graphite, grafoil, and MoS2.36-38 
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The substrate/molecule interactions result in thin films with varying structures, including 

the staggered molecule growth as in the bulk crystal structure and structures in which the 

molecules are tilted and ordered in a form not found in bulk crystal structures with the 

axial chlorine atom protruding away from the surface.  Hasegawa and Sato studied C1-

PTCDI and ClAlPc grown on quartz and as heterojunctions with each other (with each 

semiconductor as the first and second organic layer respectively).39  Using X-ray 

diffraction and polarized electronic absorption ClAlPc was found to be flat lying when 

deposited on quartz but tilted when deposited on C1-PTCDI.39   

 The ionization potentials of trivalent metal phthalocyanines are slightly higher 

than the divalent metal phthalocyanines, both in the solid phase (ca. 0.3 eV by UPS) and 

the gas phase (0.15 by PES), and in solution electrochemistry the redox potentials differ 

by ca. 0.2V.40,41  The ionization potential may also vary slightly for different ionization 

potentials, for CuPc and ZnPc the α phase ionization potentials was measured as ca. 0.2 

eV higher than the β phase ionization potential.42 

 

1.2.2 Solid State Properties 

 The molecular orbitals containing electrons which are most easily removed 

(HOMO or highest occupied molecular orbitals) or which most easily accept electrons 

(LUMO or lowest unoccupied molecular orbitals) are localized on each molecule but are 

spread out over many atoms within the molecule.  This distribution of these frontier 

orbitals can be calculated well by a number of computational methods (INDO, DFT, 

others) and the energy required to add or removed an electron from each orbital can also 
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be calculated although less quantitatively successfully.95,43  Electrochemistry can be used 

to find these energies required for oxidation or reduction of a molecule in solution and 

photoelectron spectroscopy can be used in the gas or solid phases to measure these 

energies.  Each of these techniques produce different energies, although the trends are 

usually consistent, because the surroundings of an organic semiconductor molecule 

strongly effect the energy required to add or remove electrons from frontier orbitals. 

 Surrounding molecules react to charge by rearrangement of their electron clouds 

to stabilize the positive or negative charge.  In the gas phase there are no surrounding 

molecules so it is most difficult to remove an electron and the ionization potential is 

larger.  In solution some solvents are better than others at stabilizing charge so 

electrochemical potentials vary by solvent.  In the solid phase organic molecules are 

surrounded by other molecules and an ion is stabilized proportionally with the dielectric 

constant of the surrounding media (molecules directly adjacent to a metal surface are 

more stabilized, and have lower ionization potentials, than molecules surrounded by other 

organic molecules).  The stabilization provided by neighboring molecules may be slightly 

different for amorphous films and different highly ordered crystalline polymorphs, but in 

all cases the solid phase provides some stabilization so solid phase ionization potentials 

are lower than gas phase ionization potentials. 

 

Absorbance Spectra 

 UV-Visible absorbance and fluorescence involve electron transitions between the 

HOMO and LUMO on a single molecule.  Because the excited electron and 
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corresponding hole remain localized on the same molecule the final state is not charged, 

but the transition involves the movement of an electron and unequal stabilization of either 

initial or final state does affect the absorption energy.  The spectral peak is broadened 

with aggregation, partially because of disorder which creates inequivalent molecules 

within a single sample, but also because of interaction between the transition dipole 

moments among neighboring molecules.  The interacting transition dipole moments are 

especially significant for ordered solid phase structures.  The neighboring molecules are 

in well defined positions and the interactions may be calculated between nearby 

molecules and summed over as many molecules as are within interaction range.  The 

Kasha exciton coupling model for dimers explains this coupling well and may also be 

applied to the larger systems in the ordered organic semiconductor polymorphs.3 

 A dimer of two molecules generates two excimeric states, but only one is 

quantum mechanically allowed if the molecules are equivalent.3,45  The vector sums of 

the transition dipoles must be non-zero to be allowed.  The relative orientation of the 

transition dipole moments determines which excimeric state is allowed.  The two extreme 

cases of dimeric orientation are H-aggregates in which the two molecules are cofacially 

aligned as in Figure 1.4a and the J-aggregate in which the two molecules are aligned head 

to tail as in Figure 1.4b.  In the H-aggregate when the two dipoles are in-phase a 

repulsive electrostatic interaction raises the energy vs. isolated molecules and when the 

dipoles are out-of-phase an attractive electrostatic interaction lowers the energy vs. 

isolated molecules.  However, for the out-of-phase interaction the net sum of the two 

dipoles is zero so the lower energy transition is not allowed.  Since only the higher 
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energy transition is optically allowed a lower wavelength blue-shifted absorption peak 

occurs for an H-aggregate.  For a J-aggregate the out-of-phase interaction gives a net sum 

of zero and the in-phase interaction is the optically allowed transition, leading to a red 

shift of the absorption peak to higher wavelengths.  These two dimer geometries are the 

extreme cases, for molecules in which the transition dipoles are non-parallel both 

transitions are allowed and the energy splitting results in two optical absorption peaks. 

 

 

Figure 1.4.  Dimers which are a) H-aggregate with blue-shift, b) J-aggregate with red-
shift, and c) non-parallel aggregate in which both transitions are allowed. ΔE is the 
Davydov exciton splitting energy. 
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 The angle between the two transition dipoles can be used to calculate the energy 

splitting for a non-parallel dimer with the point-dipole approximation.  The predicted 

splitting (ΔE) depends on the transition dipole magnitude (M), the distance between the 

centers of the dipoles (r), and the angle θ between the line (r) and the dipole.  

   ΔE = 2M2 (1-3cos2θ)/r3       (1.1) 

At θ equals 54.7° the splitting goes to zero and the absorption spectra absorbance maxima 

matches that of an isolated molecule.  If θ is greater than 54.7° more H-like behavior 

results and if θ is less than 54.7° more J-like behavior results, but as long as the dipoles 

are not parallel two absorption bands will always result. 

 In a molecular solid many more than two molecules interact and the number of 

possible states equals the number of molecules within the radius within which molecules 

can interact.  The splitting energy for a large aggregate is greater than for dimers and the 

absorption bands are wider both from the greater number of interactions and 

pragmatically because more molecules increases the incidence of non-equivalent 

molecules.  The same equation can be used for larger networks of molecules by 

calculating the interactions between each type of close molecule pairs and summing to 

find the total interactions.  A radius of less than ten molecules or 33Å is usually sufficient 

to encompass all significant interactions.46,47 These calculations correctly explain the red-

shifts or blue-shifts for ordered arrangements of phthalocyanine molecules.7,18,45 

Phthalocyanine molecules flat lying on a substrate are effectively J aggregates with head- 
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Figure 1.5 Molecular orientations and absorbance spectra for red shifted ClInPc 
phthalocyanine polymorph and blue shifted cofacial FAlPc phthalocyanine polymorph.29 
 

to-tail transition dipole orientations and calculations and observations both show a 

substantially red-shifted absorbance peak at a higher wavelength.  Cofacially oriented 

chains of molecules such as the fluoro-aluminum phthalocyanine “polymer” phase with a 

central ionic F… Al…  F…  core are effectively pure H aggregates and both calculations 

and spectroscopy show a blue shifted absorption peak.32  For C1-PTCDI, as well as 
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PTCDA and C4-PTCDI, in which molecular dipoles are non parallel large absorption 

peaks at both higher and lower wavelengths are measured and the monomer absorbance 

wavelength is effectively a low point between blue and red shifted absorption bands.7  

These clear optical differences make spectroscopy a sensitive structural analytical tool for 

organic semiconductors. 

 

Charge Transport 

 Charge transport is another important parameter for organic electronic device 

function strongly affected by solid state packing arrangements.  Conductivity (σ, Ω-1cm-1) 

in general is expressed as the product of net charge of charge carriers, concentration of 

charge carriers (n), and mobility (μ, cm2V-1s-1) of charge carriers. 

    σ = Ze n μ       (1.2) 

Both mobility and concentration of charge carriers can be affected by solid state 

structure.  Disorder, grain boundaries, and impurities can strongly decrease mobility.  

Aggregate structure can influence mobility but also may change charge generation 

efficiency greatly.15,48 

 Charge transport in organic semiconductors generally occurs by hopping.   

Relative energy level alignment from one molecule to the next is important for charge 

movement, but the spatial overlap between the orbitals of one molecule and the other is 

also extremely important.8  At the microscopic level the electron transfer (hopping) rate 

from a charged to a neutral molecule roughly follows: 
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   ket = 4 π2        1        t2  exp ( -  λ   )    (1.3) 
               h    √4πkBT               ( 4kBT) 
 

where T is temperature, λ is the reorganization energy, t is the transfer integral, and h and 

kB are the Planck and Boltzmann constants.  The transfer integral relates the strength of 

interaction between neighboring molecules and the reorganization energy is roughly 

twice the relaxation energy of a charged molecule.8,49,50 Higher symmetry and greater 

delocalization in conjugated organic semiconductors lowers the reorganization energy 

and increases charge transfer rate and mobility.49  When the overlap is unfavorable the 

transfer integral is low and charge mobility can be reduced by orders of magnitude.50 

 Cornil and Bredas et al. have made computational studies of oligomers and 

organic semiconductors with varying numbers of conjugated rings.8  For cofacially 

oriented molecules both distance between molecular cores and lateral displacement along 

the molecular core strongly affected the transfer integral.  A field effect transistor study 

of PTCDA showed that mobility was so overlap dependent that the best direction for hole 

transport was orthogonal to the best direction for electron transport.51  Electron transport 

was dominant in the direction along molecular planes and hole transport occurred mainly 

normal to molecular planes and the difference was attributed to PTCDA hole transport 

depending more strongly on the π orbital overlap.  

 Studies of TiOPc and other phthalocyanines have shown that different 

polymorphs produce very different charge generation efficiencies and mobilities.17,52  The 

Y-polymorph has a higher photocurrent and while the phase II α polymorph was almost 

as good, the phase I β polymorph was less good and the amorphous TiOPc was far 



 

 

38

worse.15 The exact reasons for the differences are not known but some theorize that 

certain polymorphs (mainly phase II and Y) force increased distortion of the 

phthalocyanines both from planar and from 4-fold symmetry which may increase charge-

transfer character excited states.52  The polymorphs of phthalocyanines in particular 

strongly affect their efficiency in organic electronic devices.6 

 

1.3 Heterojunctions/Interfaces – Physics of Interfaces 

1.3.1  Interfacial Interaction and Reaction 

 Semiconductors are only useful to the extent that they can be used in electronic 

circuits and devices, which means they must be studied in combination with other 

materials found within devices.  As with any semiconductor, organic semiconductor 

properties are influenced by contact at the interfaces of heterojunctions inherent in such 

devices.  Metal or other conductive electrodes are inescapably necessary interfaces and 

interfaces between multiple organic semiconductor layers are also nearly universal within 

organic electronic devices. 

 When a second material comes into contact with an organic semiconductor, a 

variety of interactions are possible.  At one extreme is a strong chemical reaction in 

which bonds are broken or formed and the chemical structure of the interface differs from 

either of the two initial materials.  At the other extreme is an interface at which no 

significant interaction occurs and both materials retain all of their initial properties.  

Between these extremes other interactions include charge transfer, in which an electron is 

moved from one material to a molecule in the other material; surface rearrangement, in 
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which atoms or molecules move along the interface to reorganize to produce a more 

favorable surface energy; and permanent dipole formation, in which molecules in one 

material consistently orient their dipole moments to create a potential field between the 

two materials.53,54 Interfaces with metals may involve rearrangement of the delocalized 

electrons at the metal surface and may involve mirror force interactions if a charge or 

dipole exists within the organic semiconductor layer.  Interfaces with inert surfaces such 

as insulators are more likely to result only in weak physisorption interactions.53,58,68 

 Some of these interactions create significant effects on the relative energies of 

organic semiconductor frontier orbitals at an interface.  Band diagrams are used to 

display the energy of the HOMO and LUMO semiconductor frontier orbitals, Fermi level 

of a metal, and how these levels compare for heterojunctions between any two of these 

materials.  The energy of the orbitals is referenced to vacuum level, that is the energy of 

an electron at rest just outside the surface of a solid.55  The highest occupied level in a 

metal (at 0K strictly speaking) is its Fermi level and the energy required to remove this 

electron to the vacuum level is called the work function (Φ).  For a metal this is also the 

lowest energy at which an electron can be added to an empty orbital.  A semiconductor or 

insulator has a bandgap between the highest occupied and lowest unoccupied levels and 

does not have any orbitals at the Fermi level.  The least tightly bound electron is in the 

highest occupied molecular orbital (HOMO), and the energy required to remove one 

electron from the HOMO of the neutral molecule to the vacuum level is called the 

ionization potential (IP).  The lowest energy orbital which an electron can fill is the 

lowest unoccupied molecular orbital (LUMO) and the energy between the LUMO and 
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Figure 1.6 a) Metal work function (ΦM) and b) semiconductor ionization potential (IP), 
electron affinity (EA), and bandgap (E gap). Interfacial injection barriers for a 
metal/semiconductor heterojunction,  c) electron injection barrier (ΦBe) and d) hole 
injection barrier (ΦBh). e) Semiconductor/semiconductor heterojunction barriers 
ΔHOMO and ΔLUMO. 
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vacuum level is called the electron affinity (EA).  The difference in energy between the 

ionization potential and electron affinity is the bandgap energy (Egap). 

 All of these properties are important for the functioning of an organic 

semiconductor, but more important is the energy difference between these orbitals in 

adjacent materials.  If an electron must be moved from a metal electrode to an organic 

semiconductor the energy difference between the metal Fermi level and the organic 

semiconductor LUMO must be favorable.  This energy is called the electron injection 

barrier (ΦBe).  If an electron from the organic semiconductor must be transported to a 

metal the energy difference between the organic semiconductor HOMO and the metal 

Fermi level is important, known as the hole injection barrier (ΦBh).  Between organic 

semiconductors ΔHOMO or ΔLUMO are the common labels for the energy difference 

between the HOMOs or LUMOs of each material.  

 

1.3.2 Physics of Interfaces 
 
Band Bending 

 When two materials are brought into contact the process of equilibration occurs.  

With two metals, electrons from the lower work function metal are transferred to the 

higher work function metal until equilibrium is reached and the two Fermi levels are at 

the same energy, as seen in Figure 1.7, and no net current flow occurs from either metal 

to the other.  Metals have a high density of mobile, delocalized electrons and an 

essentially infinite dielectric constant so the transferred charge is screened within a single 
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atomic layer and the result is an abrupt interface dipole, essentially a parallel plate dipole 

sheet or a capacitor.53,57  The local vacuum level shifts by the same energy as the Fermi 

level as the work function of each metal remains unchanged.  On a heterojunction energy 

level diagram the energy bands are drawn as flat because the charge rearrangement is 

completed and shielded over such a short distance that a metal atom several Å from the 

interface feels no affect from the heterojunction. 

 

Figure 1.7 Equilibration at a heterojunction between two metals with different work 
functions.  Charge moves from the lower work function metal to the higher work function 
metal to align Fermi levels.  The vacuum levels are offset by the potential required to 
achieve Fermi level equilibration. 
 

 Achieving charge neutrality is just as important for semiconductors but they do 

not have a high density of mobile charges, so charge redistribution occurs over an 

extended distance within the semiconductor.  Movement of electrons and ionization of 

dopants within the semiconductor creates a space charge to raise (or lower) the frontier 
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orbital energy bands of the surface with respect to the bulk in order to compensate for the 

interfacial charge and shield the interior from interfacial charge imbalances.  This band 

bending occurs to the extent needed to achieve equilibrium and therefore stop net charge 

movement.  At this state the drift current induced by the electric field is balanced with 

diffusion current along the concentration gradient.  At equilibrium: 

   J = enμnE – eDn dn/dx = 0    (1.4) 

where J is the net current, the first term is the drift current in which e is the elementary 

charge, n is the density of electrons, μn is the mobility of electrons, and E is the electric 

field, and the second term is the diffusion current in which Dn is the electron diffusion 

coefficient.57  At equilibrium essentially the potential gradient is exactly balanced with 

the concentration gradient. 

 The bending of the energy bands from the interface to bulk positions allows this 

equilibrium to occur and the magnitude of this energy bending (Vb) is related to the 

concentration of ionizable dopants (ND), the depletion width (d), and the dielectric 

constant (ε).  For the strong depletion case in which all dopants in the space charge layer 

are fully ionized and the total energy bending is greater than kT, the Poisson equation 

gives the relationship: 

    Vb = - e ND d2     (1.5) 
      ε ε0 
 

The higher the dopant concentration, the narrower the depletion region (which can be 

important for tunneling).  For inorganic semiconductors ND is often around 1017cm-3 and 

the depletion width is commonly 100-1000 Å.57 For example, a shift of 0.1V over a  
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Figure 1.8 Band bending within a n-doped semiconductor to align the Fermi level in the 
semiconductor with the metal Fermi level. Schottky-Mott interface without interfacial 
states or interface dipole. 
 
distance of 200Å would require a charge carrier concentration of 1017 cm-3 for a 

semiconductor with a dielectric constant of 4.  The dielectric constant of typical inorganic 

semiconductors is 4-10 and for organic semiconductors it is smaller, from 1.7-4. 5,57,58 

 Figure 1.8 shows the Vb and the direction of bending for an n-type inorganic 

semiconductor with an electron depletion space charge region.  Energy level diagrams for 

semiconductor heterojunctions use curved lines to indicate the direction and magnitude of 

energy level bending.  When fewer electrons are in the region near the interface for a 

semiconductor, the upward bending shown above occurs.  When more electrons are  
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Figure 1.9 Semiconductor band bending for a) n-type depletion, b) n-type accumulation, 
c) p-type depletion, and d) p-type accumulation 
 

clustered in one material near the interface than are present within the bulk material, it is 

pictured as a downward bending of all frontier orbitals and the vacuum level near the 

interface.   

 Figure 1.9 shows the band bending which occurs for n- or p- type semiconductors 

in equilibrium with a metal with a work function approximately midgap between the 

ionization potential and electron affinity of the semiconductor.  The direction of band 
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bending is determined by the direction of the difference between the metal Fermi level 

and the semiconductor Fermi level pre-contact.  Whether depletion or accumulation 

occurs at the interface depends on whether mobile electrons or holes are the majority 

charge carrier. 

 

Interface States 

 Besides space charge, the other significant factor influencing thermal equilibrium 

is surface charge, particularly interface states created within the inorganic semiconductor 

bandgap by the formation of an interface.59-61  Charged interface states can change how 

much energy level bending is required to achieve equilibrium.  Because they introduce 

orbitals near the Fermi energy they can decrease band bending by being filled or emptied 

without the necessity of extensive bending.  Less commonly they can magnify the 

amount of bending required if they cause a larger surface charge which must then be 

compensated with greater space charge.  The surface of an inorganic semiconductor has 

dangling bonds from lattice termination which provide fertile sites for surface states, 

organic semiconductors may be less susceptible since they are complete outer shell, self 

contained molecules.  If the density of surface states is high enough, the Bardeen limit 

can be reached which means surface charge can be compensated so well by interface 

states that the Fermi level is "pinned" and the interface dipole will rise to completely 

compensate a greater metal work function rather than the hole and electron injection 

barrier changing.  This is the condition of Figure 1.10 in which the interface dipole is 

shown as a diagonal line, not to scale with the distance of a typical depletion 
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Figure 1.10 Band bending within an n-doped semiconductor to align the Fermi level in 
the semiconductor with the metal Fermi level.  Bardeen limited interface in which 
interfacial states result in interface dipole which aligns Fermi level without any need for 
band bending. 
 

 layer.  The other extreme is if all surface charge is compensated by band bending and no 

surface states exist, in this case the interface follows the Schottky-Mott limit.  Figure 1.8 

was an example of a Schottky-Mott interface. 

 Whether a semiconductor is near the Bardeen or Schottky-Mott limit has direct 

implications for the selection of metal contacts and expected charge injection barriers in 

devices.  The hole or electron injection barriers can be plotted as a function of metal work 

function to give an indication of whether a particular semiconductor follows Bardeen or 

Schottky-Mott behavior.58,62,63  The slope of a plot of the hole injection barrier (energy 

difference between the Fermi energy of the metal and valence, HOMO, band of the 
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semiconductor) vs. the metal work function will fall between 0 and -1 as shown in Figure 

1.11b as the hole injection barrier decreases with increasing metal work function.  For the 

electron injection barrier (LUMO to Fermi level energy difference) the slope will be 

between 0 and 1 as the LUMO and Fermi level become further apart with increasing 

metal work function.  If there are no interface states, the hole injection barrier will equal 

the difference between the metal work function and the ionization potential and the slope 

of this plot will be equal to 1 which is the Schottky-Mott limit.  A slope equal to zero 

indicates the Bardeen limit.  At this limit the work function of the metal does not 

determine the injection barriers and the hole injection barrier is the same even for metals 

with different work functions.  Most semiconductors have slopes between 0 and 1 and 

fall somewhere between the Bardeen limit and the Schottky-Mott limit, the more ionic 

inorganic semiconductors tend toward the Schottky-Mott limit and more covalent 

inorganic semiconductors tend toward the Bardeen limit.58  Figure 1.11 shows a 

heterojunction diagram for a case at neither limit in which both band bending and an 

interface dipole occur.  Organic semiconductors fall along the entire range and are not 

expected to be distributed any differently within this range than inorganic 

semiconductors.  
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Figure 1.11 a) Band bending within a n-doped semiconductor to align the Fermi level in 
the semiconductor with the metal Fermi level.  This is an intermediate case in which both 
band bending and an interface dipole contribute to overall surface charge redistribution 
and equilibrium. b) Plot of electron injection barriers and hole injection barriers vs. metal 
work function for metal/semiconductor heterojunctions.  Dark squares have a slope of 1 
and are at the Schottky-Mott limit, open squares have a slope of zero and are at the 
Bardeen limit, and shaded squares have a slope between 0 and |1| and are the more 
common case for semiconductor heterojunctions. 
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Sources of Interface Dipoles 

 Besides mid bandgap interface states created at a heterojunction, there are other 

sources of interface dipoles.  An interface dipole refers to a rapid change of electrostatic 

potential within a narrow region, usually within the first monolayer or ca. 1 to 10Å of an 

interface.  The interface dipole (Δ or eD) may be linearly proportional to surface 

coverage at sub-monolayer coverages (e.g. for adsorption of CO on single crystal metal 

surfaces) whereas band bending is a much longer range, non-linear potential shift.64  

Several interactions mentioned at the beginning of this section may also contribute to an 

interface dipole.  Chemisorption involves the movement of electrons from one material to 

the other, or towards or away from an interface, and may cause an interface dipole.  If the 

first monolayer involves oriented molecules with a significant molecular dipole moment, 

the net dipole moment causes an interface dipole.65-67  Surface rearrangement of atoms or 

electrons, particularly in metals, may also cause an interface dipole.68,59,61 

 Using the work function of an ideal, clean metal surface as the appropriate 

parameter for heterojunction energy level offsets is an over-simplification and neglects 

the interface dipole effect likely to occur in a real heterojunction.  For a real surface the 

exact arrangement of metal atoms on the surface may change and the “sea of mobile 

electrons” around the metal surface is almost certain to be affected by the neighboring 

media.  The metal surface potential, or local work function, is affected by heterojunction 

formation.  The surface potential of a metal surface is composed of the internal chemical 

potential, invariant for a particular metal, plus a surface dipole component which varies 
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with crystal face.  When anything is deposited onto a clean metal surface it affects the 

surface dipole, even simple physisorption of a neutral, non-bonding species.   

 Crispin et al. have recently reviewed the literature available to estimate values of 

ΔeDmetal, the change in surface potential of a clean metal during physisorption, which can 

be approximately linearly correlated with the intrinsic metal surface dipole.68  

Photoemission of Adsorbed Xenon (PAX) is an established technique that uses the 

binding energy of the Xe(5p) orbitals of monolayer quantities of Xenon on metal surfaces 

as a probe of the local work function of the metal.68,69  This technique is usually used to 

compare the local work function of different crystal faces and defect sites on metals, as 

well as determining surface area by measuring the dosing required to reach saturation of 

the energy shift.  In the context of this work, PAX energy level shifts are used to estimate 

the magnitude of interface dipoles arising from the non-specific, weak adsorption on 

metal surfaces. 

 As a noble gas, Xenon does not give up or accept electrons willingly and is only 

physisorbed on the metal surface, eliminating chemical bonds and charge transfer 

capability.  Xenon atoms have an atomic radius of 2.2 Å which places the atoms just 

outside the local dipole barrier on a clean gold surface (~3.6 Å ) at a distance similar to 

the van der Waals distance expected for the planar aromatic molecules considered in this 

dissertation.70 Decreases in work function of ca. 0.45 to 0.52 eV have been measured for 

the adsorption of Xe on both single crystal Au(100) and polycrystalline Au samples.70,71 

This provides a rough estimate for the minimum ΔeDmetal due to the addition of an 
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organic layer. Additional interactions may cause additional potential shifts and may or 

may not be simply additive, but clearly this effect is not negligible. 

 
1.3.3 Organic Semiconductor Heterojunction Interfaces 

 Organic semiconductors have far smaller numbers of charge carriers than 

conductors and have energy levels composed of molecular orbitals interacting through 

van der Waals forces rather than the delocalized energy bands in inorganic 

semiconductors.  It is therefore unclear whether the usual mechanism of Fermi level 

alignment by band bending is possible in organic systems, since there are not really bands 

or immobilized ionizable donor atoms.  Organic semiconductors also do not have 

disrupted lattices or dangling bonds, and have lower surface reconstruction potentials, 

meaning that surface states are not easily formed and only chemical reactions at the 

interface or surface defect sites are likely interfacial surface charge sites.  Since organic 

semiconductors have smaller mobile charge carrier densities (by several orders of 

magnitude) than inorganic semiconductors the depletion layer, if formed, would seem to 

need to extend microns instead of nanometers for typical band bending magnitudes. 

 The frontier orbital energies for an organic semiconductor at a metal-

semiconductor interface can differ by as much as 1 eV at the interface and in the bulk and 

the shift usually appears complete at thicknesses of ten to a few hundred nanometers.  For 

shifts of 1eV to be explained by band bending with the Poisson equation, a carrier density 

of ≈ 1018 – 1020 cm-3 would be required.57  The carrier density of organic semiconductors 

(without doping) is estimated to be 1012 cm-3 (for AlQ3)64 which is orders of magnitude 
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below typical inorganic semiconductor carrier densities of ~1017 cm-3.57 The carrier 

densities required to completely account for the vacuum level shifts are not compatible 

with the capacities of organic semiconductors unless intentionally doped.  For organic 

semiconductors extensively purified and vacuum deposited with no intentional doping or 

exposure to air, an increase in charge carriers by multiple orders of magnitude seems 

unlikely.  Clearly band bending cannot be the sole explanation for the frontier orbital 

energy shifts observed at metal/organic semiconductor heterojunctions. 

 Zinc phthalocyanine (ZnPc) intentionally doped with F4-TCNQ has been studied 

as an example of the effects on heterojunctions of organic semiconductor doping by other 

organic semiconductors.98,103  With doping, the ZnPc hole injection barrier decreased as 

the HOMO moved closer to the substrate Fermi level and the amount of band bending in 

the doped film increased.  The interface dipole on ITO was not affected by doping and on 

gold it was marginally affected.  By increasing the dopant density from 0.3% to 3%, the 

band bending was increased from 0.4 eV to 0.6eV and the space charge width was 

decreased from ≤ 128 Å to ≤ 32 Å.98  These results are consistent with the Poisson 

equation (equation 1.5) and show that doped organic semiconductors can be explained by 

conventional band bending dynamics.  In these same works, the undoped ZnPc showed 

some band bending which is not explainable by the same analysis.103  

 It is also not uncommon to experimentally observe that the bands shift 

significantly yet cease shifting and reach an apparent flat band condition at only 1 to 2 

nm organic semiconductor thickness.  In this case only a few monolayers of organic 

molecules are on the surface and the model of band bending cannot be considered 
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appropriate.  The electrostatics of band bending cannot explain a shift in an incomplete 

monolayer and mobile charge carriers cannot be depleted from a region that is only one 

molecule wide. The energy level shifts at low coverages therefore cannot be attributable 

to band bending.64  A model by Paasch et al. proposes that the energetic distribution of 

organic semiconductor frontier orbital and transport states gives a width on the order of 

0.1 eV which may explain large band bending within a narrow layer thickness without 

requiring a large concentration of mobile charge carriers or dopants.72  Overall, an 

interface dipole with band bending may be able to account for the heterojunction energy 

level behavior, but the mechanisms behind both the interface dipole and band bending for 

organic semiconductors require much further development.  

 

Fermi Level Alignment vs. Common Vacuum Level 

 Charge must interact and be able to move at an interface in some form in order to 

align Fermi levels.  Because organic semiconductors were considered as closed shell 

molecules and because of the lack of doping and band structure, many early studies 

assumed common vacuum levels were appropriate for all heterojunctions with organic 

semiconductors.  It has been recognized for many years now that a common vacuum 

assumption is not appropriate53,62,74,75 but whether Fermi level alignment is applicable has 

not been completely settled, mostly because the Fermi level of an organic semiconductor 

is difficult to measure and intrinsic vs. extrinsic properties are difficult to isolate for 

organic semiconductors. 
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Figure 1.12 Several possible heterojunction energy level alignments may occur when a 
metal and a semiconductor are brought into contact.  a) Common vacuum level which 
occurs when no charge redistribution occurs at an interface.  b) Fermi level alignment 
which occurs when charge is redistributed across the interface such that the Fermi level 
of both materials is at the same energy. c) Energy level realignment but not Fermi level 
realignment may occur if neither of the above fit.  
 

 Figure 1.12a shows heterojunctions in which the vacuum level of each material is 

lined up and the energy difference between the frontier orbitals can be found by simple 

calculation between the ionization potential and work function.  This is common vacuum 

level alignment and if this were true there would be no need to characterize actual 

heterojunctions since a table of the ionization potentials of all organic semiconductors 

could be used to find all possible ΔHOMOs.  In reality this is not generally true.  A 

metal/organic semiconductor heterojunction with Fermi level alignment is shown in 

Figure 1.12b.  It is also possible that interactions occur at the interface which causes a 

shift in vacuum level but does not allow Fermi level equilibration.  In this case the 

alignment between frontier orbitals may fit neither of the above cases as shown in Figure 

1.12 c and may be more difficult to predict or explain.  Since the organic Fermi level 
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cannot be measured directly, it is difficult to confirm whether Fermi levels are aligned 

and it is not as simple as it may appear to validate the Fermi level alignment model. 

 Vázquez, Kahn, et al have developed a charge neutrality level (CNL) model, 

computationally predicting a CNL level, equivalent to the organic Fermi level, within the 

organic bandgap.76,77  The CNL is the level at which the total integrated density of states 

(DOS) up to the CNL accommodates the number of electrons in the isolated molecule.  

They use a DFT method to calculate the exchange and correlation energies of the organic 

semiconductors, then use a quantum-mechanical analysis to calculate the metal-

semiconductor interaction according to chemisorption theory in the limit of weak 

interactions.73,76,77  This interaction broadens molecular orbitals based in part on metal 

orbital overlap such that a non-negligible local density of states are induced within the 

semiconductor bandgap.  Larger bandgap and more symmetric distribution of π states 

around the HOMO and LUMO make midgap CNL more likely, as shown for CBP on 

gold (4,4’,N,N’-dicarbazolyl biphenyl).77  PTCDA and PTCBI have CNL much closer to 

the LUMO than midgap, primarily because of unequal π states distribution around the 

bandgap.77   

 Relative CNLs have been correlated with the direction of charge transfer and 

therefore interface dipole in much the same way as the relative work function of two 

metals determines the direction of charge transfer, both for metal-organic77 and organic-

organic76 heterojunctions.  CNL calculations for metal induced molecular CNL apply 

equally well for the organic-organic interfaces which is useful but troubling because the 

CNL is predicated on metal influence and seems odd that the same influence would occur 
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without the metal.  The CNL level position within the bandgap agrees well with the 

Fermi level measured by UPS, particularly for the interfaces in which pinning occurs but 

less so for CBP in which the CNL is not near the HOMO or LUMO.77  Nevertheless, a 

computational method of accurately predicting the CNL or effective organic Fermi level 

of organic semiconductors is an exciting development.  

 

1.4 Organic Electronic Devices 

1.4.1 Device Geometry 

 Two of the most common devices in which organic semiconductors are utilized 

are photovoltaics and light emitting diodes.  The processes required in each type of 

device determine the optimal properties and combinations of organic semiconductors.  

For both devices the general form is a multilayer geometry with one transparent 

electrode, one metal electrode, and two or more organic semiconductor layers between 

the electrodes.  In photovoltaics incident light is absorbed by the organic semiconductors 

and converted into photocurrent.  In light emitting diodes a potential is applied across the 

layers to inject charge into the organic semiconductors in order to create light emission.  

Slightly different organic semiconductors are used in the two types of devices but similar 

properties are important for both.  The combination of organic materials must be selected 

for the best and most compatible properties including hole transport, electron transport, 

light absorption and emission, as well as long term stability and processability.   

 Multilayer organic electronic devices vastly outperform single layer organic 

devices.78 The interface between organic layers is crucial for exciton formation and 
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dissociation so increased contact area is advantageous, but charges (holes and electrons) 

must travel to or from the electrodes so a completely mixed film does not produce 

optimal results either.79-83  Blended polymer, copolymer, and more exotic designs are 

constantly being explored but for now the standard remains two distinct thin film layers 

of two different organic semiconductors.  Sometimes a third (or less often fourth) organic 

layer is added for exciton or charge blocking, protection of internal organic molecules 

from metal intercalation, or for better geometrical or electrical contact with the 

electrode.79,84 For light emitting diodes another organic semiconductor is frequently 

doped in small concentrations within an organic semiconductor layer to act as the light 

emitting species.  This light emitting species is often called the guest and the other 

semiconductor matrix is called the host and different guest molecules can produce 

different wavelength light emission. 

 Of the two organic semiconductors one is p-type, chosen for hole conduction, and 

the other is n-type, chosen for electron conduction.  High mobilities for each conduction 

mode are desirable and matching mobilities or charge flux are best for device 

performance and lifetime.1  A low work function metal is used as the electrode in contact 

with the n-type organic semiconductor, aluminum is most common.  Either thin layers of 

semi-transparent high work function metals or transparent conductive oxides, most 

commonly Indium Tin Oxide (ITO), are used as the p-type electrode contact.  ITO has 

considerable drawbacks but is transparent and conductive which is an uncommon but 

necessary combination of properties since light must be allowed into the organic layers 

for a photovoltaic and out for a light emitting diode. 
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1.4.2 Device Function:   

Light Emitting Diodes 

 The layers and processes which occur within organic light emitting diodes are 

shown in Figure 1.13.  First, the charges must be injected from the electrodes into the 

respective organic semiconductor frontier orbitals.  Second, the injected holes and 

electrodes must migrate from the electrode to an interior interface at which they may 

interact.  The charges accumulate on each side of the interior interface and both electron 

and hole must be located on molecules near enough to interact across the interface so that 

the excited electron may decay radiatively into the empty hole resulting in the emission 

of a photon at a characteristic wavelength.  Often three separate organic semiconductors 

are selected for electron transport, hole transport, and light emission properties. 

 Charge injection is fairly straightforward and is influenced by frontier energy 

barriers at each electrode interface.  Migration of charge within the organic layer is 

strongly material and morphology dependant and is influenced by preparation conditions. 

An external bias is applied between the two electrodes to force this injection and 

migration to a desired flux of charge.  Recombination and light emission are more 

complicated and dependent on more factors within the device.  Only a small fraction of 

the injected charge is successfully converted into emitted light, partly due to 

singlet/triplet spin restrictions and partly due to electrode quenching when recombination 

occurs too near the metal electrode.1 
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Figure 1.13 a) Organic light emitting diode device diagram and b) four essential 
processes: 1 – charge injection from electrodes, 2-charge transport to interface, 3-
localization of hole and electron, and 4 - radiative recombination of hole and electron to 
emit light 
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Photovoltaics 

 Figure 1.14 shows the required layers in an organic photovoltaic and processes 

required for functioning broken down stepwise.  The first necessary process is the 

creation of an exciton within the organic layer by a molecule absorbing a photon of light.  

The exciton must dissociate into mobile charges, a process enhanced at organic/organic 

interfaces.79,85,86 The charges must travel through the organic layers to reach the 

electrodes, requiring organic materials with high hole and electron mobilities and an 

electric field or concentration gradient of charged species across the organic layer.87,88 

Finally, the charges must pass from the organic layers into the electrodes which requires 

low energy barriers at the organic/electrode interfaces.89 

 Although many organic semiconductors have absorption coefficients, α, in the 

105 M-1cm-1 range, to be most efficient the majority of incident light should be absorbed 

which would require micron thick organic layers.  Because of the low charge mobilities 

of organic semiconductors that would cause most of the resulting charge to never reach 

the electrodes and therefore not be productive.  Studies looking for the layer thicknesses 

for which these two factors are most compatible have found layers of 10-25nm to be 

optimal.79 Multiple ultra-thin alternating layers of n and p-type organic semiconductors 

are one design attempting to maximize both light absorption and charge transport to 

electrodes.79,91  Another is manipulation of optics to create a light trapping design in 

which light makes multiple passes through thin organic layers to increase the internal 

quantum efficiency drastically.84,92  For solar cell photovoltaic applications the organic 

semiconductors are specifically selected to cover the solar spectrum most completely.79 
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Figure 1.14 a) Organic photovoltaic device diagram and b) four essential processes: 1 - 
exciton creation - absorbance of light, 2 - exciton dissociation - creation of mobile 
charge, 3 - charge transport – mobilities, 4 - charge injection/collection at electrodes. 
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1.4.3 How Energy Level Offsets Translate to Device Function 
 

Metal/Organic Interfaces 

 For hole injection, the HOMO of the organic material and the Fermi level of the 

electrode are the operative energy levels and the difference in energy between the two is 

known as the hole injection barrier (ΦBh).  For electrons, the LUMO of the organic 

material and the Fermi level of the electrode must be favorably aligned with a low 

electron injection barrier (ΦBe).  Metal contacts are often chosen by work function 

specifically to match the ionization potential or electron affinity of organic 

semiconductors to minimize the energy barriers.  Although the injection barriers have 

seldom been found experimentally to agree with simple predictions, there is some value 

to choosing high or low work function materials for hole and electron injection 

respectively.53 

 Charge injection from an electrode into an organic semiconductor may be 

described by several models.  In thermionic charge injection, injection current is 

inversely, exponentially proportional to the injection barrier energy.58  Tunneling is less 

sensitive to the injection barrier energy, but does depend on the narrowness of the 

depletion layer and therefore on dopant concentration and on initial voltage offsets.  In a 

light emitting diode the turn on voltage is strongly related to injection barrier energy at 

both electrodes.  Since the turn on voltage has a large effect on the power requirements 

for a light emitting diode, minimizing the injection barrier energy is strongly desirable. 
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Organic/Organic Interfaces 

 Organic semiconductors are not nearly as efficient as conventional 

semiconductors at dissociating an exciton to produce mobile charges.  In bulk organic 

films this exciton dissociation is inefficient, however at interfaces exciton dissociation by 

charge transfer occurs much more efficiently.79,85,86,90,93  In energetic terms, the 

surrounding molecules in bulk organic films are equivalent and there is no energetic 

advantage to the final state with an electron on one molecule and a hole on another.  

Without this advantage there is little driving force to overcome the energy barrier of the 

exciton binding energy.  At an interface with a different molecule, the final state of 

separated charges may become energetically favorable and thus the driving force and 

therefore the rate of exciton dissociation by charge transfer may increase.  

 It is always favorable for electrons to move to lower energy orbitals and vice 

versa for holes.  If the exciton is in the n-type semiconductor, as in Figure 1.15a, it is 

energetically favorable for the hole in the n-type HOMO to move to the HOMO of the p-

type semiconductor, alternately described as an electron from the HOMO of the p-type 

semiconductor moving to the HOMO of the n-type semiconductor.  The difference in 

energy levels of the HOMO orbitals for both organic semiconductors, ΔHOMO, should 

promote exciton dissociation.79,82,83  If the exciton is in the p-type semiconductor, as in 

Figure 1.15b, it is energetically favorable for the electron in the p-type LUMO to move to 

the LUMO of the n-type semiconductor.  The energy difference in LUMO orbital 

positions, ΔLUMO, is critical for this type of exciton dissociation.  ΔHOMO or ΔLUMO  
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Figure 1.15 Organic/Organic Heterojunction.  If the exciton is in a) the p-type material 
the differences in HOMO orbitals govern exciton dissociation, but for b) the n-type 
material, the differences in LUMO orbitals are the relevant consideration.  c) The energy 
difference between the HOMO of the p-type semiconductor and the LUMO of the n-type 
semiconductor play an important role in exciton dissociation and light emission.84,97 
 

must be greater than the exciton binding energy to provide sufficient energy to overcome 

the coulombic attraction keeping the electron and hole together. 

 The energy offset between the HOMO of the p-type organic semiconductor and 

the LUMO of the n-type organic semiconductor is of increasing focus in organic 
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electronic device performance.  This parameter has increasingly replaced ΔHOMO or 

ΔLUMO as the frontier orbital offset of most interest as belief has become more 

widespread that an electron from one material directly fills the hole in the other material 

without the requirement of an intermediate step of exciton formation for organic light 

emitting diodes.79 This energy difference has also been related to the favorability for 

exciton charge transfer dissociation in organic photovoltaics. 79  Much as the HOMO-

LUMO gap within a material determines the energy required to form an exciton within 

the material (and correspondingly the energy contained in such an exciton), the 

HOMO(p)-LUMO(n) energy difference gives the energy of a charge-transfer state with 

the hole in the p-type semiconductor and the electron in the n-type semiconductor (and 

energy contained in a charge-transfer state).  This is a simplification but some researchers 

use the comparison of HOMO(p)-LUMO(n) with Eexciton (excited semiconductor bandgap 

minus exciton binding energy) to determine whether charge transfer is energetically 

favorable and therefore whether an exciton can be expected to separate into mobile 

charges. 79,89,90 

 

1.5 Measurement of Organic Frontier Orbital Energies 

 Photoelectron spectroscopy and optical spectroscopy are the two tools used to 

examine the frontier orbitals in organic semiconductors in this study.  Both probe organic 

semiconductors in the solid state under the same ultra high vacuum conditions at least 

nominally in the same polymorphs.  Yet because the two different measurements involve 

different perturbations of the system being measured, the results they produce are not 
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quite the same.  In photoelectron spectroscopy (PES) the transition measured is between 

an initially neutral molecule and a charged molecule.  For ultraviolet photoelectron 

spectroscopy (UPS) an electron is removed and a positively charged molecule results, for 

inverse photoelectron spectroscopy (IPES) an electron is added and a negatively charged 

molecule results. 

    UPS: M + hυ → M+ + e- 

    IPES: M + e- → M- + hυ 

 In both cases the charged product causes electrons and atoms of the molecule and 

of the surrounding molecules to reorient themselves to better stabilize the charge.  This 

stabilization changes the measured transition energy.  Adjustment of electronic charge 

density on the molecule and surrounding molecules takes ca. 10-16 s.   Adjustment of 

atoms within the molecule to a new equilibrium geometry for the charged state takes ca. 

10-15 - 10-14 s.  For UPS an average photoelectron kinetic energy is 15 eV and it travels 

ca. 10-20Å in 1-5 x 10-15 s, this is slow enough that both electronic and atomic 

polarization stabilization affect the measured binding energy.94  Electronic stabilization 

accounts for the majority of measured final state stabilization. 

 For optical spectroscopy an electron is moved from one orbital into a higher 

energy orbital but not added or removed from the molecule and therefore both the initial 

and the final state for an optical transition are neutral.  Molecular orbitals are distributed 

over many atoms in organic semiconductor molecules and the HOMO and LUMO 

molecular orbitals have different contributions from different atoms.95-97 The excitation 

of an electron consequently changes the electronic distribution in the molecule slightly 



 

 

68

and there may be slight rearrangement of electrons on surrounding molecules, but the 

effect is much smaller and the optical transition energy is not significantly affected by 

surroundings stabilization. 

   optical absorption: M + hυ → M* 

   optical fluorescence: M* → M + hυ 

The timescale of optical transitions is also different from photoelectron spectroscopy 

transitions.  Absorbance of a photon takes approximately 10-15 s, vibrational relaxation to 

relaxed excited state occurs in ca. 10-12 s, and fluorescence occurs over ca. 10-8 s.104  

Solvent relaxation takes only 10-11 s, solid state surroundings stabilization likely takes 

longer.  Absorbance spectroscopy occurs much faster than any stabilization processes and 

the lowest energy absorbance peak gives the optical absorbance bandgap energy, Eoptical 

or Eopt.53,94  

 Neither of these transitions is quite the same as the energy required for the 

electrical injection of charges into organic semiconductors in organic electronic devices. 

The optical bandgap is believed to underestimate the energy of frontier orbitals in organic 

electronic devices because it does not include the energy required to overcome the 

Coulombic attraction and separate the negative electron from the positive hole.  This 

additional energy barrier is called the exciton binding energy.  Since organic electronic 

devices all fundamentally involve charge carriers and the movement of separated 

electrons and holes, the exciton binding energy cannot be neglected. 



 

 

69

 The bandgap measured from photoelectron spectroscopy, called EUPS-IPES, most 

likely overestimates the bandgap in organic electronic devices.  PES of solids is strongly 

surface sensitive so the molecules being sampled are at the surface of a solid, effectively 

at an interface with vacuum which means stabilization does not occur from all directions 

the way it would in the bulk of an organic semiconductor layer.  At an interface with a 

metal electrode even stronger stabilization occurs because the dielectric constant of 

surroundings directly relates to stabilizing ability.  Further while Eopt involves neutral 

molecule initial and final states and therefore does not represent the charged species in 

active organic electronic devices, EUPS-IPES has double the effect charged species because 

UPS measures the HOMO for a transition to a positively charged molecule and IPES 

measures the LUMO of a negatively charged molecule.  Charge transport or injection 

within an organic electronic device occurs with only an electron or a hole, not both on the 

same molecule. 

 There has been an effort to convert the photoelectron spectroscopy measured 

HOMO-LUMO bandgap into a “transport” bandgap in which some of the above 

differences are corrected for, Etrans.  The transport bandgap should be equal to the optical 

bandgap plus the exciton binding energy and would ideally be applicable for the 

calculation of injection barriers and would predict LUMO positions more accurately from 

the more easily measured HOMO positions.  The method of Hill, Kahn, and Soos et al. 

begins with the energy of the HOMO peak from UPS and the LUMO peak from IPES to 

find EUPS-IPES peak, using the Fermi cutoff for gold as a reference to align the two frontier 
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Figure 1.16 Organic semiconductor bandgap from photoelectron and optical 
spectroscopy and transport bandgap inferred from other bandgaps but adapted for organic 
electronic device charge injection and transportation applicability. 
 

orbitals on the same scale.94,100  From this E UPS-IPES peak energy, electronic polarization 

correction for both the HOMO (P+) and LUMO (P-) is applied including a correction 

from the surface atoms measured by PES to bulk atoms, and a small correction for the 

effects of vibrational broadening is applied.  Specifically, 0.2 eV is subtracted as an 

estimate for 0.1eV added to each edge of the bandgap from vibrational excitation and 0.6 

eV is subtracted as an estimate of polarization stabilization including the difference in 

polarization stabilization at the surface vs. in the bulk.94  This approach ultimately results 

in the subtraction of 0.8eV from the measured EUPS-IPES peak, to find the transport bandgap 

and is not molecule specific.  The difference between Etrans and Eopt varied from 

0.6±0.4eV for PTCDA and CuPc to 1.0±0.4eV for αNPD and 1.4±0.4 for AlQ.94 
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 There are some questions whether their approach beginning from the peak energy 

of the PES frontier orbital peaks is best because it invokes the assumption that the sole 

source of peak broadening is from disorder and instrumental factors.  If any reaction or 

pinning of orbitals occurs, then this assumption is false and the supposedly ideal 

Gaussian distribution the HOMO peak with respect to energy is skewed and the low 

density of orbitals at the HOMO onset which could pin the frontier orbital energies 

is not only not measured but is implicitly ignored as a possible factor affecting the peak 

energy and semiconductor bandgap.  The assumption that the hole and electron 

polarization stabilization factors are equal is only true for molecules with similar charge 

distributions as cations and anions.94  This is true for alternate hydrocarbons such as 

anthracene but may not be true for molecules such as PTCDA.  If P- > P+ then the 

transport bandgap is underestimated (and vice versa if P- < P+) and the transport bandgap 

may not be symmetrical with the optical bandgap (both HOMO and LUMO evenly 

affected by transport bandgap calculations). 

 Even if organic semiconductors are considered intrinsic semiconductors and the 

organic Fermi level could be estimated as halfway between the HOMO and LUMO 

orbitals, the question becomes which bandgap energy accurately represents the frontier 

orbitals and should be used to find this midgap Fermi level.  This is usually done by 

adding half the energy of the bandgap to the HOMO ionization energy and not only 

whether half of the optical bandgap or transport bandgap must be answered, but whether 

the HOMO onset measured by UPS is the best starting point for the calculation is a valid 



 

 

72

question.  These are not questions with settled answers, but rather are some of the reasons 

for the research in this dissertation. 

 

1.6 Ultraviolet Photoelectron Spectroscopy - UPS 

Ultraviolet Photoelectron Spectroscopy (UPS) is based on the photoelectric effect.  

By illuminating a sample with photons of sufficient energy, electrons are emitted with 

kinetic energies determined by the binding energy of the orbitals from which they were 

emitted.  For the simplest case the difference between the initial photon energy and the 

measured kinetic energy equals the binding energy. 

   hν = KE + BE      (1.7) 

For practical reasons, the binding energy is usually calculated from the difference 

between the highest kinetic energy photoelectrons measured and the lowest kinetic 

energy photoelectrons measured by the spectrometer.55,101,102 

    BE = hν - (KEmax – KEmin)   (1.8) 

UPS spectra are composed of photoelectrons emitted from occupied valence 

orbitals.  The photon source for UPS is an energy source with a specific photon frequency 

in the ultraviolet range, most commonly He I photons with an energy of 21.2 eV.  XPS is 

a similar technique with higher energy X-ray photon illumination capable of measuring 

core atomic orbitals, and tunable synchrotron radiation is beginning to become more 

common for energies over both ranges.   

Primary electrons are electrons emitted from a sample without undergoing any 

inelastic collisions or losing any energy, these are the electrons with a kinetic energy 
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which may be used to find the binding energy of orbitals.  Secondary electrons are 

electrons which undergo collisions and lose energy, as a result they no longer contain the 

characteristic energy of their originating orbitals.  Figure 1.17 shows a surface being 

irradiated by He(I) photons and the possible paths of resulting photoelectrons and 

illustrates where primary and secondary electrons appear in a UPS spectrum.  Because 

the primary electrons have not lost any energy they appear at the highest kinetic energies 

and secondary electrons appear at lower kinetic energies. Primary electrons form well 

defined peaks but secondary electrons form a cascade of increasing intensity with 

 

Figure 1.17 a) Possible paths of a photoelectron: a is a primary electron, b is a secondary 
electron, and c is an electron which is not detected. b) UPS spectra and relationship 
between valence orbitals and features in UPS spectra. 
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decreasing kinetic energy.  At a certain minimum kinetic energy an abrupt change in 

intensity occurs from maximum intensity to no intensity, this secondary electron cutoff 

occurs at the energy for which photoelectrons no longer have sufficient energy to escape 

from the sample.  This edge of the spectra defines the position of the vacuum level, the 

barrier which must be overcome to move an electron from being associated with the 

sample to being free from its influence. 

 For metals the very highest kinetic energy electrons are emitted from the Fermi 

level.  The work function (Φ) of a metal is the binding energy of electrons in the Fermi 

level.  For UPS to give valid results, the sample must be conductive enough for the 

sample surface to be in equilibrium with the spectrometer.  Since photoelectrons are 

being emitted a non-conductive sample rapidly builds up a positively charged surface, 

equilibrium is not maintained, and all photoelectrons become shifted to lower kinetic 

energies.  As long as equilibrium is maintained the Fermi level is measured at the same 

kinetic energy for all materials.  The work function can be found from equation 1.9 in 

which KEF is the Fermi level kinetic energy and KEmin is the low kinetic energy or 

secondary electron cutoff. 

   ΦM = 21.2eV - (KEF – KEmin)    (1.9) 

As long as equilibrium is maintained the work function may be calculated even for cases 

in which the Fermi level onset is not clearly visible since KEF does not change.  For a 

non-metal the highest kinetic energy electrons are emitted from the highest occupied 

molecular orbital (HOMO) and the binding energy of the HOMO orbital is called the first 

ionization potential (IP).  The ionization potential is found from the kinetic energy 
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difference from the onset of the HOMO peak and the low kinetic energy cutoff by 

equation 1.10. 

   IP = 21.2eV - (HOMOonset – KEmin)   (1.10) 

The HOMO peak position is not fixed and is material specific, thus the ionization 

potential can only be found for cases in which HOMOonset is clearly visible. 

 Figure 1.18 shows the HOMO onset, Fermi level, and low kinetic energy cutoff 

for a metal (dark trace) and organic (light trace) UPS spectra.  All three are found with 

the tangent intercept method in which a linear least squares fit is found for the linear 

portion of the edge of the peak or cutoff and a linear least squares fit is found for the 

background of the spectra adjacent to the spectral feature.40,102  The intersection of these 

two lines is reported as the energy for HOMO onset, Fermi level, and low KE cutoff.  

HOMO peak position is found from a Gaussian peak fit, if necessary by fitting multiple 

Gaussian peaks for the near HOMO orbital photoemission background.  Figure 1.18 b 

and d also shows how the hole injection barrier (ΦBh) is found from the energy 

difference between the Fermi energy of underlying substrate and the HOMO onset.  

Figure 1.18 c and e shows the vacuum level shift (Δ) between a metal (1) and an organic 

semiconductor (2) deposited on it.  

 UPS can be used to measure how much energy separates the respective highest 

occupied valence orbitals in two adjacent materials.  This is of special interest in the field 

of organic electronic devices in which the interfaces are believed to dominate much of the 

device performance and charge injection barriers at metal/polymer, metal/organic, and  
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Figure 1.18 a) UPS of gold (dark) and ZnPc (light). b) Expanded view of near Fermi 
region of UPS spectra and illustration of how ΦBh is calculated. c) Expanded view of 
low kinetic energy region of UPS spectra and illustration of interface dipole Δ is 
calculated.  Energy level diagrams of d) ΦBh and e) Δ.   
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organic/organic interfaces are crucial.40,53,101-103  An interface is studied with UPS by first 

taking spectra of one material and then applying a small amount of a second material and 

collecting the UPS spectra which contains photoelectrons from both materials.40,102,103  

This is repeated with increasing amounts of the second material until eventually only 

photoemission from the second layer is measured.  A buried interface cannot be studied 

because UPS is too surface sensitive.  UPS may also detect peaks at an interface that are 

not present for either pure material which indicates an interfacial state most likely caused 

by a reaction between the two materials. 

Primary electrons give the frontier orbital energy level alignment at the interface 

but the shift in the low kinetic energy edge of the UPS spectra uses secondary electrons to 

indicate a change in surface potential.104  This shift can result from the change from an 

electron rich metal surface to a lower energy semiconductor surface, or shifting can result 

from charge redistribution within a layer, or the shift can result from an interfacial dipole 

layer intentionally added to a surface such as a self-assembled monolayer.  The shift in 

low KE cutoff is called by a number of names including vacuum level shift (Δvac)40,104 

and interface dipole (eD)55 or is sometimes simply denoted as Δ.55,104  Figure 1.18e shows 

a diagram of the frontier orbitals of the two materials and how Δ relates to the energy 

level alignment of the heterojunction.  Although the work function of gold and ionization 

potential of zinc phthalocyanine are extremely close in magnitude (most commonly 5.0-

5.2eV for both), the Fermi level of gold and the HOMO of ZnPc are separated by a 

significant energy because their vacuum levels do not align as indicated by this low KE 
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secondary electron cutoff shift.  The measured work function, ionization potential, hole 

injection barrier, and vacuum level shift together give a comprehensive picture of the 

energetic relationship of frontier orbitals at the interface. 

 
1.7 Optical Spectroscopy – Absorbance and Fluorescence  

 Absorbance spectroscopy is a very common technique often used quantitatively to 

find film thicknesses but in this work analyzed more with respect to wavelength rather 

than intensity.  The peak wavelength of the lowest energy peak (highest wavelength) in a 

solid-state absorbance spectrum is used to find the optical bandgap.  Further, the peak 

wavelengths and relative intensities of features within solid-state absorbance spectra are 

used as a guide to whether a sample is amorphous or mainly comprised of various 

different phases or polymorphs.13,26-29,40 

 Absorbance not collected in vacuo in this work, instead fluorescence was 

monitored.  Fluorescence is very sensitive and can easily detect submonolayer coverage 

fluorescence and see fine transitions in wavelength indicating structural or aggregate 

changes to molecules that would be missed with the lower signal-to-noise absorbance 

spectroscopy.  The fluorescence wavelength is often near the lowest energy absorbance 

peak, separated only by the energy of relaxation from the initial excited state to the 

lowest vibrational state in a singlet manifold.  This energy difference from absorbance to 

fluorescence is called the Stokes shift and is very low for most organic semiconductors in 

solution (ca 5-15nm).99 
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 Fluorescence can also be from excimer or exciplex states, these are states between 

multiple molecules and are technically states which are only associated in the excited 

state (either between two of the same molecule for excimers or between two different 

molecules for exciplexes) so they do not have absorbance peaks associated with the 

fluorescence peaks.3,105 The terms are sometimes used less rigorously in the organic 

semiconductor field for any emission from any multiple molecule excited state.  Excimer 

or exciplex emission occurs at wavelengths removed from absorption peaks, often red 

shifted by 50-100nm.3  

 Absorbance spectra are usually closely related to the energy of excited singlet 

manifolds and their vibrational states, broadened in solids and shifted by transition dipole 

coupling as described in section 1.2.  Fluorescence from the lowest energy relaxed singlet 

state is only one of the many pathways seen from organic semiconductors.  Excitons may 

be Frenkel or CT (charge transfer), molecular geometry or distortion may change the 

wavelength of emission or type of exciton.  The distribution of excitons among these 

pathways further changes with temperature in a complicated interplay resulting from the 

fact that excitons may fluoresce, undergo charge transfer, or act as a precursor to other 

exciton states.   

 Frenkel excitons are excitons in which the photoexcited electron and its 

corresponding hole are localized on the same molecule.  Charge transfer excitons are 

excitons in which the electron and hole are located on adjacent molecules.  In some 

models charge transfer excitons exist as an intermediate state between Frenkel excitons 

and free charge carriers, in others they are an independent product of photoexcitation. 
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Wannier excitons are excitons in which the hole and electron are weakly bound, located 

relatively far apart in a lattice type system in which electron delocalization is extensive.  

Wannier excitons occur in inorganic semiconductors but are not expected in organic 

semiconductors.9 

 PTCDA has six documented fluorescence types – relaxed monomer emission, 

indirect Frenkel exciton emission, two different charge transfer emissions and a non-

relaxed charge transfer emission, and an excimer transition that dominates at higher 

temperatures. 106-109  Most of these emissive states are only discernable at extremely low 

temperatures such as less than 100K and are not observed at room temperature.  At room 

temperature the excimer emission dominates the photoluminescence spectra with only 

minor contributions from other forms below 700nm.106,107 This complexity illustrates the 

need to be cautious in avoiding oversimplified interpretation of fluorescence spectra. 

 Rather than exhaustively analyzing the shape of fluorescence spectra, in this work 

the photoemission intensity at a few selected wavelengths is the focus of analysis.  In an 

ideal photovoltaic the quantum efficiency would be 1 and every photon absorbed by a 

molecule would lead to one separated set of charges, an electron and a hole, which would 

both successfully be transported to opposite electrodes.  Ideally, no excitons would return 

to the ground state radiatively and the complete absence of fluorescence would be 

preferred.  As the two are inversely related, a decrease in fluorescence intensity may be 

correlated with an increase in more productive exciton pathways.  The quenching of 

PTCDA and C4-PTCDI fluorescence produced by heterojunction formation with 
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phthalocyanines and other organic semiconductors will be described in more detail in 

Chapter 6. 

 

1.8 Focus of Current Research 

 Bulk properties of organic semiconductors are fairly easily measured.  What 

happens at the interface between two organic semiconductors is much more difficult both 

to measure and to understand and predict.  Further, what type of measurement gives the 

best orbital or bandgap energy for use as a parameter in organic electronic devices is 

constantly under discussion and development.  A combination of photoelectron 

spectroscopy and fluorescence spectroscopy have been applied to study several of the 

interfaces found in organic semiconductor devices. 

 A study of the interface dipole created by surface modification of a metal 

substrate is developed using alkanethiol and partially fluorinated alkanethiol self-

assembled monolayers on gold in Chapter 3.  XPS and UPS are used to characterize the 

self-assembled monolayers while gas phase PES is used to characterize alkanethiol 

molecules.  The interface dipoles produced by alkanethiols and partially fluorinated 

alkanethiol self-assembled monolayers on gold are measured by UPS and related to the 

dipole moments calculated for single alkanethiol molecules.  The relationship between 

computational dipole moments and the measured interface dipoles is used to further 

develop the additive model for surface dipole formation, originally designed for small 

molecule interfaces, as well as to make conclusions on the polarity of the gold-sulfur 

bond. 
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 Heterojunctions of organic semiconductors with gold and heterojunctions between 

two different organic semiconductors are also studied by UPS and XPS in Chapters 4 and 

5.  The frontier orbitals are measured by UPS as heterojunctions are formed with vacuum 

deposition; of particular interest are the energy differences between the Fermi level of the 

gold substrate and HOMO orbitals of the organic semiconductors.  The UPS vacuum 

level shift at a heterojunction gives the interface dipole and this shift is able to disprove 

the ubiquity of common vacuum level for organic semiconductor heterojunctions.  The 

application of optically derived organic semiconductor bandgaps and UPS-IPES derived 

transport bandgaps are compared with the UPS measured frontier orbital alignments in 

order to develop models of the heterojunction energy level alignment.  The 

heterojunction studies focus on phthalocyanines and perylenetetracarboxylic dianhydride 

or n-butylperylenetetracarboxylicdiimide and both are found to have reproducible organic 

Fermi levels within the HOMO-LUMO bandgap.   

 Finally, in Chapter 6 fluorescence spectroscopy is applied to the same 

organic/organic’ heterojunctions studied by UPS in Chapter 5.  Fluorescence combined 

with UPS results enables a much richer picture to be developed in particular for the 

heterojunctions between ClAlPc and ClInPc with PTCDA vs. C4-PTCDI.  The 

aggregation process from individual molecules on a substrate to small aggregates and 

ordered polymorphs can be followed as a function of finely controlled sample deposition 

in a unique in-vacuo fluorescence experimental setup.  The quenching of fluorescence 

and PTCD heterojunctions with phthalocyanines and TPD is able to clearly indicate the 
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favorability of interfacial exciton dissociation by energy transfer and charge transfer vs. 

fluorescence. 
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CHAPTER 2 

EXPERIMENTAL: METHODS, MATERIALS, AND EQUIPMENT 

 

2.1 Method and Materials 

2.1.1 Molecular Systems of Interest 

Most molecules studied in this work are either phthalocyanines, 

perylenetetracarboxylic dianhydride/diimides, or other organic semiconductors.  Also 

studied are alkanethiols and selectively fluorinated alkanethiols.  The phthalocyanines are 

all metal centered with either divalent metal cations such as copper(II) or zinc(II) or 

trivalent cations with associated halides such as chloro-aluminum(III) or chloro-

indium(III).  Figure 2.1a shows the phthalocyanine molecular structure and indicates the 

places where modifications can be performed to form derivatives with different 

solubilities or different phthalocyanine ring orbital energies by donation or withdrawal of 

electron density from peripheral sidechains.  Phthalocyanines were purchased from 

Kodak, Eastman, or Aldrich when possible and synthesized when necessary (ClInPc).1,2 

All phthalocyanines were purified by entrainor sublimation in vacuum prior to use and 

were further purified by out-gassing by heating in vacuum below sublimation 

temperatures immediately before use. 

All perylene derivatives in this study descend from the perylene core and contain 

four carbonyl functional groups, but they differ in oxygen or nitrogen inclusion at the 

molecule termini as seen in Figure 2.1b.  PTCDI imides may be functionalized with 

moitities other than the n-butyl chain in C4-PTCDI, but in this work only the n-butyl  
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Figure 2.1  The molecular structure of a) a phthalocyanine and the positions where 
modifications can be  performed to form derivative compounds, b) the two perylene dyes,  
perylenetetracarboxylicdianhydride (PTCDA) and N,N'-di-n-butylperylene 
bis(dicarboximide) (C4-PTCDI), and c) several alkanethiols used in this work including 
hexadecanethiol (C16), ω-monofluorohexadecanethiol (C16F1), and ω-tetrafluoro 
hexadecanethiol (C16F4). 
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derivative is studied.3  Perylenetetracarboxylicdianhydride (PTCDA) was purchased from 

Aldrich and purified by vacuum sublimation.  N,N'-di-n-butylperylene  

bis(dicarboximide) (C4-PTCDI) was synthesized by G. Schnurpfeil (Bremen) and by Ana 

Rodergio in this lab following the procedure of Tsuchida.3  C4-PTCDI synthesized in 

house was purified by column chromatography prior to vacuum sublimation purification. 

 Other organic semiconductors include tris-(8-hydroxyquinoline) aluminum, 

commonly called aluminum quinoline or abbreviated as AlQ3 or AlQ, 

tetracyanoquinodimethane (TCNQ), tetrafluorotetracyanoquinodimethane (F4-TCNQ), 

and C60 or buckminsterfullerene.  AlQ3 and C60 were obtained from Aldrich and 

vacuum sublimed for purification.  TCNQ and F4-TCNQ were purchased from Aldrich 

and used as received due to the small amounts purchased.  This lack of pre-purification is 

not necessarily significant as all vacuum deposited materials are purified in situ by 

heating organic deposition sources to a temperature below sublimation temperature for 

extended times before sample deposition within experiments. 

A number of alkanethiols are used in this study, all having in common the -SH 

thiol group connected to saturated alkane chains beginning with at least two carbons fully 

coordinated by hydrogen.  Figure 2.1c includes structures of a few of the alkanethiol 

molecules studied; hexadecanethiol, ω-monofluorohexadecanethiol, and ω-

tetrafluorohexadecanethiol.  Methyl and methylene hydrogens in some alkanethiols were 

substituted with fluorine atoms to produce alkanethiols of varying ionization potentials 

and molecular dipoles.  Purely hydrocarbon alkane thiols were purchased from Aldrich 

but all partially fluorinated alkane thiols were provided courtesy of the Wysocki research 
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group (U. Arizona) and synthesized by the Randall Lee research group (Houston, TX).4,5 

Alkanethiols were used as received without any further purification.  They were stored in 

a dark, cool environment to minimize dimerization or decomposition. 

 

2.1.2 Substrates and Substrate Preparation 

The substrates used in this work fall primarily into two categories: salts and 

metals.  For the fluorescence experiments alkali halide (100) face substrates are prepared 

by freshly cleaving rectangular salt crystals.  KCl, KBr, and NaCl crystals are all used to 

provide a variety of surface lattice spacings (KCl 6.29Å, KBr 6.59 Å, NaCl 5.64 Å)6 

although results presented are primarily from KCl.  The salt crystals are cleaved by 

holding a clean, never used razor blade perpendicular above a 1 cm x 1 cm x 10 cm salt 

crystal (International Crystal Laboratory) approximately 1-2 mm from one end of the rod.  

The blade is held at a 90 degree angle, square to the end of the crystal, and a rapid force 

is applied by hitting the top of the razor blade with short stroke from a rubber mallet.  

The salt cleaves along the (100) plane resulting in a 1-2mm thick, 1 cm x 1 cm salt 

substrate with the (100) face freshly exposed. The salt substrates are immediately loaded 

into vacuum after cleaving.  Previous experiments have shown that average terrace sizes 

are larger when cleaved with this "rapid cleave" method than when cleaved by the 

application of continuous force pushing the razor blade through the salt rod.6   

Gold surfaces were prepared in different ways for different experiments.  For the 

UPS experiments without self-assembled monolayers, i.e. vacuum deposition only, gold 

foils attached to stainless steel sample stubs were used.  These foils were cleaned first by 
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washing and sometimes sonicating with chloroform (to remove previous organics), then 

polished with decreasing diameter alumina polishing particles, and finally thoroughly 

rinsed with ethanol.  Foils are then loaded into vacuum and cleaned in-situ by sputtering 

with argon.  Samples were Ar+ sputtered at two to four keV until XPS showed no 

evidence of carbon contamination and the UPS spectrum showed distinct gold 

photoelectron features and a workfunction acceptably close to literature values.7 

Argon sputtering was not an option for experiments involving self-assembled 

monolayers since they were created out of vacuum.  These gold foils are not permanently 

affixed to any sample stub and were aggressively cleaned between each use to remove 

prior SAM films.8  The polycrystalline gold foil samples (area ≈ 1 cm2) were cleaned 

with a solution of micropolishing alumina with 1.0 μm and 0.3 μm particle sizes 

(Buehler) and rinsed in water and ethanol.  These samples were then soaked in a sulfuric 

acid-hydrogen peroxide (30 %) mixture (ratio 4:1) for 15 minutes.  After rinsing in 

ethanol and drying with purified nitrogen, the samples were air plasma-cleaned (Harrick) 

for 15 minutes at 60 watts power dissipation.  The gold foils were rinsed with ethanol 

again and dried with nitrogen, then inserted directly into dilute alkanethiol solutions to 

form new self-assembled monolayers. 

 

2.1.3 Self-Assembled Monolayer Preparation 

The creation of well-ordered monolayers of alkanethiols on gold surfaces has 

been well characterized.11-14  Before use polycrystalline gold foils were cleaned following 

the procedure described above.  Soaking solutions were one to five millimolar alkanethiol 
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in absolute ethanol.  For hydrocarbon alkanethiols (alkanethiols without fluorination), 

solutions were prepared directly before each use and kept for one to two weeks.  Partially 

fluorinated alkanethiol solutions were stored in a darkened refrigerator and used 

repeatedly to conserve the limited quantities available.  To form the self-assembled 

monolayers, the gold substrates were placed in the millimolar alkanethiol solutions and 

covered, then left in solution for 72 hours to ensure complete, well-ordered monolayers.  

When removed from alkanethiol solution, they were rinsed with ethanol, sonicated in 

ethanol, and rinsed with ethanol repeatedly (generally six cycles) to remove any excess 

alkanethiols and then blown dry with nitrogen.  Occasionally samples were rinsed and 

sonicated, then stored in ethanol for up to 24 hours before analysis.  Samples were loaded 

into vacuum as soon as possible to minimize exposure to the air.  Time in air was 

typically less than ten minutes, always less than one hour.  Samples were analyzed in 

vacuum as soon as possible, typically within one day and never more than three days. 

 

2.1.4 Ultra High Vacuum Deposition Conditions 

Depositions of the organic dyes occurred by vacuum sublimation in ultra high 

vacuum in a number of different vacuum chambers depending on the analysis to be 

performed.  Depositions were performed from boron-nitride ceramic crucibles in 

resistively heated Knudsen cells as shown in Figure 2.2.  The substrates were typically 

directly above the deposition sources, facing the deposition source about twenty to thirty 

centimeters away depending on the vacuum chamber and height of individual sources.  
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Figure 2.2 The organic deposition sources and the source-substrate arrangements and precautions to avoid uncontrolled 
deposition. (Distance between deposition sources and substrates not to scale.) A QCM is always positioned near the sample.  
a) Arrangement in XPS/UPS chambers and b) source-substrate arrangement in the fluorescence chamber - an additional, larger 
shutter near the substrate was found necessary in the fluorescence chamber.  Both vacuum systems have the capacity for up to 
four organic deposition sources, fewer are shown for clarity. 

a b
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Substrates were nominally at room temperature during depositions unless 

otherwise noted and sources were heated from 100 to 400 degrees Celsius depending on 

the organic material and desired rate of deposition with temperatures controlled and 

stabilized by Omega Temperature Controllers integrated with a 10 Amp current supply.  

A combination of shutters directly above the sources, shutters directly below the 

substrate, and substrate holders which could be moved out of the chamber or rotated 180 

degrees were used to minimize uncontrolled or unmonitored organic deposition.  Figure 

2.2a shows the source-substrate arrangement and precautions to avoid uncontrolled 

deposition in the XPS/UPS chambers; the sample can move in and out of the chamber 

and can be rotated such that the substrate is facing upwards.  Figure 2.2b shows the 

source-substrate arrangement in the fluorescence chamber; the sample can rotate within 

the plane but cannot move from side to side or be moved from the line of sight of the 

sample source.  An additional shutter, shown at right, was found necessary to avoid small 

but significant uncontrolled sample deposition.  Substrates could be held at elevated 

temperatures when deposited in the fluorescence chamber with a resistive heater 

incorporated in the stationary sample stage of the substrate holder.  Other chambers had 

mobile sample stage holders which did not have any heating or cooling capabilities 

during deposition. 

Quartz crystal microbalances (QCM) were used to monitor the thickness of 

deposited films and the rate of deposition.  QCMs were placed at a height equal to the 

substrate but offset by one to two centimeters to the side to avoid shadowing or 

interfering with deposition of sample on the substrate.  Nude ionization gauges and to a 
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lesser extent cold cathode gauges were used to monitor the pressure of the vacuum 

chambers, but were usually turned off during deposition to avoid possible problems from 

contamination or heat, light, and electron flux from the filament.  QCMs measure the 

change in frequency of the crystal oscillated with a set force as a result of the increased 

mass of deposited sample.15 The density value used for all organic semiconductors was 

1.4g/cm3.  A monolayer was estimated by a monolayer equivalent (MLE) which is the 

mass of sample equal to the mass of a molecular film 5 Å thick with the same density as 

the bulk molecular density evenly covering the QCM surface.  The term monolayer in 

this work will often be used to indicate the deposition of a monolayer equivalent and 

should not be taken to indicate a smooth layer of uniform coverage when referring to 

vacuum deposited organic films.  For 10 MHz QCMs, a frequency change of 3 Hz equals 

the deposition of 1 Å of material and a frequency change of 15 Hz signifies the 

deposition of a monolayer equivalent.  The QCM frequency change with time was 

monitored during deposition to document the rate of sample deposition.  For sub-

monolayer coverages sample deposition rate was often less than 0.2 Å /minute, for most 

coverages a typical deposition rate of 1-2 Å /minute was used, and for the thickest 

coverages (>300 Å) deposition rates of up to 10 Å /minute were used but only for the 

higher coverage portion of the deposition.   

The conversion from QCM frequency to sample amount was checked by the 

procedure described by Pankow.16  A sample of C4-PTCDI was deposited on a mica 

substrate measuring 1 square inch and then dissolved in an exact volume of chloroform.  

The UV-Vis absorbance at 526nm was compared with a calibration curve prepared from 
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solutions of known concentrations of the same material prepared in volumetric flasks.  

The amount calculated vacuum deposited onto the mica by the QCM15 (calculated QCM 

thickness multiplied by sample area (2.54cm)2 multiplied by bulk density) was found to 

match the molecules in solution from the concentration (and sample volume) from the fit 

from the Beer’s Law calibration plot within 4%.  

 For some depositions the deposition rate was measured before the sample was 

exposed for deposition and sample coverage was based on deposition time with the 

assumption that the deposition rate remained constant.  For others the QCM was used 

during deposition to measure the total deposition amount as well as rate of deposition.  

The geometry of the vacuum chamber, proximity and positioning of the QCM, stability 

of the sample source, and ability to completely protect the sample from premature 

deposition were all factors in determining which method of deposition rate and amount 

were used. 

 Experiments were conducted in the fluorescence chamber to determine the 

substrate size over which sample deposition could be assumed to be uniform.  

Phthalocyanine molecules were vacuum deposited on a standard glass slide with one edge 

at the position an actual substrate would occupy in a real experiment at a source-substrate 

distance of approximately 30 cm.  UV-Vis absorbance measurements along the glass 

slide indicated significant deposition occurred out to 6 cm from the center of deposition 

and the absorbance was uniform up to 3.5 cm from the center.  Based on this profile, the 

organic deposition "beam" was assumed to be roughly seven centimeters in diameter.  

Uniform deposition is anticipated over a circle of about half that diameter, or an area of 
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8cm2.  All samples were less than one square inch (6.5 cm2) and most were 

approximately 1 cm2 so non-uniform sample coverage was not considered an issue for 

any experiments. 

 

2.2 XPS and UPS Vacuum Chambers and Experimental Equipment 

XPS and UPS analysis was performed in two vacuum systems, both with a 

deposition chamber attached so that organic semiconductors could be deposited in vacuo 

and vacuum was not broken at any time before analysis is completed.  The two 

spectrometers were a VG Escalab Mk II spectrometer with a base pressure of 1 x 10-8 torr 

in all chambers and a Kratos Axis Ultra with a base pressure of 1 x 10-10 torr in the 

analysis chamber and 1 x 10-9 torr in the deposition chamber.  Both instruments belong to 

the departmental LESSA (Laboratory for Electron Spectroscopy and Surface Analysis) 

facility. 

A photo of the Kratos Ultra spectrometer as well as a schematic of the processes 

involved in obtaining a photoelectron spectrum are shown in Figure 2.3.  The helium 

ultraviolet excitation source on the Kratos is a high intensity Omicron VUV Lamp HIS 

13.  For UPS, the instrument is operated in constant analyzer energy mode with a 5eV 

pass energy, a single channeltron is used as the detector, and a -5V bias is applied for all 

samples to improve the determination of the energy of the low KE edge.  The Kratos 

contains three XPS anodes; Mg(Kα), Zr(Kα), and Al(Kα).  All XPS was performed with 

monochromatic Al(Kα) radiation for better resolution XPS analysis and to minimize the 

incidence of non-useful photon or electron flux on the sample (thereby limiting beam  
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Figure 2.3 A photo of the Kratos Axis Ultra XPS/UPS instrument as well as a schematic of the paths of photons and electrons 
involved in obtaining a photoelectron spectrum.  Sample deposition occurs in the chamber on the front right which can be 
gated off from the analysis chamber and contains multiple organic deposition sources.
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damage).  The detector is an 8 channeltron array and the analyzer was operated in 

constant analyzer energy with pass energies varying from 10 to 80eV for high resolution 

and survey scans respectively.   The charge neutralizer feature was not used for any  

studies in this work because of its common effect of shifting the binding energy of XPS 

peaks by somewhat random amounts. 

 The Al(Kα) X-ray source for most Kratos analyses was operated at 225 W, 

however  previous investigations have suggested that alkanethiol SAMs are sensitive to 

X-ray induced modification17-20 so as a precaution the X-ray source was operated at only 

150 watts and sample exposure to x-rays was kept to a minimum (ca. 30 minutes or less) 

for self-assembled monolayer samples.  Since x-rays are believed to cause more damage 

than UV photons,17,19 all XPS data was collected after UPS data was obtained. 

 XPS data taken on the Kratos was analyzed with the Kratos Vision2 software.21  

This software allows linear, Shirley, and other backgrounds to be applied and can peak fit 

iteratively with Gaussian, Lorentzian, or a controlled mixture of the two functions to fit 

multiple component peaks for high resolution XPS scans.  The peak heights, peak areas, 

and component peak areas are used to calculate atomic and mass ratios of various 

elements in an analyzed sample.  UPS results were interpreted using the general scientific 

program Origin (Microcal) because the Kratos Vision2 software does not have the 

capability to calculate cutoff energy positions from UPS results.  Both XPS and UPS 

spectra were imported into Origin for display purposes and most figures containing 

spectra in this work are created in Origin.  
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The VG spectrometer was originally purchased in 1984 and has been heavily 

modified since that time but the analyzer is unchanged.  The UPS He(I) excitation source 

on the VG is a VG UVL-Hi with lower flux and the X-ray source is a dual Al K(α)/Mg 

K(α) source.  The detector for the VG is a single channeltron.  For UPS the instrument is 

operated in constant analyzer energy mode with a 5eV pass energy and a -5V bias is 

applied for all samples.   For XPS the analyzer is operated in the same mode but with 

pass energies from 10 to 80eV, also only a single channeltron as the detector, and with no 

bias applied to the samples.  For most of the time in which this data was collected the X-

ray anode was removed from the spectrometer and XPS analysis was unavailable.  All 

spectra taken on the VG spectrometer are analyzed with the general scientific program 

Origin (Microcal).  XPS peaks can be fit, including fits comprising multiple Gaussian 

peaks, with satisfactory results and UPS energy edge cutoffs can be found from the 

intercept of linear fits of the near edge spectral regions as described in section 1.6.  The 

Kratos Vision2 software cannot be used for VG data because formatting is not 

compatible and data from the VG cannot be imported into the unix program. 

 

2.3 Fluorescence Chamber and Spectrometer 

Fluorescence experiments were performed in a smaller vacuum chamber with a 

base pressure of 1 x 10-7 torr.  The chamber has been configured to couple a laser into the 

chamber with fluorescence collected through a viewport situated 90 degrees from the 

incident laser beam as shown in Figure 2.4 and described previously.6  An Argon ion 

laser (Ion Laser Technology) was used with the 488nm line selected  as the excitation  
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Figure 2.4 Diagram of the vacuum chamber used for fluorescence spectroscopy 
experiments.6  The path of the laser light and fluorescent light is traced within the 
chamber.  The LEED system shown was previously removed from the chamber and 
although the detector shown is a PMT, all experiments were collected with the new CCD 
spectrometer. 
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source and with a 488nm bandpass filter (Edmund Scientific) immediately following the 

laser.  The laser light travels through a black PVC pipe and is coupled into the chamber 

through a quartz viewport with an adjustable mirror.  The intensity of the laser incident 

on the sample is less than 10mW.6  The light is collected at 90° through a series of 

focusing lenses into the adjustable focusing system of a camera (Mamiya RB-37), passes 

through a 488nm notch filter (Notch Plus, Kaiser Optical Systems) to remove scattered 

laser light, and is collected with a fiber optic probe into a Triax 190 CCD spectrometer 

from Spectral Instruments Inc using the program SpectralMax (JEOL / Jobin Yvon). 

The Triax spectrometer contains three gratings (300, 600, and 1200 grooves per 

millimeter) which can be computer selected, and mirrors which can select either a 

photodiode or a 800x2000 pixel liquid nitrogen cooled CCD detector.  All experiments in 

this dissertation have the CCD as a detector and unless otherwise noted use the 600 

gr/mm grating.  The entrance slit width is a relatively broad 0.4 mm because of the low 

signal resulting from the challenges of focusing, aligning, and collecting the light from 

the vacuum chamber.  Integration times are usually from 2 to 10 seconds because of the 

same low signal and two scans are collected to minimize random spikes, two five second 

integrations are the standard setting.  Backgrounds were freshly collected at the 

beginning of each day with room light blocked from the chamber as much as possible and 

the laser either blocked or incident only on a clean salt crystal before any heating of the 

sample sources. 
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Substrates for the fluorescence experiments were predominantly KCl (100), 

freshly cleaved and immediately placed in vacuum.  The substrates were attached (by 

double sided graphite tape or metal clips) to a molybdenum sample plate with heating and 

rotating capabilities, but with no translational capability.  The substrates were kept at 

room temperature for all depositions. 

The organic deposition sources were Knudsen cells with boron-nitride crucibles. 

Deposition rates ranged from 3 Å per minute down to 0.1 Å per minute but were typically 

at the lower edge of this range.   The chamber had up to four separately shuttered organic 

deposition sources with shutters less than 1 cm above each source, as well as a larger 

shutter approximately 3 cm below the substrate plate as depicted in Figure 2.2b.  The 

organic sources were resistively heated to deposition temperatures through the tantalum 

wire wound tightly around the crucible and excellently controlled stable temperatures 

were obtained with the use of Omega temperature controllers.  Once the desired 

temperature was reached the bottom shutter is opened and the deposition rate was 

measured by QCM before opening the top shutter and beginning deposition on the 

sample. The dual shutters were necessary because of the acute sensitivity of fluorescence 

experiments to the smallest amount of uncontrolled sample deposition.  Fluorescence 

spectra were collected during deposition without pause.  The combination of CCD 

detection and slow deposition rates allowed unprecedented quality and quantity spectra at 

extremely low organic coverages.   
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2.4 Gas Phase Photoelectron Spectrometer - PES 

Gas-phase photoelectron spectroscopy was performed for several of the 

alkanethiols and partially fluorinated alkanethiols using the instruments and general 

experimental methods that have been described in detail previously.22,23  All PES was 

performed in the departmental PES facility using a 36 cm McPherson hemispherical 

analyzer.  The argon 2P3/2 ionization at 15.759 eV was used as an internal calibration 

lock, and the difference between the argon 2P3/2 ionization and the methyl iodide 2E1/2 

ionization at 9.538 eV was used to calibrate the ionization energy scale.22 The instrument 

resolution (measured by the full-width-at-half-height of the 2P3/2 ionization of Ar) during 

data collection was always better than 25 meV. 

 The shorter alkanethiols were liquids and most were introduced into the 

spectrometer from a sealed glass tube with a sidearm attached to an internal stainless steel 

tube via a variable leak valve with no need for sample heating.  Dodecanethiol was also a 

liquid but the sample was introduced from an internal aluminum sample cell that had 

been cooled to 10-18 °C.  All other samples analyzed by gas-phase spectroscopy were 

solids and the data was collected with the samples in the aluminum sample cell, which 

was heated to 40-85 °C depending on the volatility of the alkanethiols.  Some spectra had 

been previously obtained by Julia Metzger and Nadine Gruhn 23,24 on the same 

spectrometer and were not repeated for this work, however some of these spectra were 

collected over a smaller ionization energy range as opposed to the broader 8-19eV 

specifically chosen for the  fluorinated molecules in this study. 
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2.5 Scanning Probe Microscope - AFM/STM 

 Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) 

have been performed with a Digital Instruments Nanoscope III Multimode AFM.  AFM 

was primarily used for imaging organic semiconductors on salts and was always 

performed in tapping mode with DI etched silicon tapping mode tips (resonant frequency 

270-330 kHz).  STM was primarily used for imaging gold on mica, self-assembled 

monolayers on gold, and thin layers of organic semiconductors on gold.  STM tips were 

created in house from platinum-iridium wire. (Alfa Aesar) 
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CHAPTER 3: 
 

CHANGES IN INTERFACE DIPOLE BY ORDERED SURFACE MODIFICATION: 
SELF-ASSEMBLED MONOLAYERS ON GOLD 

 
3.1 Introduction 
 
 There is considerable interest in using chemical modification schemes to tailor the 

effective work function of both conductor (metal, metal oxide and compound 

semiconductors) and non-conductor surfaces to control energy barriers for charge 

injection.1-19 Formation of self-assembled monolayers (SAM) of alkanethiols on metal 

surfaces is one common approach to tailoring surface composition with electronically 

relevant molecules which close-pack into ordered arrays with variable terminal group 

composition, chain length, and film thickness.  The energy barriers imposed by such 

alkanethiols, and related surface modifiers, can potentially be used to control rates of 

charge injection at organic/metal or organic semiconductor interfaces. 

 In this chapter the correlation between the dipole moment of alkanethiol 

molecules and the effective work function of self-assembled monolayers on gold is 

explored primarily with Ultraviolet Photoelectron Spectroscopy (UPS).  The shifts in low 

kinetic energy cutoffs are used to compare the effective work function for several gold 

surfaces modified with related series of alkanethiol self-assembled monolayers.  Self-

assembled monolayers composed of different length unsubstituted alkanethiol molecules 

(from propanethiol to octadecanethiol) have similar positive dipole moments and produce 

similar decreases in effective work function.  Partially fluorinated alkanethiol self-

assembled monolayers increase the effective work function relative to unsubstituted 
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alkanethiols, with magnitudes proportional to their calculated negative dipole moments.  

The effective work function changes span ca. 1.5eV which may prove to be important in 

ongoing device-related studies.17 

 

3.1.1 Characterization and Ordering of Common Self-Assembled Monolayers  
 
 Alkanethiol SAMs generally pack in a (√3 x √3)R30° structure with a ca. 5.0 Å 

lattice spacing, a tilt angle of 35° and a β-twist angle of 55° (rotation around the 

molecular axis).1,14,20-23  SAM ordering and orientation including tilt and twist angles of 

alkanethiol molecules and relative orientation of terminal functional groups have been 

measured with reflection-absorption infrared spectroscopy1,20,21,23  Scanning probe 

microscopy has been used to determine packing structures and lattice spacing as well as 

domain formation and ordering at the mesoscale.14,22  Figure 3.1a shows the packing 

structure on Au (111) using large, light circles to denote the gold atom positions and the 

small, dark circles to denote the position of the sulfur headgroup of the alkanethiol 

molecules.  There is active research on whether the alkanethiol (√3 x √3)R30° packing 

structure is actually part of a supercell structure including four alkanethiol molecules with 

a differences in twist angle and/or surface bonding repeated at regular intervals.25,27,27b   

The supercell model may eventually be validated, but for our studies the packing has 

been considered only to follow the simpler structure with all alkanethiol molecules 

possessing the same tilt and twist angles.  Figure 3.1b shows the orientation of an 

alkanethiol molecule with respect to the surface with the 35° tilt angle, 55° β-twist angle, 
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and a sp3 hybridization type sulfur-surface geometry.  The angle of the surface-sulfur-

carbon for an alkanethiol on gold is similar to the 104° angle of a sp3 hybridized atom.  

There is another structure with a surface-sulfur-carbon angle of 180° which is more 

common on silver surfaces, but is thermodynamically possible on gold as well and is 

involved in the proposed supercell structure on gold.25-27 

 

Figure 3.1 a) The packing structure of alkanethiols on Au (111).  The larger, lighter 
circles are the gold atoms and the smaller, darker circles are the sulfur atom headgroups 
of the alkanethiol molecules.  The diamond shape gives the most common √3 x √3 R 30° 
unit cell.  b) The side view of an alkanethiol with a tilt angle of 35° from normal and an 
angle of 104° between the gold surface, sulfur, and first carbon. 
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  Based on several recent reports we have assumed that the alkanethiol chains 

terminated with a single –CF3 group adopt essentially the same packing behavior as for 

the –CH3 terminated chains.14,23,24  As the fraction of -CFx groups on the alkane chain is 

increased, however, the fluorinated sections are expected to adopt a more upright 

orientation with respect to the surface normal (tilt angles of ca. 16.4° versus ca. 35°), 

occupying more space on the surface (forming p(2 x 2) or c(7 x 7) structures with an 

average intermolecular spacing of ca. 5.9 Å).22-23 

 

3.1.2 Changes in Effective Work Function 

 The structures of self assembled monolayers have been extensively studied with 

many techniques, but only relatively recently have the potentials created by the ordered 

dipoles in self assembled monolayers been examined.2  The two main techniques for 

determining changes in work functions are the Kelvin probe (sometimes called contact 

potential) and photoelectron spectroscopy (UPS and XPS).  Both have been used to 

measure changes in effective work functions of metal and semiconductor surfaces as 

modifiers are added to these surfaces.1-5, 9-18, 28-36  The Kelvin probe (KP) measures 

changes in charge density induced in the conductive substrate by a proximal vibrating 

metallic probe, as the dielectric properties and thickness of the SAM layer are varied, and 

can be used in both vacuum and atmospheric environments.  UPS experiments must be 

done in ultra high vacuum environments and have been traditionally used to find work 

functions of clean metals and semiconductors as well as the ionization potentials of 

semiconductors.  Both techniques can be used to follow changes in effective work 
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function induced by the formation of heterojunctions, charge exchange at interfaces, and 

charge redistribution effects.8, 28-36  Ulman and Evans2 found the work function changes 

varied with the length of the alkanethiol chain in alkanethiol self-assembled monolayers 

and Campbell et.al3,4 demonstrated with KP that the Schottky barrier height changes as 

the electron affinity of the terminal functional group of a SAM is varied.  Sita and 

coworkers later extended this work to arenethiols with different terminal functional 

groups.5 

 Alkanethiols are ideal for model surface dipoles both because of their 

reproducible, well-defined, close-packed structure and because of the ease of 

derivatization.  The alkanethiol molecules align nearly perpendicular to the metal surface 

in such a fashion that self-assembled monolayers have easily measured film thicknesses.  

By changing the ω-terminal group from a methyl group to electronegative (CF3 or 

COOH) or electropositive (NH2) functional groups the dipole moment of the entire 

molecule can be dramatically changed in magnitude and direction. 2-4,68  A change in 

effective work function results from the adsorption of an alkanethiol monolayer, and the 

dipole of the self-assembled monolayer influences the magnitude and direction of the 

change in effective work function.   

 Figure 3.2 shows the change in effective workfunction resulting from a self 

assembled monolayer on gold and the possible change in the injection barrier into an 

organic semiconductor deposited on the oriented monolayer.  Figure 3.2a shows the 

negative interface dipole created by a monolayer with the negative dipole pointing away 

from the metal substrate.  The work function of bare gold, ФAu, is increased to the 
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Figure 3.2 The change in effective workfunction resulting from a self assembled 
monolayer on gold and the possible change in the injection barrier into an organic 
semiconductor deposited on the oriented monolayer.  a) A negative interface dipole 
created by a monolayer with the negative dipole pointing away from the metal substrate 
may decrease ФBh and b) a positive interface dipole may increase ФBh.  The work 
function of bare gold, ФAu, is changed to the effective work function, Фeff, by the shift 
in the vacuum level. 
 

effective work function, Фeff, by the negative shift in the vacuum level.  If an organic 

layer is deposited on the SAM surface, the injection barrier from the gold Fermi level to 

the organic HOMO level, ФBh, may be decreased by the presence of the negative dipole 

SAM.  Figure 3.2b shows the positive interface dipole created by a monolayer with the 
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negative dipole pointing towards the metal substrate.  The effective work function is 

decreased compared to the work function of bare gold by the shift in the vacuum level.  If 

an organic layer is deposited on the SAM surface, the injection barrier from the gold 

Fermi level to the organic HOMO level may be increased by the presence of the positive 

dipole SAM.  The interface dipoles for self assembled monolayers on gold and the 

resulting effective work function are directly measured by UPS.  The effect on the charge 

injection barrier for a further layer on the SAM is still speculative; what is shown here 

assumes that the SAM/Organic heterojunction will not interact energetically and will 

have a common vacuum level, as well as that the organic layer will have the same 

ionization potential and general properties when deposited on metal and both negative 

and positive SAM surfaces.  Preliminary studies of organic semiconductors on self-

assembled monolayers are underway.17 

 

3.2 Computational Dipole Moments 

The experimentally measured interface dipoles for self-assembled monolayers on 

gold are macroscopic measurements of effective work functions.  To prove these 

potential shifts are caused by the self-assembled monolayer dipole, a method must be 

developed to find the dipole moment for different composition SAMs to show the 

correlation between dipole moment and work function changes.  This requires the 

development of a protocol for calculating dipole moments of alkane thiols and further 

conversion of calculated dipoles into a form where they can be compared in the same 
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units as experimental measurements.  Changes in metal effective work functions 

accompanying adsorption of a dipole layer are described by Equation 3.1:  

 ΔU = N ( μ ⊥ / ε  )    (3.1) 

where ΔU is the change in effective work function with surface modification, N is the 

areal density of molecules, μ⊥ is the dipole moment perpendicular to the surface of an 

oriented molecule and ε is the static dielectric constant of the molecular layer.2  All of the 

monolayers in the studies reported here are expected to have equivalent gold-sulfur 

interactions and similar packing densities.1,2  Dipole moments of the individual alkane 

thiols are therefore used as a valid approximation of the dipole moments expressed by the 

array of molecules in the SAM films.  

  The computational method is discussed in more detail in Appendix A.  Briefly the 

calculations are separated into two steps; the geometry of a single alkane thiol molecule 

(CH3(CH2)XSH ) is optimized first, then the hydrogen bound to sulfur is removed and the 

energy levels and dipole moment of the neutral radical of the molecule (CH3(CH2)XS• ) is 

calculated.3,4  The dipole moment is expressed as a vector pointing from the center of 

mass of the molecule.  The projections of the dipole moment along the molecular axis 

and normal to the metal surface must be calculated in order to compare meaningful 

dipoles for the oriented alkanethiols immobilized on a surface in a self-assembled 

monolayer.  The molecular axis is defined as a linear least-squares fit of the position of 

all of the carbons in the trans alkanethiol chain.  The surface normal dipole is the 

component of the dipole moment oriented normal to the surface with the molecule 
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Figure 3.3 The orientation of an alkanethiol with respect to a surface is modeled by 
rotating the molecule until the Au-S-C angle is oriented for a sp3 bond to a gold surface 
and a) tilting the molecule 35° from normal and b) applying a β-twist angle of 55° 
(rotation around the molecular axis).  The β-twist can best be visualized by comparing 
the position of the methylene hydrogens in a) and b).  In c) and d) the total dipole 
moment (solid blue arrow), dipole along the molecule (dotted red arrow), and dipole 
normal to the surface (dashed black arrow) are shown for c) a C16 hydrocarbon 
alkanethiol SAM and d) a C16F4 partially fluorinated alkanethiol SAM. 
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oriented at a 35° tilt angle and 55° twist angle with a sp3 binding mode sulfur (such that 

the surface–S–C bond angle is ca. 104°) as shown in Figure 3.3a and b.1,14,20-23   

The original computational dipole moments are oriented at varying angles relative to the 

central axis of the alkane chain, so for meaningful comparisons these projections are 

extremely important. 

 The dipole moments of simple alkanethiols of different chain lengths are similar.  

The dipole is oriented at an angle of 27° ± 2° from the molecular axis of the alkanethiol, 

with the negative end pointing towards the sulfur terminus as shown in Figure 3.3c.  The 

total dipole magnitude increases slightly with increasing chain length, from 2.29 D for a 

C3 thiol to 2.51D for thiols above C12.  Because of the consistent angle between the 

dipoles and molecules, the projection of the dipoles both on the molecule axis and normal 

to the surface follow the same trend as the total dipole magnitude.  Detailed tables and 

graphs of calculated dipole moments are included in the appropriate results sections of 

this chapter. 

 Replacing terminal hydrogen atoms with fluorine atoms strongly affects the 

dipole moments of the alkanethiols both in magnitude and direction.  The strongly 

electronegative fluorine atoms cause the negative pole of the dipole to point towards the 

derivatized ω end of the alkanethiol molecules as shown in Figure 3.3d, opposite the 

direction of the dipole moment for purely hydrocarbon alkanethiols.  For alkanethiols 

with only the last one or two carbon atoms fluorinated, the number and orientation of the 

fluorine atoms variously impact the direction of the dipole moment with respect to the 
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overall molecule.  Once four or more carbons are fluorinated, however, calculations show 

the dipole moment orientation and magnitude becomes relatively invariant with respect to 

additional fluorination.  In addition, if only the terminal carbon is fluorinated the 

direction of the dipole moment is extremely dependant on the alkanethiol chain length – 

specifically whether the total number of carbons in the chain is odd or even.  Because of 

the extremely different angles of the dipole moments, the dipole projection along the 

molecule and normal to the surface are very different from the overall dipole magnitude 

for odd and even -CF3 alkanethiols.   

Using an areal density of N = 4 x 1014 cm-2 3 and a static dielectric constant (ε) of 

2.25 2,39, the effective surface potential calculated from a dipole moment normal to the 

surface of 2.0 D is 1.3eV.  Other dipole moments scale proportionally and all surface 

potentials calculated are in the 0.5 to 2.0eV range.  The results of the surface potential 

calculations are included in tables in sections 3.9-3.11 along with the UPS results of the 

self-assembled monolayers.  Because the surface potentials are calculated directly from 

dipole moments, the trends in calculated surface potentials are identical to the 

computational dipole moment trends. 

 

3.3 X-Ray Photoelectron Spectroscopy of Self-Assembled Monolayers on Gold 

X-Ray Photoelectron Spectroscopy is primarily used to confirm the composition 

and quality of self-assembled monolayers.  The intensity, shape, and peak position of 

electrons emitted from core orbitals are all significant indicators of the composition and 

quality of the SAMs.  As an example of typical XPS results, Figure 3.4 contains XPS  
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Figure 3.4 X-Ray photoelectron spectra of a C16F4 self-assembled monolayer.  a) The 
full scan from binding energies from 0 to 1000 eV. b) High resolution scans for narrower 
binding energy regions specific for carbon, sulfur, fluorine, and gold which are intended 
to provide much more information than the survey scan. 
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spectra for a C16F4 self-assembled monolayer including a) a full scan from binding 

energies from 0 to 1000 eV which is sometimes called the survey scan and b) high 

resolution scans for narrower binding energy regions specific for carbon, sulfur, fluorine, 

and gold which are used in quantitative analyses. 

 The intensity of the Carbon (1s) peak increases as the chain length of the 

alkanethiol molecules in a self-assembled monolayer is increased.  The increase in C(1s) 

intensity will be linear with carbon chain length if and only if the packing structure of the 

self-assembled monolayer is unchanged.  If the packing structure changed from a 

(√3x√3)R30° upright packing structure to a pin striped flat lying packing structure, the 

intensity of the C(1s) XPS peak should decrease dramatically.45,46  A poorly ordered self-

assembled layer would also have a lower C(1s) intensity but by a lesser extent.  As Figure 

3.5 illustrates, the C(1s) area, as well as C(1s) peak height, increases linearly with 

alkanethiol chain length indicating well formed monolayers with an invariant packing 

structure.  As seen in Table 3.1, the ratio of C(1s) peak area to number of carbon atoms in  
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Figure 3.5  a) High resolution XPS of the Carbon 1s region for SAMs composed of 
purely hydrocarbon alkanethiols with different chain lengths.  b) The peak area (closed 
squares) and peak height (open circles) increase with chain length.  
 
Table 3.1  XPS Analysis of Total Area of Carbon and Gold Peaks for Hydrocarbon 
Self-Assembled Monolayers 

 Molecular 
Formula 

Area  
C(1s) 
XPS 
Peak 

Ratio 
Carbon 

Atoms to 
C(1s) 

Peak Area

Intensity 
Au(4f) 
XPS 
Peak 

Thickness 
 

Geom. 
(Ǻ) 

Thickness
 

XPS 
(Ǻ) 

Au  -- -- 26627   

C3 HS(CH2)2CH3 334.8 111.6 20889 5.1 6.8 

C8 HS(CH2)7CH3 949.7 118.7 18068 10.3 10.9 

C10 HS(CH2)9CH3 1305.6 130.6 15282 12.4 15.5 

C12 HS(CH2)11CH3 1301.9 108.5 15809 14.5 14.6 

C16 HS(CH2)15CH3 1743.0 108.9 12787 18.6 20.5 

C18 HS(CH2)17CH3 2031.5 112.9 12692 20.7 20.7 
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the alkanethiol molecules is reasonably consistent for the entire series of alkanethiols.  

The average ratio over all chain lengths measured is 115 ± 8 CPS per carbon atom, 

confirming a consistent packing structure for all chain lengths. 

 The attenuation in intensity of a Gold (4f) XPS peak is used to estimate the 

thickness of the self-assembled monolayer with Equation 3.2 

   I(Aun) =  I(Au0) e-d/λsinθ      (3.2) 

in which I(Aun)is the intensity of gold photoelectrons for a thin SAM film composed of n 

carbon alkanethiols on gold, I(Au0) is the intensity for bare gold, d is the thickness of the 

thin film, λ is the attenuation length of photoelectrons, and θ is the angle between the 

surface parallel and the analyzer axis.44,47,48,54  The thicknesses calculated from XPS 

agree reasonably well from the thickness calculated from the length of each (CH2) unit in 

a alkanethiol corrected by the tilt angle of a molecule within the self-assembled 

monolayer, as shown in the final two columns of Table 3.1. 

  For partially fluorinated SAMs the hydrocarbon C(1s) peak appears at a binding 

energy of 285-286 eV and the fluorocarbon C(1s) peak appears at higher binding energies 

(BE) because of the proximity of electronegative fluorine atoms.  The amount the BE is 

shifted is related to the number of fluorines bound to a carbon atom. 40,42  The binding 

energy of a CF3 group is at 294 eV, a CF2 group is at 291.5 eV, and a CF group is 

between 286 and 291eV.  The presence of a CF peak is a primary indication of a 

damaged monolayer film since it should not exist in a SAM film.40,42  The area under 

each peak is directly proportional to the number of carbons on a single thiol molecule in 
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each chemical environment.  For example, a self assembled monolayer made from 

CF3(CF2)3(CH2)12 SH thiols would have a 1 CF3 : 3 CF2: 12 CH2 peak area ratio.   Some 

deviation can be expected because of the surface sensitivity of XPS; for all SAMs in this 

work the fluorinated carbons are closer to the surface than the hydrocarbon carbons.  For 

the C(1s) peak typical escape depths are larger than the thickness of a self-assembled 

monolayer (ca. 23-31Ǻ vs. ca. 5-22 Ǻ) so this does not produce too large of a distortion 

but should be considered especially for the longer chain alkane-thiol SAMs .47,48,44  

Figure 3.6 shows the C(1s) region of the XPS spectra for a series of self-

assembled monolayers all containing 16 carbon atoms per alkanethiol but varying in the 

extent of fluorination.  The top spectrum is for the nonfluorinated hexadecanethiol SAM.  

It contains only a single C(1s) peak with a binding energy between 285 and 286 eV 

identifying it as purely hydrocarbon.  The bottom spectrum is for the most fluorinated 

alkanethiol HS(CH2)6(CF2)9CF3, or C16F10, identifying the terminal ten carbons of a 

sixteen carbon alkane-thiol as being fully fluorinated.  The C(1s) spectrum for C16F10 

has peaks in two clearly separated energy regions, the hydrocarbon region near 286eV 

and the fluorocarbon region near 292eV.  The fluorocarbon region contains two peaks, a 

larger peak at 291.5eV which is assigned to the “CF2” carbons and a smaller peak at 

293.5eVassigned to “CF3” carbon orbitals.  Because of the small size of the CF3 peak the 

area of the entire fluorocarbon region is analyzed together, but even with this precaution 

the intermediately fluorinated C16F1 and C16F2 are difficult to analyze using peak areas. 
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Figure 3.6 High resolution XPS of the Carbon (1s) region for series of partially 
fluorinated alkanethiol SAMs.  Spectra are offset for clarity and in order of fluorination 
from the completely hydrocarbon C16 as the top spectrum, to C16F1, C16F2, C16F4, and 
finally the predominantly fluorinated C16F10 as the bottom spectrum.  “CH” 
hydrocarbon C(1s) region near 286eV and fluorinated “CF” C(1s) region near 292eV.  b) 
Area in the “CH” region (closed squares) and “CF” region (open squares) with increasing 
fluorination. 
 
Table 3.2 XPS Analysis and Ratios of Carbon Peaks 

 Molecular Formula XPS 
area 
CH 

XPS 
area 
CF 

XPS 
ratio 

CH:CF 

CH 
atoms 

CF 
atoms 

Atomic 
Ratio 

CH:CF 

C16 HS(CH2)15CH3 943.7 0 -- 16 0 -- 

C16F1 HS(CH2)15CF3 890.0 80.2 11.1 15 1 15 

C16F2 HS(CH2)14(CF2)CF3 756.8 165.9 4.6 14 2 7 

C16F4 HS(CH2)12(CF2)3CF3 556.6 287.1 1.9 12 4 3 

C16F10 HS(CH2)6(CF2)9CF3 337.8 481.5 0.7 6 10 0.6 
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Table 3.2 shows the XPS area for hydrocarbon (CH) and fluorocarbon (CF) areas 

and the ratio between the two for each SAM, as well as the ratio expected from the 

atomic formula of the alkanethiols.  The XPS ratio does not agree perfectly with the 

atomic ratio, but for alkanethiols with significant fluorination the agreement is 

reasonable.  The ratio of CH:CF from XPS is generally lower than the atomic ratio 

because the location of the CF at the surface causes photoelectrons from the CF carbon to 

be collected more efficiently since fewer photoelectrons are scattered within the sample. 

 The total area of the C(1s) peaks can also be compared with the area of other 

elemental peaks such as F(1s).  Figure 3.7 contains F(1s) XPS spectra for the same series 

of fluorinated alkanethiols as the C(1s) XPS spectra in Figure 3.6.  The bottom F(1s) 

spectrum is for the unfluorinated C16 and the spectra above are ordered by increasing 

fluorination with C16F10 being the topmost spectrum.  F(1s) photoemission is minimally 

sensitive to chemical environment so all fluorine photoelectrons are centered at 

approximately the same binding energy.  The area and height of the F(1s) peak increases 

proportionally with the number of fluorine atoms, although the inelastic mean free path is 

short enough (approximately 20-25Ǻ)44,48 that the F(1s) intensity of C16F10 is less than 

would be strictly proportional to the number of fluorinated carbon atoms because the 

most buried fluorine atoms have a lower photoemission intensity as a result of their depth 

within the film.47,48 
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Figure 3.7  a) High resolution XPS of the Fluorine (1s) region for series of partially 
fluorinated alkanethiol SAMs.  Spectra are offset for clarity and in order of fluorination 
from the completely hydrocarbon C16 as the bottom spectrum, to C16F1, C16F2, C16F4, 
and finally the predominantly fluorinated C16F10 at the top.  b) A plot of F(1s) area with 
increasing fluorination. 
 

In the case of C(1s) and F(1s), the binding energy of the peaks are approximately 

400 eV different.  Table 3.3 contains the peak areas and ratios of the C(1s) and F(1s) total 

energy regions.  The C(1s) area is the sum of the area over the entire energy region 

between ca. 282 and 295eV, containing both CH and CF peaks.  The ratio between 

carbon and fluorine areas was corrected for different integration times, elemental cross-

sections, and kinetic energies. 
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Table 3.3 Analysis and Ratios of Carbon and Fluorine XPS Peak Areas 

 Molecular Formula 
XPS 
area 

C(1s) 
(CPS) 

XPS 
area 
F(1s) 
(CPS) 

Calculated 
Ratio 

from XPS 
C:F 

C 
atoms 

F 
atoms

Atomic 
Ratio 
C:F 

C16 HS(CH2)15CH3 2005 -- -- 16 0 -- 

C16F1 HS(CH2)15CF3 1868 2038 3.5 16 3 5.3 

C16F2 HS(CH2)14(CF2)CF3 1812 3780 1.8 16 5 3.2 

C16F4 HS(CH2)12(CF2)3CF3 1646 584 1.1 16 9 1.8 

C16F10 HS(CH2)6(CF2)9CF3 1764 11281 0.6 16 21 0.8 

 
 
3.4 Gas Phase Photoelectron Spectroscopy (PES) 

 Gas phase photoelectron spectroscopy is useful for the measurement of the 

ionization potential of individual molecules.  In the gas phase molecular aggregation is 

negligible and only intramolecular stabilization of the core hole can occur.  Molecular 

orientation is random so molecular dipoles are not expressed in this technique.  PES is 

used most often for the simple determination of ionization potentials for use in predicting 

reactivity or molecular structure.  The ionization energies of multiple valence orbitals can 

be determined with PES.  For alkanethiols, the alkyl C-C σ, C-H σ, and CH2 π bond 

ionizations fall under a featureless ionization band from ca. 10-17 eV, as do the thiol S-H 

σ and the C-S σ bond ionizations which may be difficult to identify within the broad 

band.50 The gas-phase spectra also show a sulfur 3p lone pair orbital clearly separated 

from the other orbitals at a lower ionization energy. 50  
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 Gas-phase photoelectron spectra of alkanethiols with three to eighteen carbon 

atoms per molecule are shown in Figure 3.8.  Various conformations of the molecules are 

likely present in the gas-phase, the longer the chains the more degrees of freedom the 

molecule has and the more different conformations are sampled.  All alkanethiols have a 

sharp sulfur ionization peak near 9eV and a broad feature composed of multiple orbitals 

from 17eV to approximately 10eV.  The shortest chain alkanethiols have better resolved 

peaks within the broad feature, the orbitals are especially well resolved for C3SH.  

Features from C-C σ and CH2 π orbitals comprise most of the peaks at higher ionization 

energies.50  This can be confirmed by comparing an alkanethiol spectrum to a PES 

spectrum of a normal alkane chain of similar length without the thiol endgroup.  As seen 

in Figure 3.9, the n-C6H14 n-hexane chain produces an almost identical spectrum to the 

C8H17SH with the only significant difference being the absence of the sharp lone pair 

sulfur peak near 9eV.  This in turn can be compared to a completely fluorinated normal 

hexane, n-C6F14.  The lack of lower ionization potential C-H σ, C(H2)-C(H2) σ, and CH2 

π orbitals is clear by the disappearance of photoelectrons below 12eV.  The remaining 

higher energy orbitals from C-F σ, C(F2)-C(F2) σ, F n, and CF2 π orbitals are better 

resolved, possibly because of the more rigid, constrained structure caused by the larger  
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Figure 3.8 Gas phase photoelectron spectra of C3SH, C6SH, C8SH, C12SH, C16SH, and 
C18SH (listed in order of the lowest energy alkane cutoff from left to right). 
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Figure 3.9 Gas phase photoelectron spectra of a C8 alkanethiol, C8H17SH, and n-hexanes 
C6H14 and C6F14 as labeled. 
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fluorine atoms which limits the conformational peak broadening compared to the floppy, 

conformationally flexible hydrocarbon hexane.  (The sharp peaks near 15.8eV are the 

Argon 2P3/2 ionization used for calibration which happen to be nearly coincident with a 

nonbonding fluorine peak.51)  As the alkane chainlength increases in Figure 3.8, the 

features become broadened and even less resolved.  C16SH and C18SH PES spectra 

contain a clear sulfur feature and a single, broad, undefined feature from which specific 

orbital information cannot be extracted. 

The orbital from the sulfur nonbonding lone pair shifts very slightly in ionization 

energy with increasing chain length.  For the C3SH it is centered at 9.20eV but at all 

longer chain lengths measured it is at 9.10 ± 0.05 eV as listed in Table 3.4.  The small 

magnitude of this shift indicates the orbital is not strongly affected by hybridization with 

additional carbons in the longer alkane chains.  The lowest energy edge of the broad 

alkane feature shifts dramatically with chain length.  For C3SH the low energy cutoff is 

10.83 ± 0.05 eV, but at C6SH it is 10.30 ± 0.05 eV, and ultimately for C18SH it is 9.59 ± 

0.05 eV.  The total shift is over 1 eV, much larger than the sulfur peak shift.  This is 

reasonable because the C-C and C-H orbitals are stabilized with increasing chain length 

whereas the sulfur atom is not stabilized significantly because the electrons are not 

delocalized along the molecule and are therefore not affected by the addition of carbon 

atoms past a limited few.53  This results in the energy separation between the sulfur lone 

pair and the alkane orbitals decreasing with increasing alkane chain length as seen in 

Figure 3.8.  The position of the high ionization energy edge of the feature does not 

change significantly as the length of the alkane increases.  
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Table 3.4 Gas Phase Photoelectron Ionization Energies for Alkanethiols of Different 
Chain Lengths 

 
Sulfur Lone Pair 
Peak (eV) ± 0.05 

Alkane Feature 
Cutoff (eV) ± 0.05 

Difference Between 
Sulfur and Alkane (eV) 

± 0.1 

C3SH 9.20 10.83 1.63 

C6SH 9.11 10.30 1.19 

C8SH 9.09 10.07 0.98 

C12SH 9.09 9.79 0.70 

C16SH 9.08 9.64 0.56 

C18SH 9.06 9.59 0.53 

 

 The gas-phase photoemission spectra in Figure 3.10 for partially fluorinated 

alkanethiols demonstrate the changes in the PES spectra as the fluorination increases.   

These changes include an increase in intensity in the high ionization energy region of the 

spectra as the extent of fluorination increases due to the addition of ionizations from 

fluorine lone pairs and C-F σ bonds, the decrease in intensity of the spectral features in 

the low ionization energy region of the spectra due to the removal of C-H σ and CH2 π 

bonds, and a destabilization of the low ionization energy edge associated with C-H and 

C-C σ bonds as additional electron-withdrawing fluorine atoms are added.   

 In the partially fluorinated alkanethiols the ionization from the Sulfur (3p) lone 

pair also increases in ionization energy, resulting from the decrease in electron density at 

the sulfur with the addition of electron-withdrawing fluorines.   The ionization energy of 

the sulfur orbital increases significantly only when the fluorination occurs within a few  
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Figure 3.10 Gas phase photoelectron spectra of C12F10SH, C16F10SH, C16F2SH, 
C16F1SH, and  C16SH (listed in order of the lowest energy alkane cutoff from left to 
right). 
 

carbons from the sulfur atom, fluorination at the opposite end of a long alkane chain from 

the sulfur causes only minimal shifts in the S lone pair orbital.  C16F10 causes a 

significant shift to 9.27± 0.05 eV and C12F10, in which the fluorination is removed from 

the sulfur by only two carbons, causes a larger shift to 9.68± 0.05 eV.  The low ionization 

energy alkane cutoff shifts to a greater extent with fluorination as expected from the 

larger cooperativity within the alkane chain so that although both features shift in the 

same direction the energy difference between the sulfur lone pair orbitals and the alkane 

orbitals increase with fluorination. 
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Table 3.5 Gas Phase Photoelectron Ionization Energies for Alkanethiols with 
Differing Extent of Fluorination  

Abbreviation Molecular Formula 

Sulfur Lone 
Pair 

Peak (eV)  
± 0.05 

Alkane 
Feature 

Cutoff (eV) 
± 0.05 

Difference 
Between 

Sulfur and 
Alkane (eV) 

± 0.1 

C16SH CH3(CH2)15SH 9.08 9.64 0.56 

C16F1SH CF3(CH2)15SH 9.12 9.82 0.70 

C16F2SH CF3(CF2)(CH2)14SH 9.12 9.87 0.74 

C16F10SH CF3(CF2)9(CH2)6SH 9.27 10.47 1.20 

C12F10SH CF3(CF2)9(CH2)2SH 9.68 11.24 1.56 

 

Photoemission spectra (UPS) for the thin films of self-assembled monolayers of 

alkanethiols show ionization potentials of ca. 8.5 eV.  This is over a full electron volt 

smaller than the ionization potentials measured for the same alkanethiols in the gas phase 

(Table 3.4).  This difference results from additional stabilization in the thin film because 

of photoionization in a condensed phase environment and the polarization of that 

environment to screen the core-hole charge created in the photoemission event.40  The 

peaks in the photoelectron spectra are also more pronounced and better resolved in the 

solid phase.  This is somewhat unusual but occurs because self-assembled monolayers are 

one of the few cases in which the molecules are less disordered in the solid phase than in 

the gas phase.  The close packed monolayers hold the alkanethiol molecules rigid and 
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their lack of conformational freedom results in a more conformationally uniform sample 

which eliminates one of the chief sources of peak broadening. 

The other key difference between PES and UPS spectra is that the distinct sulfur 

peak in gas phase photoelectron spectroscopy is not nearly as obvious in thin film 

UPS.49,62 The sulfur lone pair is affected by the bonding of the thiol to the metal surface 

and the orientation of the alkanethiols in a SAM results in the sulfur atom being buried 

under the alkane layer.  UPS is extremely surface sensitive so for all but the shortest 

alkanethiols the sulfur photoemission peak is extremely difficult to measure.  Other 

comparisons will be made as the UPS results are described in more detail below. 

 
3.5 Ultra-Violet Photoelectron Spectroscopy – Valence Orbitals and Near Fermi 
Region 

 
Solid state Ultraviolet Photoelectron Spectroscopy (UPS) is primarily used to 

determine the work function of surfaces, but is also used to examine valence orbitals and 

the energy alignment of such orbitals with the Fermi edge.  At higher kinetic energies the 

primary electrons, electrons emitted from valence orbitals that have not lost energy by 

inelastic scattering, are detected.  These features are directly dependent on the 

composition of the surface and have a kinetic energy specifically characteristic of valence 

orbitals within the sample.  The lower kinetic energy region of the UPS spectrum 

contains signal from secondary electrons, electrons that have been inelastically scattered 

and do not have orbital specific kinetic energies.  Both regions of the UPS spectra are 
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necessary for the calculation of ionization potentials, work functions, and interface 

dipoles.  This section will first focus on the primary features in the UPS spectra. 

The x-axis is increasing kinetic energy of the photoelectrons and the metal Fermi 

edge is the highest kinetic energy cutoff in the UPS spectrum.  As long as the gold foil is 

in electronic equilibrium with the spectrometer, this edge always appears at the same 

kinetic energy.  Typical values on the Kratos photoelectron spectrometer are a kinetic 

energy of the Fermi edge at 26.61 ± 0.05 eV.  Figure 3.11a and b contains UPS spectra of 

self-assembled monolayers on gold for a) a hydrocarbon alkanethiol and b) a partially 

fluorinated alkanethiol.  From these spectra the energy of the first ionization potential 

(IP), the hole injection barrier with respect to the Fermi energy of the underlying 

substrate (ФBh), and the vacuum level shifts resulting from the self-assembled 

monolayers are determined.31-32  These alkanethiol and partially fluorinated alkanethiol 

SAMs do not provide a fully resolved HOMO ionization peak, in contrast to what is often 

seen for various small molecule adsorbates and conjugated organic semiconductors.29,31-33  

The HOMO cutoff is consequently more difficult to determine for some of the spectra, 

particularly those with very broad high KE peaks and those with very low intensity high 

KE peaks.  Since the ionization potential is calculated from this HOMO cutoff, it has a 

much higher degree of uncertainty.  The secondary electron intensity is quite large and 

the low kinetic energy cutoff is usually easy to determine, especially with the -5V bias 

always applied to UPS samples. 29,31-33 
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Figure 3.11 The UPS spectra of self-assembled monolayers on gold for a) C16, a 
hydrocarbon alkanethiol, and b) C16F10, a partially fluorinated alkanethiol.  Insets in 
each figure show that although the Fermi edge is not visible in the overall UPS spectra, 
when examined closely the Fermi edge can be determined. 
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Although the self-assembled monolayers in Figure 3.11 are less than 22 Angstrom 

thick,21,47 photoelectrons from the underlying gold orbitals are not a significant 

component of the UPS spectra due to the extreme surface sensitivity of the technique.54,58-

59  (See Figure 3.13 for a pure gold UPS spectrum showing characteristic gold 

photoemission features.)  Only for shorter chain alkanethiols can gold and sulfur orbitals 

sometimes be seen.  Although not visible in the overall UPS spectrum, the Fermi edge of 

the gold can be measured when the signal is collected over longer integration times since 

there are no alkanethiol orbitals near the same energy.  This is useful because observation 

of the Fermi edge demonstrates that the sample is in electronic equilibrium with the 

spectrometer and therefore not charging or shifting the energy scale inelastically. 

The UPS spectrum for a C16 self assembled monolayer, CH3(CH2)15SH, in Figure 

3.11a is primarily comprised of photoelectrons from alkane orbitals (C-H σ, C-C σ, and 

CH2 π orbitals50,55-57).  The high kinetic energy cutoff for C16 is at 21.9 ± 0.2 eV, 

approximately 4.7 eV below the Fermi edge.  This gives the hole injection barrier, the 

energy required for the injection of a hole from the alkanethiol into the gold substrate, as 

illustrated in Figure 3.11c.  This energy barrier is substantial and injection of charge 

between the alkane and gold orbitals is extremely unfavorable.  The low kinetic energy 

cutoff is 9.2 ± 0.1 eV, resulting in the first ionization potential for the C16 alkanethiol 

SAM of approximately 8.5 ± 0.2 eV.  This is typical of ionization potentials for varying 

lengths of alkanethiol SAMs as seen in Table 3.6 later in this chapter. 
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The UPS spectrum for a C16F10 self assembled monolayer, CF3(CF2)9(CH2)6SH, 

is given in Figure 3.11.b.  The majority of the alkanethiol photoelectrons now appear at a 

much lower kinetic energy as a result of the extremely electronegative fluorine atoms.   

There are some C-H σ and C-C σ orbitals at nearly the same KE as the unsubstituted 

alkanethiol from the unfluorinated portion of the molecule from 18 to 22eV, but many 

more C-F σ, C-C σ, CF2 π , and F n orbitals at lower KE.50,47 The low KE secondary 

electron cutoff is 10.9 ± 0.1 eV.  The high KE feature from nonfluorinated orbitals is too 

broad to identify a precise cutoff, but the approximate first ionization potential from the 

alkane feature is 9.1 ± 0.5 eV.  The lower KE fluorinated feature has a cutoff of 18.7 ± 

0.2 eV, giving an ionization potential of 13.1 ± 0.2 eV.  The height of the photoelectron 

peaks at lower ionization potentials increases with the proportion of the molecule which 

is fluorinated while the peaks at higher ionization potential decrease, supporting the 

general assignment of the UPS features. 

 Figure 3.12 shows an expanded view of the Fermi edge region of UPS spectra for 

a clean gold foil and for gold foils modified with a series of self-assembled monolayers 

from C3 to C18.  The absolute kinetic energy for the gold Fermi edge emission does not 

shift with increasing carbon chain length, demonstrating that electronic equilibrium is 

maintained between the alkane layers, the gold substrate, and the spectrometer.29,31-32  For 

this figure an additional x-axis is shown below with a binding energy scale - a relatively 

common axis that will be used later in this dissertation calculated from kinetic energy by 

setting the Fermi cutoff to zero and calculating the energy from the Fermi energy.29-34,58-59   
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Figure 3.12 An expanded view of the Fermi edge region of UPS spectra for a clean gold 
foil and for gold foils modified with the self-assembled monolayers composed of 
alkanethiols from C3 to C18.  The x-axis has been shown as both kinetic energy and 
binding energy with respect to the Fermi edge.  The signal intensity near the Fermi edge 
decreases in intensity exponentially with increasing chain length alkanethiols as graphed 
in the inset figure.  The inset figure plots the intensity of the UPS spectra 0.6 eV below 
the Fermi edge vs chain length; the solid square symbols are for alkanethiol SAMs of 
different lengths, the open circles are for the C16FX series in which all have 16 carbons 
but the terminal 0, 1, 2, 4, and 10 carbons are fluorinated. 
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The UPS intensity near the Fermi edge is directly related to the thickness of the 

SAM film covering the gold substrate.  Only gold photoelectrons are generated with 

energies near the Fermi edge and the photoelectrons are attenuated with depth, i.e. 

thickness of the alkanethiol overlayer.  This intensity can be used to calculate the SAM 

film thickness using Equation 3.2 if the escape depth of electrons at that kinetic energy is 

known; alternately the escape depth can be found by comparing the intensity from SAM 

films of varying known thicknesses, such as those calculated from molecular length and 

average tilt angle for different chain length alkanethiol SAMs.47,48,54,58-59   

The inset in Figure 3.12 shows that the photoemission intensity 0.6eV below the 

Fermi edge (energy position shown with a dashed line in the UPS spectra) decreases 

exponentially with the number of carbon atoms in the alkane chain.  From this plot an 

inelastic mean free path of ca. 8 Å is found for the escape of Au Fermi edge 

photoelectrons through the alkane chains.  (This is calculated assuming SAM thickness is 

accurately calculated from alkanethiols with an average tilt angle of 35°, 1.27 Å 

incremental chain length per -CH2- unit, a thickness per –CH2- unit of l = 1.27(cos 35°), 

and a Au-S distance of 2 Å).21,47 The total sampling depth for the photoemission 

experiment is conservatively 3λ or 24 Å near the Au Fermi edge.58  Since most of the 

SAMs studied have a thickness of less than 24 Å, it can be assumed that photoelectrons 

escaping the alkanethiol layers near the high KE cutoff sample both the entire alkanethiol 

or partially fluorinated alkanethiol layer and the gold/SAM interface to at least some 

extent.  This escape depth of 8 Å agrees well with the results of Duwez and coworkers54 
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and Seki and coworkers57 from ca. 5 – 8 Å for the escape depth, λ, through compact 

monolayer alkane films for photoelectrons at ca. 15 eV kinetic energy.   

An additional feature approximately 1.4 eV below the Fermi edge is marked with 

a star (*) in Figure 3.12 for the shortest alkanethiol SAMs.  This is a spectral region 

where there is no photoemission from the alkane chains and no peak in the gold 

photoemission spectrum, so this feature is speculated to be photoionization from a gold-

sulfur molecular orbital.60-63 The exact nature of this orbital is unknown and is currently 

the subject of great interest.64  

 

3.6 Ultra-Violet Photoelectron Spectroscopy - Interface Dipole   

Alkanethiol SAMs: Series with Different Molecule Chain Lengths 

 The UPS spectra of a series of self-assembled monolayers made from varying 

length alkanethiol molecules are shown in Figure 3.13 along with the UPS spectrum of 

gold as a reference.  At higher kinetic energies the main features in the spectra clearly 

change from the distinctive, sharper gold orbitals to the broader, less defined alkane 

orbital peaks with increasing alkanethiol chain length.  The low kinetic energy cutoff 

moves to lower kinetic energies with the addition of an alkanethiol self-assembled 

monolayer.  There is a small additional shift to lower KE with increasing length 

alkanethiol SAMs.  The inset graph contains the shift in low KE onset for multiple 

samples including some chain lengths not included in the Figure 3.13 UPS spectra.  The 

increasing shift in low KE cutoff with chain length is clearly evident in the inset figure.  
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Figure 3.13 The UPS spectra of a series of self-assembled monolayers made from 
varying length alkanethiol molecules. From bottom to top, the UPS spectra are from gold, 
C3, C8, C10, and C18.  The shift in low kinetic energy edge from clean gold to a 
monolayer modified surface is noted with the symbol “Δ.”  Also notable is the transition 
of the higher kinetic energy primary orbital features from gold peaks, to both alkane and 
gold peaks, to purely alkane features with increasing chain length.  The inset figure plots 
the low KE edge shift vs. alkanethiol chain length for multiple samples of alkanethiols 
from C3 to C18. 
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 An ionization potential cannot be found for shorter alkanethiol self-assembled 

monolayers because the strong presence of gold photoelectron features in the UPS spectra 

masks the alkanethiol orbitals.  As seen in Table 3.6, for the longer self-assembled 

monolayers the ionization potential increases somewhat with increasing chain length, 

whereas in the gas-phase photoelectron spectra the ionization potential decreases with 

increasing chain length (Table 3.4).   This occurs because molecules in gas phase PES are 

stabilized only by interchain interactions, but in thin film UPS the molecules are 

stabilized by inter and intra chain forces and by the sea of highly polarizable electrons in 

the metal surface.  Shorter chains experience more stabilization from the metal image 

force and as the chain length increases the surface of the SAM becomes further from the 

gold surface and is less stabilized by image forces and more stabilized by van der Waals 

interactions with neighboring methylene chains.  The ionization potentials themselves 

differ from the gas phase to the thin films; almost all molecules have higher ionization 

potentials in the gas phase precisely because of the lack of final state stabilization in 

isolated molecules.58,40 
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Table 3.6 UPS Results for Alkanethiol SAMs with Different Chain Lengths  

 Molecular 
Formula 

Low KE 
cutoff 

± 0.1 eV 

Ionization 
Potential 
± 0.2 eV 

Work- 
function 
± 0.1 eV 

Fermi 
Edge 

± 0.05 eV 

Vacuum 
Level 
Shift 

± 0.1 eV 

C3 HS(CH2)2CH3 9.49 -- 4.09 26.59 1.01 

C8 HS(CH2)7CH3 9.36 -- 3.99 26.57 1.14 

C10 HS(CH2)9CH3 9.19 8.13 3.81 26.58 1.31 

C12 HS(CH2)11CH3 9.24 8.47 3.85 26.59 1.26 

C14 HS(CH2)13CH3 9.18 8.54 3.80 26.58 1.32 

C16 HS(CH2)15CH3 9.23 8.51 3.82 26.62 1.27 

C18 HS(CH2)17CH3 9.18 8.52 3.75 26.63 1.32 

 
 

The low kinetic energy cutoff shift of self-assembled monolayers measured with 

UPS can be compared with the computational dipole moments of individual alkanethiol 

molecules.  The procedures for calculating the dipole moment and its projections were 

described in Sections 3.2 and Appendix A.  The dipole moments of all hydrocarbon 

alkanethiols of all chain lengths are similar as seen in Table 3.7.  The total dipole is 

oriented at an angle of 27° ± 2° from the molecular axis of the alkanethiol with the 

negative end pointing towards the sulfur terminus as diagrammed in Figure 3.14.  The 

total dipole magnitude increases slightly with increasing chain length and, because of the 

consistent angle between the dipole moment and molecules, the projection of the dipole 

both on the molecule axis and normal to the surface follow the same trend as the
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Figure 3.14 A ball and stick model of a C16 alkanethiol on gold including arrows showing the direction and relative 
magnitude of calculated dipole moments.  The solid blue arrow is the total dipole moment, the dotted red arrow is the dipole 
along the molecule, the dashed black arrow is the dipole normal to the surface, the thin double pointed arrow is the angle 
between the total dipole moment and the molecular axis, and the thin dotted double pointed arrow is the angle between the 
molecular axis and the surface normal.  The surface normal angle is fixed by assumption at 35° and the dipole-molecule angle 
is found to be between 24° and 28° for all chain lengths from C3 to C18.  Values of all dipoles and angles are given in Table 
3.7. 

1.32 1.68 27.0 1.46 2.24 2.51 C18 

1.27 1.68 26.3 1.48 2.25 2.51 C16 

1.26 1.68 26.3 1.48 2.25 2.51 C12 
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Table 3.7 Dipole Moments and Calculated Potentials for Alkanethiol SAMs 
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dipole magnitude.  The dipole moment is not very sensitive to the number of carbons in 

the chain, changing by less than 0.25 Debye as the chain lengthens from C3 to C18.  The 

dipole normal to the surface changes by less than 0.1 Debye.  The calculated dipole 

moment in these molecules is dominated by the electron rich sulfur terminus and the 

relatively neutral carbons do not contribute to a significant extent.  Because neither the 

UPS shift nor the calculated dipole moments vary a great deal for different length 

alkanethiols, a comparison between dipole moment and UPS shift is not very informative.   

The UPS low kinetic energy cutoff increases by less than 0.35 eV from C3 to C18 

as plotted in the Figure 3.13 inset.  The slope of this plot indicates that the UPS measured 

effective work function shifts with alkane chain length by 23 ± 4mV per CH2 unit.  If the 

C3 data is excluded the slope becomes 16 ± 6mV per CH2 unit, which illustrates both the 

necessity for the study of other short length SAMs and the limitations in the interpretation 

of this data as linear without including any parameters reflecting the effect of distance 

from the metal surface.  Previous Kelvin probe studies have produced slopes in similar 

plots of 9.3 mV/CH2 unit; 14.1 mV/CH2 unit; and 20 mV/CH2 unit for self-assembled 

monolayers of alkane thiols on gold.2,13,17   

 

3.7 Ultraviolet Photoelectron Spectroscopy – Interface Dipole 
C16FX Series: Different Fluorination Same Chain Length 
 

 Figure 3.15 shows a series of UV-photoemission spectra taken from Au surfaces 

modified with either the C16 alkanethiol or with the mono-, di-, tetra- or deca-fluro-

substituted versions of this same alkanethiol (F1H15SH, F2H14SH, F4H12SH and F10H6SH 
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respectively, also abbreviated as C16F1, C16F2, C16F4, and C16F10).75,76  Despite the 

fact that these chains are expected to have slightly less dense packing and smaller tilt 

angle and therefore larger effective thickness as the extent of fluorination increases,22,23 

the attenuation of the Au near Fermi edge signal is consistent for all of the fluorinated 

alkane chains examined and fits well with the exponential decay curve from the number  
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Figure 3.15 The UPS spectra of a series of self-assembled monolayers made from C16 
alkanethiol molecules of varying degrees of fluorination.  From bottom to top the UPS 
spectra are from gold, C16F10, C16F4, C16F2, C16F1, and C16.  Note the increasing 
intensity on peaks near 16 eV with fluorination and corresponding decrease in peaks near 
20 eV.  At the left edge of the spectra the low kinetic energy cutoff clearly shifts to 
higher kinetic energies with fluorination.  The inset figure plots this shift in low KE 
cutoff against the number of carbons fluorinated (out of 16 possible carbons). 
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of carbons in the normal alkanethiol chains (as shown by the open circles in the Figure 

3.12 inset).  As the extent of fluorination increases near the chain terminus, there is a 

systematic increase in the low kinetic energy cutoff energy.  The difference in low KE 

edge between C16 and C16F10 modified gold surfaces is ca. 1.7 eV (inset in Figure 

3.15), consistent with addition to the gold surface of a large interface dipole of opposite 

sign to that of the unsubstituted alkanethiol chains. 

 

Table 3.8 UPS Results from Partially Fluorinated Alkanethiol SAMs 

 Molecular 
Formula 

Low KE 
cutoff 

± 0.1 eV 

Ionization 
Potential 
± 0.2-0.5 

eV 

Work- 
function 
± 0.1 eV 

Fermi 
Edge 
± 0.05 

eV 

Vacuum 
Level 
Shift 

± 0.1 eV 

C16 HS(CH2)15CH3 9.23 8.51 3.82 26.62 1.27 

C16F1 HS(CH2)15CF3 10.33 9.11 4.93 26.60 0.17 

C16F2 HS(CH2)14CF2CF3 10.51 9.46 5.11 26.60 -0.01 

C16F4 HS(CH2)12(CF2)3CF3 10.90 9.68 5.53 26.57 -0.40 

C16F10 HS(CH2)6(CF2)9CF3 10.91 9.11 5.49 26.62 -0.41 

 

 As opposed to the purely hydrocarbon alkanethiol series discussed above, the 

sequentially fluorinated series presented here exhibits dramatic change in the UPS low 

KE edge and in calculated dipole moments.  The dipole moments are changed both in 

magnitude and direction by the substitution of any of the hydrogen atoms with fluorine 

atoms.  Prior to fluorination the negative pole of the dipole moment points towards the 

sulfur end of the alkanethiol molecule.  The strongly electronegative fluorine atoms cause 
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Figure 3.16 Partially fluorinated alkanethiols with arrows showing the direction and relative magnitude of computational 
dipole moments.    
 
Table 3.9 Dipole Moments and Calculated Potentials for Partially Fluorinated Alkanethiol SAMs 
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the negative pole of the dipole to point towards the derivitized ω end of the alkanethiol 

molecules (seen in Figure 3.16).  This change in direction is denoted by the negative sign 

in front of the dipole moments in Table 3.9.  Once four or more carbons are fluorinated, 

the dipole moment orientation and magnitude are relatively invariant with additional 

fluorination.  If only the terminal carbon is fluorinated the direction of the dipole moment 

is extremely dependant on the alkanethiol chain length – in particular whether the total 

number of carbons in the chain is odd or even.   This complication will be discussed in 

more depth in section 3.8 and for analysis of this data series the C16F1 is best excluded 

due to its divergent behavior, marked in Figure 3.17a and b with “*” symbol. 

Not only is the magnitude of the UPS low KE cutoff difference between C16 and 

C16F10 impressive, the continuity and smoothness of the shift in the low KE cutoff with 

increasing fluorination is remarkable.  Even more remarkably, the computational dipole 

moments of the partially fluorinated sequence follow a similar smooth shift with 

increasing fluorination.  Figure 3.17a shows the UPS shift (open black squares) and the 

surface potential calculated from computational dipole moments on the same scale vs. 

increasing fluorination.  Figure 3.17b shows the UPS shift plotted against computational 

dipole moment which shows the correlation even more strongly.  Clean gold is 

represented by the open circle at (0,0).  In this series the length of the molecule remains 

constant (16 carbons total) so final state effects with distance from metal interface are not 

as much of a factor and the larger variation in dipole moment for this series of molecules 

allows a more substantive comparison of the correlation of self-assembled monolayer  
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Figure 3.17 a) UPS shift and the surface potential calculated from dipole moment on the 
same scale vs. increasing fluorination for the partially fluorinated C16FX series.    The 
“*” symbol appears next to any calculated C16F1 datapoint.  b) UPS low KE shift plotted 
against the alkanethiol computational dipole moments.  The open circle at (0,0) shows the 
position of bare gold and the large open circle above this shows the region in which best 
fit lines from the various dipole projections intercept the y-axis. 
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dipole moments with UPS measured surface potential.  With the exception of the C16F1 

(noted by * in the graph), the UPS low kinetic energy shift correlates well with the 

computational surface potential. 

A least squares fit of all this data gives a y-intercept of ca. 0.6 eV.  This y-

intercept gives information about the gold-sulfur dipole moment via the following 

reasoning.  The change in surface potential for adsorption of a molecular layer on a clean 

metal is by definition described by Equation 3.3. 

ΔUmonolayer   =   (Umetal + monolayer - Uclean metal)     (3.3) 

The change in work function or surface potential from adsorption of a molecular layer on 

a clean metal has also been described by Crispin et al. as a series of linearly additive 

contributions:11   

 Δ Φ = ΔeDmonolayer  =   eDchemisorption + eDmolecule + ΔeDmetal    (3.4) 

In Equation 3.4, eDchemisorption is the dipole moment introduced by charge transfer based 

on bond formation during chemisorption (e.g., the formation of the gold-thiolate bond); 

eDmolecule is the intrinsic dipole moment of the adsorbate (i.e., the dipole moment of the 

alkanethiol or partially fluorinated alkane chain); and ΔeDmetal represents the change in 

metal surface potential due to addition of adsorbate, which generally is large and positive 

and varies with the nature of the metal but not significantly with the identity of the 

adsorbate.11,65  The contributions are only additive to a first approximation because they 

are not completely independent from each other.11  The two equations are necessarily 

related and by plotting the measured change in surface potential, i.e. low KE UPS shift, 

versus the computational dipole moment of a self-assembled monolayer, eDmolecule in 
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Figure 3.17b, the influence of the other contributing terms in Equation 3.4 can be 

isolated. 

 It is assumed that the Au-S interaction is similar for all of the molecules reported 

here and that the change in metal surface dipole due to the presence of these adsorbates is 

comparable for all molecules explored.  In literature Xe adsorption on gold has been 

shown to decrease the work function by ca. 0.45 to 0.52 eV for both single crystal 

Au(100) and polycrystalline Au samples,66,67 which provides us with an estimate of 

ΔeDmetal due to the addition of the alkanethiol layer on gold.  The y-intercept of the plot 

in Figure 3.17b represents the change in surface potential due to chemisorption and 

physisorption without the molecular dipole moment, eDchemisorption  +  ΔeDmetal  =  ca. 0.6 

eV.  From the difference between this intercept and the estimate for ΔeDmetal, it is 

estimated that the surface potential shift due to the Au-S interaction is small, 

approximately 0.1 eV ± 0.1eV.  If the metal derived surface potential shifts on gold from 

a SAM are greater than the ca. 0.5 eV estimated from Xenon the projected magnitude for 

eDchemisorption would change, but unless large changes occurred the conclusion still 

remains that the gold-thiolate bond is largely covalent and not ionic.1-5,16,68  Results from 

UPS studies of organic semiconductor heterojunctions on gold in the next chapter suggest 

ΔeDmetal  for organics on gold may be slightly greater than Xenon, but not enough so to 

change the conclusion that the Au-S bond does not have a large dipole.  This runs against 

conventional wisdom but an increasing amount of literature now exists which supports 

the conclusion of a small intrinsic dipole Au-S bond.16,19,68 
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3.8 Ultra-Violet Photoelectron Spectroscopy - Interface Dipole 
Odd-Even CXF1 Series (vs. Alkane Odd-Even) 
 

 When only the terminal carbon is fluorinated, the UPS spectra show an unusual 

dependence on the parity of the alkanethiol chain length.  Figure 3.18 shows the UPS 

spectra for a series of alkanethiol chains, fluorinated only at the terminus of each chain, 

C13F1-C16F1.  In this series the low KE cutoff energy of the photoemission spectra 

increases and decreases by ca. 0.3 eV as the alkane chain length varies.  Previous studies 

of F1 alkanethiols have shown that the orientation of the terminal CF3-groups changes 

significantly depending upon whether the total number of carbon atoms in the chain is 

even or odd.23,69,70,77  It appears that the shift in the low KE edge for photoemission from 

the partially fluorinated alkanethiols is dependent upon the orientation of the terminal 

fluorinated methyl group. 

Table 3.10 UPS Results from Odd and Even Terminally Fluorinated Alkanethiols 

 Molecular 
Formula 

Low KE 
cutoff 

± 0.1 eV 

Ionization 
Potential 
± 0.2 eV 

Work- 
function 
± 0.1 eV 

Fermi 
Edge 
± 0.05 

eV 

Vacuum 
Level 
Shift 

± 0.1 eV 

C13F1 HS(CH2)12CF3 10.57 9.01 5.17 26.60 -0.07 

C14F1 HS(CH2)13CF3 10.34 8.94 4.94 26.60 0.16 

C15F1 HS(CH2)14CF3 10.64 9.30 5.23 26.61 -0.14 

C16F1 HS(CH2)15CF3 10.33 9.20 4.94 26.59 0.17 

 

Besides the low KE shift, the UPS spectra look almost identical for the series of 

odd and even length F1 alkanethiol SAMs since the valence orbital photoemission is 

largely unaffected.  The odd-even effect is not observed for a series of unsubstituted  
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Figure 3.18 The UPS spectra for a series of alkanethiol chains, fluorinated only at the 
terminus of each chain, C13F1 through C16F1, abbreviated as CXF1.  In the inset figure 
it can be seen that the low KE cutoff energy for these photoemission spectra increases 
and decreases by ca. 0.3 eV as the alkanethiol chain length varies from odd to even and 
back. 
 

alkanethiol SAMs (spectra not shown).  Figure 3.19 contains the computational dipole 

moments and UPS low kinetic energy shifts for both series.  The dipole moments of both 

series have been calculated with the same computational procedure described in Section 

3.2 except that the dipole moments of the unsubstituted alkanethiols are calculated with 

the 6-31G basis set instead of the 6-31+G basis set used for all other computations.  (The 
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resulting dipoles differ by less that 2.5% in both magnitude and angle and were deemed 

acceptable for comparison purposes.)  The computational results correlate well with the 

UPS results for both series.  For unsubstituted alkanethiols, C12 to C16, the dipole 

moment is oriented at almost the same angle with respect to the molecule for both odd 

and even lengths; the even chain lengths have an angle of 26.4° ± 0.5° between the 

molecule and the dipole and the odd chain lengths have an angle of 24.9°± 0.5°.  The 

total magnitude of the dipole moments differ even less, the even chain length are 

calculated to have dipoles 0.03 D larger than the odd chain lengths (2.46D vs. 2.43D) and 

the projections along the molecule and normal to the surface differ least of all.   

 The computational dipole moments for the F1 alkanethiol series, however, differ 

greatly for odd and even chain length molecules in both magnitude and direction.  The 

even chain length molecules have a net dipole of 2.91D oriented at an angle of -67° from 

the molecular axis.  The odd chain length molecules have a net dipole of 1.25D at an 

angle of 25° from the molecular axis.  The diagrams in Figure 3.20 are illustrations of 

these angles and the projections along the molecule and normal to the surface.  The angle 

for the odd F1 alkanethiols is similar to the angle for purely hydrocarbon alkanethiols 

except that the negative end of the dipole points away from the sulfur end instead of 

towards it as in the case of the unsubstituted alkanethiols.   Because the fluorocarbon 

local dipole points in the opposite direction from the sulfur-carbon local dipole (as shown 

in Figure 3.20 d), the magnitude of the net dipole is relatively small.  For the even F1 

alkanethiols the direction of the calculated dipole moment is significantly more 

perpendicular to the molecule than any other molecules.  The fluorocarbon local dipole  
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Figure 3.19 Computational dipole moments for odd and even alkanethiols for a) 
unfluorinated alkanethiols and b) terminally fluorinated F1 alkanethiols.  The solid black 
squares are the total dipole moment, the solid red circles are the dipole along the 
molecule, and the green triangles are the dipole normal to the surface.  Plots of UPS low 
KE shifts for the same series of odd and even c) unfluorinated alkanethiols and d) 
terminally fluorinated F1 alkanethiols. 
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Figure 3.20 Ball and stick models (a and b) including the calculated dipole moments of  
even and odd F1 alkanethiols and stick diagrams (c and d) illustrating why the magnitude 
and direction of the dipole moments vary so greatly.  e) and f) show the terminal carbons 
in even and odd F1 alkanethiols, the lower arrow is the overall molecular dipole moment 
and the top arrow is the dipole orientation for the last carbon with three fluorine atoms.  
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and the sulfur-carbon local dipoles both point to the same “side” of the molecule (see 

Figures 3.20 c), causing the proportion of the dipoles pointing perpendicular to the 

molecule to add together for a larger than normal off-axis dipole moment.  The 

proportion of the dipole along the molecular axis is small for the even F1 molecules 

because the two terminal local dipoles point away from each end of the molecules, thus 

opposing each other and largely canceling out.  Although the net dipole for an even F1 

thiol is more than twice that of an odd F1 thiol, the projection along the molecule is 

almost identical because the larger angle of the net dipole to the molecule results in a 

smaller proportion of the dipole along the molecule as explained above.  The dipole 

normal to the surface is significantly different however with the magnitude normal to the 

surface of even F1 thiols again being over twice as large as the odd F1 thiols.  Figure 3.19 

contains plots with all of these dipole moment projections for the odd and even F1 thiols 

and Table 3.11 contains numerical results. 

Table 3.11  Dipole Moments and Calculated Potentials for Even and Odd F1 
Alkanethiol SAMs 

 
Total 

Dipole 
(D) 

Dipole 
Along 

Molecule 
(D) 

Dipole 
Normal 

to 
Surface 

(D) 

Angle 
Between 
Molecule 

and 
Dipole 

(°) 

Potential 
Calc 
from 
Total 

Dipole 
(eV) 

Potential 
Calc 
from 

Dipole 
Normal 

(eV) 

Vacuum 
Level 
Shift 

± 0.1 eV 

C13F1 -1.25 -1.13 -0.75 25.2 -0.84 -0.50 -0.07 

C14F1 -2.91 -1.11 -1.79 -67.0 -1.95 -1.20 0.16 

C15F1 -1.25 -1.13 -0.75 25.7 -0.84 -0.50 -0.14 

C16F1 -2.91 -1.15 -1.82 -66.6 -1.95 -1.22 0.17 
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From the calculated dipole moments it would be expected that the UPS spectra for 

even F1 alkanethiols would have low KE cutoffs at higher kinetic energies because of the 

larger negative dipole moment of the self-assembled monolayer.  The experimental 

results are exactly opposite; the even F1 alkanethiols have lower KE cutoffs and the odd 

F1 alkanethiols have higher KE cutoffs, suggesting that the odd F1 alkanethiols have 

stronger negative dipole moments normal to the surface.  There are two possible 

explanations for this disagreement.  First, the exceptionally high angle between the 

molecular axis and calculated dipole moment for even chain length F1 thiols may conflict 

with the limitations inherent in the use of isolated gas phase neutral thiol radicals as 

computational analogues to the actual self-assembled monolayers.  Isolated molecule 

computational results are more applicable in cases where the molecules and dipoles in the 

actual monolayer do not significantly interact.  In particular, once the electrostatic forces 

in adjacent molecules are either large enough or oriented such that neighboring groups 

experience attraction or repulsion, the molecules may rotate or distort.71,72  Because the 

net dipole moment of even F1 alkanethiols have large components oriented parallel to the 

gold surface, the dipoles are more likely to interact with neighboring molecular dipoles.  

This may result in a lower overall monolayer dipole as depolarization or deformation 

occurs from this interaction.  The total dipole moments of odd F1 alkanethiols (and all 

unsubstituted alkanethiols) are more closely aligned with the axis of the alkanethiol 

molecules.  They are less likely to interact with neighboring molecules and therefore the 

isolated molecule computations have a greater probability of actually representing the 

conditions of a self-assembled monolayer.   It may also be that these dipoles interact but 
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the interaction is consistent for the entire system and thus any effects are systematic and 

not noticed in this comparative study and only when the even F1 alkanethiols with 

different interactions are compared do these differences appear. 

The other possible explanation involves the consideration of how much of the 

surface actually contributes to a surface dipole, or in particular as measured by UPS.  

Theoretically a dipole composed of a positive and negative end is directly proportional to 

the length by which the two ends are separated.71  This would seem to indicate that a 

C30F1 dipole should have three times the dipole moment as the dipole for a C10F1 

alkanethiol molecule.  However, the surface potential is a surface parameter and does not 

necessarily measure conditions deep within a sample, it seems possible that burying the 

other end of a dipole deeper into a surface will reach a limit at which it does not result in 

an increase in the surface potential.  UPS cannot even sample the entire thickness of a 

SAM made from C30F1 alkanethiols and barely measures any gold photoelectrons 

beneath a C12 or longer alkanethiol SAM.  When alkanethiols above 24-30 carbon atom 

molecules have been examined by UPS, the length of the insulating alkanethiol results in 

a failure to maintain equilibrium between the spectrometer and gold substrate and the 

SAM surface.  This is manifest by inelastic shifting of the entire UPS spectra and 

meaningless low KE shifts from gold, thus it seems intuitively likely that there is a limit 

to the length of an added layer dipole which can contribute to the surface potential as 

opposed to simply creating an insulating surface layer. 

As shown in the schematics in Figure 3.20e and f, one way the UPS results can be 

rationalized is by considering the possible limitations of sample thickness contributions 
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to the surface potential.  The molecules are aligned as they would be in a self-assembled 

monolayer and the lower, red arrows point in the direction of the total computational 

dipole moments.  If the dipole moment is calculated for only a terminal CF3 group or an 

F1 alkane without a thiol at the other end, it is aligned almost perfectly with the CH2-CF3 

bond as shown with the upper, blue arrows.  This would still predict that the even F1 

alkanethiols have a larger negative dipole moment and is contrary to the UPS results.  If 

however only the last ca. 2 Å are considered, the placement of the fluorine atoms 

themselves could explain the observed UPS results.  The terminal surface of molecules in 

an even F1 monolayer is composed of three C-F bonds, all pointing more parallel than 

perpendicular to the surface.  The terminal surface of the molecules in an odd F1 

monolayer is an exposed -C-F bond pointing nearly perpendicular from the surface. (See 

Figure 3.20e and f.)  Only if this extremely surface localized dipole is the main 

contributor to the surface potential do the UPS results agree with calculated dipole 

moments.  This is not a favored explanation but is considered a possibility.  A proposed 

series of SAMs made from alkanethiols with fluorination 1, 2, or more carbons removed 

from the interface such that the total dipole moment would be similar but the last few Å 

would be hydrocarbon rather than fluorocarbon would be extremely helpful in confirming 

or denying this extremely surface localized dipole interpretation.  Unfortunately these 

alkanethiols are extremely difficult to synthesize and this study is unlikely to occur in the 

near future. 
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Studies by our collaborators, mainly in the Randy Lee group at the University of 

Houston and the Vicki Wysocki group here at the University of Arizona, of F1 

alkanethiols have shown that the orientation of the terminal CF3-groups in odd and even 

molecules changes significantly and this affects some physical properties, such as 

wettability and neutralization probabilities for a probe molecular ion.69,73,74  Numerous 

contact angle wettability studies of CF3-terminated SAMs also exhibit systematic odd-

even effects, showing that CF3-terminated SAMs with even numbers of carbon atoms are 

more wettable by polar liquids than are their counterparts with odd numbers of carbon 

atoms. 69,70  Experiments involving ion neutralization on these same surfaces, where a 20-

30 eV probe ion (such as C6H6
+, or C4H4N2

+) collides with the SAM-modified Au 

substrate, show a similar odd-even effect.74  The yield of neutral benzene or pyrazine 

after such collisions is extremely sensitive to the composition and effective work function 

of the outermost regions of these thin films, and the neutralization probabilities are in 

general lower for odd versus even carbon chain length SAMs, consistent with the higher 

effective work functions for such surfaces.  Apparently the dipolar fields which influence 

the low KE cutoff energy in the photoemission experiments also are important in 

controlling electron injection into molecular probe ions.  
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3.9 Conclusions and Future Directions 

 Self-assembled monolayers composed of different chain length unsubstituted 

alkanethiol molecules have similar positive dipole moment induced effective work 

function shifts and partially fluorinated alkanethiol self-assembled monolayers have 

negative effective work function shifts proportional to the calculated negative dipole 

moments.  By comparing the effective work function shift for a series of monolayers with 

varying dipole moments the charge-transfer character of the sulfur-gold bond common to 

all alkanethiol SAMs is found to be low.  And finally, the changes in effective work 

function with the parity of the chain length for terminally fluorinated (-CF3) alkanethiols 

provides an intriguing glimpse into questions that must be addressed in future research.  

The orientational changes of the terminal CF3-group with the total number of carbon 

atoms in the chain clearly produce significant measurable differences in surface potential 

and some possible reasons for the observed UPS results have been suggested.  Ultimately 

the computational dipole moments of gas phase alkanethiol radical molecules are shown 

here to be applicable to self-assembled monolayers on gold surfaces and the dipole of the 

self-assembled monolayers are shown to directly affect the effective work function of a 

metal surface which can be measured by Ultraviolet Photoelectron Spectroscopy.   

Finally, the change in effective work function from an ordered monolayer is over 1 eV, 

an impressive range and possibly very useful for reducing interfacial energy barriers in 

multilayer organic electronic devices. 

Promising possibilities for future directions include measuring the same self-

assembled monolayers on silver and other metals known to induce different tilt angles 
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and therefore different dipole moments normal to the surface.  This will help test the role 

of the dipole moment of the alkanethiols and of the overall self-assembled monolayer.  

Measuring largely the same SAMs on different metals should test whether eDchemisorption 

and ΔeDmetal are truly being measured by UPS, because changing the metal should change 

the zero dipole moment intercept (as in Figure 3.17b) in a direction correlated to PAX 

metal surface potentials or chemisorption strength (electrochemistry redox potentials) if 

the additive theory of interface dipole formation describes the buried metal-sulfur 

interface dipole of SAMs well.   

SAMs with smaller dipole moments must also be studied; plots such as that in 

Figure 3.17b of surface potential vs. dipole moment are lacking in data between the large 

positive dipole moments of the alkanethiols and large negative dipole moments of the 

fluorinated alkanethiols.  Measurements of smaller dipole moment self-assembled 

monolayers will help to confirm the relationship and the conclusion on the non-polar 

gold-sulfur bond indicated in this work.  Preliminary results on benzene and halide 

terminated alkanethiols support the trends reported here.17  Future experiments should 

also be performed on SAMs made from alkanethiols with similar fluorination but 

different chain lengths or with fluorination 1, 2, or more carbons removed from the 

interface to explore the effects of dipole moment vs. terminal surface groups.  A more 

complex computational scheme in which a number of molecules are included in the 

computation, possibly with sulfur headgroups fixed in position and/or a gold surface 

included in the calculations, may be desirable. 
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 Finally, interfaces of self-assembled monolayers with organic semiconductors are 

an important future object of study.  The dipoles produced by SAMs are far more useful 

if it can be directly shown that they change the frontier orbital alignment between a metal 

electrode Fermi level and an organic semiconductor.  If the injection barriers are not 

changed by monolayer dipoles then the usefulness of SAM modification for device 

purposes is uncertain.  Preliminary results in this group for zinc phthalocyanines and C60 

on a variety of self-assembled monolayers in this group are inconclusive17 although other 

groups have reported changes in hole injection barriers for organic semiconductors 

deposited on aromatic thiol self-assembled monolayers.78,79 
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CHAPTER 4 
 

INTERFACE DIPOLES AND HOLE INJECTION BARRIERS 
AT ORGANIC/METAL HETEROJUNCTIONS:  

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF ORGANIC 
SEMICONDUCTORS ON POLYCRYSTALINE GOLD 

 

4.1 Introduction 

 The efficiency of organic electronic devices depend critically on interfacial 

energy barriers.  Figure 4.1 shows the processes which must occur in an organic 

photovoltaic, illustrating the roles of interfaces in an organic electronic device.  The first 

necessary process is the creation of an exciton within the organic layer by absorbing a 

photon of light.  The neutral exciton must dissociate into mobile charges, a process 

enhanced at organic/organic interfaces which influences organic material choices and 

causes organic devices to be designed with maximal organic/organic surface area.6,7 The 

charges must travel through the organic layers to reach the electrodes, requiring organic 

materials with high hole and electron mobilities and an electric field or concentration 

gradient of charged species across the organic layer.8,9 Finally, the charges must pass 

from the organic layers into the electrodes which requires low energy barriers at the 

organic/electrode interfaces.8   

 Figure 4.2 shows the energy barriers relevant for hole and electron injection.  For 

holes, the HOMO of the organic material and the Fermi level of the electrode are the 

operative energy levels and the difference in energy between the two is known as the hole 

injection barrier (ΦBh).  For electrons, the LUMO of the organic material and the Fermi 

level of the electrode must be favorably aligned with a low electron injection barrier 
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(ΦBe).  Metal contacts are often chosen by work function specifically to match these 

energy levels to minimize the energy barriers.1  The selection of metals by workfunction 

has been somewhat successful, but the injection barriers have seldom been found 

experimentally to agree with simple predictions.1-5  This is partially due to overly 

simplistic theoretical models used for predictions and partially due to the variety of 

interactions that can occur at metal/organic interfaces. 

 

 
Figure 4.1 Four essential processes in organic photovoltaic devices: 1 - exciton creation 
by absorbance of light, 2 - exciton dissociation to create mobile charge, 3 - charge 
transport influenced by organic semiconductor mobilities, and 4 - charge injection or 
collection at electrodes 

1 - exciton creation - absorbance of light 
2 - exciton dissociation - creation of mobile charge 
3 - charge transport – mobility in semiconductors 
4 - charge injection/collection at electrodes 
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Figure 4.2 Hole and electron injection barriers at a metal-organic semiconductor 
heterojunction with filled orbitals shaded.  a) Holes must overcome a hole injection 
barrier (ФBh) to move from an electrode into the HOMO orbitals. b) Electrons must 
overcome an electron injection barrier (ФBe) to be injected from an electrode into the 
LUMO orbitals.  The HOMO onset is the top edge of the HOMO orbital distribution and 
the LUMO onset is the bottom edge of the LUMO orbital distribution.  All barriers, work 
functions, and ionization potentials in this work are defined by the onset energies. 
 

 The additive theory of interface dipole formation applied to self-assembled 

monolayers in the previous chapter is now applied to a wider range of organic/metal 

interfaces.  The molecules are chosen because of their use in organic electronic devices of 

some sort (OLEDs, PVs, or OFETs) and have been selected to provide a range of 

ionization potentials and bandgap energies in order to explore the relationship between 

the Fermi level of a metal and the frontier orbital energies of thin organic semiconductor 

layers.  In almost all cases ultraviolet photoelectron spectroscopy indicates the presence 

of an interface dipole with the deposition of organic semiconductors on gold.  The 

immediate interface for heterojunctions between gold and organic semiconductors falls 

into two categories; many organic semiconductors produce a consistent vacuum level 

shift independent of any organic semiconductor properties but other organic 

semiconductors produce vacuum level shifts which vary in magnitude, related in some 
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manner to frontier orbital energies.  The common vacuum level alignment theory is 

clearly not supported. 

As the organic semiconductor thickness increases and the region further from the 

metal interface is probed, the vacuum level shift and hole injection barrier change from 

interface dominated energetics to Fermi level alignment driven energetics.  Alignment of 

the organic semiconductor Fermi level is difficult to classify, but a relationship between 

the Fermi level of the organic semiconductor and the Fermi level of the gold substrate is 

supported in most of the heterojunctions studied. 

 

4.2 Organic/Metal Heterojunction Interfaces  

4.2.1 Common Vacuum Level and Fermi Level Alignment 

 The ionization potential of a semiconductor represents the HOMO onset energy as 

referenced to vacuum level.  A metal's work function gives the Fermi energy of the metal 

with respect to vacuum level.  For injection barriers it becomes important whether the 

energy difference between the metal’s Fermi level and the organic HOMO orbital at an 

actual interface is equal to the difference between the work function and ionization 

potential of the two materials (as measured in isolation).  Common vacuum is the 

condition for which this would be true: when two materials are brought into contact, the 

vacuum levels are aligned and the energy difference between the frontier orbitals can be 

found by simple calculation from the ionization potential and work function as measured 

separately for each material, shown in Figure 4.3a.   
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Figure 4.3 Several possible heterojunction energy level alignments may occur when a 
metal and a semiconductor are brought into contact.  a) Common vacuum level which 
occurs when no charge redistribution occurs at an interface.  b) Fermi level alignment 
which occurs when charge is redistributed across the interface such that the Fermi level 
of both materials is at the same energy. c) Energy level realignment but not Fermi level 
realignment may occur if a shift occurs but neither of the above realignments occur. 
 

Fermi level alignment is simply the situation in which electrical equilibrium has 

been reached and the Fermi levels are at the same energy.1  A metal/organic 

heterojunction with Fermi level alignment is shown in Figure 4.3b.  It is also possible that 

interactions occur at the interface which cause a shift in vacuum level but do not allow 

Fermi level equilibration.  In this case the alignment between frontier orbitals may fit 

neither of the above cases as shown in Figure 4.3c and be difficult to predict or explain.  

It has been recognized for many years now that a common vacuum assumption is not 

appropriate but replacing it with a blanket Fermi level alignment assumption is not 

necessarily appropriate either. 
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4.2.2 UPS Measurement of Interfacial Alignment 

Ultraviolet photoelectron spectroscopy can be used to follow the shifts in energy 

level alignment with distance from the metal/organic interface.  The vacuum level shift, 

which indicates the formation of an interface dipole or general charge redistribution with 

distance from the interface, can be measured accurately and reliably even at the lowest 

coverages since the low kinetic energy edge is a sharp cutoff at all coverages.  At low 

coverages in an interface the frontier orbital energies cannot always be measured as 

reliably because primary electron signal is proportional to the amount of material on a 

surface. At submonolayer coverages, organic semiconductor orbital peaks are difficult to 

measure over the larger substrate signal if there is any overlap in orbital energies.  Even if 

not overlapped, the peaks may not have sufficient signal to noise ratios for exact onset 

determination when the coverage is too low. 

 The penetration depth for the exciting radiation (UV photons) is high but escape 

depths for electrons with kinetic energies of 10-30 eV are extremely small and thus UPS 

is extremely surface sensitive and primarily the top 5 to 15Å of the surface is 

measured.13-14  This allows the entire range of a heterojunction to be measured from a 

single sample, with in-situ organic deposition and UPS measurement sampling from trace 

amounts on a bare surface to organic films over 100 Å thick.  Figure 4.4 shows the region 

sampled with UPS for different thickness organic films. 

At organic coverages below 5Å, the surface is composed of submonolayer 

coverages of molecules on the metal surface.  Increasing “thickness” in Angstroms 

actually represents increasing fractions of the metal surface being covered – 2.5Å being 
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half a monolayer for example.11,12,15 At coverages from 5Å to ca. 15Å the first monolayer 

is considered completed and multilayers begin to form.  At this intermediate coverage, 

the UPS samples the interfacial region as well as some organic molecules beginning to 

adopt bulk character.  At coverages above ca. 20-30Å the interface region is no longer 

measured and the UPS spectrum eventually becomes representative of bulk organic 

material. 

 

Figure 4.4 UPS sampling of a metal/organic interface.  The bar underneath each figure 
represents the sampling depth of UPS and thus the part of each interface that is measured. 
a) At submonolayer semiconductor coverages, mostly metal and an incomplete 
monolayer of molecules are measured by UPS.  b) At monolayer coverages, both metal 
and the interface monolayer of molecules are sampled.  A monolayer may be completed 
by 5Å for planar molecules without islanding but may require 8-10Å for larger, non-
planar organic semiconductors.  c) At increasing coverages UPS is sampling organic 
only, both interfacial molecules and the beginnings of aggregated structures. d) For 
thicker films, UPS measures only bulk molecules. 
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< 5 Å ~ 5 Å 

~ 15 Å >> 15 Å 
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Ionization potentials, work functions, vacuum level shifts, and HOMO orbital 

hole injection barriers are plotted as a function of organic semiconductor thickness to 

build a picture of a heterojunction with distance from the interface.  This type of plot is 

often called a band diagram or an energy level diagram for organic semiconductor 

heterojunctions.  The hole injection barrier, ΦBh, is reported in this work at higher 

coverages where the organic orbital energies cease shifting and a stable alignment is 

reached.  The vacuum level shift is usually reported for ca. one monolayer coverage.  It 

can also be reported for higher coverages, but it is then no longer the interface dipole 

because it represents the final realignment of the two materials, not the realignment at the 

interface itself.  Both near-interface and the thicker stable alignment regions can be 

significant for charge injection because even if the metal Fermi level and organic frontier 

orbital energy level are aligned at higher coverages, any energy barrier at the interface 

must be overcome for charge to move between the two materials. 

 

4.2.3 Prior Metal/Organic Heterojunction Studies: Series of Metal Substrates 

Metal/organic heterojunctions have been largely explored on an empirical basis 

with attempts to explain individual systems in the hope that eventually a complete theory 

will emerge that can explain all metal/organic semiconductor systems.  One method of 

looking for a universal model involves studying interfaces of a single organic 

semiconductor with a number of metal substrates.  The metals are chosen to provide wide 

variation in work function in order to test the relationship between the Fermi level of the 
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metals and the frontier orbitals of selected organic semiconductors.  Various plots are 

created and the slope of such plots helps to define the behavior of the interfaces. 

In one type of plot the hole injection barrier is plotted as a function of metal work 

function for these series and the slope of this plot gives a parameter (SB) which relates to 

the energy level realignment mechanism at the interface.11,17,20,24  If there are no interface 

states, the hole injection barrier will equal the difference between the metal work function 

and the organic ionization potential and the slope of this plot will be equal to 1.  A slope 

SB equal to 1 is called the Schottky-Mott limit.  A slope SB equal to zero indicates 

“pinning” of the Fermi level at the Bardeen limit.  In this limit, interface states exist with 

sufficient density to pin the Fermi level of the semiconductor such that the work function 

of the metal does not determine the hole injection barrier, making ΦBh the same for all 

metals.  Most organic semiconductors exhibit SB values between 0 and 1 and fall 

somewhere between the Bardeen limit and the Schottky-Mott limit.11,17,18   

The vacuum level shift can also be plotted vs. metal work function.  This slope 

(SD) expresses how much of the surface charge compensation occurs via an interface 

dipole.  SD = 1 means that Fermi levels align and the interface dipole accounts for all of 

the realignment.  SD = 0 or a random distribution means that either Fermi levels do not 

align or the interface dipole does not play a primary role in the realignment. 

Seki et al. used Kelvin Probe to characterize thin films of TPD (N,N'-bis(3-

methylphenyl)-N,N'-diphenyl-[1,1'-biphenyl]-4,4'-diamine) on Ca, Mg, Ag, Cu and 

Au.2,19  Hill and Kahn used UPS to characterize thin films of PTCDA, AlQ3, αNPD, and 

CBP on Mg, In, Ag, Sn, and Au.20  Common vacuum levels were not found at any of the 
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interfaces and the vacuum level realignment was not found to be Schottky-Mott for most 

of the heterojunctions examined.  Explaining, let alone predicting, which dynamic the 

systems follow proved to be difficult.  Hill and Kahn found a general trend towards 

increasing interface dipole with increasing metal work function.17,20 The slope of 

interface dipole vs. work function was unity for PTCDA, but PTCDA is known to 

chemically react with some metals including Indium and Tin, making it a complex 

system. 21  At the opposite extreme CBP had the same interface dipole for all metals 

measured.  Falling between these two were AlQ3 and NPD with slopes between 0 and 1.  

No generalizable conclusions were made. 

 Seki et al. examined TPD and porphyrins, and found both SB and SD’s between 

zero and one.18  They interpreted the intermediate slopes as a sign of interface states - 

probably extrinsic interface states such as defect sites, impurity levels, and metal-induced 

gap states.  They concluded that the vacuum level shifts are a linear function of metal 

work function and that the common vacuum assumption is not valid.  The interface 

dipole of TPD also increased with metal work function, but with only a slope of 0.3.22 

The metal Fermi level varied within the TPD bandgap from aligning near the HOMO 

energy in a gold heterojunction to near the LUMO energy in a calcium heterojunction.23  

These results emphasize the lack of a clear model for organic/metal heterojunctions.  

Only fairly recently have the chemical reactions that can occur at the interface begun to 

be considered.24,25  A combination of the energetic analysis and chemical analysis is 

expected to be necessary to truly explain metal/organic semiconductor interfaces.  
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4.2.4 Alternate Approach: Single Metal with Series of Organic Semiconductors 

 In this chapter a number of organic semiconductors on a single metal are 

examined, as opposed to the previous examples with a number of metals and the same 

organic semiconductor.  The work function of the metal remains constant in these 

experiments but the ionization potential varies with different organic semiconductors.  

This is useful because it allows for a different view of the role of the metal which is 

coming under increasing scrutiny for its role in metal/organic heterojunctions.11,24  By 

varying metals and considering only the difference in work function, the surface dipole 

and reactivity of the metal have not been considered.  The work function of a metal is a 

combination of the internal chemical potential and the surface dipole, when using 

multiple metals with multiple crystal faces as substrates in heterojunction experiments 

these complexities are usually not considered.  In this study a number of heterojunctions 

are measured on the same substrate, not only the same metal but in most cases the same 

gold foil which should ensure similar crystal face distribution and surface roughness.   

 Gold is chosen for this study because it is inert and unreactive with most organic 

molecules and is known not to form a native oxide layer.  Gold can be obtained as 

polycrystalline and single crystal surfaces, both of which are stable and not likely to 

undergo surface reconstruction.  Gold heterojunctions with a variety of organic 

semiconductors can be expected to provide an excellent study of a sharp interface 

between a clean metal and relatively unperturbed organic semiconductor molecules.  

Gold has a work function near 5eV and an intermediate surface dipole contribution to the 

work function (compared to metals such as K, Na, Li, and Ca with low metal surface 
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dipoles and metals such as Ni, Ti, Cr, and Rh with higher metal surface dipoles; Ag and 

Mg are intermediate).43 

 The reason this approach has not been widespread is that with different organic 

semiconductors both the effective work function and bandgap of the organic 

semiconductor must be considered.  For heterojunctions of a single organic 

semiconductor with a series of metal surfaces, the plot of hole injection barriers vs. metal 

work functions is straightforward.  For heterojunctions of a single metal with many 

organic semiconductors, the hole injection barrier is easily measured but which values to 

plot on the x-axis is not nearly as simple.  A semiconductor with the same ionization 

potential but different energy bandgap may have a different Fermi level and thus plotting 

vs. the ionization potentials or organic semiconductors is not equivalent to plotting vs. the 

work functions of metals.  The organic work function, or Fermi level, cannot be directly 

measured.  It can be inferred by several methods but each method contains multiple 

tenets and different assumptions.  One method is to define the organic Fermi level as 

aligned with spectrometer and substrate Fermi levels measured by UPS; Φ org or Fermi 

org are the abbreviations used in this dissertation for this method of organic Fermi level 

determination.  Another method is to define the organic Fermi level from the UPS 

measured HOMO/IP minus a chosen proportion of semiconductor bandgap; Fermi T or 

Fermi O are abbreviations for subtracting half the transport and optical bandgaps 

respectively.27,63  In cases where the organic Fermi level is suspected to be pinned at the 

LUMO it may be appropriate to subtract the entire bandgap.  
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If the Fermi levels as calculated from both methods vary linearly together, then 

the organic semiconductors have a Fermi energy predicted adequately by taking the mean 

energy between the frontier orbitals (HOMO - LUMO) and the Fermi levels are aligned 

in metal/organic heterojunctions.24 If interface states are a dominant form of surface 

charge compensation, there should be large scatter in the relationship between hole 

injection barrier (as well as vacuum level shift) and both organic semiconductor 

ionization potential and Fermi energy.  If interface states pin the Fermi level near the 

LUMO, a relation between the LUMO energy or electron affinity may become evident.  

If common vacuum levels are observed with no interfacial reaction, the hole injection 

barrier will still equal the difference between the organic ionization potential and metal 

work function and hole injection barrier plotted vs. ionization potential will be linear.  

Plots vs. a variety of organic semiconductor energy parameters will be created later in the 

chapter and the conclusions which they support will be discussed. 

 

4.3 Organic Semiconductors on Gold 

Nine different organic semiconductors are characterized, chosen to represent the 

range of organic semiconductors in general, including p-type and n-type organic 

semiconductors and molecules expected to interact strongly as well as those expected to 

be relatively inert.  All were studied in heterojunctions on gold foils under similar 

conditions and frontier orbital alignment is measured at different organic thicknesses 

within each heterojunction to form a profile of the energy levels vs. distance from the 

metal/organic interfaces.  The interfacial energy level alignments, as well as the final 
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alignment for thicker films, are determined for each organic semiconductor 

heterojunction. 

 

4.3.1 Phthalocyanines: ZnPc, ClAlPc, and F16ZnPc 

 Phthalocyanines have been used as dyes for a century with applications more 

recently in photocopiers, printer toners, sensing elements, photodynamic cancer therapy, 

display elements, and many more diverse applications.26,29,38,48  Most relevant in this 

research group is that they are frequently used as p-type organic semiconductors in 

organic photovoltaics and are easily modified with peripheral modifications or metal 

center substitution.  The resulting variability of electronic properties and processing 

conditions (solution processing or vacuum deposition) allows phthalocyanines to be very 

versatile and the subject of many experiments for organic electronic device 

applications.29,38,48 

   

Zinc Phthalocyanine 

 Figure 4.5 contains UPS spectra for a heterojunction formed by the vacuum 

deposition of zinc phthalocyanine (ZnPc) on gold.  Figure 4.5a shows the low kinetic 

energy edge of the UPS spectra, Figure 4.5b shows the high kinetic energy edge of the 

UPS spectra, and Figure 4.5c shows the entire spectra with each coverage offset for 

clarity from bare gold at the bottom to the highest coverage of ZnPc at the top.  The 

dotted traces are spectra from the clean, sputtered gold foil before organic deposition. 

The first trace above the dotted spectrum in Figure 4.5c is the UPS spectrum of 2Å ZnPc  
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Figure 4.5 UPS Spectra of ZnPc on Au.  a) Complete ultraviolet photoemission spectra 
for gold (bottom) and increasing coverages of Zinc Phthalocyanine (higher coverages are 
higher on the figure). b) Magnified view of the low kinetic energy region of the UPS 
spectra, used to calculate vacuum level shift. c) Magnified view of the high kinetic 
energy region of the UPS spectra, the region containing the HOMO orbital and Fermi 
edge. 
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on gold.  This spectrum clearly consists of photoelectrons emitted from both 

phthalocyanine orbitals and gold orbitals, primarily dominated by the gold orbital 

features including the Au 5d orbitals, still distinct although lower in intensity and less 

sharp from 3-6 eV.  In Figure 4.5b the Fermi edge is clearly visible at the same position 

for the 2Å coverage and the highest occupied molecular orbital (HOMO) of the zinc 

phthalocyanine is just barely visible centered ca. 1.2 eV below the Fermi edge as a small 

peak on the larger background of signal from the gold photoelectrons. 

The ZnPc HOMO peak of 4 Å ZnPc, slightly less than a complete monolayer, is 

slightly larger but still broad and superimposed on a gold photoelectron background.  

With increasing coverage the HOMO peak becomes more distinct and slowly shifts from 

1.2 ± 0.1eV to 1.5± 0.1eV.  The bulk ZnPc HOMO onset is 1.05 ± 0.1 eV from the gold 

Fermi edge, this is the hole injection barrier.  The gold photoemission intensity decreases 

as the ZnPc coverage increases and by 64 Å the UPS spectrum shows no evidence of the 

gold substrate and is indistinguishable from a much thicker ZnPc film.  

Figure 4.5a clearly displays the position of the low KE cutoff which also changes 

with increasing zinc phthalocyanine coverage.  The bare gold low KE cutoff is at 16.21 ± 

0.05 eV and with the first addition of ZnPc this edge shifts toward lower kinetic energies 

to 16.84 ± 0.05 eV.  Although the high kinetic energy portion of the UPS spectra 

resembles mainly gold at the lowest ZnPc coverages, the majority of the vacuum level 

shift is complete by very low coverages.  For all additional coverages the secondary 

electron edge remains between 16.80 ± 0.05eV and 16.91 ± 0.05eV, resulting in a low 



 

 

178

KE shift for zinc phthalocyanine on gold of 0.6 eV.  Since the Fermi edge has not shifted, 

this low kinetic energy shift corresponds to decrease in the effective work function. 

Figure 4.6 is an energy level diagram showing how the ZnPc frontier orbitals 

align with the gold Fermi level.  The ionization potential of ZnPc is 5.3 ± 0.1eV and the 

hole injection barrier from gold into ZnPc is 1.05 ± 0.2 eV and the electron injection 

barrier from gold into ZnPc is 1.15 ± 0.5 eV.  The hole injection barrier and ionization 

potential are calculated from the HOMO onset, not HOMO peak position, and unless 

otherwise noted the electron injection barriers are always reported for the LUMO onset 

calculated from the transport bandgap.   
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Figure 4.6 Energy Level Diagram for energy levels in gold and ZnPc with respect to the 
Fermi level of bare gold (set as 0 eV).  On the left side of the figure are the energy levels 
of clean gold, the Fermi level of gold and the vacuum level; on the right are the energy 
levels for ZnPc starting with the shifted vacuum level at the top (dark diamonds) to the 
HOMO onset (squares) and HOMO peak (open circles) at the bottom. The LUMO O 
(triangles) and LUMO T (light diamonds) are calculated from the HOMO onset with the 
optical and transport bandgaps, and the Fermi T (star) is calculated as halfway between 
the HOMO onset and the LUMO T.   
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On the left side of Figure 4.6 are the energy levels of pre-deposition gold, the 

Fermi level is defined as 0 eV and the vacuum level is the symbols near the top of the 

graph.  The energy difference between these two levels is the work function of the gold.  

On the right side of the figure are the frontier energy levels for zinc phthalocyanine, 

starting with the vacuum level at the top down to the HOMO onset and HOMO peak at 

the bottom.  The vacuum level, Fermi energy of gold, and HOMO of ZnPc are all directly 

measured by UPS.  The other energy levels included in Figure 4.6 are calculated from the 

HOMO energy but include estimated values for the bandgap energy and inherently have a 

larger uncertainty associated with the energies.  The LUMO as calculated from the 

optical bandgap (LUMO O) and as calculated from the transport bandgap (LUMO T) are 

included in Figure 4.6 as well as the Fermi energy calculated as halfway between the 

HOMO and LUMO T (Fermi T).  The hole injection barrier is the energy difference 

between the Fermi level of the gold and the HOMO onset of the ZnPc. 

 

ChloroAluminum Phthalocyanine 

Figure 4.7 contains UPS spectra for chloroaluminum phthalocyanine (ClAlPc) on 

gold.  Unlike the previous ZnPc example, for this and most organic semiconductor/gold 

heterojunctions the complete UPS spectra are not displayed since the primary 

observations pertain to the outer edges of the spectra and the complete spectra have been 

reported many times elsewhere in literature.  The signal from the HOMO of 2 Å ClAlPc 

is too low to fit well but is approximately 1.3 eV below the Fermi edge.  The HOMO 

peak for 4Å ClAlPc is clearly visible at 1.5 ± 0.1eV and at all higher coverages the 
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HOMO peak is between 1.58 ± 0.1eV and 1.64 ± 0.1eV.  The UPS spectra for higher 

coverages of ClAlPc all look similar; none have visible Fermi edges and all have the 

same ClAlPc photoemission peaks at the same kinetic energies.  The final HOMO peak 

energy is 1.6 ± 0.1 eV and the HOMO onset is 1.13 ± 0.05 eV. 
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Figure 4.7 UPS Spectra of ClAlPc on Au.  a) Magnified view of the low kinetic energy 
region of the UPS spectra, used to calculate vacuum level shift. b) Magnified view of the 
high kinetic energy region of the UPS spectra, the region containing the HOMO orbital 
and Fermi edge. c) Energy level diagram for ClAlPc/Au heterojunction. 

 

 The immediate change in the low kinetic energy cutoff with deposition of ClAlPc 

is shown in Figure 4.7a.  The initial clean gold spectrum has a low KE cutoff of 16.10 ± 

0.05 eV and the deposition of 2 Å ClAlPc shifts this cutoff to 16.78 eV, 4Å to 16.83 eV, 

and 8Å to 16.87± 0.05eV.  The low KE cutoffs for all further spectra shift slowly back to 

16.67 ± 0.1 eV as the slope of the low KE cutoff increases; for this higher coverage shift 

the HOMO peak position shifts along with the low KE cutoff.  The interfacial vacuum 

level shift of chloro-aluminum phthalocyanine on gold is 0.75 ± 0.2 eV and the final 
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vacuum level difference is 0.57± 0.2 eV.  The ionization potential of ClAlPc is 5.60 ± 

0.1eV. The hole injection barrier is 1.1 ± 0.2 eV and the electron injection barrier is 1.1 ± 

0.5 eV, as seen in Figure 4.7c.  

 

Zinc Hexadecafluorinated Phthalocyanine 

The HOMO peak of F16ZnPc, seen in Figure 4.8b, is ill-defined for coverages 

below 16 Å; appearing at approximately 1.3eV for 2 Å F16ZnPc but almost fading into 

the background for 4 Å and 8 Å F16ZnPc.  At 16 Å the organic HOMO peak is clearly 

distinguishable and by 32 Å the gold photoelectrons are nearly absent and the 

phthalocyanine HOMO peak has grown in intensity and is centered at 1.9 ± 0.1eV.  At 64 

Å and 100 Å, however, the HOMO peak shifts back toward lower binding energies.  At 

100 Å the HOMO peak is centered at 1.7 ± 0.1eV eV and the HOMO cutoff is at 1.0 ± 

0.05eV. 

 The secondary electron edge at low kinetic energies is dramatically affected by 

the deposition of F16ZnPc in two distinct ways.  The low kinetic energy edge of bare gold 

is 16.10 ± 0.05eV; with the deposition of 2Å the low kinetic energy edge shifts to 16.76± 

0.05eV, and at 4 Å the edge shifts further to 16.80 ± 0.05eV.  For all higher coverages the 

low kinetic energy edge shifts back toward higher kinetic energies as shown in Figure 

4.8a and Figure 4.9a.  The initial low KE shift is 0.7eV to lower kinetic energies, but 

from 16 Å to 100 Å the low kinetic energy edge shifts over 0.5eV toward higher kinetic 

energies for a final low KE cutoff at 16.24 ± 0.05eV.  This second shift is a sign of 

possible band bending or other charge redistribution, especially because the HOMO peak  



 

 

182

18 17 16 15 14

0

30000

60000

90000

120000

150000

180000

210000

3 2 1 0

0

2000

4000

6000

8000
-6

-5

-4

-3

-2

-1

0

1

2

3
-25 0 25 50 75 100

Angstrom

eV

vacuum
HOMO
LUMO O
LUMO T
Fermi T
HOMO pk

a)
In

te
ns

ity

eV

c)b)

eV

Figure 4.8 UPS Spectra of F16ZnPc on Au.  a) Magnified view of the low kinetic energy 
region of the UPS spectra, used to calculate vacuum level shift. b) Magnified view of the 
high kinetic energy region of the UPS spectra, the region containing the HOMO orbital 
and Fermi edge. c) Energy level diagram for F16ZnPc /Au heterojunction. 

 

and XPS atomic peaks also shift towards higher kinetic energies at the same coverages.  

It cannot be photoelectron spectroscopy generated charging because UPS charging can 

only shift the photoelectron spectrum to lower kinetic energies and this shift is the wrong 

direction for that.  The ionization potential for the highest coverages of F16ZnPc is 5.95 ± 

0.1eV and the higher coverage hole injection barrier is 1.0 ± 0.2 eV and the electron 

injection barrier is 1.2 ± 0.5 eV. 

 

Summary of Phthalocyanine Thin Films on Gold 

 The UPS results for all three phthalocyanines bear striking similarities.  Different 

metal centers and peripheral substitutions result in ionization potentials varying from 5.3 

to 5.95 eV, but the initial vacuum level shifts at the interface and the frontier orbital  
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Figure 4.9 Phthalocyanine a) low kinetic energy shifts and b) hole injection barriers as a 
function of organic film thickness.  Dark squares are ZnPc, circles are ClAlPc, and light 
triangles are F16ZnPc, and the large light squares are bare gold. 
 

energy level alignment with gold at greater thicknesses are very similar.  Figure 4.9 

contains plots of the vacuum level shift (from the low kinetic energy cutoff of bare gold 

for each heterojunction) and hole injection barrier (energy between the HOMO onset and 

the Fermi edge of gold) as a function of phthalocyanine thickness.  As seen in Figure 

4.9a, the initial vacuum level shift is between 0.65 and 0.75 eV for all three 

phthalocyanines.  The vacuum level edge remains at this position at higher coverages for 

ZnPc.  For ClAlPc the vacuum level edge shifts slightly back towards the initial gold 

position but for F16ZnPc the vacuum level edge shifts back significantly, at the thickest 

coverage the vacuum level shift has decreased from the interfacial high of 0.7eV to 
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0.15eV.  At low coverages the phthalocyanines have slightly different hole injection 

barriers, but at coverages of 64 Å and above all have hole injection barriers near 1.1 ± 

0.2eV. 

 The interface dipole for all phthalocyanines lowers the vacuum level relative to 

the vacuum level for a clean gold surface and effectively results in a downward shift in 

the energy of all the frontier phthalocyanine orbitals relative to the unmodified gold 

Fermi energy.  Conceptually, this shift results in a lower injection barrier for electrons 

into the ZnPc LUMO from the Fermi level of gold, but a higher injection barrier for holes 

into the ZnPc HOMO from the Fermi level of gold.  If there was no vacuum level shift, 

by the common vacuum assumption the hole injection barrier would equal the difference 

between the gold workfunction and phthalocyanine ionization potential, in this case 

approximately 0.35, 0.5, and 0.85eV, respectively.  Instead of this, realignment occurs 

such that the hole injection barrier is half of the transport energy bandgap; that is, the 

Fermi level is halfway between the HOMO orbital and the LUMO transport for all 

phthalocyanines, regardless of the magnitude of the vacuum level shift.  This suggests 

that Fermi level alignment controls the relative energy levels of the frontier orbitals, and 

that in vacuum all phthalocyanines examined are undoped such that their Fermi levels are 

mid-bandgap. 

 The initial vacuum level shift, i.e. interface dipole, most likely occurs by the same 

process for all phthalocyanines since the magnitude is so similar.  Past the first few 

monolayers it appears that vacuum level and frontier orbitals shift as a result of a charge 

redistribution of some sort as needed to achieve Fermi level alignment.  This part appears 
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to vary among the phthalocyanines, with F16ZnPc requiring the most charge redistribution 

and with ZnPc requiring the least.  The ionization potentials vary from ZnPc as the 

lowest, to ClAlPc, then F16ZnPc as the highest ionization potential.  This is consistent 

with gas phase PES, solution electrochemical studies, and previous UPS studies.28-30   

 

4.3.2 n-Type Semiconductors: C4-PTCDI, PTCDA, and C60 

 Many examples of perylene tetracarboxylic derivatives have been studied as 

potential n-type organic semiconductors, including the commonly studied dianhydride 

version PTCDA and a number of diimide (PTCDI) variations including the one used in 

the original Tang solar cell.10  C60 is another n-type organic semiconductor of intense 

interest, especially because of its high symmetry and many possible applications.  The 

ionization potentials of n-type organic semiconductors are higher than those of 

phthalocyanines or other p-type organic semiconductors.   

 

C4-PTCDI 

Figure 4.10 contains the UPS spectra of the perylene derivative N,N'-di-n-

butylperylenebis(dicarboximide), abbreviated as C4-PTCDI, on gold.  The HOMO peak 

for C4-PTCDI appears at a higher binding energy in the UPS spectra, further from the 

gold Fermi energy.  The HOMO is obscured at lower coverages because gold 5d orbital 

photoemission overlaps with the C4-PTCDI HOMO.  Only with 34 Å C4-PTCDI 

deposition do the organic orbital features begin to dominate over the gold substrate 

features and the HOMO peak become distinguishable from the gold peaks.  The HOMO  
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Figure 4.10 UPS Spectra of C4-PTCDI on Au.  a) Magnified view of the low kinetic 
energy region of the UPS spectra, used to calculate vacuum level shift. b) Magnified view 
of the high kinetic energy region of the UPS spectra, the region containing the HOMO 
orbital and Fermi edge. c) Energy level diagram for C4-PTCDI /Au heterojunction. 

 

peak is centered at 2.75 ± 0.1eV for all coverages from 34 to 220 Å.  The HOMO cutoff 

shifts slightly from 2.05 ± 0.05 eV at 34 Å to 2.2 ± 0.05eV for all higher coverages.   

 The low kinetic energy side of the UPS spectra does not suffer the same 

complication from the superimposition of gold orbital peaks.  The low kinetic energy 

cutoff of the clean gold is at 16.18 ± 0.05 eV and the addition of C4-PTCDI shifts the 

cutoff to lower kinetic energies.  At 2 Å C4-PTCDI the low kinetic energy cutoff is 16.68 

±0.05 eV and at a 4 Å coverage the low kinetic energy cutoff is 16.74 ± 0.05 eV.  At all 

higher coverages the cutoff energy remains within 0.1eV of 16.75 ± 0.05 eV.  This shift 

corresponds to a vacuum level shift of 0.6 ± 0.2eV.  Together with the HOMO energy, 

this low kinetic energy cutoff gives an ionization potential for C4-PTCDI of 6.6 ± 0.1eV 

at a 100 Å coverage. 
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 Figure 4.10c shows the energy level diagram for the C4-PTCDI/gold 

heterojunction.  The alignment between the gold on the left and organic semiconductor 

on the right differs markedly from phthalocyanine alignment.  The vacuum level shift is 

in the same direction but now the optical LUMO is aligned with the gold Fermi level at 

0eV.  The hole injection barrier is 2.2 ± 0.2 eV, resulting in an optical electron injection 

barrier of 0.0 ± 0.2 eV and a transport electron injection barrier of 1.0 ± 0.5 eV. 

 

PTCDA  

 Figure 4.11 contains the UPS spectra for Perylenetetracarboxylicdianhydride 

(PTCDA) deposited on gold.   For the coverages below 32 Å photoelectrons from the 

gold substrate interfere with the characterization of the HOMO peaks as they did for C4-

PTCDI.  Only at 64 Å are the PTCDA UPS features dominant enough to determine the 

HOMO peak position and cutoff with confidence: 2.77 ± 0.1 eV and 2.16 ± 0.1 eV,  

respectively.  The HOMO onset shifts slightly from 2.23 ± 0.05 eV at 64 Å to 2.31 ± 0.05 

eV at 200 Å and the ionization potential of PTCDA is 6.54 ± 0.1 eV.  The low kinetic 

energy cutoff of the UPS spectra begins at 16.18 ± 0.05 eV for the sputtered gold foil and 

shifts to 16.84 ± 0.05 eV at 2 Å, a virtually complete shift at the lowest coverage of 

PTCDA measured.  The cutoff remains between 16.84 ± 0.05 eV and 16.94± 0.05 eV for 

all higher coverages.  The vacuum level shift for this system is 0.70 ± 0.2eV, the 

PTCDA/Au hole injection barrier is 2.25 ± 0.2 eV, the optical electron injection barrier is 
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-0.05 ± 0.2 eV, and the transport electron injection barrier is 0.95 ± 0.5 eV as shown in 

Figure 4.11c. 

18 17 16 15

0

50000

100000

150000

200000

3 2 1 0

0

5000

10000

15000

a)

In
te

ns
ity

eV

-6

-5

-4

-3

-2

-1

0

1

2

3

4
-50 0 50 100 150 200 250

Angstrom
eV

vacuum
HOMO
LUMO O
LUMO T
Fermi T
HOMO pk

c)b)

eV

Figure 4.11 UPS Spectra of PTCDA on Au.  a) Magnified view of the low kinetic energy 
region of the UPS spectra, used to calculate vacuum level shift. b) Magnified view of the 
high kinetic energy region of the UPS spectra, the region containing the HOMO orbital 
and Fermi edge. c) Energy level diagram for PTCDA /Au heterojunction. 
 

C60  

 Figure 4.12 contains UPS spectra for C60 on gold.  The HOMO region from 1 Å 

to 3 Å show only a decrease in photoemission from gold as C60 covers the metal surface 

but no new HOMO orbital.  At 5 Å a small feature appears at approximately 1.3 ± 0.1eV, 

on the high kinetic energy side of the Au 5d orbital peak.  This feature, viewed at a higher 

magnification in Figure 4.12c, is also present at 10 Å but decreases in intensity with 

increasing coverage and by 50 Å is no longer visible indicating a probable interfacial 

origin.  At 10 Å a second feature at approximately 2.4 ± 0.1 eV is prominent.  This 

feature continues to grow in intensity and become more distinct with increasing C60  
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Figure 4.12 UPS Spectra of C60 on Au. a) Magnified view of the low kinetic energy 
region of the UPS spectra. b) and c)  Magnified views of the high kinetic energy region of 
the UPS spectra including the HOMO orbital and Fermi edge. d) Energy level diagram 
for C60/Au heterojunction. 
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deposition and is identified as the C60 HOMO orbital.  The final peak position of the 

HOMO is 2.59 ± 0.1 eV, the HOMO cutoff is 2.10 ± 0.05 eV, and the bulk ionization 

potential is 6.82 ± 0.1 eV.  The low kinetic energy edge is at 16.00 ± 0.05 eV for gold, is 

shifted to 16.60 ± 0.05 eV for 1 Å C60, and is further shifted to 16.69 ± 0.05 eV by 2 Å 

C60.  The low kinetic energy edge remains within 0.1eV of 16.65 eV through 20 Å, then 

shifts gradually from 16.53 ± 0.05 eV at 50 Å to 16.42 ± 0.05 eV at 200 Å.  The interface 

dipole for the system is 0.7 ± 0.2 eV.  The hole injection barrier is 2.1 ± 0.2eV and the 

electron injection barrier is 0.8 ± 0.5 eV, as shown in Figure 4.12d.   

 The UPS of C60 on gold clearly indicates charge transfer between the gold 

substrate and the C60 molecules at the interface.  The HOMO orbital is at a significantly 

different energy for the HOMO-derived orbital at low coverages than the HOMO for C60 

at a distance from the metal surface, as shown in Figure 4.12c.  Some shift is expected 

from polarization effects as photoelectrons are sampled from organic molecules further 

from the metal interface, but this shift is far larger than for the other organic 

semiconductors studied and the progression of the low coverage and high coverage peaks 

indicates two distinct species.  The HOMO and HDS of C60 can be clearly fit as two 

separate Gaussian peaks at intermediate coverages.  The position of the HDS cutoff at 

1.3eV does not seem to produce any obvious C60 frontier orbitals alignment with gold 

orbitals or gold Fermi level.  The HOMO cutoff at 2.1eV does not completely result in 

alignment either, but the optical LUMO level is only 0.3eV below the Fermi level which 

may indicate alignment within experimental error.  A second gold/C60 heterojunction 

confirmed the same behavior with HOMO derived states with maximum intensity at 4Å 
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and decreasing at all higher coverages and had a slightly lower HOMO cutoff at 1.95 ± 

0.2eV which places the optical LUMO even closer to Fermi level alignment. 

 

n-Type Organic Semiconductor Discussion:  

 The energy level diagrams for both C4-PTCDI and PTCDA in Figure 4.10c and 

4.11c show that the optical LUMO is aligned with the Fermi level of the gold substrates 

and the C60 energy level diagram in Figure 4.12c shows a similar alignment.  In this 

alignment the hole injection barrier measured by UPS matches the energy of the bandgap 

measured by optical spectroscopy for the organic semiconductors.  The similar hole 

injection barriers for C4-PTCDI and PTCDA are consistent with the structural 

similarities and optical absorption spectra of the two molecules and the computational 

calculations predicting that the HOMO and LUMO orbitals are delocalized within the 

molecular core.32-33  That the electron injection barriers are significantly lower than the 

hole injection barriers for both perylene derivatives and C60 agrees well with their use as 

electron transport layers in organic electron devices. 

 Figure 4.13 contains plots of vacuum level shift and hole injection barriers vs 

coverage for C4-PTCDI, PTCDA, and C60.  The vacuum level shifts are similar with 0.6 

± 0.2eV for C4-PTCDI and 0.7 ± 0.2eV for PTCDA with neither changing significantly 

with coverage from the initial shift.  The C60 vacuum level shift decreases from 0.7± 

0.2eV at the interface to 0.4± 0.2eV for thicker films. 
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Figure 4.13 Energy levels of PTCD derivatives and C60 as a function of organic film 
thickness: a) low KE shift and b) hole injection barrier.  The light square is bare gold, 
dark squares are C4-PTCDI, circles are PTCDA, and triangles are C60. 
 

 Alignment of the gold Fermi level with the optical LUMO of the organic 

semiconductor is an indication of interfacial charge transfer.   For C60 HOMO derived 

states at low coverages provide UPS evidence of charge transfer, but even though no 

explicit evidence occurs for PTCDA and C4-PTCDI the alignment of their LUMO 

orbitals suggests that a small amount of charge transfer does occur.  The HOMO 

photoemission peaks for PTCDA and C4-PTCDI heterojunctions on gold are obscured at 

low coverages by the large gold peaks so it is possible that a small peak from HOMO 

derived states could exist but be hidden beneath the gold substrate signal.  Alignment 

with the optical LUMO rather than the transport LUMO may be rationalized by 
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considering that the vast majority of the organic semiconductor molecules are uncharged 

in a passive layer as studied in this heterojunction.  The optical LUMO represents the 

HOMO-LUMO gap on an uncharged molecule and therefore likely reflects the lowest 

empty orbitals which would be the ones first filled and therefore where the organic Fermi 

level would be pinned in a situation with a small amount of electron transfer from the 

metal substrate into the organic semiconductor.  The transport LUMO is more likely to be 

relevant for actual charge injection in an active experimental design such as current-

voltage studies in which charge is injected into molecules and transport through charged 

molecules is the studied parameter. 

 

4.3.3 AlQ3 

 Figure 4.14 contains the UPS spectra of a heterojunction of tris-(8-

hydroxyquinoline) aluminum, commonly called aluminum quinoline, AlQ3, or AlQ, on 

gold.  AlQ3 is an organic semiconductor commonly used as an electron transport layer 

and host molecule in organic light emitting diodes.  At AlQ3 coverages of 2 Å and 4 Å 

the gold photoelectrons obscure AlQ3 peaks.  At 8 Å AlQ3 the organic orbitals begin to 

dominate although the Fermi edge of gold remains visible, and by 16 Å the gold features 

are minimal.  At 16 Å and 32 Å the HOMO peak is centered at 2.66 ± 0.1 eV, but from 

this coverage on the UPS spectra shift inelastically towards higher binding energies, 

lower kinetic energies.  The high and low kinetic energy edges of the spectra, as well as 

the primary orbital features within the spectra, all shift together away from the Fermi 

edge of gold. 
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Figure 4.14 UPS Spectra of AlQ3 on Au.  a) Magnified view of the low kinetic energy 
region of the UPS spectra, used to calculate vacuum level shift. b) Magnified view of the 
high kinetic energy region of the UPS spectra, the region containing the HOMO orbital 
and Fermi edge. c) Energy level diagram for AlQ3 /Au heterojunction. 
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Figure 4.15 Energy levels of AlQ3 as a function of organic film thickness: a) low KE 
shift, b) hole injection barrier, and c) ionization potential.  In c) the light square is the 
work function of bare gold, dark squares are the cutoff ionization potentials, and light 
circles are the peak ionization potentials of AlQ3. 
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 The low kinetic energy cutoff of sputtered gold is 16.12 ± 0.05eV and with the 

addition of 2 Å AlQ3 the cutoff shifts to 17.02± 0.05 eV.  At 4 Å the cutoff shifts further 

to 17.21 ±0.05 eV and at 8 Å and 16 Å the cutoff is at 17.32 ± 0.1 eV.  The interface 

dipole for AlQ3 is 1.2 ± 0.2 eV based on the vacuum level shift at 8 Å and 16 Å.  At 96 Å 

the shifts further to 17.41± 0.05 eV, at 200 Å it reaches 17.54 ± 0.05 eV, and at 256 Å the 

cutoff is at 17.66 ± 0.05eV.  The ionization potential for AlQ3 at 32 Å and all higher 

coverages is 5.87 ± 0.1 eV; since both edges of the spectra shift together the ionization 

potential is stable and easy to define.  However, no single hole injection barrier represents 

this heterojunction adequately since the HOMO peak shifts with respect to the Fermi 

energy of the underlying gold substrate.  (The gold Fermi level can be seen clearly at the 

same energy through 32 Å, after this coverage there is no proof that equilibrium is 

maintained and that the Fermi level remains at 0eV.  However, based on other AlQ3 UPS 

and Kelvin probe publications there is no reason to suspect that this is a problem.)31  The 

HOMO cutoff shifts from 1.63eV at 8 Å to 1.87 eV at 32 Å, 2.09eV at 96 Å, and finally 

2.32eV at 256 Å.  It would be difficult to label any of these energies definitively as hole 

injection barriers and it is difficult to say whether any energy levels are aligned with the 

Fermi level.  2.1± 0.2 eV is chosen as a representative value for the hole injection barrier 

but is only an estimate rather than a stable value as the other heterojunction numbers.  

The closest alignment is the organic Fermi level, halfway between the HOMO and 

transport LUMO (transport bandgap 4.3eV)27, similar to the aligning level for the 

gold/phthalocyanine heterojunctions.  
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The  shift of the AlQ3 spectra is in the correct direction for charging, towards 

lower kinetic energies as would be expected for a positively charged surface, but the 

shifting begins at 32Å which is very thin for charging even in an organic semiconductor 

and the linear change with sample thickness is not characteristic of charging.  Ito and 

Seki recently published a Kelvin Probe study of AlQ3 vacuum deposited on gold in 

which they ascribe a similar observation to a large surface potential, formed by the 

deposition of partially oriented AlQ3 molecules.31,37  When molecules are randomly 

oriented the molecular dipoles are oriented in all directions, resulting in no net dipole 

moment because the molecular dipoles cancel each other out.  However, it is possible for 

the initial positive interface dipole at the gold interface could induce some orientation in 

subsequent molecules within a thin layer.    

In their work, the surface potential in Kelvin probe (which is closely related to the 

work function in UPS) increased linearly at the rate of 0.05V/nm at sample thicknesses 

from 50 Å to 5500 Å. 31  The UPS results in this chapter only include coverages up to 256 

Å, not enough to determine with any confidence whether the shift in UPS cutoff 

correlates well with Seki's result but enough to verify that the shift is extremely linear 

with sample coverage.  The slope for the deposition of AlQ3 in this chapter is 0.017 ± 

0.002V/nm at coverages between 32 Å and 256 Å.  Only a small fraction of the AlQ3 

molecules are believed to be oriented31,37 so it may be that fewer are oriented under the 

UPS conditions in this lab than under their experimental conditions.  They found this 

effect was particularly strong when AlQ3 was deposited in the absence of light and that 

absorption of visible light disrupts this preferential orientation, since visible light was 
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limited but not strictly controlled within the UPS chamber this could explain differing 

amounts of oriented molecules. 

The interface dipole of 1.2 eV for AlQ3 on gold may be independent of whether 

charging or dipole-induced surface potential causes the inelastic UPS shift at higher 

coverages.  Ito and Seki saw an initial surface potential shift at 10 Å of 1.1 - 1.3 eV both 

when deposited in the dark and with illumination.31  Most organic semiconductor 

molecules orient such that their conjugated pi orbitals are parallel to the metal surface.  

AlQ3, because it has octahedral binding of three bidentate ligands, does not have a 

conjugated surface accessible for a large planar metal surface so the usual mechanism 

promoting planar surface orientation is not applicable for AlQ3.  This absence may allow 

the role of molecular dipole orientation in surface monolayer formation to be increased 

which may or may not affect the initial low kinetic energy shift or induce longer range 

molecular orientation for the gold/AlQ3 heterojunction. 

  

4.3.4 Charge Transfer Molecules: TCNQ and F4-TCNQ  

Tetracyanoquinodimethane (TCNQ) and tetrafluorotetracyanoquinodimethane 

(F4-TCNQ) are extremely different from the other organic semiconductors discussed 

above.  They have much higher ionization potentials, and are used more as dopants 

within another material than as charge mobility layers.  They are used as charge-transfer 

complexing agents, with high electron affinity and exceptional electron accepting 

strength.  Rather than a small possible charge transfer affect at the gold interface, F4-

TCNQ and TCNQ represent the likely case of a full electron transferred per molecule. 
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TCNQ and F4-TCNQ have low sublimation temperatures and low sticking 

coefficients which cause the QCM frequency change to overestimate the thickness of the 

deposited organic thin films.34,35  A rough estimation of thickness can be made from the 

gold substrate photoemission intensity near the Fermi edge in the UPS spectra. 

(Essentially using equation 3.2) The intensity decays exponentially as organic material 

covers the gold substrate and by using the other organic semiconductor/gold 

heterojunctions as a comparison, a correction factor was obtained to convert the QCM 

readings into approximate thicknesses.  Instead of the QCM frequency change of 3 hz 

indicating deposition of 1 Å (as has been calibrated for most organic molecules)38,39 for 

F4-TCNQ a frequency change of 45 hz is needed to signify the deposition of 1 Å F4-

TCNQ and 60 hz indicates the deposition of 1 Å of TCNQ.  This low sticking coefficient 

makes it difficult to achieve a layer thick enough to be representative of bulk (as opposed 

to interfacial) material.  The UPS primary photoelectron features are still changing at the 

highest coverages measured and if an equilibration process is involved in realigning the 

organic orbital energy levels in the heterojunction it may not have reached completion by 

the coverages studied in these experiments.  Results for F4-TCNQ and TCNQ must 

therefore be considered more cautiously than the other heterojunctions, particularly the 

ionization potentials and hole injection barriers.  
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F4-TCNQ 

Figure 4.16 shows the UPS spectra for sputtered gold and sequential coverages of 

F4-TCNQ.  The gold photoemission dominates the UPS spectra for the first few 

coverages of F4-TCNQ with 5d orbitals still clearly defined near 2.5eV.  The Fermi edge 

remains visible but a small additional feature appears for low coverages near the Fermi 

edge at ca. 1.5 eV as shown in Figure 4.16c.  This feature does not continue to grow in 

intensity with coverages, indicating it is not the HOMO of F4-TCNQ but rather an 

interfacial state.  It could be a bonding (or antibonding) orbital between gold and F4-

TCNQ molecules, a filled orbital normally empty on F4-TCNQ, or a product of 

molecular decomposition.  Molecular decomposition is not supported by XPS since the 

atomic ratio (C:N:F) at all coverages matches the molecular structure of F4-TCNQ.  The 

feature is present on the 0.2, 0.3, 0.6, and 1.2 Å UPS spectra but is less intense and more 

difficult to resolve for each successive coverage.  The Fermi energy cutoff remains 

visible until 15.5 Å at which point no distinct F4-TCNQ HOMO peak has developed.  At 

65.6 Å, the highest coverage of F4-TCNQ measured, the HOMO appears as a shoulder 

on the high kinetic edge of the spectrum centered at 3.4 ± 0.5 eV with a cutoff of 2.9± 0.5 

eV.  This shoulder is slightly more distinct for each succeeding coverage which presents 

the possibility that it may not yet be fully representative of a bulk state but is probably the 

true HOMO position since the ionization potential of F4-TCNQ based on this shoulder is 

8.22 ± 0.1 eV which agrees well with the ionization potential of 8.34eV found by Gao 

and Kahn using UPS for 100 Å of F4-TCNQ deposited on gold at -20°C in order to 

increase the sticking coefficient.35  
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Figure 4.16 UPS Spectra of F4-TCNQ on Au.  a) Magnified view of the low kinetic 
energy region of the UPS spectra. b) Magnified view of the high kinetic energy region of 
the UPS spectra. c) Extreme magnification of high kinetic energy region of UPS Spectra 
of F4-TCNQ on Au with possible HOMO derived states (HDS) marked. d) Energy level 
diagram for F4-TNCQ /Au heterojunction. 
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The effect of F4-TCNQ on the low kinetic energy secondary electron cutoff is 

dramatic and different.  The bare gold cutoff is at 16.13 ± 0.05 eV as shown in Figure 

4.16a and the low kinetic energy cutoff shifts markedly towards higher kinetic energy to 

15.40 ± 0.05 eV for submonolayer 0.2 Å F4-TCNQ coverage.  This shift is in the 

opposite direction from all of the previous organic/metal heterojunctions in this chapter.  

The UPS spectra of 0.3 Å, 0.6 Å, and 1.2 Å are all shifted to higher KE than gold but 

lower KE than the first coverage of F4-TCNQ at 15.41, 15.53, and 15.65 ± 0.05eV.  The 

greatest shift is from bare gold to the first coverage, a total shift of 0.72 ± 0.1eV.  The 

successive coverages gradually shift back towards bare gold, stabilizing at a total shift of 

0.3 ± 0.1 eV from gold.  The low KE cutoff for 2.4 Å is 15.72 ± 0.05eV and all following 

coverages from 7.2 Å to 65.6 Å are between 15.87 and 15.82 eV.  The difference 

between gold and bulk F4-TCNQ is 0.3 ± 0.2 eV, much less than the initial 0.7 ± 0.2 eV 

vacuum level shift.  Figure 4.16d shows the alignment of the F4-TCNQ orbitals with 

respect to the gold Fermi and vacuum levels.  Because a HOMO is not identifiable at 

lower coverages, the positions of organic valence orbitals are not plotted vs. coverage and 

the HOMO, LUMO, and organic transport Fermi level are plotted only for the highest 

coverage.  The vacuum level is plotted at all coverages since it is clear for all coverages. 

(For a clearer view of the vacuum level shift, see Figure 4.21a as well.) 

 The direction of the initial UPS low KE edge shift suggests electron transfer from 

the gold to F4-TCNQ molecules.  The XPS spectra in Figure 4.17 confirm electron 

withdrawal by F4-TCNQ from gold.  XPS peaks in the Carbon and Nitrogen (1s) regions 

are distinctly different for interfacial F4-TCNQ versus larger coverages.  At all coverages 
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below 7.2 Å, the largest carbon peaks are at 283.9±0.1 eV, 285.1 ±0.1 eV, and 286.5±0.1 

eV with roughly equal areas.  At coverages of 7.2 Å and above, the two lowest binding 

energy peaks remain at the same intensity while an additional carbon peak at 287.9 eV 

appears and grows at the same rate as the carbon peak at 286.5 eV.  The changes in peak 

intensity are plotted in the insets to Figure 4.17.  For the thicker film of F4-TCNQ, the 

286.5 eV peak is composed of cyano and methylene carbon atomic orbitals and the 

287.9eV peak is from the fluorinated ring carbons, both arising from a neutral molecule.40  

The C (1s) peaks for the F4-TCNQ near the gold interface are more difficult to interpret 

because the signal is very low and the signal to noise ratio is poor, but five peaks occur 

consistently throughout all coverages at binding energies of approximately 287.9, 286.5, 

285.1, 283.9, and 289.3 eV.  The 289.3 eV peak is a shakeup peak and is only visible at 

coverages above 7.2 Å and the peaks at 285.1 and 283.9 eV for interfacial F4-TCNQ can 

be identified as the thick film F4-TCNQ peaks at 287.9 and 286.5 eV shifted by 2.7 eV.  

The shift occurs equally for the cyano and methylene carbon peak and the fluorinated 

ring carbons because the additional charge is in a molecular orbital with contributions 

from many atoms rather than an ionic type bond which would be more localized. 

The Au (4f) peaks (not shown) decrease in intensity as the organic thickness 

grows but do not change shape or develop any shoulders indicating the presence of 

different species of gold.  The F (1s) peak (not shown) also exhibits no evidence of 

bonding.  For the N (1s) region of the XPS spectra (Figure 4.17b), the initial coverages of 

F4-TCNQ contain two peaks with the peak at 398.0±0.1 eV slightly larger than the peak  
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Figure 4.17 XPS spectra of F4-TCNQ on Au, layered for clarity.  a) C(1s) and b) N(1s) 
atomic orbitals both show different peaks for F4-TCNQ(0) (solid lines) and interfacial 
F4-TCNQ(-) (dotted lines).  Insets show XPS peak areas with increasing organic 
coverage.  In inset a) the black squares are 287eV, circles are 288eV, light triangles 
pointing up are 285eV, and darker triangles pointing down are 283eV and in inset b) the 
black squares are the area 398eV and the circles are 399eV. 
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at 399.2 ±0.1 eV.  The 399.2 eV peak grows in intensity as the coverage of F4-TCNQ 

increases but the intensity of the 398.0 eV peak remains constant.  By 2.4 Å the two 

peaks have equivalent areas and by 7.2 Å the higher binding energy peak is markedly 

larger.  At all higher coverages only the 399.2 eV peak grows in intensity (as shown in 

inset) and by the highest coverages the lower binding energy N (1s) peak is no longer 

visible.  From comparison with TCNQ metal charge transfer complex literature,40  the 

peak at 398.0eV corresponds to the interfacial species F4-TCNQ(Au) and the thick film 

peak at 399.2 eV corresponds to the neutral F4-TCNQ molecules.  The F4-TCNQ(Au) 

peak stops growing once the gold surface is covered and only the N (1s) signal from F4-

TCNQ continues increasing in intensity as appropriate for their respective identifications.  

The XPS results clearly confirm that charge transfer occurs at the Au/F4-TCNQ 

interface. 

 

TCNQ  

 As for F4-TCNQ described above, TCNQ shows evidence of a charge transfer 

interaction at the gold interface.  The UPS spectra for a series of depositions of TCNQ on 

gold are shown in Figure 4.18.  The UPS intensity of the near Fermi edge gold orbitals 

decreases markedly with the first depositions of TCNQ but no new peaks appear and the 

Fermi edge remains visible at all coverages measured, another indication of the low 

sticking coefficient of TCNQ.  Upon extreme magnification, for the lowest coverage 

only, is appears that there may be a small peak at 1.6eV but it does not have an 

acceptable signal to noise ratio to conclusively identify it as a peak rather than noise or an  
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Figure 4.18 UPS Spectra of TCNQ on Au.  a) Magnified view of the low kinetic energy 
region of the UPS spectra. b) Magnified view of the high kinetic energy region of the 
UPS spectra. c) Extreme magnification of high kinetic energy region of UPS Spectra of 
TCNQ on Au with possible HOMO derived states (HDS) marked. d) Energy level 
diagram for TNCQ /Au heterojunction. 
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artifact.  Like F4-TCNQ, only at the highest coverage is the HOMO peak evident as a 

shoulder on the high kinetic energy side of the UPS spectrum.  The HOMO is not well 

resolved from the near HOMO orbitals and its peak cannot be fit satisfactorily but its 

cutoff is approximately 2.15± 0.2eV.  The calibrated coverage is only 20 Å, a thicker 

coverage would obviously be desirable to ensure accurate information for bulk TCNQ but 

the valence orbital features are very similar to those for the highest coverages of F4-

TCNQ so this coverage may be adequate.  The ionization potential for this highest 

coverage is 7.2± 0.2eV. 

 The low kinetic energy side of the UPS spectrum for TCNQ is unusual because 

the low kinetic energy edge of gold is 16.07 ± 0.05eV and upon deposition of TCNQ this 

edge does not significantly shift.  The edge remains within 0.05 eV of its initial position 

for the first four coverages measured.  At coverages above 5 Å the edge shifts slightly to 

16.15 ± 0.05eV.  The maximum low kinetic energy shift is 0.12 eV at the highest 

coverage.  The initial shift is -0.03eV.  This is the only organic semiconductor 

heterojunction with gold without a significant interface dipole low kinetic energy shift.  

The work function of the gold substrate was 5.13 ± 0.1eV, well within the normal range 

for a clean gold foil.  Figures 4.19 shows this low KE shift with coverage and it can be 

seen that the low KE shift with increasing coverage for TCNQ is similar to the shift for 

F4-TCNQ also smaller in magnitude. 

 The XPS of TCNQ also shows different peaks at initial coverages from higher 

coverages.  The interfacial N (1s) peak is at 398.4 ± 0.1eV and the bulk peak is at 399.7± 

0.1eV.  The Carbon (1s) peaks consist of two small peaks at low coverages at 285.6± 
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0.1eV and 284.6± 0.1eV and sharper, larger peaks with increasing coverage at 287.1± 

0.1eV and 285.8± 0.1eV.  The XPS spectra can be explained analogously to the F4-

TCNQ interpretation.40  The XPS peaks at the gold interface appear at lower binding 

energies compared to the bulk XPS peaks because the interfacial TCNQ is largely 

converted to TCNQ(-) by charge transfer from the gold surface but the TCNQ further 

from the surface exists as largely neutral molecules. 
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Figure 4.19 Energy levels of TCNQ and F4-TCNQ as a function of organic film 
thickness: a) low KE shift and b) hole injection barrier.  The light square is bare gold, 
dark squares are F4-TCNQ, and circles are TCNQ. 
 

TCNQ and F4-TCNQ heterojunctions with gold demonstrate strong interfacial 

charge transfer.  The electron affinity for the TCNQs is such that each molecule on the 

surface receives an electron from the gold substrate.  This is different from the small 
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amount of charge transfer which pins the frontier orbital alignment in the other n-type 

organic semiconductors.  In those heterojunctions the small amount of charge fixes the 

Fermi level alignment, in these TCNQ heterojunctions the charge transfer is so great that 

it creates a negative surface charge and with increasing deposition of uncharged organic 

molecules charge redistribution in the opposite direction is required to balance the excess 

surface charge.  Because of the low sticking coefficient at room temperature it is not 

completely clear whether the organic layer thickness is sufficient to achieve a bulk, 

equilibrium energy level alignment and there is not a clear alignment between a certain 

organic frontier orbital and the gold Fermi level, especially for the ca. 20Å TCNQ 

heterojunction.   It does not appear that the organic Fermi level is pinned at the optical 

LUMO of the TCNQ or F4-TCNQ. 

 

4.4 Frontier Orbital Alignment – Analysis of Hole Injection Barriers 

 In all cases except for TCNQ a significant vacuum level shift occurs and the 

alignment of the organic HOMO with the gold Fermi level is not what would be 

predicted from simple analysis assuming common vacuum levels, clearly some type of 

energy level realignment takes place for the organic semiconductor/gold heterojunctions.  

Table 4.1 quantifies this difference; with a common vacuum level the predicted hole 

injection barrier equals the difference between the metal work function and the organic 

ionization potential, the third column contains this value and the final column contains 

the UPS measured hole injection barrier.  A few agree well, but for most heterojunctions 

the measured hole injection barrier differs by several tenths of an eV or more. 
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Table 4.1 – Predicted vs. Measured Hole Injection Barriers 

Molecule 

Initial Clean 

Gold Work 

Function (eV) 

± 0.1 eV 

Organic 

Ionization 

Potential (eV) 

± 0.1 eV 

Common 

Vacuum 

Predicted 

ФBh (eV) 

± 0.2 eV 

UPS 

Measured 

ФBh (eV) 

± 0.2 eV 

F4-TCNQ 5.07 8.22 3.2 2.9 

TCNQ 5.13 7.14 2.0 2.1 

C60 5.18 6.82 1.6 2.1 

C4-PTCDI 5.01 6.57 1.6 2.2 

PTCDA 5.04 6.54 1.5 2.25 

F16ZnPc 5.09 5.97 0.9 1.0 

AlQ3 5.08 5.87 0.8 2.1 

ClAlPc 5.11 5.60 0.5 1.1 

ZnPc 4.99 5.32 0.3 1.05 

 

Figure 4.20 shows the hole injection barriers as a function of coverage for all the 

organic semiconductor/gold heterojunctions.  Figure 4.20a shows the phthalocyanine hole 

injection barriers for ZnPc (dark squares), ClAlPc (circles), and F16ZnPc (light triangles) 

and includes a mark at zero which is the Fermi level of bare gold.  Figure 4.20b shows 

the hole injection barriers for C4-PTCDI (dark squares), PTCDA (circles), C60 (light 

triangles), AlQ3 (darker, triangles pointing down), F4-TCNQ (open circles), and TCNQ 

(open squares) but zero is off the scale.  The hole injection barrier consistently increases  
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Figure 4.20 Hole injection barriers as a function of organic coverage. a) ZnPc (dark 
squares), ClAlPc (circles), and F16ZnPc (light triangles). b) C4-PTCDI (dark squares), 
PTCDA (circles), C60 (light triangles), AlQ3 (darker, triangles pointing down), F4-
TCNQ (open circles), and TCNQ (open squares). 
 

slightly from the first monolayer to films above 30-60Å.  The HOMO peak shift away 

from the substrate Fermi level with distance from the interface is likely a result of 

decreasing stabilization of the final state hole with diminishing metal image forces and 

surroundings polarizability.11,13,15,41,42  This shift is typically in the range of 0.2 to 0.3 eV 

which agrees well with the results observed here.13,15  This shift is mainly a UPS final 
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state effect, not necessarily an indication of charge redistribution.  When deposited on 

graphite or other organic semiconductors without the infinite dielectric constant of 

metals, the HOMO typically shifts by less than 0.2eV with increasing thickness.36,50 

There is not significant insight to be gained by focusing on the HOMO peak shift with 

coverage except in rare cases. 

By 100 Å from the metal/organic interface the hole injection barrier and the 

ionization potentials typically reach final values.  This is up to 20 monolayers removed 

from the interface and it is reasonable that the transition from isolated molecules at the 

interface to molecular aggregates typical of bulk material is largely complete by this 

thickness.  For this intermediate thickness metal polarization and image force effects 

should not be a factor and neither should charging,11,13,15,31  and the hole injection barriers 

reported in this study are taken from UPS results near this coverage (Table 4.1 and other 

tables). 

All the frontier orbitals are calculated from the hole injection barriers and 

bandgap energies.  To compare the alignment of frontier orbitals for all organic 

semiconductor heterojunctions, they are each plotted separately with respect to their own 

vacuum level (set as 0 eV) but on the same axis in Figure 4.21.  Each HOMO orbital is 

plotted at the energy equal to the materials first ionization potential (solid squares) and all 

other orbitals are calculated from the measured HOMO.  The LUMO orbitals calculated 

from the optical bandgap (LUMO O - open circles) and transport bandgap (LUMO T - 

open diamonds) are both plotted.  Two Fermi levels are also plotted.  The mid-transport 

gap Fermi level is the Fermi level calculated as exactly halfway between the HOMO and  
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Figure 4.21 Energy level diagram for all organic semiconductors.  Energies are 
referenced to individual organic vacuum levels. 
 
the transport LUMO (Fermi T - solid diamond), a mid-optical gap Fermi level can be 

calculated the same way but is not shown as it does not appear relevant to heterojunction 

alignment.  The UPS aligned Fermi level (Fermi ΦBh – solid triangles) is the Fermi level 

found by assuming the organic semiconductor Fermi level is aligned with the substrate 

and spectrometer Fermi levels, it can also be called the organic work function (Φorg).  

This is found by subtracting the hole injection barrier from the ionization potential of the 

organic semiconductor, or more directly from the UPS spectra from the difference in 

energy between the organic low KE cutoff and the gold Fermi edge.  It inherently 

assumes that the Fermi level measured for the gold substrate and low coverages remains 

at the same kinetic energy for the higher coverages in which it is not directly measured.  
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The alignment of these energy levels can be compared by examining which of these 

energy levels overlap on this figure and the data for all orbitals is included in Table 4.2. 

The organic semiconductors in Figure 4.21 are ordered by decreasing ionization 

potential from left to right.  A box has been drawn around the rightmost organic 

semiconductors - ZnPc, ClAlPc, F16ZnPc, and AlQ3.  These low ionization potential 

semiconductors have an excellent overlap between Fermi T and Fermi ΦBh.  This implies 

that the assumptions behind each of the Fermi level calculations are valid and the Fermi 

level truly is located halfway between the HOMO and LUMO energies.  This is true for 

undoped inorganic semiconductors and suggests that Fermi level alignment occurs for 

these heterojunctions and that no reactions occur at the interface.11 

 Another box has been drawn around the middle organic semiconductors in Figure 

4.21 – PTCDA, C4-PTCDI, and C60.  These higher ionization potential materials do not 

have the same energy level alignment as the lower IP materials, the measured Fermi ΦBh 

does not align with Fermi T but rather aligns with the optical LUMO.  This suggests that 

the Fermi level within the organic semiconductor is “pinned” by the LUMO orbitals of 

the uncharged molecules.  The energy level alignment of the entire organic layer is 

dominated by a small amount of charge transferred to the interfacial LUMO.  An 

interaction between empty LUMO orbitals and filled metal orbitals has been suggested 

for C60 in particular in literature42,60,61 and by the charge neutrality level (CNL) model in 

general.66,67  This is consistent with the use of these organic semiconductors as n-type 

electron transport layers in organic electronic devices. 
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Table 4.2 UPS measured and calculated frontier orbital energies. 

 
IP 

(eV) 
±0.1eV 

E opt 
(eV)* 

E trans 
(eV)* 

ΦBH 
(eV) 

±0.2eV 

HOMO 
(eV) 

±0.1eV 

LUMO 
O (eV) 
±0.2eV 

LUMO 
T (eV) 
±0.5eV 

Fermi T 
(eV) 

±0.5eV 

Fermi O 
(eV) 

±0.2eV 

Fermi 
ФBh 
(eV) 

±0.2eV 

F4-TCNQ 8.22 3.2 3.55 2.9 8.2 5.0 4.7 6.4 6.6 5.4

TCNQ 7.14 3.2 3.55 2.1 7.1 3.9 3.6 5.4 5.5 5.0

C60 6.82 1.8 2.95 2.1 6.8 5.0 3.9 5.3 5.9 4.7

C4-PTCDI 6.57 2.2 3.2 2.2 6.6 4.4 3.4 5.0 5.5 4.4

PTCDA 6.54 2.2 3.2 2.25 6.5 4.3 3.3 4.9 5.4 4.3

F16ZnPc 5.97 1.6 2.2 1.1 6.0 4.4 3.8 4.9 5.2 4.9

AlQ 5.87 2.7 4.6 2.1 5.9 3.2 1.3 3.6 4.5 3.8

ClAlPc 5.60 1.6 2.2 1.1 5.6 4.0 3.4 4.5 4.8 4.5

ZnPc 5.32 1.6 2.2 1.05 5.3 3.7 3.1 4.2 4.5 4.3
* optical and transport energy bandgaps taken from literature27,30,34,63 

IP = ionization potential, E opt = optical bandgap from literature, E trans = transport bandgap from literature, HOMO = 
HOMO onset, LUMO O = HOMO – E opt, LUMO T = HOMO – E trans, Fermi T = HOMO – 1/2(E trans), Fermi O = 
HOMO – 1/2(E opt), Fermi ФBh = HOMO – UPS measured ФBh 
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TCNQ and F4-TCNQ do not fit neatly into either of these classifications.  The 

UPS measured Fermi ΦBh is above Fermi T but below the optical LUMO.  It may be that 

the orbital energies calculated for this analysis are not appropriate for the TCNQs as a 

result of extensive charge transfer from gold.  Because TCNQ is a small molecule it is 

not expected to have a large reorganization energy and therefore the optical and transport 

bandgaps are barely different (3.2 and 3.55eV, respectively).  The bandgap energy of F4-

TCNQ(-) however is drastically lower, 0.8 eV by the UPS analysis of Gao and Kahn. 

They also reported a hole injection barrier below 2 eV for F4-TCNQ(-) from a 

deconvolution analysis of a UPS spectrum from a mixture of αNPD, αNPD(+),F4-

TCNQ, and F4-TCNQ(-).34,35 Since the TCNQ layers studied here are not fully composed 

of TCNQ nor fully TCNQ(-) it may be that neither bandgap exactly coincides with the 

situation measured.  The hole injection barrier for F4-TCNQ is larger than that of TCNQ 

and the F4-TCNQ sample thickness is greater than the TCNQ thickness (ca. 66Å vs. 20 

Å) which fits with the idea that the thicker F4-TCNQ is closer to the neutral molecule 

alignment and TCNQ has a higher proportion of TCNQ(-) charged species which are 

expected to have a lower hole injection barrier.  A final energy level alignment has most 

likely not been reached for these heterojunctions. 

 

Fermi ΦBh can be plotted against Fermi T, the optical LUMO, or ionization 

potential to search for general relationships among the frontier orbital energies.  If 

consistent alignment occurs the slope should be unity.  In the plot of Fermi ΦBh vs. 

Fermi T in Figure 4.22a an overall trend is present but considerable scatter occurs and the  
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Figure 4.22 – Organic Fermi Energy measured by UPS (Fermi ΦBH) plotted vs. a) 
Fermi T, b) LUMO optical, and c) ionization potential.  The slopes and overall scatter of 
the graphs indicate the possibility of a causal relationship between the organic 
semiconductor orbitals and ultimate Fermi level alignment for the organic/gold 
heterojunctions.  The dotted line is a reference line with a slope equal to one, not a best fit 
line and not specifically aligned with any datapoints. 
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slope is not unity.  However, if only the low IP organic semiconductors are considered 

the slope improves to 0.96 with a R2 of 0.997.  The same low IP semiconductors also 

have a slope of 1.04 with a R2 of 0.997 when plotted against the optical LUMO, but when 

plotted against ionization potential AlQ3 diverges from the phthalocyanines.  All plots 

show possible relationships but none exhibit a simple, compelling relationship with Fermi 

ΦBh for all the organic semiconductor/gold heterojunctions.  All plots suggest a division 

between organics that interact at the metal/organic interface and those that do not.  The 

results of such plots (and Figure 4.21) do not encourage the idea that a single parameter 

exists which would express the entire Fermi level alignment behavior.  It appears rather 

that Fermi level alignment always occurs but that the individual character of each organic 

semiconductor should be used to predict whether the organic Fermi level is best 

considered as halfway between the HOMO and LUMO or whether it is pinned at the 

optical LUMO. 

 

4.5 Vacuum Level Shift – Two Regimes 

 The UPS results presented in this chapter suggest that Fermi level alignment is the 

controlling process and the hole injection barrier ultimately is the more rigidly 

determined parameter.  The vacuum level shift however contains information that cannot 

be found in the primary electron region of the UPS spectra and adds to the 

characterization of the organic semiconductor/metal heterojunctions.  Since UPS is not 

trace sensitive, the primary photoelectron peaks are very small at low coverages and it is 

often difficult to separate substrate and organic photoemission features much less detect 
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interfacial orbitals at low coverages.  The vacuum level shift, i.e. shift in low kinetic 

energy UPS spectral cutoff, is clear at all coverages and gives a view of the charge 

redistribution involved in initial heterojunction formation.  Virtually all heterojunctions 

produce an interface dipole but by knowing the characteristic metal specific shift for 

unspecific adsorption, the shift can fairly easily be interpreted as evidence of an 

interacting or non-interacting heterojunction. 

 The initial low KE change from bare gold to submonolayer organic coverages can 

be to either higher or lower kinetic energies and when coverage increases past one 

monolayer the low KE cutoff often shifts again.  This second shift can also be in either 

direction and the direction is not necessarily the same as the direction of the initial shift.  

This variation implies that an initial vacuum level shift indicates interfacial processes 

such as charge transfer or oriented dipole effects and subsequent vacuum level shifts may 

be controlled by different factors.  The initial shift can be examined within the framework 

of the additive model of interface dipole formation introduced in the last chapter.  The 

subsequent shift may be a result of mechanisms within the film working to achieve Fermi 

level alignment.  Table 4.3 contains the low coverage, interfacial vacuum level shift and 

the higher coverage, bulk vacuum level shift. 

 Figure 4.23 shows the vacuum level shift with coverage for the same organic 

semiconductor heterojunctions. Figure 4.23a includes ZnPc (dark squares), ClAlPc 

(circles), and F16ZnPc (light triangles) and Figure 4.23b includes C4-PTCDI (dark 

squares), PTCDA (circles), C60 (light triangles), AlQ3 (darker, triangles pointing down), 

F4-TCNQ (open circles), and TCNQ (open squares).  All vacuum level shifts are with  
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Figure 4.23 Vacuum level shift as a function of organic coverage. a) ZnPc (dark 
squares), ClAlPc (circles), and F16ZnPc (light triangles). b) C4-PTCDI (dark squares), 
PTCDA (circles), C60 (light triangles), AlQ3 (darker, triangles pointing down), F4-
TCNQ (open circles), and TCNQ (open squares). 
 

respect to the low KE cutoff of bare gold immediately before organic deposition on each 

sample and a positive vacuum level shift indicates that the low KE cutoff shifted to a 

lower kinetic energy and a negative vacuum level shift indicates that the low KE cutoff 

has moved to a higher kinetic energy.  Positive vacuum level shifts are far more common 
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but the magnitude of the vacuum level shifts varies a great deal among the variety of 

organic semiconductor heterojunctions.  The vacuum level shifts with sample thickness 

do contain valuable information on the heterojunction. 

 

Table 4.3 - Work Functions and Interface Dipoles 

Molecule 

Initial 

Clean Gold 

Work 

Function 

Ф Au (eV) 

± 0.1 eV 

Effective 

Organic 

Work 

Function  

(Interface) 

Fermi ФBh 

(eV) 

± 0.1 eV 

Effective 

Organic 

Work 

Function  

(Bulk)  

Fermi ФBh 

(eV) 

± 0.1 eV 

Low KE 

Shift 

(Interface) 

(eV) 

± 0.2 eV 

Low KE 

Shift  

(Bulk)  

(eV) 

± 0.2 eV 

F4-TCNQ 5.07 5.80 5.35 -0.7 -0.3 

TCNQ 5.13 5.16 5.01 0 0.1 

C60 5.18 4.52 4.77 0.7 0.4 

C4-PTCDI 5.01 4.41 4.42 0.6 0.6 

PTCDA 5.04 4.32 4.31 0.7 0.7 

F16ZnPc 5.09 4.40 4.96 0.7 0.15 

AlQ3 5.08 3.87 3.79 1.2 1.4 

ClAlPc 5.11 4.33 4.53 0.75 0.6 

ZnPc 4.99 4.37 4.30 0.6 0.7 
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4.5.1 Vacuum Level Shift at the Interface – Additive Model of Interface Dipole 

Formation 

The low kinetic energy edge of the UPS spectra is very expressive of changes 

occurring on the surface.  The low KE edge usually shifts by over half an eV from bare 

gold to a single monolayer of organic semiconductor.  The same factors occur at a 

metal/organic semiconductor interface as occur at the metal/organic thiol monolayer 

interfaces described in the previous chapter; although the factors contribute to differing 

extents the same additive model of interface dipole formation applies.  According to the 

additive model any change in effective workfunction is a result of a change in interface 

dipole which can be broken down into components which are approximately additive.43  

Equation 4.1 gives the three component terms considered in this work. 

 ΔeDheterojunction   =     ΔeDmetal + eDchemisorption + eDmolecule  (4.1) 

ΔeDmetal represents the change in metal surface potential due to addition of adsorbate due 

to metal electron-tail contraction; eDchemisorption is the dipole moment introduced by charge 

transfer (e.g., electron transfer or chemisorption with formation of a Au-C or Au-N 

bond); and eDmolecule is the intrinsic dipole moment of the adsorbate (i.e., the molecular 

dipole moment, only applicable if the organic molecules are oriented on the surface and 

have internal dipole moments). 

Figure 4.24 plots the vacuum level shift from roughly the first monolayer 

measured by UPS at gold/organic interfaces against a) the ionization potential, b) the 

organic Fermi energy (Fermi T), and c) the optical LUMO of each organic  
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Figure 4.24 Plots of interfacial low KE shift vs. IP, Fermi T, and optical LUMO 
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semiconductor.  The interface dipole at a metal/organic heterojunction can be roughly 

separated into two categories, one in which the low KE shift is between 0.6 and 0.8eV 

and does not correlate with any of the organic semiconductor orbital energies, and the 

other in which a clear trend with frontier orbital energy of the organic semiconductors is 

observed.  The heterojunctions between gold and ZnPc, ClAlPc, F16ZnPc, PTCDA, C4-

PTCDI, and C60 all have vacuum level offsets between 0.6 and 0.8eV despite ionization 

potentials varying from 5.3 to 6.8 eV.  AlQ3, TCNQ, and F4-TCNQ have initial vacuum 

level offsets clearly dependent on their frontier orbital energies in some way.  PTCDA, 

C4-PTCDI, and C60 are very close to the intersection between the two linear 

relationships and could support either trend.   

 

Case 1 =  ΔeDmetal Dominates Interface Dipole  

 The heterojunctions with approximately 0.7eV vacuum level offset may be 

examples of interfaces with only ΔeDmetal (no charge transfer or molecular dipoles).  As 

pictured in Figure 4.24, Case 1 includes the heterojunctions with interface dipoles that do 

not vary with ionization potential. ZnPc, ClAlPc, F16ZnPc are clearly in this category 

while PTCDA, C4-PTCDI, and C60 are ambiguous.  

A saturated alkane on an inert metal is in some ways an organic molecular version 

of the xenon atoms used in PAXS experiments as a non-interacting surface probe.  A long 

chain alkane cannot accept or donate electrons under ordinary conditions, it does not 

contain the more delocalized π electrons, and its ionization potential is 8.5eV and its 

energy gap has been estimated as 9eV. 53  The adsorption of Xe on both single crystal 
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Au(100) and polycrystalline Au samples cause decreases in work function of ca. 0.45 to 

0.52 eV.45,46  The interface dipole for a saturated alkane, n-C44H90 tetratetracontane, on 

gold was found by UPS to be 0.7eV by Ishii,53 remarkably similar to the most common 

interface dipole found for organic semiconductors in this work.  The equal shift of 

tetratetracontane and many organic semiconductors supports the theory that metal itself 

may account for the majority of the interface dipole.  In the absence of additional 

interactions the entire surface dipole can be explained as an effect of the metal electron-

tail retraction.   It is not unreasonable that the magnitude of this shift is slightly different 

for organic molecules than for Xenon because although the shift is primarily 

characteristic of the metal, it does depend somewhat on the polarizability of the adsorbate 

and the distance from the last layer of metal atoms to the adsorbate molecules.46,47 

Reviewing the gold/organic heterojunction literature reveals that many results fall 

into a similar range, most results that diverge are reported for much thicker films (10-

100nm) or for easily doped systems.  It is difficult to confidently compare results taken 

on different instruments on different metal surfaces with different surfaces and sample 

preparation, so interface dipoles anywhere in the range from 0.5 eV to 0.9 eV are 

considered here to compare well with the results above.  In addition to the interface 

dipole of 0.7 eV for n-C44H90 on gold53, C60 on gold was found to have interface dipoles 

from 0.6 to 0.7 eV by Seki and Veenstra.9,42  Gao and Kahn found α-NPD and ZnPc on 

gold had interface dipoles of 0.8 and 0.76eV, respectively.34,35  Seki found p-

sexiphenyl/Au had an interface dipole of 0.8 eV.2,54   



 

 

225

A study of oxidiazoles on gold measured interface dipoles of 1.2 to 1.4 eV56 and 

heterojunctions on gold with PPV oligomers P5V4, p-bis[(p-styryl)styryl]benzene, and its 

analogue with 2-methoxy-5-(2'-ethyl-hexyloxy) substitution on the central ring, MEH-

P5V4, were found to produce interface dipoles of 1.0 to 1.2eV,55 however in both cases 

the only thickness measured was above 100nm which is far from interfacial.  Peisert has 

reported interface dipoles for a series of copper phthalocyanines on gold in which he 

finds F4CuPc on gold has an interface dipole of 0.6 eV, but CuPc and F16CuPc fall 

outside the range.24,51  However, raw graphs within the work51 show an initial CuPc shift 

of ca. 0.8eV which continues to shift with increasing coverage.  Although his reported 

interface dipole is higher, within the analysis procedure of this work his interface dipole 

would actually agree with this work.  No raw UPS shift is shown for F16CuPc so it is 

unknown whether a similar analytical difference causes the apparent disagreement.   

It must also be emphasized that this term is extremely sensitive to metal surface 

preparation and cleanliness.  The surface component of the work function of a metal is 

affected by surface roughness and exposed crystal face so different substrates composed 

of the same metal could easily produce slightly different results for interface dipoles even 

if the same frontier orbital alignment exists.  The measurement of ΔeDmetal may also be 

inaccurately determined if even the slightest amount of surface contamination exists 

before the deposition of the organic semiconductor.  If a metal is exposed to air and then 

returned to vacuum and the same experiment is conducted, the interface dipole measured 

is greatly reduced.57-59    
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Another way to probe the role of the metal surface dipole is to compare 

heterojunctions on substrates such as ITO or PEDOT, both often used as conductive 

substrates as a substitute for metals with similar workfunctions.  Because they are non-

metals, they lack the sea of electrons spilling out from the surface and do not have the 

same metal electron-tail contraction when adsorbates are deposited.  If the interface 

dipole is due primarily to ΔeDmetal , the low KE shift should be much smaller for the same 

organic semiconductors on ITO and PEDOT:PSS than on gold even though the work 

functions are similar.58  This was found to be true by several research groups.  Koch and 

Kahn found the interface dipole of α-NPD, para-sexiphenyl, and pentacene with 

PEDOT:PSS decreased by 0.6 to 1 eV compared to heterojunctions of the same organic 

semiconductors on gold.52 Peisert found the interface dipole for F4CuPc on ITO was less 

than 0.1eV when the same molecule on gold produced a 0.6eV interface dipole.59  This 

confirms that the metallic nature of the substrate contributes to the interface dipole and 

that ΔeDmetal is an important component of organic/metal  interface dipoles. 

 

Case 2 - Interface Dipole Composed of Effects From Multiple Terms in Eq 4.1  

In Figure 4.24, the heterojunctions of AlQ3, TCNQ, and F4-TCNQ on gold 

clearly follow a different pattern.  The interface dipoles are not near 0.7eV and there is a 

pronounced dependence of the interface dipoles on some form of the organic 

semiconductors frontier orbital energies.  ΔeDmetal does not explain this behavior but 

eDmolecule or eDchemisorption may.  The dipole moment of an organic semiconductor will only 

contribute to the shift in effective work function if the molecules have an internal dipole 
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moment and are oriented in such a way that the dipole moments of the individual 

molecules add rather than cancel each other out.  Many of the organic semiconductors are 

too symmetric to have molecular dipole moments (C60 is the extreme case but even 

PTCDA, TCNQ, and ZnPc have high degrees of symmetry in all dimensions).  ClAlPc 

has a dipole moment along the Cl-Al axis in the Cl (δ-)Al(δ+) direction, but because the 

dipole is so strong ClAlPc molecules usually form aggregates with alternate orientations 

such that the molecular dipoles cancel each other out instead of producing an aggregate 

dipole moment because it is so energetically unfavorable to do otherwise.48-50  Recent 

reports suggest that AlQ3 molecules have small molecular dipoles that orient to give a 

significant aggregate positive dipole under certain circumstances,31,37 but overall this 

term is expected to have the least contribution to the interface dipoles of organic 

semiconductor/gold heterojunctions. 

In the self-assembled monolayer heterojunctions studied in Chapter 3 the interface 

contact was always between gold and the sulfur terminus of alkanethiol molecules so 

eDchemisorption as well as ΔeDmetal could be considered constant.  In this chapter, ΔeDmetal 

should be constant for all heterojunctions since gold is the only substrate used but 

eDchemisorption may certainly change with the identity of the organic semiconductor.  This 

term is the least concrete of the terms in Equation 4.1 because any charge transfer from 

one side of the interface to the other is included in this term and it may be difficult to 

isolate the nature of the charge movement.  Chemisorption may include localized electron 

transfer to form ion pairs or a chemical bond, but it may also include complete transfer of 

charge from one material to the other including longer range charge movement motivated 
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by the broader phenomena of seeking equilibrium by energy level alignment between the 

energy levels of the organic semiconductor and the gold substrate.  The difference 

between the two may be subtle but significant as efforts are made to develop a 

comprehensive theory of energy level alignment at metal/organic heterojunctions.  The 

former involves individual molecules while the later implies the organic molecules 

interact and cooperatively behave like the delocalized inorganic semiconductor energy 

bands instead of merely as individual molecular orbitals. 

For most organic semiconductors the dipole due to chemisorption is expected to 

be small.  A metal surface can easily accept or donate significant quantities of electrons 

but only strong electron acceptors or donators would be expected to react with metal 

atoms to form organometallic charge-transfer complexes.  The possibility and mechanism 

of charge transfer at metal/organic semiconductors is under active discussion.26,55,56  The 

high ionization potential and corresponding high electron affinity compared to the work 

function of gold make electron transfer to TCNQ and F4-TCNQ favorable.  Metal-TCNQ 

charge transfer complexes, M(+)TCNQ(-), have been well known for decades with 

metals including copper, nickel, and lithium.40  The XPS and UPS results indicating a 

TCNQ(-) and F4-TCNQ(-) species at the gold interface confirm charge transfer at the 

interface.  The electron transfer from gold to the organic molecules produces a negative 

charge transfer dipole moment.  For TCNQ the chemisorption dipole appears to exactly 

counteract the metal electron tail dipole moment.  For F4-TCNQ the chemisorption 

dipole moment must be significantly larger because the net surface dipole is -0.7eV.  

ΔeDmetal may still exist but eDchemisorption is significantly larger and in the opposite 
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direction to create an overall interface dipole in the negative direction.  If ΔeDmetal is still 

0.7eV (it could be changed by the effect of negatively charged molecules at the interface 

or by migration of metal atoms across the interface), and eDmolecule is non-existent then 

eDchemisorption would be -1.4eV.  For these heterojunctions the transfer of electrons or 

eDchemisorption clearly plays a dominant role. 

 UPS spectra of low coverages of C60 on gold also suggest chemisorption.  A 

large shoulder occurs with varying intensity for up to 20Å C60 on the high kinetic energy 

side of the C60 HOMO peak.  This peak is due to HOMO derived states (HDS) and is a 

strong indication of at least partial charge transfer.60,61  In contrast to F4-TCNQ, the XPS 

analysis of C60 does not provide obvious signs of chemisorption or charge transfer but 

XPS is limited by the fact that C60 is solely composed of carbon and a small change 

would be extremely difficult to see over the neutral molecule carbon signal. The binding 

energy of the C(1s) peak does shift to higher binding energies with increasing coverages, 

but the shift can be explained solely by the change in polarization environment as it also 

occurs for many of the other organic semiconductor/gold heterojunctions.27,51,62-63  It 

might be expected that C60 should have an interface dipole differing from 0.7 eV as a 

result of this chemisorption.  It may be that eDchemisorption contributes to the interface 

dipole but is very small or the presence of surface states changes ΔeDmetal, thus C60 may 

be an example of how the additive approximation of Equation 4.1 fails.41,43  The sum of 

ΔeDmetal and eDchemisorption gives an overall interface dipole of 0.7 eV, but the 

contributions of each cannot be separated.  
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It is also not possible to determine how many factors contribute to the interface 

dipole for C4-PTCDI and PTCDA heterojunctions.  The magnitude of the interface 

dipole suggests that ΔeDmetal alone may be responsible for the dipole, however some 

charge transfer is implied by the pinning of the organic Fermi level at the optical LUMO.  

The near HOMO region of the UPS spectra is obscured by gold photoelectrons so any 

possible interfacial UPS features might not be distinguishable over the dominant gold 

features.  XPS does not display any interface specific atomic orbitals but neither XPS nor 

UPS are particularly sensitive techniques so charge transfer states in extremely low 

concentrations might not be observed. 

 AlQ3 has a net interface dipole of 1.2eV, greater than any of the other 

heterojunctions measured.  This dipole could be a result of electron transfer from the 

AlQ3 molecules to the gold surface.  No evidence for this is seen by XPS or UPS but 

charge transfer could still exist at amounts too small to measure.  The ionization potential 

of AlQ3 is not significantly different from the phthalocyanine molecules which showed 

no charge transfer, but AlQ3 is not planar, has a much larger transport energy bandgap,27 

and has been known to react with metal atoms for many metal substrates (although not 

gold).64  Ito, Seki, and coworkers recently suggested that the molecular dipole, eDmolecule, 

may have a significant effect for AlQ3 layers.31 They have measured the surface potential 

by Kelvin Probe and the second-harmonic generation for AlQ3 on gold from 

submonolayer coverages to a thickness over 500nm.  When grown in the dark, the surface 

potential grows linearly with thickness up to 28V at 560nm which the authors attribute to 

the accumulation of small amounts of oriented molecules with small dipole moments 
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over the entire AlQ3 layer.  Ito and Seki saw an initial surface potential shift at 10 Å of 

1.1 - 1.3 eV, both deposited in the dark and while illuminated and it is not completely 

clear whether the low coverage results can be attributed to the same source but the 

contribution of eDmolecule to the interface dipole must be considered a possibility.  

 Multiple sources contributing to interfacial energy shifts have been identified, all 

of which are consistent with the additive model of interface dipole formation.  All metal 

heterojunctions should be expected to have an interface dipole and the chemistry at the 

interfaces should be considered for individual heterojunctions beyond the simple 

numerical manipulation of ionization potentials, frontier orbital energies, and Fermi level 

energies.24,25  Molecules which react at an interface such as F4-TNCQ cause significantly 

different interfacial vacuum level shifts from the apparently inert phthalocyanine 

heterojunctions.  

 

4.5.2 Vacuum Level Shift for Bulk Thicknesses 

 Figure 4.25 shows the relative directions of the interfacial vacuum level shifts and 

the shifts with thickness for all of the gold/organic semiconductor heterojunctions.  While 

the initial vacuum level shift occurs as a result of interfacial processes, the higher 

thickness vacuum level shift seems to occur as required to achieve Fermi level alignment 

for a heterojunction.  For many of the organic semiconductors the vacuum level does not 

significantly shift from interfacial to bulk coverages but for others such as F16ZnPc and 

F4-TCNQ the shift is dramatic.  In no cases does this second shift with coverage serve to 

move the organic Fermi level further from alignment with the substrate gold Fermi level.   
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 The correlation between bulk vacuum level shift and the organic transport Fermi 

level is improved from the interfacial vacuum level shift as seen in Figure 4.26.  While at 

the interface clearly different factors influence the vacuum level shift, by thicker 

coverages a more unified motivation is clearly apparent.  The correlation is not perfect,  

 
 
 
 
 
 
 
 
 
 
Figure 4.25 Schematic diagram showing the initial vacuum level shift direction and the 
direction of shift with increasing coverage past the interface region. 
 

but even those heterojunctions with initial vacuum level shifts insensitive to frontier 

orbital energies show a clear relationship between the ultimate vacuum level shift and 

frontier orbital energies.   The exact vacuum level shift is not as important as the effect it 

has on frontier orbital alignment.  Slightly different starting conditions or organic 

semiconductor polymorphs might change the metal workfunction or organic ionization 

potential which could change the vacuum level shift required to reach the same 

equilibrium relative frontier orbital alignment.  The significant finding here is that the 

alignment is consistently achieved and the vacuum level shift is merely a gauge of what 

is required to achieve that alignment.  This shift is analogous to band-bending in 

inorganic semiconductors, the actual mechanism of the organic semiconductor orbital 

“bending” may differ but the net effect appear to be the same and it appears to be 
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achieved on a much smaller thickness scale than would be required for inorganic 

semiconductors band-bending with the same intrinsic doping density. 
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Figure 4.26 Interfacial (a and c) vs. bulk (b and d) correlation between vacuum level 
shift and ionization potential and organic transport Fermi level. 
 
 

4.6 Conclusions and Future Directions 

 It has been demonstrated that caution must be applied to distinguish between 

measurements at the interface and from thicker films.  The vacuum level shift or interface 

dipole must be clearly stated as being reported for a specific thickness.  The magnitude 
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should not be expected to be the same for both regimes and different phenomena may be 

responsible for the vacuum level shifts for interfaces (≤20Å) and the thicker aligned 

regime (≈60Å+).  The charge injection barriers in both regimes are important and it is 

clear that when considering electrode/organic contacts in organic electronic devices the 

materials should not be assumed to have a common vacuum level.  In the absence of 

interfacial reactions a positive interface dipole from the metal to the organic 

semiconductor should be considered probable and the work function of a clean metal 

alone is not the best energy to use for the estimation of the hole injection barriers for 

heterojunctions in organic electronic devices. 

Many directions for the expansion of this study are apparent.  Different metal 

surfaces could be examined to test the application of ΔeDmetal as determined from PAX 

experiments to the interface dipoles measured by UPS in this chapter.  Metals with 

different work functions as well as different intrinsic metal surface dipoles could be used 

as the metal substrates for metal/organic semiconductor heterojunctions.  It would be 

interesting to see whether for more reactive metals chemisorption would be so strong that 

metal/organic semiconductor interface dipoles are dominated by chemisorption and none 

of the heterojunctions have only ΔeDmetal contributions. 

 Organic semiconductors that are strong electron donors could be examined to see 

whether charge transfer from organic molecules to gold occurs and whether the 

relationship between the metal and organic Fermi levels observed here is maintained.  It 

has been established that strong electron acceptors cause electron transfer at a 

metal/organic semiconductor interface but organic molecules at the opposite end of the 
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spectrum have not been as well characterized.  The role of surface roughness, and 

therefore contact area, or other unidentified factors must also be studied further since this 

may influence the amount of charge transfer at the interface besides the strictly energetic 

parameters and could be significant for electrode interfaces.   

 Lastly, experimental and theoretical development of the phenomena of Fermi 

level pinning in organic semiconductors would also be desirable.  In n-type organic 

semiconductors the Fermi level appears to be clearly pinned near the organic LUMO 

orbital energy, but the exact factors determining the pinning are unclear.  The pinning 

should occur at the LUMO onset, but what density of states is required to pin may 

determine whether EF appears pinned 1 or 2 σ below the LUMO orbital peak.  The 

applicability of optical LUMOs and transport LUMOs may also be clarified in further 

experiments.  The Fermi level appears to be pinned by the optical LUMO but it has yet to 

be established whether this is theoretically defensible.  This subject is difficult to address 

experimentally but the concepts may be developed as organic semiconductors are studied 

with an increasingly broader array of techniques. (IPES,PIES)  A recent publication by 

Zahn et al.68 presented transport bandgaps for PTCDA and C1-PTCDI which are far 

closer to the optical bandgaps (only 0.2eV higher) than the method discussed in this work 

(1.0eV higher),27 possibly indicating that the dichotomy between the optical and transport 

bandgap and LUMOs is artificial in at least some of these cases. 
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CHAPTER 5: 
 

CHANGES IN INTERFACE DIPOLE AND FRONTIER ORBITAL ALIGNMENT  
AT ORGANIC/ORGANIC HETEROJUNCTIONS:  

PTCDA AND C4-PTCDI WITH PHTHALOCYANINES 
 

In this chapter the frontier orbital energies are probed in organic/organic 

heterojunctions, primarily between two series of closely related organic molecules chosen 

for their use in photovoltaic and other organic electronic devices.  The phthalocyanines 

differ in their metal centers (Cu, Zn, In-Cl, Al-Cl) which create some differences in 

frontier orbital energies, molecular geometry, absorbance, and luminescence properties.  

The perylene derivatives differ in their amide/imide moiety (PTCDA vs. C4-PTCDI) and 

the presence of a butyl chain for C4-PTCDI, but maintain the same perylene (PTCD) 

core.  They show extremely similar optical properties as monomers or in solution, but 

order differently in the solid phase and therefore have some differences in frontier orbital 

energies, anisotropic conductivities, absorbance, and luminescence properties in the solid 

phase. 

In some combinations, the organic/organic interfaces studied have common 

vacuum levels and in others a vacuum level offset is clearly evident.  The UPS study of 

frontier orbital alignment at metal/organic semiconductor heterojunctions (Chapter 4) is 

applicable to the energetic alignment at organic/organic heterojunctions because the 

organic Fermi levels deduced from the metal/organic heterojunction hole injection 

barriers are also valid for the same organic semiconductors in organic/organic interfaces. 
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5.1 Introduction 

 Injection barriers for holes and electrons at electrodes in organic electronic 

devices have been studied with a great deal of interest in the last 5-10 years.1-5  The 

interfaces between organic layers have not been studied nearly as thoroughly however, 

largely because the interfaces are more difficult to address experimentally.  These 

organic/organic interfaces cannot be neglected because multilayer organic electronic 

devices vastly outperform single layer organic devices and the many reasons for this 

increased efficiency are critical to organic electronic devices attaining broader, 

commercialization-worthy efficiencies.6  The combination of organic materials must be 

selected for the best and most compatible properties including hole transport, electron 

transport, light absorption and emission, as well as long term stability and processablility.  

The interfaces between layers are believed to be crucial for exciton formation and 

dissociation as well as exciton and charge blocking.7-11 

 Photovoltaics convert light into electric current, and one of the limiting steps in 

organic photovoltaics is the separation of excitons into mobile charge carriers and the 

movement of such carriers through the organic semiconductor layers.  In bulk organic 

films charge transfer exciton dissociation is relatively inefficient, however at interfaces 

exciton dissociation by charge transfer occurs much more efficiently.7-9  Two or more 

organic semiconductors are usually used in organic photovoltaics; one, n-type, to 

transport electrons and another, p-type, to transport holes.  Exciton dissociation to create 

mobile charges depends on the energetic favorability of the relative HOMO and LUMO 

frontier orbital alignment between the two organic semiconductors at the interface.  The 
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energy difference between HOMO orbitals at an organic/organic heterojunction can be 

measured with well designed UPS experiments and the energy difference between 

LUMO orbitals is usually estimated by combining measured HOMO orbital positions 

with bandgap energies measured by optical absorbance spectroscopy (LUMO optical) or 

inverse photoemission spectroscopy (LUMO transport).1,13 

 In an actual organic electronic device it is difficult to isolate the many factors 

contributing to device efficiency.  Attempting to change a single property of an organic 

semiconductor usually results in additional changes which may not be anticipated.  

Changes in molecular structure with electron donating or withdrawing substituents may 

change energy levels of the frontier orbitals, but may also result in different molecular 

packing structures, charge mobility, contact area at organic heterojunctions or at a metal 

electrode, and even the absorbance and luminescence spectra.  The changes in efficiency 

in an organic electronic device are difficult to attribute to any single factor with any 

degree of confidence, no matter how well designed the experiment.  To study the 

individual heterojunctions within a device, therefore, less complex structures must be 

utilized. To selectively study the organic/organic heterojunction a thin film of a single 

organic semiconductor is first created and then the second organic semiconductor is 

added in minute increments.  This allows the interfacial properties to be measured 

without the large contribution of bulk films for both organic layers.  Ultraviolet 

photoelectron spectroscopy is an excellent technique to measure the frontier orbital 

energy levels without the complication of charge transport within materials or charge 

injection at electrode interfaces. 
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Organic Semiconductor Considerations 

 In the previous chapter, heterojunctions between organic semiconductors and gold 

were shown to be complex and not consistently follow the common vacuum level 

assumption.  Heterojunctions between two organic semiconductors are different in a few 

significant ways.  First, the contact between the two organic materials is complex and the 

orientation of molecules on both sides of the interface play a significant role in the 

possible interactions.  Secondly, because both sides of the interface are composed of 

closed shell molecules there are higher barriers to electron transfer. 

 An organic semiconductor layer contains a combination of amorphous regions 

and domains with crystalline structure.  Deposition conditions influence which of these 

forms predominates and determine the roughness of organic surfaces.  However, organic 

semiconductors often form large features with towers and troughs in uncontrollable and 

irreproducible patterns and for some organic semiconductors the predominant polymorph 

and morphology can change over time.14,15  A complete study of organic interfaces 

requires extensive examination of surface morphology.  Unfortunately a comprehensive 

study of each organic surface is not always practical, particularly for experimental studies 

entirely contained in ultrahigh vacuum systems.   By not characterizing this factor 

continuously, surfaces which are believed to be identical (i.e. 150Å PTCDA on gold foil) 

may differ significantly on the molecular level, ultimately one of the factors which limits 

the reproducibility and precision of the ultraviolet photoelectron spectroscopy (UPS) 

results.  The ideal way to study organic/organic heterojunctions is to use organic 

molecules known to grow in a strictly layer-by-layer mode so that the top level of any 
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layer is uniform and of a known crystal structure.  In practice this is rarely fully achieved, 

but many molecules in this study were chosen because their bulk crystal structures 

contain distinct layer planes (i.e. molecular layers without interdigitation with molecules 

in neighboring layers) and are therefore more likely to grow evenly and maintain 

structural order as vacuum deposited thin films.16-18  By choosing organic semiconductors 

whose growth patterns on similar substrates have been well characterized, it is hoped that 

problems caused by non-homogeneous organic surfaces will be lessened. 

 

 PTCDA, 3,4,9,10-perylene-tetracarboxylic-dianhydride, is a common molecule 

for studies of organic heterojunctions because it forms well ordered layers in a 

herringbone pattern with the molecular plane parallel to the substrate on a variety of 

surfaces. 18,19  For C4-PTCDI, N'-di-n-butylperylenebis(dicarboximide), the molecular 

plane is not parallel to the layer plane20-22 and AFM studies of C4-PTCDI vacuum 

deposited on alkali halide salts have shown that the molecules in the first monolayer are 

flat-lying with the molecular core parallel to the substrate, but in the following layers the 

molecules tilt and a structure very similar to the bulk crystal structure is adopted.16,17 

(Refer to section 1.2 for more details.)  If layer by layer growth occurs in the organic 

semiconductor thin films in this study, the PTCDA molecular plane should be exposed at 

the surface but for C4-PTCDI the surface should consist of butyl chains and the 

molecular core should be buried and tilted at a significant angle with respect to the 

surface. 
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 Charge transfer is more complicated and therefore more difficult to predict at an 

organic/organic heterojunction.  Not only must it be favorable energetically, but both 

organic molecules must be oriented such that the molecular orbitals have significant 

spatial overlap.23-25  Bulky side-groups may result in inaccessibility of the frontier 

orbitals (localized on the conjugated molecular cores for both phthalocyanines and PTCD 

derivatives) 26,27 as could rigid or incompatible molecular structures with molecular cores 

highly rotated or even orthogonal to the organic semiconductor molecules in the adjacent 

layer.  Charge transfer and chemical reactions for organic molecules are inherently 

interfacial processes since two molecules must interact for them to occur; only at an 

interface are they probable and when separated by even a single molecule or a few 

Angstrom they may become negligible.  Under certain conditions they may, however, 

produce effects which extend into the near interface region - mobile charges or 

unintentional doping may cause apparent long range effects.  If the extent of charge 

transfer is significant there may be a charge redistribution layer near the interface in one 

or both organic layers.  It is also possible any charge transfer effects may remain 

localized at the interface resulting in an abrupt interface dipole.  Either possibility affects 

the alignment of energy levels between the two materials. 

 Because organic/metal interfaces, when the organic material is deposited on the 

metal, are abrupt, it is easier to separate interfacial effects from longer range electrostatic 

effects.  The interfaces between one organic semiconductor and a second organic 

semiconductor, however, often suffer from poorly defined interfaces.  The interface may 

not be sharp or homogeneous, leading to an unknown surface area at an interface and 
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extensive variation in local molecular orientations and defect site densities.  Interfacial 

analyses are greatly complicated by this lack of a sharp interface as it is difficult to 

distinguish between gradual energy shifts as a function of distance from the interface and 

interfacial shifts merely extended by high surface roughness or mixed organic growth 

modes, resulting in incomplete heterojunctions at moderate sample coverages and 

sampling of molecules with drastically different distances from the interface at higher 

sample coverages.   

 

Previous Studies of Organic/Organic Interfaces by UPS  

The groups of Kahn at Princeton and Armstrong at the University of Arizona, 

along with collaborators Schlaf and Schlettwein, have studied organic/organic interfaces 

with UPS.32,33  Kahn et al. have studied combinations of CuPc/αNPD (N,N'-diphenyl-

N,N'-bis(naphthyl)-1,1'-biphenyl-4,4"-diamine), CuPc/BCP (bathocuproine), and 

BCP/CBP (4,4'-N,N'-dicarbazolyl-biphenyl) which have common vacuum levels and 

other combinations such as CuPc/PTCDA and PTCDA/AlQ3 which clearly demonstrate 

an interface dipole instead of a common vacuum level.29,30  It has not been possible to 

elucidate the reasons some organic materials form interface dipoles and others do not and 

many publications do not even attempt explanations. 

Kahn and Hill measured the above heterojunctions, as well as additional 

permutations of the same organic semiconductors, and suggested explanations ranging 

from partial charge transfer or Fermi level pinning by impurity related gap states for the 

heterojunctions with interface dipoles to the closed-shell nature of the molecules with van 
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der Walls interactions for the common vacuum heterojunctions. 29-31 Schlettwein looked 

at heterojunctions of different substituted phthalocyanines for which the molecular cores 

are similar but the ionization potentials and electron affinities are varied.32  He also 

credited partial charge transfer for interface dipoles with subsequent charge redistribution 

to explain the shifts of orbital and vacuum level with organic film thickness.  Schlaf has 

experimented with a number of organic heterojunctions and attempted to use XPS as a 

complimentary technique to UPS to better separate the electrostatic charge redistribution 

from purely interfacial dipoles.33,34  Knupfer et al. have measured a vacuum level offset 

of 0.5eV at a CuPc/C60 interface with UPS and Kelvin probe and dismissed interfacial 

chemical reaction or band bending as possible causes and attributed the shift to an 

interface dipole, but did not attempt to explain the source or nature of the interface 

dipole.35 

 Vázquez, Gao, and Kahn have recently proposed the most detailed theory to date 

for energy level alignment at organic/organic heterojunctions.36  They have proposed that 

a charge neutrality level (CNL) exists for all organic semiconductors which can be 

regarded as an organic “effective Fermi level.”  Computational integrated density of 

states have been used to calculate the CNL for PTCDA, PTCBI, CBP, and CuPc and their 

experimental UPS results for individual layers and organic/organic heterojunctions have 

agreed reasonably well with this theory. 

All researchers have found some organic/organic heterojunctions with interface 

dipoles and some organic/organic heterojunctions with common vacuum levels and no 

interface dipole.  Some researchers have reported purely flat band conditions with no 
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signs of energy level bending, and some have reported charge redistribution similar to 

inorganic semiconductor band bending although with possibly different causes.  There 

has been no consistent agreement for HOMO, LUMO, or organic Fermi level alignments 

at organic/organic heterojunctions.  The differences in ionization potential and electron 

affinity have also shown limited correlation with interface dipole magnitude or even 

direction on occasion. 

 

In this chapter it will be shown that Fermi level alignment is ultimately achieved 

for organic semiconductor heterojunctions, and that the frontier orbital energy alignment 

may be predicted if the organic Fermi level is known for each organic semiconductor.  

The vacuum level offset and changes in relative orbital energies with distance from the 

interface are determined by the charge redistribution required to achieve this Fermi level 

alignment.  Charge transfer at the interface is not as rigidly determined and any 

interfacial reactions do affect the interfacial energy level offsets, but do not change the 

ultimate energy level alignment in an organic/organic heterojunction.  The organic Fermi 

levels deduced from the UPS results for metal/organic hole injection barriers (ФBh) from 

the previous chapters do satisfactorily predict the organic/organic heterojunction 

alignment.  

 



 

 

245

5.2 Organic/Organic UPS Results of Perylene/Phthalocyanine Heterojunctions 

 Because the interfaces between n-type semiconductors and p-type semiconductors 

are of the most interest for organic photovoltaic devices, heterojunctions between two 

families of organic semiconductors, one n-type and one p-type, are selected as the 

primary focus of this chapter.  Two perylenetetracarboxylic acid derivatives, PTCDA and 

C4-PTCDI, are studied as the n-type semiconductors in the heterojunction and a series of 

metal centered phthalocyanine molecules are studied as the p-type semiconductors.  The 

molecular structures for all of these organic semiconductors are depicted in Figure 2.1.  

All of these molecules are close relatives of the PTCBI and CuPc used in the original 

Tang solar cell in which the advantages of two layer organic photovoltaic device were 

first established.6  Unless otherwise specified, the first organic layer in the 

heterojunctions is always the n-type PTCDA or C4-PTCDI. 

 

5.2.1 Heterojunctions with Divalent Phthalocyanines 

 Figure 5.2 contains UPS spectra of heterojunctions of zinc phthalocyanine (ZnPc) 

with PTCDA and with C4-PTCDI.  Only the outer regions of the UPS spectra are shown 

since most of the analysis pertains to the highest occupied orbitals (HOMOs) and the 

vacuum level cutoff.  Figure 5.2a contains the low kinetic energy region of the UPS 

spectra for the ZnPc/PTCDA heterojunction and Figure 5.2c shows the same region for 

the ZnPc/C4-PTCDI heterojunction.  The direction of the vacuum level shift with 

increasing phthalocyanine deposition is indicated by an arrow beneath the low kinetic 

energy spectra.  The low KE cutoff of clean gold is shown with a dotted black line at a  
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Figure 5.2 UPS Spectra of Zinc Phthalocyanine Heterojunction with a) and b) PTCDA 
and c) and d) C4-PTCDI. 
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lower binding energy (higher kinetic energy) than all subsequent organic semiconductor 

low KE cutoff energies. 

 In Figure 5.2a the low KE cutoff of 180 Å PTCDA is at 16.93 ± 0.05 eV and 

deposition of ZnPc shifts this cutoff towards increasingly lower kinetic energies (higher 

binding energies).  At 2 Å the cutoff has shifted by 0.13 ± 0.05 eV, at 4 Å by 0.14 ± 0.05 

eV, at 8 Å by 0.10 ± 0.05 eV, at 16 Å 0.09 ± 0.05 eV, at 32 Å 0.15 ± 0.05 eV and at 64 Å 

and 96 Å 0.17 ± 0.05 eV from the initial PTCDA cutoff.  The total vacuum level shift 

from PTCDA to final ZnPc coverages is 0.17 ± 0.1 eV to lower kinetic energy, in the 

direction of decreasing the effective work function.  In Figure 5.2c for the ZnPc/C4-

PTCDI heterojunction the low kinetic energy cutoff also shifts steadily to lower kinetic 

energies with increasing ZnPc deposition.  For bare C4-PTCDI the low KE cutoff is at 

17.16 ± 0.05 eV. At 2 Å ZnPc the low KE cutoff has shifted by 0.06 ± 0.05 eV, at 4 Å by 

0.09 ± 0.05 eV, and by 8 Å it has shifted 0.11± 0.05 eV.  For 16 Å the low KE cutoff is at 

0.15± 0.05 eV, for 32 Å it is at 0.18 ± 0.05 eV, and for both 64 Å and 96 Å the low KE 

cutoff is at 0.21 ± 0.05 eV.  Figure 5.3 contains plots of UPS results vs. phthalocyanine 

coverage including the vacuum level shift from bare PTCDA, or C4-PTCDI depending 

on the heterojunction, and the HOMO onset (hole injection barrier, ΦBh) and HOMO 

peak energy from EF Au. 

 The HOMO region of the UPS spectra for the ZnPc/PTCDA heterojunction is 

shown in Figure 5.2b.  All HOMO peak positions and HOMO onsets are reported as 

binding energy from the Fermi level measured for the initial substrate, EF Au.  The initial 

bare PTCDA HOMO peak (indicated by “*” within the figure) is not completely resolved  
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Figure 5.3 Vacuum level shifts vs. PTCD low KE cutoff and HOMO onset and HOMO 
peak energies (1 = PTCD, 2 = Phthalocyanine) vs. EF Au for a) ZnPc/PTCDA, b) 
ZnPc/C4-PTCDI, and c) CuPc/PTCDA heterojunctions.  
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from the PTCDA near HOMO orbitals (HOMO-1, etc.), but it is resolved clearly enough 

to be fit definitively for both the HOMO peak energy and the HOMO onset energy.  Both 

are important because the peak represents the average energy of organic semiconductor 

molecules in a material and the onset represents the minimum energy barrier for electrons 

to be removed from the material.  All peaks are fit with Gaussian functions and in cases 

such as this where the peaks are not fully resolved the background is fit as a tail from an 

additional adjacent Gaussian peak. 

 For the ZnPc/PTCDA heterojunction in Figure 5.2b the PTCDA HOMO peak 

position is 2.83 ± 0.1eV and the HOMO onset is 2.29 ± 0.05 eV from EF Au for the 

180Å thick PTCDA layer.  The Gaussian HOMO peak width is 0.6 ± 0.1 eV, a typical 

peak width for PTCDA in UPS spectra.  The PTCDA cutoff ionization potential is 6.56 ± 

0.1eV and the peak ionization potential is 7.09 ± 0.1eV.  With the deposition of ZnPc, a 

new peak due to the HOMO of ZnPc appears and grows in intensity at a lower binding 

energy compared to the PTCDA HOMO peak.  Because the ionization potential of 

PTCDA is higher that the ionization potential of ZnPc, the UPS spectrum of ZnPc is 

always wider than that of PTCDA (IP = hν - UPS width).  It is generally true that the 

HOMO of a lower ionization potential organic semiconductor will appear “outside” of 

the higher ionization potential organic semiconductor HOMO peak and this is the 

primary reason most organic/organic heterojunction experiments begin with the n-type 

organic semiconductor as the initial layer.  If the higher ionization potential organic is not 

deposited first, the small HOMO peak of the second organic material is concealed 

beneath the large frontier orbital peaks of the first organic semiconductor and it is 
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extremely difficult to accurately measure the HOMO positions at low coverages.  Results 

from a few of these more problematic “reverse” deposition order experiments will be 

presented later in this chapter. 

 For the ZnPc/PTCDA heterojunction, the PTCDA HOMO becomes obscured by 

phthalocyanine orbitals by the deposition of a single monolayer of ZnPc but the PTCDA 

HOMO remains within 0.02eV of the initial binding energy for all coverages which can 

be fit.  For 2 Å ZnPc the HOMO peak appears as increased intensity in the UPS spectra at 

binding energies closer to the Fermi edge with a HOMO peak centered at 1.71± 0.1eV 

and HOMO onset of 1.02± 0.1eV.  For 4 Å ZnPc, slightly less than one monolayer, the 

HOMO peak position is at 1.67 ± 0.1eV and the onset is 1.07 ± 0.05 eV.  For 8 Å and all 

higher coverages the ZnPc HOMO peak increases in intensity and shifts toward the Fermi 

energy with each deposition, although the HOMO onset does not shift with coverage but 

remains at 1.02± 0.05eV for all coverages.  By the highest coverages, 64 and 96 Å, the 

ZnPc HOMO peak position is stabile and the energy level alignment can be considered 

final.  At 96 Å the ZnPc HOMO peak is at 1.44 ± 0.1eV and the HOMO onset is at 1.02 ± 

0.1 eV.  The ionization potential of ZnPc is 5.15 ± 0.1eV for the cutoff and 5.55± 0.1eV 

for the peak with a ZnPc HOMO peak width of 0.5 ± 0.1 eV.  Figure 5.4 shows the 

relative alignment of these HOMO peaks and onsets as well as other energy levels for 

this heterojunction as well as the other divalent phthalocyanine heterojunctions. 

 For the ZnPc/C4-PTCDI heterojunction the ionization potential for 300 Å C4-

PTCDI is 6.21 ± 0.1 eV, the HOMO onset is at 2.17 ± 0.05 eV, the peak ionization 
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potential is 6.86 ± 0.1 eV, and the HOMO peak position is at 2.82± 0.1 eV.  The HOMO 

peak for C4-PTCDI, indicated by the star in Figure 5.2d, is better resolved from the 

HOMO-1 orbitals in the UPS spectrum than is PTCDA.  Neither the HOMO peak nor the 

HOMO onset shift significantly with increasing ZnPc deposition.  At the lowest ZnPc 

coverage the ZnPc HOMO onset is 0.94 ± 0.1 eV, for 4 Å it is at 1.00± 0.05 eV, and for 8 

Å it is at 0.98± 0.05 eV.  It remains quite stabile at 1.00± 0.05 eV for 16 and 32 Å and 

1.05± 0.05 eV for 64 and 96 Å.  The HOMO peak position is even less perturbed; for 2 Å 

and 4 Å it is centered at 1.61± 0.1 eV and 1.60 ± 0.1 eV and for all higher coverages the 

HOMO peak is centered from 1.53 to 1.55± 0.1 eV.  The ZnPc HOMO peak width is 0.5 

± 0.1 eV and the cutoff and peak ionization potentials are 4.88 ± 0.1eV and 5.38± 0.1eV. 

 

Discussion of Divalent Phthalocyanine Heterojunctions 

 The divalent phthalocyanine/PTCD heterojunctions show positive vacuum level 

shifts as summarized in Figure 5.3, effectively decreasing the vacuum level and making it 

easier for electrons to be removed from the organic semiconductors.  The positive 

vacuum level shifts for ZnPc/PTCDA, ZnPc/C4-PTCDI, and CuPc/PTCDA are 

consistent with a shift of electrons from the lower ionization potential phthalocyanines to 

the higher ionization potential PTCD derivatives.  Other heterojunctions however show 

that ionization potential alone is not the best factor for the prediction of charge 

redistribution so not too much should be read into this correlation. 

 The energy separating HOMO orbitals from the Fermi level of the substrate and 

spectrometer are also plotted in Figure 5.3.  The dark squares are the HOMO onset 
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energy from EF Au, which is by definition the hole injection barrier (ΦBh).  The open 

symbols are for the HOMO peak energies from EF Au, this is not used in the analysis 

here but a small shift of the HOMO peak towards lower binding energies with thickness 

is expected because of the greater surroundings stabilization when part of an ordered bulk 

structure compared to when isolated molecules on an underlayer of another organic 

semiconductor material.  If the HOMO peak either broadens (or sharpens) or is 

asymmetric instead of Gaussian as a function of sample thickness this may indicate that 

more than one form of ordered organic semiconductor exists and the proportion changes 

with distance from the interface, that the semiconductor layer becomes significantly more 

or less ordered with distance from the interface, or that the edge of the orbital is affected 

by pinning but the peak which represents an average molecule is affected differently.  

When small the HOMO peak is difficult to fit so less significance should be attributed to 

deviations of the second organic semiconductor at low coverages and for deviations in 

the first organic semiconductor HOMO as the second layer becomes thicker. 

 The HOMO peak for divalent phthalocyanine heterojunctions on PTCDA shifts 

more than the heterojunctions on C4-PTCDI.  This may result from the more facile 

aggregate growth on C4-PTCDI (discussed briefly later in this chapter and more 

significantly in the following chapters) which results in most phthalocyanine molecules 

already being incorporated in well-ordered aggregates by 2Å (~40% of a monolayer).  On 

PTCDA the phthalocyanine molecules interact more with the PTCDA interface and do 

not necessarily form well ordered aggregates at low coverages, this causes a  
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Figure 5.5 Shift in HOMO onset (squares), HOMO peak (open triangles), and low KE 
cutoff (circles) for heterojunctions of ZnPc and CuPc with a) PTCDA and b) C4-PTCDI 
and hole injection barrier for all heterojunctions of ZnPc and CuPc with c) PTCDA and 
d) C4-PTCDI.   
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phthalocyanine molecule deposited in the first layer to be in a different environment than 

a phthalocyanine molecule 30-60Å from the interface.  The consistency of the HOMO 

peak shift for multiple heterojunctions of ZnPc and CuPc on PTCDA, Figure 5.5a, is 

impressive.  Although the HOMO onset shift with coverage is not as consistent, the hole 

injection barrier in Figure 5.5 c and d consistently shows an alignment near 1eV for 

heterojunctions on both PTCDA and C4-PTCDI. 

 Figure 5.4 contains energy level diagrams for the divalent phthalocyanine 

organic/organic heterojunctions.  The UPS measured ionization potentials, vacuum level 

shifts, and HOMO orbital energies are combined with the bandgap energy from optical 

and inverse photoemission spectroscopy to produce an energy level diagram including 

the relative positions of the HOMO, LUMO, and vacuum levels of both organic 

semiconductors.  All frontier orbital energies are reported as eV with respect to the Fermi 

level of bare gold (set as zero eV just as it was in the UPS spectra).  The vacuum level 

shifts are reported from the vacuum level from the last measurement of the preceding 

layer prior to deposition.  The transport Fermi level is calculated as halfway between the 

HOMO onset and LUMO transport (this is the same as Fermi T in chapter 4 and both this 

and the LUMO T and LUMO O are calculated using the bandgap energies in Table 4.2, 

specifically 2.2eV and 3.2eV for the optical and transport bandgaps for PTCDA and C4-

PTCDI and 1.6eV and 2.2eV for the optical and transport bandgaps for all 

phthalocyanines).13,33,59   

 For the ZnPc/PTCDA heterojunction in Figure 5.4a, the vacuum level decreases 

from PTCDA with increasing ZnPc deposition, corresponding to a decrease in the  
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Figure 5.4 Energy Level Alignment Diagrams – a) ZnPc/PTCDA, b) ZnPc/C4-PTCDI, 
and c) CuPc/PTCDA. 
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HOMO peak difference is 1.39 ± 0.1 eV.  The difference in transport LUMOs between 

PTCDA and ZnPc is ca 0.3 ± 0.5 eV.  The optical LUMO of PTCDA is at 0.09 ± 0.2 eV 

and the transport Fermi level of the thickest coverage of ZnPc is -0.07 ± 0.5 eV.  Both of 

these quantities are fairly close to zero, the measured Fermi energy of the gold foil and 

the UPS spectrometer, a correlation which repeats for several heterojunctions. 

 Figure 5.4b shows that the ZnPc/C4-PTCDI heterojunction has a vacuum level 

offset of 0.21 eV± 0.1 eV in the same direction as the ZnPc/PTCDA heterojunction and 

approximately the same magnitude.  The frontier orbitals and vacuum level shift 

gradually at low coverages and cease shifting by approximately 32 Å.  The hole injection 

barrier for bare C4-PTCDI is 2.17± 0.1 eV and for 64 Å ZnPc the hole injection barrier is 

1.05± 0.1 eV.  The optical LUMO of the C4-PTCDI is -0.03 ± 0.2 eV and the transport 

Fermi energy of ZnPc is -0.05± 0.5 eV.  For the CuPc/PTCDA heterojunction in Figure 

5.4c (UPS spectra not shown) the HOMO onset level of the CuPc does not shift with 

coverage so the HOMO, LUMO, and transport Fermi level offsets do not change with 

CuPc layer thickness.  The PTCDA hole injection barrier is 2.32 ± 0.1eV and the CuPc 

hole injection barrier is 1.08± 0.1eV.  The transport Fermi energy of CuPc is completely 

aligned with the gold Fermi energy, at all coverages the two differ by less than 0.1eV.  

The total vacuum level shift is 0.07± 0.1eV. 

 As in the previous chapter for the organic/metal heterojunctions for PTCDA and 

C4-PTCDI on gold, the optical LUMO of PTCDA and C4-PTCDI in all heterojunctions 

is pinned near zero, the Fermi level of the photoelectron spectrometer and underlying 

gold foil.  The HOMO orbital energy of PTCDA and C4-PTCDI does not shift when 
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heterojunctions are created, indicating that the energy level alignment for the first layer in 

organic/organic semiconductor heterojunctions matches the organic Fermi level measured 

with UPS for PTCDA and C4-PTCDI as single layers. 

 For the divalent phthalocyanines the optical LUMOs do not seem to play a 

significant role in the heterojunction energy level alignment, they are not near the Fermi 

level (> 0.5eV from EF) and do not consistently coincide with any of the PTCD orbital 

energies.  This is unsurprising because phthalocyanines are usually p-type 

semiconductors in which the HOMO dominates charge transport and electrical properties.  

For most phthalocyanines the Fermi level clearly falls midway between the HOMO and 

transport LUMO orbitals.  This matches the behavior of undoped semiconductors in 

which the Fermi level falls mid-gap between the highest occupied molecular orbitals and 

lowest unoccupied molecular orbitals.   

The agreement between half the organic semiconductor transport bandgap energy and the 

hole injection barrier for the phthalocyanines matches the results observed for 

phthalocyanine/gold heterojunctions in the previous chapter.  All hole injection barriers 

for phthalocyanines on gold were between 1.05 and 1.11 ± 0.2eV (for ZnPc, F16ZnPc, 

and ClAlPc).  As part of an organic/organic heterojunction the phthalocyanine hole 

injection barriers range between 0.95 and 1.1 ± 0.2 eV.  There is slightly more variation 

in organic/organic heterojunctions, but this may be caused by variation in PTCDA or C4-

PTCDI morphology and surface roughness and the consequently less consistent 

interfacial interactions and subsequent morphology.  The agreement between the Fermi 

level of the photoelectron spectrometer and underlying gold foil with the pinned LUMO 
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of the PTCDA and C4-PTCDI first organic layers, along with the further agreement of 

the transport Fermi level of the phthalocyanine second organic layers with the pinned 

LUMO of the PTCDA and C4-PTCDI underlayers, support the conclusion that Fermi 

level alignment is achieved for all components in the organic/organic heterojunctions.  

Further suggested is that the Fermi level for each organic semiconductor is consistently 

either mid bandgap or pinned to the LUMO orbital, largely independent of what the other 

material is in a heterojunction.   

 

5.2.2 Heterojunctions with Trivalent Phthalocyanines  

 The trivalent phthalocyanines (M(III)Pc) contain nearly planar phthalocyanine 

cores, but the central metal is approximately half an Angstrom out of the plane of the 

phthalocyanine ring and the halide atom is another 2 - 2.5 Å out of the plane.37-42  The 

ionization potentials of trivalent metal phthalocyanines are slightly higher than the 

divalent metal phthalocyanines, both in the solid phase (ca. 0.3 eV by UPS) and the gas 

phase (0.15 by PES).32  Each phthalocyanine molecule contains a strong dipole moment 

along the Cl-Al or Cl–In axis, perpendicular to the core phthalocyanine plane.  This 

dipole results in dramatically different crystalline bulk packing structures from bulk 

divalent M(II)Pc structures (see section 1.2) and introduces the possibility of an oriented 

layer of M(III)Pc molecules creating a dipole field which may affect the energetic 

alignment between organic semiconductor layers. 
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Chloroindium Phthalocyanine and Chloroaluminum Phthalocyanine on PTCDA 

 Figure 5.6 contains UPS spectra of heterojunctions of PTCDA with ClInPc and 

with ClAlPc.  In Figures 5.6a and c the low kinetic energy edges of the UPS spectra are 

displayed, again with an arrow beneath each graph indicating the direction of the vacuum 

level shift with increasing phthalocyanine coverage.  The low kinetic energy cutoff for 

ClInPc on PTCDA shifts to higher kinetic energies, corresponding to a negative vacuum 

level shift with a total magnitude of 0.3 ± 0.1 eV.  The low kinetic energy cutoff for 

ClAlPc on PTCDA shifts to higher kinetic energies as well by 0.3 ± 0.1 eV.  The shift to 

higher kinetic energies is opposite in direction to the divalent phthalocyanine/PTCD 

heterojunction vacuum level shifts. 

 Figure 5.6b and d contain the near HOMO regions of the UPS spectra.   The 

HOMO onsets and ionization potentials of 180Å thick PTCDA layers respectively are 

2.24 ± 0.05 eV and 6.41 ± 0.1 eV for the ClInPc heterojunction and 2.42 ± 0.05 eV, and 

6.49 ± 0.1 eV for the ClAlPc heterojunction.  The final HOMO peak position for 64 Å 

ClInPc is 1.66 ± 0.1 eV, the HOMO onset is 0.95 ± 0.05 eV, and peak width is 0.73 ± 0.1 

eV.  For 64 Å ClAlPc the final HOMO peak position is 1.73 ± 0.1 eV, the HOMO onset 

is 1.08 ± 0.05 eV, and the peak width is 0.68 ± 0.1 eV.  The peak widths of the trivalent 

phthalocyanine HOMOs are somewhat broader than average for organic semiconductors, 

possibly indicative of disorder or multiple structured domains within the organic film. 

 The HOMO region of the UPS spectra shows a clear shift in the phthalocyanine 

HOMO peaks with increasing coverage for both trivalent phthalocyanine /PTCDA 

heterojunctions.  Figure 5.8 shows the HOMO and vacuum level shifts with 



 

 

260

17.5 17.0 16.5 16.0 15.5

0

20000

40000

60000

80000

100000

120000

140000

4 3 2 1 0

0

1000

2000

3000

4000

5000

6000

7000

17.5 17.0 16.5 16.0

0

10000

20000

30000

40000

50000

60000

70000

4 3 2 1 0

0

1000

2000

3000

4000

5000

a)

eV

b)
 Au
 PTCDA
 2 A ClInPc
 4 A
 8 A
 16 A
 32 A
 64 A
 96 A

eV
c)

eV

d)
 Au
 PTCDA
 2 A ClAlPc
 4 A
 8 A
 16 A
 32 A
 64 A
 96 A

eV
 

Figure 5.6 UPS Spectra of a) and b) ClInPc and c) and d) ClAlPc Phthalocyanine 
heterojunctions with PTCDA.  
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phthalocyanine coverage.  In the UPS spectra in Figure 5.6b the HOMO peak grows with 

little shift in energy through 16 Å, but then shifts dramatically towards EF Au with 

increasing thickness.  At the lowest coverage of 2 Å ClInPc the HOMO onset is at 1.53 ± 

0.1 eV and the HOMO peak is at 1.92 ± 0.1 eV.  At 4 Å the HOMO onset is at 1.42 ± 

0.05 eV and the peak is at 1.97± 0.1 eV.  The HOMO onset and peak continue shifting 

gradually from through 96 Å, the total shift within the ClInPc phthalocyanine HOMO is 

0.66± 0.1 eV for the HOMO onset and 0.31± 0.1 eV for the HOMO peak.  Figure 5.6d 

shows a similar progression for a ClAlPc/PTCDA heterojunction, except that the HOMO 

peak energy shift is over lower ClAlPc coverages.  The HOMO onset for 2 Å ClAlPc is at 

1.57 ± 0.1 eV and the HOMO peak is centered at 2.02± 0.1 eV.  At 8 Å the HOMO onset 

has shifted to 1.46 ± 0.05 eV and the HOMO peak is at 1.94 ± 0.1 eV, at 16 Å the HOMO 

onset further shifts to 1.26 ± 0.05 eV and peak shifts to 1.88 ± 0.1 eV, and at 32 Å most 

shifting is complete and the HOMO onset is at 1.06 ± 0.05 eV and the HOMO peak is 

1.77 ± 0.1 eV.  The total shift for the ClAlPc phthalocyanine HOMO is 0.63± 0.1 eV for 

the HOMO onset and 0.35± 0.1 eV for the HOMO peak. 

 
Chloroindium Phthalocyanine on C4-PTCDI and Chloroaluminum Phthalocyanine 
on C4-PTCDI 
 
 Figure 5.7 contains the UPS spectra for heterojunctions of the same trivalent 

metal phthalocyanines with C4-PTCDI.  The low kinetic energy cutoff for ClInPc on C4-

PTCDI shifts minimally, remaining within 0.05 eV of the initial position on the higher 

kinetic energy side until 64 Å when the shift totals 0.09 ± 0.05eV.  The low kinetic 

energy cutoff for ClAlPc on C4-PTCDI remains within 0.05 eV of the C4-PTCDI  
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Figure 5.7 UPS Spectra of a) and b) ClInPc and c) and d) ClAlPc Phthalocyanine 
heterojunctions with C4-PTCDI.  
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position through 64 Å phthalocyanine coverage.  The vacuum level is not considered to 

shift for either ClInPc and ClAlPc since no clear shifts in the low KE cutoff are observed.  

An argument for a 0.1± 0.1eV shift could be made for the ClInPc/C4-PTCDI 

heterojunction with the shift taking place entirely at higher coverages. 

 The ionization potential of C4-PTCDI is 6.23 ± 0.1 eV for both a 150 Å C4-

PTCDI film for the ClInPc heterojunction and a 180 Å C4-PTCDI film for the ClAlPc 

heterojunction. The C4-PTCDI HOMO peak position is 2.86 ± 0.1 eV for the ClInPc 

sample with a HOMO onset of 2.21 ± 0.05 eV and peak width of 0.66 ± 0.1 eV.  For the 

ClAlPc sample, the C4-PTCDI HOMO peak position is 2.80 ± 0.05 eV, HOMO onset is 

2.16 ± 0.05 eV and the peak width is 0.71 ± 0.1 eV. 

 In Figure 5.7a, the low KE cutoff for C4-PTCDI is 17.18 ± 0.05eV and the 

deposition of 2 Å ClInPc shifts the cutoff by only 0.06 ± 0.05eV.  The low KE cutoffs at 

succeeding coverages of 4, 8, 16, and 32 Å do not significantly differ at 0.05, 0.05, 0.02, 

and 0.01 ± 0.05eV from the initial C4-PTCDI cutoff.  Only for 64 Å at 0.08 ± 0.05eV and 

128 Å at 0.17± 0.05eV does the low KE cutoff shift a statistically significant amount.  In 

Figure 5.7c for the ClAlPc/C4-PTCDI heterojunction, the bare C4-PTCDI low KE cutoff 

is at 17.13± 0.05eV and with the addition of 2 Å ClAlPc the low KE shifts by 0.02± 

0.05eV.  Succeeding coverages of 4 through 64 Å show little difference with low KE 

cutoff energies of 0.05 to -0.01 ± 0.05eV.  At 96 Å ClAlPc the low KE cutoff has shifted 

by 0.08 ± 0.05eV.  For both heterojunctions the low KE cutoff remains within 0.1eV of 

the initial C4-PTCDI low KE cutoff at all coverages except the highest measured.  
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Figure 5.8 Vacuum level shifts vs. PTCD low KE cutoff and HOMO onset and HOMO 
peak energies (1 = PTCD, 2 = Phthalocyanine) vs. EF Au for a) ClInPc/PTCDA, b) 
ClAlPc/PTCDA, c) ClInPc/C4-PTCDI, and d) ClAlPc/C4-PTCDI heterojunctions. 
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 As seen in Figure 5.7 and 5.8, the HOMO region exhibits no significant shifts 

with increasing trivalent phthalocyanine coverage for the C4-PTCDI heterojunctions.  

The phthalocyanine HOMO peaks increase in intensity with increasing coverage but 

neither the peak nor onset energies shift.  The initial HOMO for 2 Å ClInPc is very small 

and difficult to fit, at 4 Å the HOMO onset is 0.91 ± 0.05eV and peak position is 1.65 ± 

0.1eV.  From 8 Å to 64 Å the HOMO onset remains between is 0.93 and 0.98 ± 0.05eV 

and the peak position between 1.63 and 1.57 ± 0.1eV.  The ClAlPc/C4-PTCDI 

heterojunction is similar.  At the lowest ClAlPc coverage of 2 Å, the phthalocyanine 

HOMO onset is at 1.11± 0.1eV and the HOMO peak is centered at 1.71± 0.1eV.  At 4 Å 

the HOMO onset is at 1.14± 0.05eV and peak is at 1.69± 0.1eV and at 8 Å the HOMO 

onset is at 1.03± 0.05eV and the peak is at 1.62 ± 0.1eV. After the lowest two coverages, 

all coverages at and above 8 Å have statistically the same HOMO peak energy of 1.60± 

0.1eV.  The HOMO onset shifts slightly from 1.05± 0.05eV at 16 Å, to 1.00 ± 0.05eV at 

32 Å, 0.99 ± 0.05eV at 64 Å, and 0.94 ± 0.05eV at 96 Å.   

 

 XPS data was measured for only one ClAlPc/PTCDA heterojunction and one 

ClAlPc/C4-PTCDI heterojunction.  In the PTCDA heterojunction, the O (1s) peaks from 

PTCDA do not shift significantly at any coverage but the N (1s) peak from ClAlPc does 

shift a total of -0.37 ± 0.05eV.  The shift of the single N (1s) peak follows the HOMO 

peak and low KE cutoff shift in the UPS spectra.  This has been identified as a sign of 

bandbending within the second organic layer,33 although the actual nature of this shift is 
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not generally agreed upon for organic semiconductors.  In the ClAlPc/C4-PTCDI 

heterojunction, neither the O (1s) nor N (1s) from C4-PTCDI shift with coverage.  The N 

(1s) from ClAlPc appears to shift by approximately -0.1eV by 16Å where it remains 

±0.05eV for all coverages through 200Å.  Overall, the ClAlPc XPS peak shifts closely 

follow the ClAlPc UPS HOMO peak shift at the same coverages. 
  

 Discussion of Trivalent Phthalocyanine Heterojunctions 

 The ClInPc/C4-PTCDI and ClAlPc/C4-PTCDI heterojunctions show essentially 

no vacuum level shift, seemingly consistent with the theory that closed-shell organic 

molecules should not interact significantly and should have common vacuum levels.  

ClInPc/PTCDA and ClAlPc/PTCDA are the most unusual of the organic/organic 

heterojunctions; with their negative vacuum level shifts they seem to defy the expectation 

of charge equilibration by movement of electrons from lower to higher ionization 

potential molecular semiconductors.  However, if the vacuum level shifts are determined 

by the charge redistribution required to achieve Fermi level alignment between the two 

organic semiconductor layers rather than being determined solely by the relative energy 

of the filled HOMO orbitals the direction of the shifts is more logical.  The differing 

vacuum level shifts required to achieve similar Fermi level alignment are indicative of 

different interactions at the PTCDA and C4-PTCDI interfaces. 

  Figure 5.9 contains energy level diagrams for the trivalent phthalocyanine/PTCD 

derivative organic/organic heterojunctions.  The optical LUMO of PTCDA and C4-

PTCDI in all heterojunctions is pinned within 0.2eV of zero, the Fermi level of the 

photoelectron spectrometer and underlying gold foil.  For thicker (64Å) trivalent  
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Figure 5.9 Energy Level Alignment Diagrams – a) ClInPc/PTCDA, b) ClAlPc/PTCDA, 
c) ClInPc/C4-PTCDI, and d) ClAlPc/C4-PTCDI.  
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phthalocyanine coverages the Fermi level falls midway between the HOMO and transport 

LUMO orbitals for both PTCDA and C4-PTCDI heterojunctions.  For the initial 

heterojunction, i.e. at low phthalocyanine coverages, the alignment of the phthalocyanine 

orbitals differs depending on whether the first organic layer is PTCDA or C4-PTCDI.  On 

PTCDA, the phthalocyanine energy level alignment is different at the interface from the 

bulk. 

 In Figure 5.9a the vacuum level increases from bare PTCDA with a total 

magnitude of -0.31± 0.1 eV with the addition of ClInPc.  The PTCDA hole injection 

barrier is 2.24 ± 0.1 eV and the hole injection barrier for ClInPc changes with thickness 

from 1.53 ± 0.1 eV at 2 Å to 0.88 ± 0.1 eV at 96 Å, giving a Vb of 0.65eV.  The optical 

LUMO of PTCDA is at 0.04 ± 0.2 eV and the optical LUMO of the lowest 

phthalocyanine coverage is also near zero at -0.07± 0.2 eV.  Because the frontier orbital 

energies shift continuously with coverage a single, representative transport Fermi energy 

cannot be chosen.  The transport Fermi energy for ClInPc ranges from 0.43 ± 0.5 eV at 2 

Å to -0.22± 0.5 eV at 96 Å, crossing zero at approximately 40 Å. 

 The ClAlPc/PTCDA heterojunction in Figure 5.9b behaves similarly.  The 

vacuum level increases with increasing ClAlPc coverage and the frontier orbital energies 

shift continually with coverage, although the shifting slows dramatically above 32 Å 

whereas the ClInPc/PTCDA shift was more consistently distributed over all coverages.   

The total vacuum level shift is -0.28 ± 0.1 eV.  The PTCDA hole injection barrier is 2.42 

± 0.1 eV and the ClAlPc hole injection barrier ranges from 1.57± 0.1 eV at 2 Å to 0.94± 

0.1 eV at 96 Å, giving a Vb of 0.63eV.  The optical LUMO of PTCDA is at 0.22± 0.2 eV 
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and the optical LUMO of the lowest ClAlPc coverage is -0.03± 0.2 eV.  The low 

coverage transport Fermi energy of ClAlPc begins at 0.47± 0.5 eV for 2 Å and reaches -

0.04± 0.5 eV at 32 Å.  It remains near zero at -0.02± 0.5 eV at 64 Å and -0.16± 0.5 eV at 

96 Å. 

 The trivalent phthalocyanines do not exhibit continual shifting for either of the 

C4-PTCDI heterojunctions.  The vacuum level does not shift significantly and all frontier 

orbital energy levels remain within a small deviation of the same alignment from 8 Å to 

100Å.  In the ClInPc/C4-PTCDI heterojunction the hole injection barrier is 2.21± 0.1 eV 

for the bare C4-PTCDI and 0.95± 0.1 eV for ClInPc.  The optical LUMO for C4-PTCDI 

is 0.01± 0.2 eV but even for the lowest coverage the optical LUMO of ClInPc is more 

than 0.5eV above zero.  The transport Fermi level for ClInPc is approximately -0.15± 0.5 

eV for all coverages above 2 Å.  In the ClAlPc/C4-PTCDI heterojunction, the hole 

injection barrier is 2.16 ± 0.1 eV for the bare C4-PTCDI and 1.0± 0.1 eV for ClAlPc for 

all coverages above one monolayer.  The optical LUMO of C4-PTCDI is -0.04± 0.2 eV 

and again the optical LUMO of the ClAlPc is at or above 0.5eV for all coverages.  The 

transport Fermi level of ClAlPc is approximately 0.10± 0.5 eV for all coverages above 

8Å. 

 The alignment difference of the phthalocyanine orbitals at low coverages 

depending on PTCDA or C4-PTCDI underlayers was not entirely expected.  Given that 

both PTCD materials have similar ionization potentials, optical and transport bandgap 

energies, and hole injection barriers, plus the same electronic core within each molecule, 

the striking differences in the UPS spectra for trivalent phthalocyanine heterojunctions 
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are remarkable.  The differences for divalent phthalocyanine /PTCD heterojunctions were 

much more subtle.  The negative vacuum level shift present for PTCDA and absent for 

C4-PTCDI indicates a difference between the two PTCD derivative heterojunctions as 

well. 

 The ClAlPc HOMO peak on C4-PTCDI at low coverages appears at very nearly 

the same binding energy as the HOMO peak for the highest coverages measured.  For this 

heterojunction the HOMO peak energy is 1.71± 0.1eV from EF Au at the lowest 

coverage and is 1.60 ± 0.1 eV at the final thicknesses and the HOMO onset varies only 

from 1.1± 0.1 eV to 0.9 ± 0.1 eV at higher coverages.  The ClAlPc peak width is 

approximately 0.6± 0.1 eV for all coverages.  The initial frontier orbital energy level 

alignment, or certainly the alignment achieved by one monolayer, changes little for all 

further coverages.  The transport Fermi level of the phthalocyanines is aligned with the 

optical LUMO of the C4-PTCDI even at the lowest coverages.  Essentially the initial 

frontier orbital energy level alignment has already achieved Fermi level equilibration, 

apparently without requiring an interface dipole or vacuum level shift to do so. 

 Heterojunctions for ClAlPc and ClInPc with PTCDA develop differently, the 

frontier orbital energy level alignments change significantly from initial coverages to 

increased phthalocyanine thicknesses.  At the initial coverage of trivalent phthalocyanine 

the phthalocyanine HOMO peak and onset are at binding energies much further from EF 

Au than for any other phthalocyanine in any other heterojunction.  As coverage increases, 

the HOMO peak broadens and both the HOMO peak energy and the HOMO onset energy 



 

 

271

decrease in binding energy.  The ClAlPc HOMO on PTCDA first appears centered at 

2.02 ± 0.1 eV with a width of 0.5 ± 0.1 eV, but ultimately shifts to 1.7 ± 0.1 eV with a 

width of 0.7± 0.1 eV for all coverages above 32Å.  The HOMO onset shifts from 1.57 ± 

0.1 eV for the lowest coverage of ClAlPc measured to 0.94± 0.1 eV for the highest 

coverage of ClAlPc. 

 Figure 5.10 compares the shifts in low KE cutoffs and HOMO peak and onset for 

a) PTCDA and b) C4-PTCDI heterojunctions.  The data from four separate 

heterojunctions are pooled and different symbols are used to indicate the shift in low 

kinetic energy (dark squares), HOMO onset energy (solid circles), and HOMO peak 

energy (outlined triangles).  These changes in the UPS spectra of the ClAlPc and ClInPc 

HOMO orbitals are some of the most consistently reproducible results of all 

organic/organic heterojunctions studied.  All heterojunctions consistently demonstrated 

these patterns with very nearly the same magnitude.  Whatever the explanation for the 

shifts in the HOMO and low KE cutoff edge, it is a well controlled process and is not 

affected by day-to-day variations in surface roughness or deposition rate.  Although 

PTCDA and C4-PTCDI are extremely different, ClAlPc and ClInPc heterojunctions are 

so similar as to be essentially identical and are compared together. 

 In Figure 5.10a it is clear that the HOMO onset, HOMO peak, and low kinetic 

energy cutoff of the UPS spectra for PTCDA heterojunctions all shift in the same 

direction.  The HOMO peak and low KE cutoff shift with approximately equal 

magnitudes.  The HOMO onset, however, shifts roughly twice as much for each 

coverage.  Both the HOMO peak and low kinetic energy cutoff shift by approximately 
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0.3eV by 100Å thickness but the HOMO onset shifts by 0.6eV on average.  The 

ionization potentials for the trivalent phthalocyanine/ PTCDA heterojunctions therefore 

change with coverage: the peak ionization potential is relatively constant at 6.15± 0.1eV 

for all coverages, but the cutoff ionization potential decreases from 5.7± 0.1eV for initial 

coverages to 5.4eV± 0.1eV for 32Å and higher phthalocyanine coverages.   
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Figure 5.10  Shift in HOMO onset (circles), HOMO peak (open triangles), and vacuum 
level shift or low KE cutoff (squares) for heterojunctions of ClAlPc and ClInPc with a) 
PTCDA and b) C4-PTCDI and hole injection barrier for all heterojunctions of ClAlPc 
and ClInPc with c) PTCDA and d) C4-PTCDI.   
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  For all C4-PTCDI heterojunctions, the HOMO onset at all coverages remains 

within a range of ca. 0.1-0.2eV.  Figure 5.10b shows the absence of overall shifting for 

all of the orbital energies for C4-PTCDI heterojunctions as a function of phthalocyanine 

coverage.  Only a general shift by -0.1eV can be possibly identified and that is far from 

compelling.  The ionization potential for C4-PTCDI is likewise steady over all coverages 

at 5.65± 0.1eV for the peak ionization potential and 5.05± 0.1eV for the cutoff ionization 

potential.  Altogether, trivalent phthalocyanines appear invariant with coverage when 

deposited on a C4-PTCDI organic layer. 

 The HOMO onset binding energy with respect to EF Au, ΦBh, is plotted in 

Figures 5.10c and d for the same four trivalent phthalocyanine heterojunctions.  The hole 

injection barrier for trivalent phthalocyanines on C4-PTCDI in Figure 5.10d shows little 

variation in energy either with coverage or among the different heterojunctions.  For all 

heterojunctions the initial C4-PTCDI ΦBh is very close to 2.2eV and the phthalocyanine 

ΦBh is very near 1.0eV.  The phthalocyanine hole injection barriers in PTCDA 

heterojunctions in Figure 5.10c change far more both with coverage and from 

heterojunction to heterojunction.  The phthalocyanine HOMO onset on PTCDA 

decreases ca. 0.6eV from low coverages to the highest coverages.  The HOMO onset 

starts at a higher binding energy than the C4-PTCDI heterojunctions and ultimately ends 

at equal or lower binding energies than the C4-PTCDI heterojunctions. 

 The initial hole injection barrier for PTCDA in Figure 5.10c varies more than the 

C4-PTCDI ΦBh in Figure 5.10d (compare the PTCD HOMO onsets at 0Å 

phthalocyanine in both graphs) and this difference is propagated through the 
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phthalocyanine hole injection barriers.  If this initial variation is corrected for then the 

HOMO onset of the phthalocyanine agrees closely for all heterojunctions, particularly at 

higher coverages.  This close relationship between the PTCDA HOMO orbital and the 

phthalocyanine HOMO orbital is extremely significant and indicates how fully the two 

organic semiconductor materials interact and that charge equilibration definitely occurs.  

The PTCDA organic Fermi energy with respect to gold is determined by pinning but is 

not always exactly the same energy from the gold Fermi edge, with the HOMO pinned 

from 2.0 eV to 2.4eV from EF Au as measured by UPS even though the optical bandgap 

is 2.2eV.  That the Fermi energy of the phthalocyanine is aligned with the PTCDA Fermi 

level (which is inferred) rather than the buried gold Fermi energy (which is measured) is 

shown by the dependence of the phthalocyanine ΦBh on the PTCDA ΦBh.  Clearly the 

two organic layers achieve Fermi level alignment and while the buried gold Fermi level is 

important, it should not be blindly believed to be the decisive determinant of organic 

Fermi level alignment. 

 

5.2.3 Origin of PTCDA vs. C4-PTCDI Differences 

 The difference between the trivalent phthalocyanine layers deposited on PTCDA 

and C4-PTCDI have several possible origins.  One possibility is that an interfacial 

reaction occurs between PTCDA and phthalocyanines but does not occur between C4-

PTCDI and the same phthalocyanines.  Another possibility is that a different polymorph 

of trivalent phthalocyanine grows on the different underlying PTCD organic layers.  The 

different growth of a phthalocyanine such as ClAlPc could result in varying net dipole 
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moments perpendicular to the surface which could effect the frontier orbital energy level 

alignment and could result in thin films with slightly different ionization potentials.  

 Other possible factors could contribute to these differences, however none fit as 

well as interfacial reaction or different polymorph formation.  Unintentional doping could 

explain some of the differences, but to explain the different results the dopant would have 

to be introduced within the PTCDA or as a direct result of PTCDA/ClAlPc reaction since 

intrinsic doping differences in ClAlPc can be excluded because the same material from 

the same deposition sources were used for all heterojunctions and C4-PTCDI shows no 

sign of doping.  Sample damage from X-Rays or UV photons during measurement may 

also be considered a possible source of dopants, but the consistency of the shifts in 

multiple heterojunctions collected months apart and on multiple spectrometers with 

different He(I) ionization source intensities makes this unlikely. 

 

Interfacial Reaction 

 A reaction at the interface is somewhat plausible.  The anhydride group in 

PTCDA is known to be reactive and has been shown to react with indium and aluminum 

metal atoms.51,52 It is difficult to determine experimentally whether any reaction occurs at 

the interface with the techniques available within the vacuum system.  XPS could 

potentially help measure this but because only a minute percentage of the PTCDA 

molecules (small fraction of the top monolayer out of 100-150Å thick film) could react, a 

reaction would not be expected to affect enough molecules to be above the XPS detection 

limit.  Chloride and aluminum have very low XPS cross-sections and although indium 
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has a higher cross-section, In (3d) XPS data collected for ClInPc/PTCDA previously in 

this research group did not show any evidence of interfacial indium reaction33 so there is 

no compelling evidence for an interfacial reaction with PTCDA but neither is it 

eliminated as a possibility. 

 The interfacial alignment of the LUMO orbitals of PTCDA and ClAlPc at the 

lowest coverages is actually the strongest reason to believe that interfacial charge transfer 

occurs.  The optical LUMO of the phthalocyanines and the optical LUMO of PTCDA are 

aligned at low coverages as shown in Figure 5.9.  Some electrons must be present in the 

LUMO orbitals of PTCDA because the optical LUMO of PTCDA is involved in pinning 

its organic Fermi level.  Having the optical LUMO of the ClAlPc and ClInPc at the same 

energy as the optical LUMO of the PTCDA suggests some electron transfer into the 

phthalocyanine LUMO as well.48  As phthalocyanine thickness increases, the 

phthalocyanine molecules with no interfacial contact gradually shift the frontier orbital 

energies to the equilibrium levels for undoped phthalocyanine.  UPS spectra show the 

HOMO peak and onset moving away from the PTCDA orbital energies and towards the 

gold Fermi level, the LUMO is assumed to move in the same direction by approximately 

the same magnitude.  By 100Å thickness the frontier orbitals of the phthalocyanine are 

aligned as expected for any undoped phthalocyanine and as measured for 

phthalocyanines deposited on C4-PTCDI.  This thicker alignment places the optical 

LUMO of the phthalocyanine 0.6-0.8eV above the optical LUMO of PTCDA which 

makes electron occupation of the phthalocyanine LUMO no longer favorable. 
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Structural Differences 

 Different packing structures may result from deposition on PTCDA and C4-

PTCDI, just as different packing structures can result from deposition of many organic 

semiconductors on different inorganic substrates.17,47,54,55  Even a small attractive 

interaction between the PTCDA surface molecules and ClAlPc molecules might change 

the ClAlPc packing structure by inhibiting the mobility of the deposited phthalocyanine 

molecules, thus changing the primary ClAlPc polymorph.45,46  It is possible that 

deposition on C4-PTCDI results in a more favorable ClAlPc packing arrangement 

because the terminal surface of C4-PTCDI contains a high percentage of alkyl chains 

which do not strongly interact with the ClAlPc molecules and therefore allow the 

molecules to migrate on the surface and find favorable phthalocyanine-phthalocyanine 

staggered molecule growth structures.  It is also possible that on C4-PTCDI, without 

exposed π electrons, the ClAlPc molecules lacks the energetic incentive to form a flat-

lying first monolayer and continue on to form a different bulk structure because of this 

initial difference.  In contrast, PTCDA has no alkyl chains and must expose its aromatic 

core and carbonyl and anhydride groups.  Even if the aggregate structure farther from the 

interface is not changed, the growth mode of lower coverage phthalocyanine layers on 

PTCDA may differ because molecule-molecule interactions have to compete with 

substrate-molecule interactions at low coverages.  This interfacial ordering may induce 

changes in higher coverage ordering or may simply change the ordering near the 

interface. 
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 The UPS spectra on C4-PTCDI suggest that phthalocyanine ordering at low 

coverages is the same as the ordering at higher coverages.  The central HOMO peak 

energy of the phthalocyanines does not shift with increasing phthalocyanine coverage and 

the phthalocyanine ionization potential does not change with coverage.  This implies that 

even at low coverages the phthalocyanine molecules aggregate in favorable structures 

and are stabilized by surrounding phthalocyanine molecules.  In contrast, on PTCDA the 

HOMO peak energy shifts towards lower binding energies with increasing coverage, 

suggesting that the average phthalocyanine molecule further from the interface is more 

stabilized and therefore likely in a more favorable aggregate structure.  This same 

stabilization of HOMO peak energy with increasing phthalocyanine thickness only on 

PTCDA but not C4-PTCDI was also seen for divalent phthalocyanine heterojunctions so 

the effect is not dependant on the trivalent phthalocyanine molecular dipole moments.  

Fluorescence spectroscopy for heterojunctions with PTCDA and C4-PTCDI in the next 

chapter also supports significant differences for trivalent phthalocyanines on the two 

PTCD derivatives.  Those results will be compared with the UPS differences in chapter 7 

and the overall conclusions about the heterojunctions will be discussed. 

 

 The cutoff ionization potential for ClAlPc was measured by Kera et al. with UPS 

to be ca. 5.4eV for bilayers of the staggered structure and ca. 5.7eV for an oriented 

monolayer, both on HOPG (with a vacuum level shift of 0.27eV between the two).40  In 

this work the average cutoff ionization potential of trivalent phthalocyanines on PTCDA 

is 5.4 ± 0.1 eV and the average cutoff ionization potential on C4-PTCDI is 5.05± 0.1 eV.  
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This difference is distinct with a very low standard deviation and no surfaces with 

ionization potentials between 5.1 and 5.3 eV so it could be caused by two distinct 

polymorphs of ClAlPc.  This would be similar to the known ionization potential 

differences for the α and β polymorphs of ZnPc and CuPc in which the change in 

phthalocyanine ring overlap is reflected by less stabilization in the α polymorph and 

therefore a 0.2-0.3eV higher ionization potential.53  Additional experimental techniques 

would be required to confirm different packing structures.  High resolution electron 

energy loss spectroscopy of ca. 100Å ClAlPc has found different orientations on HOPG 

and MoS2,54 and an X-ray diffraction study by Hasegawa and Sato showed that ClAlPc 

oriented flat-lying on quartz and both flat-lying and tilted ca. 60° when deposited on C1-

PTCDI.55 The actual structures for the different heterojunctions cannot be conclusively 

identified for this work, but a difference in polymorph would be a non-controversial 

source of the many differences between the trivalent phthalocyanine heterojunctions with 

PTCDA and C4-PTCDI in this work and is discussed further in the proceeding chapters. 

 

5.2.4 Reverse Deposition Order: Perylenes on Phthalocyanines 

 The role which molecular geometry of the organic semiconductor molecules plays 

in determining energy level realignment at interfaces is worth examining.  Possible 

considerations include whether cofacial alignment of molecules from each side of the 

interface is required for charge transfer and whether steric effects from the butyl chains in 

C4-PTCDI, directly or indirectly through differing bulk packing structures, may account 

for some or all of the differences between PTCDA and C4-PTCDI heterojunctions.  
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When PTCD derivatives are deposited as the first organic layer they are believed to orient 

preferentially with their conjugated electronic cores parallel to the surface for PTCDA 

and highly tilted for C4-PTCDI.16,17  Because the core is parallel to the surface in PTCDA 

it is extremely accessible to incoming phthalocyanine molecules, but C4-PTCDI is less 

accessible both because of the much higher molecular core tilt angle and from steric 

shielding by an effective layer of n-butyl chains. 

 By depositing a phthalocyanine layer first, then depositing PTCDA or C4-PTCDI, 

a test of the symmetry of the heterojunction energy level realignment is performed.  As 

incoming molecules the perylene cores should be accessible for both PTCD derivatives 

and the substrate phthalocyanine molecules should be equally accessible since they are 

deposited under the same conditions in both experiments.  Only a few reverse deposition 

experiments are performed since depositing the higher ionization potential PTCD 

derivatives on the lower ionization potential phthalocyanines result in UPS spectra that 

are difficult to interpret, particularly at low coverages. 

 

PTCDA on ZnPc 

 The first reverse deposition experiment presented is for a heterojunction formed 

by PTCDA deposition on ZnPc; the HOMO region of the UPS spectra is shown in Figure 

5.11a.  The HOMO peak of 140 Å bare zinc phthalocyanine is at 1.51 ± 0.05eV and the 

onset is 1.11± 0.05eV with a peak width of 0.4 ± 0.1eV.  Only subtle changes are 

observed in the UPS spectra when 2Å and 4 Å of PTCDA are deposited on the ZnPc 

layer.  The intensity of the HOMO peak decreases slightly but neither the peak position 
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nor cutoff shifts statistically.  With increasing coverage the HOMO shifts by ca. 0.06eV 

towards EF and becomes dramatically lower in intensity as a result of the increasing 

thickness of PTCDA on the sample surface.  By 64 Å the ZnPc HOMO is very low and 

the PTCDA HOMO is clearly resolved from the ZnPc near frontier orbital background 

peaks.  Because the PTCDA HOMO is close in energy to the ZnPc HOMO-1 it is not 

possible to analyze the PTCDA orbitals at low coverages, the PTCDA HOMO does not 

shift in energy with coverage above 32 Å, the lowest coverage for which fitting is 

possible.  The PTCDA HOMO is indicated within Figure 5.11a by an “*” symbol and has 

a peak position of 3.01 ± 0.1eV and an onset position of 2.43 ± 0.1eV.  The cutoff  
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Figure 5.11 a) HOMO region of UPS Spectra and b) energy level diagram for reverse 
deposition experiment PTCDA on ZnPc. 
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ionization potential for 96 Å PTCDA is 6.87± 0.1eV and the peak ionization potential is  

7.41± 0.1eV, higher than the average ionization potential for PTCDA but the ZnPc onset 

ionization potential and gold work function were also both on the high side at 5.38 ±  

0.1eV and 5.24 ± 0.1eV, respectively.  The ZnPc low KE cutoff is at 16.93 ± 0.05eV 

which shifts to higher kinetic energies by 0.05 ± 0.05eV from the ZnPc cutoff for both 

2Å and 4Å PTCDA.  For 8 Å and all higher coverage the low KE cutoff is 0.15 ± 0.05eV  

from ZnPc.  The overall direction of low KE shift is towards higher kinetic energies, 

opposite the direction of the shift for ZnPc on PTCDA, and the total magnitude is -0.15± 

0.1eV. 

 Figure 5.11b contains an energy level diagram for the ZnPc/PTCDA 

heterojunction.  The organic Fermi level of ZnPc layer, halfway between the HOMO and 

transport LUMO, is aligned with the Fermi level of the underlying gold substrate.  The 

organic Fermi level of PTCDA is slightly below the ZnPc and Au Fermi levels, but not 

significantly more so.  The PTCDA HOMO onset in this case is 2.43 ± 0.1eV and 

therefore the organic Fermi energy in this case of 0.23 ± 0.5 eV substantially agrees with 

Fermi level alignment.  The vacuum level shift of -0.15± 0.21V is, as expected, in the 

opposite direction from the conventional PTCDA/ZnPc heterojunction shift and the 

magnitude is not far from the conventional heterojunction shift of 0.21 ± 0.1eV. 
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C4-PTCDI on ClAlPc 

For the second reverse deposition experiment, C4-PTCDI is deposited on a 150 Å 

ClAlPc thin film.  This heterojunction displays two significant energy level shifts, one 

abrupt shift immediately with the lowest C4-PTCDI deposition and the other a gradual 

shift with coverage more typical of the other organic/organic heterojunctions studied.  

The low kinetic energy cutoff of the spectra, seen in Figure 5.12a, shifts to lower kinetic 

energies by 0.26 ± 0.1 eV with 2 Å C4-PTCDI deposition and by 96 Å C4-PTCDI the 

vacuum level shift totals 0.54 ± 0.1 eV.  Figure 5.12b shows that the HOMO peak for 

ClAlPc is at 1.38 ± 0.1 eV from EF Au, the peak width is 0.64 ± 0.1 eV, and the HOMO 

onset is at 0.73 ± 0.05 eV.  The ClAlPc HOMO onset with 2 Å C4-PTCDI deposition is  
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Figure 5.12 UPS Spectra of Reverse Deposition Experiments: C4-PTCDI on ClAlPc  
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at 1.05 ± 0.05 eV, the HOMO peak is at 1.53± 0.1 eV, and the peak width is only 0.48 ± 

0.1 eV.  The cutoff and peak ionization potentials of the ClAlPc layer are 5.37± 0.1 eV 

and 6.02± 0.1 eV before deposition and 5.44± 0.1 eV and 5.91± 0.1 eV with 2 Å C4-

PTCDI deposition.  These ionization potentials are higher than ClAlPc on C4-PTCDI but 

match the ionization potentials of ClAlPc on PTCDA and are not changed significantly 

with C4-PTCDI deposition. 

There is some ambiguity as to whether the initial shifts with C4-PTCDI 

deposition represent an interface dipole or whether the shifts merely result from structural 

reorganization within the ClAlPc thin film.  A series of UPS spectra were collected for 

the complete 150 Å ClAlPc layer before C4-PTCDI deposition and over this series the 

HOMO peak and low KE cutoff gradually shifted away from EF Au by ca. 0.25eV total.  

This shift was unnoticed at the time but, given the strong energetic motivation for the 

favored alternating dipole bulk structure and the relatively warm surface which enables 

molecular movement on the surface, it appears possible that molecular rearrangement 

was occurring and an equilibrium ClAlPc surface had not been reached.  Phthalocyanines 

are known to form different polymorphs and follow different growth modes based on 

deposition rates, temperatures, and substrates as well as sometimes rearrange over 

time14,15,50 and this change in morphology may appear in the UPS spectra as a shift in 

valence orbital photoemission energy and ionization potential.40,53  This was not a 

significant issue when phthalocyanines were deposited on PTCD derivative layers 

because the deposition quantities were small and any rearrangement could take place on a 

faster time scale.  However, when the phthalocyanines are the initial layer and are 
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deposited 100-200Å in a single deposition, the larger quantity of molecules requires the 

rearrangement to take place on a much larger time scale. 

The ClAlPc layer in this heterojunction sat for less than one hour and, while the 

HOMO peak and low KE cutoff shifted by ca. 0.3eV, the HOMO onset shifted only by 

ca. 0.1eV.  With the first deposition of C4-PTCDI, the ClAlPc HOMO onset shifted in 

the same direction by approximately 0.3eV and the HOMO peak and low KE cutoff 

shifted by close to 0.1eV, thus bringing the total shift of all features to approximately 

0.4eV.  The shift of the HOMO peak before the onset indicates that the average ClAlPc 

molecule energy had already shifted while some ClAlPc molecules remained at high 

energies, the cutoffs of the UPS spectra always take their energies from the molecules 

with either the highest energy (HOMO onset) or lowest energy (low KE cutoff) and are 

therefore susceptible to disproportionate representation.  The ClAlPc HOMO peak width 

does not change with time prior to deposition but narrows dramatically with the addition 

of C4-PTCDI, indicating that regardless of ClAlPc morphology considerations the C4-

PTCDI results in some interfacial effect.   

XPS would have been useful in characterizing this abrupt shift but was 

unfortunately not available.  A very few other heterojunctions had phthalocyanine 

HOMO peaks with onsets near 0.7eV rather than the more common 1eV.  This was not 

reproducible but happened just enough that it likely represents a real phenomenon, 

although not often enough to determine its source.  It only occurs in combination with 

wider primary orbital peaks and usually as a shoulder to a HOMO peak at the usual 

binding energy and may be a sign of segregated domains with different polymorphs.  By 
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the analysis of ClAlPc on HOPG by Kera et al., this lower binding energy onset could be 

caused by small domains of molecules oriented with the Cl atom facing outwards and not 

balanced by molecules facing towards the substrate.40 This is very intriguing but results 

in this work are not sufficient to confirm the applicability of this interpretation in this 

setting. 

Whether the initial ClAlPc UPS spectrum is an accurate portrait of the first 

organic layer in the heterojunction is uncertain so shifts from the ClAlPc HOMO in the 2 

Å C4-PTCDI spectrum as well as the bare ClAlPc spectrum HOMO are reported. 

Without this consideration the total shift for the heterojunction may be overvalued.  All 

final energy level positions are believed to be correct however.  The initial workfunction 

of the gold substrate was 5.03± 0.1 eV and the Fermi cutoff position matched the Fermi 

energy measured for all gold substrates measured on other days, so the performance of 

the spectrometer and quality of the gold substrate are not in doubt.   

As seen in Figure 5.12b, the final pre-deposition HOMO peak for ClAlPc is 1.38 

± 0.1 eV from EF Au and the HOMO onset is 0.73 ± 0.05 eV.  For initial C4-PTCDI 

coverages the C4-PTCDI HOMO cannot be seen above the ClAlPc photoelectron 

background.  The ClAlPc HOMO onset is at 1.05 ± 0.05 eV for 2 Å, 1.13± 0.05 eV for 4 

Å, 1.18 ± 0.05 eV for 8 Å, and 1.17± 0.05 eV for 16 Å.  The HOMO peak is at 1.53± 0.1 

eV for 2 Å, 1.57± 0.1 eV for 4 Å, 1.59± 0.1eV for 8 Å, and 1.66 ± 0.1 eV for 16 Å, 

respectively.  At coverages above 16 Å the ClAlPc HOMO peak is too small to fit well.  

At 8 Å the C4-PTCDI HOMO can just be distinguished over the background and at 16 Å 

the HOMO peak of C4-PTCDI well enough resolved to fit.  The HOMO onset for C4-
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PTCDI is 2.15 ± 0.05 eV and the C4-PTCDI HOMO peak energy is 2.77 ± 0.1 eV.  The 

C4-PTCDI HOMO peak width is 0.61 ± 0.05 eV and the cutoff and peak ionization 

potentials at 96 Å C4-PTCDI are 6.26± 0.1 eV and 6.89 ± 0.1 eV, respectively.  The 

HOMO onset difference from bare ClAlPc to C4-PTCDI is 1.42 ± 0.1 eV and the HOMO 

onset difference from the ClAlPc HOMO at 2 Å to the C4-PTCDI HOMO at 96 Å is 1.10 

± 0.1 eV.  The differences in the two organics’ HOMO peak energy over the same two 

ranges is 1.41± 0.1 eV and 1.26 ± 0.1 eV. 

 The low kinetic energy (high binding energy) edge of the UPS spectra for this 

heterojunction, shown in Figure 5.12a, illustrates a similar pattern.  The low KE cutoff of 

the ClAlPc spectrum shifts to lower kinetic energies over time by ca. 0.25 eV before any 

C4-PTCDI deposition (not shown).  With C4-PTCDI deposition the low KE cutoff shifts 

again toward lower kinetic energies by 0.26± 0.1 eV.  The final pre-deposition ClAlPc 

low KE cutoff is 16.56± 0.05 eV and with 2Å C4-PTCDI the low KE cutoff is 16.82± 

0.05 eV.  Smaller shifts towards low kinetic energies are observed for each successive 

C4-PTCDI coverage.  At 4 Å the low KE cutoff is 16.89± 0.05 eV, at 8 Å it is 16.91± 

0.05 eV, at 16 Å it is 17.00± 0.05 eV, at 32 Å it is 17.04± 0.05 eV, at 64 Å it is 17.09± 

0.05 eV, and at 96 Å the low KE cutoff is 17.10 ± 0.05 eV.  The total shift from bare 

ClAlPc to 96 Å is 0.54 ± 0.1 eV and the shift between 2 Å and 96 Å C4-PTCDI is 0.28 ± 

0.1 eV.  Given the uncertainty of the initial ClAlPc UPS spectrum, the total vacuum level 

shift for the ClAlPc/C4-PTCDI heterojunction is almost certainly somewhere between 

these two values. 
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 Figure 5.13 contains an energy level diagram for this heterojunction.  Besides the 

unexpected shifts from bare ClAlPc to the initial submonolayer C4-PTCDI deposition, 

the results of this organic/organic heterojunction are similar to a mixture of the forward 

PTCDA/ClAlPc and C4-PTCDI/ClAlPc heterojunctions.  The vacuum level shift of 0.28 

± 0.1 eV (or 0.54± 0.1 eV) is opposite in direction and similar in magnitude to the 

PTCDA/ClAlPc heterojunction (-0.3± 0.1 eV).  The final energetic alignment, hole 

injection barrier, and ionization potential of the C4-PTCDI is very similar to the C4-

PTCDI in the C4-PTCDI/ClAlPc heterojunction. 

 
 
Figure 5.13 Energy level diagrams for reverse deposition experiment for C4-PTCDI on 
ClAlPc.  
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Reverse Deposition Discussion 

 The reverse deposition experiments largely confirm that the organic 

semiconductor heterojunctions are energetically symmetrical; for at least the systems 

studied here the alignment of organic semiconductor frontier orbitals does not depend on 

the order in which layers are added.  When the ClAlPc layer is added to a C4-PTCDI 

layer, the low KE cutoff shifts towards higher kinetic energies.  When the C4-PTCDI 

layer is added to a ClAlPc layer, the low KE cutoff shifts towards lower kinetic energies 

by 0.28± 0.2eV.  The magnitudes of the shifts match reasonably well.  Perhaps more 

importantly, the HOMO onset positions and therefore hole injection barriers, ФBh, of the 

ClAlPc and the C4-PTCDI match for both deposition orders – normal order ClAlPc 0.99± 

0.1eV and C4-PTCDI 2.15± 0.1eV and reverse order ClAlPc 1.05± 0.1eV (with 2Å, 

0.73± 0.1eV bare) and C4-PTCDI 2.16± 0.1eV.  

 When ZnPc is deposited on PTCDA the low KE cutoff shifts to lower kinetic 

energies by 0.17± 0.1eV, when PTCDA is deposited on ZnPc the low KE cutoff shifts to 

higher kinetic energies by 0.15± 0.1eV.  With reversal of the deposition order the 

direction of shift is opposite and the magnitude of the shift is similar.  The HOMO onset 

positions also match well - normal order ZnPc 1.02 ± 0.1eV and PTCDA 2.29 ± 0.1eV 

and reverse order ZnPc 1.11± 0.1eV and PTCDA 2.43± 0.1eV.  These results confirm 

equilibration results in interfacial energy level alignment, and also confirm that molecular 

geometry does not play prohibitive role in interfacial energy level alignment since the 



 

 

290

ultimate alignment is the same for both deposition orders. This supports the existence of 

independent organic Fermi levels characteristic for each organic semiconductor. 

 

5.3 Organic/Organic UPS Results of Other Organic/Organic Heterojunctions  

 Fermi level alignment has been shown to control the energy level alignment at 

heterojunctions between PTCD derivatives and phthalocyanines.  Further, the position of 

the organic semiconductors’ Fermi levels within their bandgaps in organic/organic 

heterojunctions have shown to match the Fermi level position measured for the same 

organic semiconductor on gold.  At this point whether these conclusions are general or 

specific is examined by looking at a few different organic/organic heterojunctions.  The 

first different system contains a new organic semiconductor, TPD, in the position 

formerly occupied by phthalocyanines.  The second consists of a heterojunction of F4-

TCNQ and ZnPc in which interfacial charge transfer is expected. 

 

5.3.1 Higher Bandgap p-Type Organic Semiconductor: TPD Heterojunctions on 

PTCDA and C4-PTCDI 

Most of the organic/organic heterojunctions studied so far in this chapter are 

comprised of organic semiconductors used in organic photovoltaic devices.  TPD,  

N,N’-diphenyl-N-N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine], is more 

commonly used as a hole transport layer in organic light emitting diodes.  It is a p-type 

semiconductor with an ionization potential similar to most phthalocyanines (5.3eV), 

however it has a much larger bandgap (3.1eV) and smaller electron affinity, resulting in a 
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HOMO orbital at about the same energy as a phthalocyanine but a LUMO orbital at a 

much higher energy.57,58  Heterojunctions with TPD test the role that the LUMO plays in 

organic semiconductor energy realignment, either directly by alignment at its LUMO or 

by the different organic Fermi level from the phthalocyanines studied. 

 Figure 5.14 contains the UPS spectra for heterojunctions of TPD with PTCDA 

and C4-PTCDI.  As seen in Figure 5.14a, the low kinetic energy cutoff has a large shift 

for the TPD/PTCDA heterojunction, shifting by 0.4 ± 0.1eV towards lower kinetic 

energies.  In Figure 5.14c, the low kinetic energy cutoff for the TPD/C4-PTCDI shifts to 

lower kinetic energies by 0.2 ± 0.1eV.  For both heterojunctions the development of the 

TPD HOMO with increasing coverage, TPD ionization potential, and overall frontier 

orbital energy level alignment at the heterojunction are extremely similar; indicating a 

similar interfacial interaction and TPD growth mode and morphology. 

The ionization potential of 180 Å PTCDA prior to TPD deposition is 6.56 ± 

0.1eV, the HOMO peak is at 2.77 ± 0.1eV, the HOMO onset is at 2.23 ± 0.05eV, and the 

peak width is 0.6 ± 0.1eV.  As seen in Figure 5.14b the HOMO peak position for TPD is 

more complicated than usual because the HOMO and HOMO-1 peaks for TPD are 

similar in intensity and extremely close together in energy.57,58  At lower coverages of 

TPD the HOMO appears to be a single broad peak, but at higher coverages the HOMO is 

clearly composed of two overlapping peaks.  At submonolayer coverages the HOMO 

onset of TPD is 1.23 ± 0.1eV for 2 Å and 1.27± 0.1eV for 4 Å.  The HOMO onset shifts 

only slightly with increasing coverage, remaining within 0.1eV of 1.26eV for all 
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Figure 5.14 UPS Spectra of TPD heterojunction with a) and b) PTCDA and c) and d) 
C4-PTCDI. 
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 coverages.  The HOMO peak for 2 Å TPD fit with a single Gaussian peak is centered at 

1.98 ± 0.1eV.  A single peak fit is the only option for thicknesses below 16 Å, at all of 

which the HOMO peak remains within 0.05eV of 2.00eV; when a single peak fit is 

applied to higher coverages, the peak position remains at 2.00± 0.1eV, indicating the 

overall frontier orbital positions do not shift with TPD coverage.  Above 32Å the HOMO 

peak allows two peak fitting and for 64 Å TPD the HOMO peak is at 1.66 ± 0.1eV, the 

HOMO-1 peak is at 1.99 ± 0.1eV, and the HOMO onset is 1.30± 0.05eV.  The 95Å 

spectra is slightly shifted toward higher binding energies and has a HOMO peak at 1.72± 

0.1eV, HOMO-1 peak at 2.04 ± 0.1eV, and a HOMO onset at 1.36 ± 0.1eV.  Although 

the evolution of the TPD HOMO peak shape complicates the analysis of frontier orbital 

energies, all methods of fitting demonstrate that the HOMO peak does not shift with 

increasing TPD coverage and the HOMO onset shifts slightly over the same range.  The 

HOMO onset difference between PTCDA and TPD is 0.93 ± 0.1 eV and the HOMO peak 

difference is 1.11± 0.1eV.  The cutoff ionization potential of TPD is 5.27 ± 0.1eV and the 

peak ionization potential is 5.62 ± 0.1eV.   

In contrast to the stability in the HOMO region, the low kinetic energy cutoff in 

Figure 5.14a shifts consistently to lower KE with increasing TPD deposition.  The low 

KE cutoff for bare PTCDA is 16.87± 0.05eV, which shifts by 0.12 ± 0.05eV toward 

higher KE with 2 Å, 0.16± 0.05eV with 4 Å, and 0.25 ± 0.05eV with 8 Å TPD.  The low 

KE cutoff continues shifting at a slower rate from 0.28± 0.05eV at 16 Å to 0.42 ± 0.05eV 

at 95 Å. 
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The UPS spectra for the TPD/C4-PTCDI heterojunction are displayed in Figure 

5.14 c and d. The ionization potential of 200 Å bare C4-PTCDI is 6.23 ± 0.1eV, the 

HOMO peak position is 2.77± 0.1eV, the HOMO onset is 2.14 ± 0.05eV, and the peak 

width is approximately 0.7± 0.1eV.  Deposition of TPD does not shift the peak position 

of the C4-PTCDI HOMO.  The TPD HOMO appears at all coverages but only gradually 

establishes its double peak shape; below 32 Å the HOMO appears as a single, lopsided 

peak and above this coverage the HOMO and HOMO-1 orbitals become distinct.  The 

peak widths of these two peaks are narrow (as low as 0.3eV FWHM) and unequal.57,58 

The HOMO onset for TPD is initially at 1.46 ± 0.05eV for 2Å, shifting slightly to 

1.43± 0.05eV for 4Å, then shifting more substantially to 1.29 ± 0.05eV for 8Å.  After this 

coverage the HOMO onset slowly but consistently shifts away from EF; from 1.33 ± 

0.05eV, 1.36 ± 0.05eV, 1.37 ± 0.05eV, 1.39 ± 0.05eV, to 1.44 ± 0.05eV for coverages of 

16 Å, 32 Å, 64 Å, 96 Å, and 128 Å, respectively.  The one-peak Gaussian fit HOMO 

peak at 1.80± 0.1eV, 1.88± 0.1eV, and 1.90± 0.1eV for 2Å, 4Å, and 8Å (with a peak 

width of ca. 0.65± 0.1eV) serve more to confirm that the HOMO peak shifts slightly 

away from EF than as an indication of an actual orbital energy.  Above 8Å the with a 

two-peak Gaussian fit, the HOMO peak for 16Å TPD is at 1.72± 0.1eV, at 32Å it is at 

1.76± 0.1eV, at 64 Å it is at 1.78± 0.1eV, at 96 Å it is at 1.77± 0.1eV, and finally at 128 

Å the peak is at 1.74± 0.1eV.  The HOMO peak does not shift significantly and the peak 

ionization potential is 5.68 ± 0.1eV.  The cutoff ionization potential is 5.31± 0.1eV; a 

value reached at 8 Å and sustained within 0.05eV at all higher coverages. 
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 In the low kinetic energy (high binding energy) region of the UPS spectra for the 

TPD/C4-PTCDI heterojunction, shown in Figure 5.14c, the low KE cutoff for C4-PTCDI 

is at 17.10± 0.05eV which shifts toward lower KE (higher BE) with the deposition of 

TPD.  For 2 Å and 4 Å TPD the cutoff shifts by 0.07± 0.05eV, at 8Å by 0.09± 0.05eV, 

and at 16Å and 32 Å the cutoff is shifted by 0.12± 0.05eV from the C4-PTCDI low KE 

cutoff with continuing shifts of 0.17± 0.05eV for 64Å and 0.24± 0.05eV for 128Å. 

 

Discussion of TPD Heterojunctions 

 Organic/organic heterojunctions with TPD have similar or slightly higher vacuum 

level offsets than phthalocyanines of comparable ionization potentials.  The direction of 

the vacuum level shift matches the divalent phthalocyanine/PTCD derivative 

heterojunctions and is consistent with relative ionization potentials.  Figure 5.15 contains 

energy level diagrams combining UPS measurements with bandgap energies.  The 

organic/metal heterojunction for TPD on gold was not measured in this lab, therefore 

literature results are used for the analysis of these TPD heterojunctions.  Ishii and 

coworkers reported a hole injection barrier of ca. 0.8eV for one monolayer and ca. 1.3eV 

for a 100Å TPD film on gold and Peisert reported a hole injection barrier of 1.3eV for 20 

Å TPD on gold.49,59 

 As seen in Figure 5.15, in both TPD organic heterojunctions the substrate and 

PTCD Fermi levels are much closer to the TPD HOMO than to both the optical and 

transport LUMO.  This means that the TPD LUMO is not pinned and that the organic 

Fermi level for TPD is not halfway between the HOMO and LUMO.  The hole injection 
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barrier, ΦBh, for TPD is 1.33 ± 0.1eV in a PTCDA heterojunction and 1.40± 0.1eV in a 

C4-PTCDI heterojunction.  This agrees very well with the literature organic/gold 

heterojunction hole injection barrier of 1.3eV.49  Just as for the phthalocyanines and 

PTCD derivatives, the organic Fermi level calculated from an organic/gold 

heterojunction is found valid for TPD in an organic/organic heterojunctions.  Why the 

hole injection barrier for TPD is where it is, neither midgap nor pinned is not known and 

was not studied in this work which focused on phthalocyanine and perylene derivatives.  

 The ionization potential is virtually unchanged for TPD deposited on PTCDA and 

C4-PTCDI, as is the hole injection barrier (5.27 and 5.62 ± 0.1eV IP cutoff and peak for 

PTCDA, 5.32 and 5.68 ± 0.1eV IP cutoff and peak for C4-PTCDI).  The only significant 

difference between the two is the vacuum level shift; 0.42 ± 0.1eV vs. 0.20 ± 0.1eV at 

96Å TPD and 0.28 ± 0.1eV vs. 0.12 ± 0.1eV at ca. one monolayer TPD.  This difference 

is a direct result of the different ionization potentials of the underlying PTCD derivative 

layers; in order to achieve the same frontier orbital alignment different vacuum level 

shifts are required.  The bare PTCD HOMO orbital energies vs. EF Au are very similar 

but the initial low KE cutoff of PTCDA is 16.87 ± 0.05eV and the low KE cutoff of C4-

PTCDI is 17.10 ± 0.05eV.  The final low KE cutoffs after TPD deposition are 17.29 ± 

0.05eV and 17.30 ± 0.05eV on PTCDA and C4-PTCDI, respectively, so the low KE 

cutoff energy for TPD on both PTCDA and C4-PTCDI matches.  Since the initial low KE 

cutoffs differ by 0.23 ± 0.1eV, the shift from different initial low KE positions to the 

same final low KE energy explains the vacuum level shifts differing by ca. 0.2eV. 
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Figure 5.15 Vacuum level shifts vs. PTCD low KE cutoff and HOMO onset and HOMO 
peak energies (1 = PTCD, 2,3 = TPD) vs. EF Au for a) TPD/PTCDA and b) TPD/C4-
PTCDI heterojunctions.  Energy level diagrams for c) TPD/PTCDA and d) TPD/C4-
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 This supports Fermi level alignment as the determining factor for heterojunction 

frontier orbital energy level alignment.  In a common vacuum level situation the low KE 

cutoff would not have shifted and for any other realignment it is unlikely that different 

magnitude shifts would happen to perfectly counterbalance the underlying ionization 

potential differences.  

 

5.3.2 Organic/Organic Heterojunction with Charge Transfer: F4-TCNQ/ZnPc 

 This study does not focus on organic/organic heterojunctions for which significant 

charge transfer reactions occur between the two organic materials but the same principles 

apply to such interfaces.  An example of such an interface is F4-TCNQ on ZnPc.  In most 

applications of two such materials one is contained at low concentrations as a dopant 

within a layer of the second organic material, heterojunctions between discrete layers are 

less common.60-62 F4-TCNQ was introduced in the previous chapter as a strong charge 

acceptor with strong evidence of charge transfer from the gold surface as part of an 

organic/metal heterojunction.  It is expected to behave similarly as a charge accepter in 

an organic/organic heterojunction, particularly if the adjacent organic material has any 

charge donation capacity which phthalocyanines do.60-62 

 The UPS results of a F4-TCNQ/ZnPc heterojunction do indeed suggest charge 

transfer at the heterojunction.  An initial layer of 240Å ZnPc on gold has a cutoff 

ionization potential of 5.27 ± 0.1eV, a hole injection barrier of 0.97± 0.1eV, and a low 

KE cutoff at 16.90± 0.05eV.  The first submonolayer deposition of F4-TCNQ shifts the 

HOMO onset and peak, low KE cutoff, and all organic XPS peaks towards lower binding 
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energies (towards EF Au) by 0.3 to 0.6eV as seen in Figures 5.16 and 5.17.  This abrupt 

shift in all spectral peaks is a sign of a strong interfacial reaction.  Further, the Au (4f) 

peak does not shift (as seen in Figure 5.16d) even as C(1s), N(1s), and Zn (2p) peaks all 

shift by 0.3 to 0.4 ± 0.05eV, indicating that the system is in equilibrium and the measured 

UPS and XPS shifts are the result of a chemical or electronic change in the organic layer. 

 The low KE cutoff shifts by 0.45 ± 0.05eV from bare ZnPc to a nominal thickness 

of 0.2 Å – 1.2 Å F4-TCNQ.  It shifts further to 0.52, 0.65, 0.82, and 1.11 ± 0.05eV for 

coverages of 2.4 Å, 7 Å, 16 Å, 33 Å, and 66 Å, respectively.  The low KE cutoff (vacuum 

level) does not completely cease shifting, as shown in Figures 5.16a and 5.17a.  The 

ZnPc HOMO onset shifts from 0.97± 0.05eV for bare ZnPc to 0.36 ± 0.05eV for the 

lowest coverage of F4-TCNQ and the ZnPc HOMO peak energy shifts from 1.45± 0.1eV 

to 0.84 ± 0.1eV over the same interval.  Both the HOMO onset and peak remain at the 

same energy for all subsequent depositions of F4-TCNQ.  The HOMO peak width 

remains constant; beginning at 0.52 ± 0.1eV for bare ZnPc, changing only to 0.54 ± 

0.1eV at the lowest coverage F4-TCNQ, and remaining within 0.02 of 0.48eV for all 

higher coverages.  The shifts in HOMO onset and peak are 0.61± 0.1eV for all coverages 

of F4-TCNQ since there is no shift with coverage.  The HOMO onset for ca. 66Å F4-

TCNQ is 2.83 ± 0.2eV and the cutoff ionization potential is 8.24 ± 0.2eV.  Both of these 

values agree extremely well with the values of the same parameters in the F4-TCNQ/Au 

heterojunction from chapter 4 of 2.87± 0.2eV and 8.22± 0.2eV. 
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 The rapid initial jump in energy levels indicates interfacial charge transfer and the 

direction of the ZnPc HOMO peak shift corresponds with the strongly favorable electron 

transfer from ZnPc to F4-TCNQ (F4-TCNQ to F4-TCNQ(-) and the corresponding 

neutral ZnPc to ZnPc(+)).  The hole injection barrier for the ZnPc in the F4-TCNQ/ZnPc 

system is 0.36 ± 0.05eV, well within the range found in literature for n-doped 

phthalocyanine - the exact magnitude usually depends on the F4-TCNQ dopant 

concentration which is not precisely controlled in this study.60  The region of the UPS 

spectra between the ZnPc HOMO and the F4-TCNQ HOMO peaks, indicated by the 

vertical arrow in Figure 5.16b, has considerably more photoemission signal than a typical 

heterojunction.  This broad distribution of orbitals rather than discrete, baseline resolved, 

Gaussian HOMO orbital peaks for both organic semiconductors supports a reaction 

between the two organic materials since without reaction there should be no orbitals in 

this range.  

 The low kinetic energy cutoff, and therefore vacuum level, continues to shift with 

increasing coverage but the ZnPc HOMO and XPS features do not.  The F4-TCNQ 

HOMO is not developed enough to track any shifting and the F (1s) XPS peak is small at 

low coverages but appears to shift in the opposite direction from the ZnPc XPS peak but 

does not shift past the first monolayer coverage either.  The overall pattern is consistent 

with band bending at a p/n junction.  The hole injection barrier for bare ZnPc (0.97± 

0.2eV) agrees well with a different ZnPc layer formed in the organic/metal heterojunction 

chapter (1.1± 0.2eV), as does the final F4-TCNQ hole injection barrier, 2.83± 0.2eV 

organic/organic vs. 2.87 ± 0.2eV organic/metal.  The agreement for the frontier orbital 
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Figure 5.16 UPS and XPS Spectra of F4-TCNQ heterojunction with ZnPc: a) and b) UPS 
spectra, c) C (1s) XPS spectra, and d) Au (4f) XPS spectra. 
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 alignment in both organic semiconductors in organic/metal and organic/organic 

heterojunctions strongly supports Fermi level alignment for both heterojunctions. 
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Figure 5.17 Energy level shifts and energy level diagram for F4-TCNQ/ZnPc 
heterojunction.  a) Vacuum level and Zn (2p) XPS shift from ZnPc, and ZnPc HOMO 
peak and onset and F4-TCNQ HOMO onset vs. EF Au.  b) Energy level diagram for F4-
TCNQ on ZnPc heterojunction, F4-TCNQ frontier orbitals are not drawn for low 
coverages since they cannot be measured and their behavior should not be assumed. 
 

5.4 Conclusion 

 In all organic/organic heterojunctions realignment was found to occur as needed 

to achieve Fermi level alignment.  The organic Fermi levels are not always halfway 

between the HOMO and LUMO orbitals so the individual characteristics of each organic 

semiconductor must be considered in order to determine frontier orbital alignments at the 

interface, but once found the organic Fermi levels appear to be broadly applicable for a 
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variety of heterojunctions.  The final energy level alignment for all organic/organic 

heterojunctions matched the organic Fermi levels measured by UPS of single layer 

organic thin films on gold.  If one desired to tabulate a parameter useful for the prediction 

of organic/organic heterojunction alignment, the hole injection barrier appears far more 

useful than the vacuum level shift. 

 Divalent phthalocyanines (ZnPc and CuPc) behave slightly different from 

trivalent phthalocyanines (ClAlPc and ClInPc) at PTCD heterojunctions, but PTCDA and 

C4-PTCDI cause much larger differences in heterojunction development.  

Phthalocyanines on C4-PTCDI do not result in significant vacuum level shifts and appear 

to aggregate into structures with the same favorable orientation from the lowest 

coverages to thicker layers.  Phthalocyanines on PTCDA show evidence of stronger 

interaction including a consistent vacuum level shift, alignment of LUMOs at low 

coverages but not thicker coverages, and changes in phthalocyanine ionization potential 

and HOMO peak binding energy with distance from the interface.  For thicker layers the 

alignment between PTCD and phthalocyanine frontier orbitals is similar on both PTCDA 

and C4-PTCDI. 

 The common vacuum level model is not supported for organic/organic 

heterojunctions, confirming that organic semiconductors do not behave as insulators.  

Instead of abrupt vacuum level shifts, in most cases a gradual shift in energy levels 

occurs and is completed by roughly 60Å (ca. 8-12 monolayer equivalents).  Surface 

roughness or irregular contact area at the interface is not likely to cause this coverage to 

represent a single complete layer at the interface so it would be incorrect to attribute all 
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shifting to an interface dipole.  Band bending according to the Poisson equation for the 

limited conductivity and dopant concentrations in organic semiconductors would require 

a much thicker layer to achieve realignment so it is not completely applicable either.  The 

ultimate mechanism of realignment in organic semiconductors remains uncertain but it 

does involve equilibration between the two organic semiconductors and interaction which 

is quite possibly charge transfer at some interfaces.  Several mechanisms contribute to 

varying degrees depending on organic semiconductor morphology, purity, and reactivity.  

It appears that the additive theory of interface dipole formation may be difficult to apply 

to the more complicated organic/organic heterojunctions as the individual factors are 

difficult to differentiate. 
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CHAPTER 6 
 

EXCITON PATHWAYS: EXCITON DISSOCIATION AT 
ORGANIC/ORGANIC' INTERFACES 

 
6.1 Introduction 
 
 As discussed throughout this dissertation, the creation and dissociation of excitons 

are at the heart of organic electronic devices and are crucial to any debate about how to 

improve device efficiency.  For a photovoltaic device, excitons are created by the 

absorption of light in one or both organic layers and only a limited number of exciton 

relaxation pathways are productive.  In a single layer the excitons can diffuse through the 

layer, dissociate to give charge carriers, or return to the ground state through emission of 

light or heat.  The presence of an interface often changes the proportion of excitons 

following the various pathways and may increase dissociation into charged species 

(charge transfer) and energy transfer. 1-5 

 The potential gradient in an organic semiconductor photovoltaic differs from the 

potential gradient in an inorganic semiconductor photovoltaic device.  In both cases light 

is absorbed most strongly near the transparent electrode interface and, as a result of the 

attenuation of light with depth, fewer excitons are created deeper in the device.  In an 

inorganic device excitons are able to dissociate at the same positions they are created 

which results in a charge distribution profile mirroring the absorption density, one type of 

charge is created near its electrode but the other charge must migrate through the entire 

layer to reach its electrode.  In an organic device, exciton dissociation is extremely 

inefficient in the bulk layer and most exciton dissociation occurs at interfaces between n 
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and p type semiconductors.  This results in a charge distribution with greatest 

concentration in the center of the device (for a simple two-layer device geometry) and 

charges selectively created in the appropriate layers with electrons in the n-type material 

and holes in the p-type material.  The charges therefore have equal distances to migrate to 

the appropriate electrodes.  This is potentially advantageous and if the two organic 

semiconductors both have good charge mobilities, the best efficiency of charge transfer at 

the interface between the organic semiconductors should produce the best device. 6  

 The previous chapter used UPS to measure the relative frontier orbital energies at 

organic p/n interfaces.  This chapter examines excitons created near these same interfaces 

and their fates.  Figure 6.1 contains a diagram of the major processes which can result 

from an exciton in the n-type organic semiconductor in a typical organic/organic 

heterojunction.  The heterojunctions studied in this chapter are composed of perylene 

tetracarboxylic (PTCD) derivatives as the n-type organic semiconductors and 

phthalocyanines (Pc) as the p-type organic semiconductors.  These exciton relaxation 

processes are competitive and the relative rates of each process determine the proportion 

of excitons which follow each pathway.  In this diagram, as in this chapter, excitons have 

been selectively excited in the PTCD organic layer.  Of the four processes depicted in this 

figure, PTCD excitons in a pure material will primarily return to the ground state by 

either non-radiative decay or radiative decay resulting in the production of heat or light, 

respectively, as shown in Figure 6.1c and d.  In organic semiconductors non-radiative 

decay is responsible for most exciton relaxation in the solid phase.7,8  Very few excitons  
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Figure 6.1 Exciton Relaxation Pathways for a photoexcited PTCD exciton: a) charge 
transfer, b) energy transfer, c) non-radiative decay, and d) radiative decay, i.e. 
fluorescence. 
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separate into mobile charges on adjacent molecules because no energetic advantage exists 

for neighboring equivalent molecules, in fact a barrier known as the exciton dissociation 

barrier which is much greater than kT must be overcome to separate the charges in 

organic semiconductors. 6  Energy transfer is a trivial process in a pure material since it 

merely moves the exciton from one PTCD molecule to an equivalent neighboring 

molecule. 

 The addition of adjacent phthalocyanine molecules increases the incidence of 

charge transfer and energy transfer significantly because they introduce inequivalent 

energy levels on neighboring molecules.  Figure 6.1a shows exciton dissociation by 

charge transfer, in which an electron from the HOMO of the p-type material, 

phthalocyanine (Pc), is transferred to the hole in the PTCD exciton HOMO.  This results 

in a PTCD- and Pc+ and ultimately mobile charge which, in a photovoltaic device, can 

migrate from the interface to the electrodes.  The energy levels involved in the charge 

separation are the HOMO levels in both layers so the magnitude of ΔHOMO may relate 

to the efficiency of charge transfer.  A larger difference in HOMO energy should lead to 

a higher driving force towards charge transfer in the thermodynamic sense unless the 

difference is so great as to enter the Marcus inverted region. 1,4,5 

 Figure 6.1b shows energy transfer from PTCD to Pc, resulting in Pc* which 

cannot transfer energy back to the PTCD because of the larger energy optical gap 

(HOMO-LUMO separation).  The difference in optical gap energy, ΔEgap, may influence 

this transition.  A smaller ΔEgap is more favorable for energy transfer since the overlap is 

greater, but if Egap,2 is greater than Egap,1 then energy transfer cannot happen.  The result 
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of this process is an exciton in the phthalocyanine material which can itself undergo any 

exciton relaxation process other than energy transfer back to the PTCD. 

 The desired process from a photovoltaic device is charge transfer; unfortunately it 

is very difficult to directly monitor exciton dissociation by charge transfer.  Photocurrent 

is often used as an indicator of exciton dissociation efficiency but it is truly a 

macroscopic measurement which is also influenced by charge mobilities within the 

semiconductors and injection barriers at the electrodes.  Photocurrent determinations are 

only as accurate as the drastic assumption that exciton dissociation efficiency can be 

independently altered and that all other factors are unaffected by changing experimental 

parameters.  For organic semiconductors this is known to be incorrect and it is therefore 

useful to examine simpler systems than complete devices (which contain one or more 

organic layers, organic/metal and organic/organic heterojunctions, and usually multiple 

organic phases, domains, and trap densities). 

 It is possible to directly measure the amount of excitons which relax through 

radiative decay, fluorescence being the most common form of radiative decay.  The 

intensity and energy of emitted photons can be measured spectroscopically and changes 

in fluorescence intensity may serve as an indication of the proportion of excitons which 

return to the ground state by light emission.7  Given the same excitation source intensity, 

a lower level of fluorescence must correspond to a higher amount of another exciton 

relaxation process.   

    (6.1) 
FL

FL non
vs

FL
FL ET CT non+ + + +
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Although charge transfer is the desired process in the case of photovoltaic devices, an 

increase in the amount of energy transfer or any other process relative to luminescence 

will display a similar quenching effect on fluorescence and cannot be easily 

distinguished.  The above equation 6.1 represents the change from a single layer to 

multilayer situation which results in a likely increase in the denominator due to the 

increase in relaxation possibilities and therefore less fluorescence detected for the same 

excitation conditions. 

 

 The laser excitation wavelength is carefully chosen to selectively excite excitons 

in the PTCD layer.  The Argon Ion 488nm laser line excites the PTCD molecules both as 

monomers and in thin films very efficiently but falls between the Q and B band for all 

phthalocyanines and thus is not absorbed by the phthalocyanine molecules.  As a result 

no excitons are created directly in phthalocyanine layer and for a bare phthalocyanine 

thin film there is no phthalocyanine fluorescence with 488nm excitation.  With this 

excitation source, excitons can only exist in the phthalocyanine molecules if they are 

created through a mechanism involving the PTCD layer so any phthalocyanine 

fluorescence indicates that energy transfer from PTCD excitons to phthalocyanine 

molecules has occurred.  The wavelength and intensity of the phthalocyanine 

fluorescence may be a sign of the aggregate structure of the phthalocyanines and relative 

efficiency of the energy transfer process. 

 Decreases in PTCD fluorescence intensity indicate interfacial exciton relaxation 

processes and the appearance of phthalocyanine fluorescence indicates the presence of 
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energy transfer.  Results described later in this chapter for TPD/PTCD heterojunctions 

suggest that at least some of the interfacial relaxation is also due to charge transfer.  The 

spectra of some of the heterojunctions, particularly those with trivalent metal 

phthalocyanines, are complex and indicate dramatically different heterojunctions with 

PTCDA and with C4-PTCDI. 

 
6.2 Absorbance and Luminescence Spectra in Solution and as Pure Films 
 
 Organic semiconductors generally have very high absorption coefficients as 

monomers and when aggregated.  They have low Stokes’ shift due to their planarity and 

conjugation and consequently have much lower fluorescence quantum efficiencies in the 

bulk than as monomers.  In solution they are often solvochromatic and as solids they are 

crystalochromic, that is the specific crystal structure may strongly affect both the spectral 

wavelengths and relative intensities.  The monomer and solid phase spectra are extremely 

different and much can be deduced about the molecular environment from absorbance 

and fluorescence spectra. 

 The absorbance spectra of PTCDA and related PTCDI derivatives generally 

consist of a primary peak from 500 to 550nm and evenly spaced, very well defined 

vibrational peaks.9-11  Absorptivities range from 60,000 to above 80,000 cm-1M-1 and the 

fluorescence quantum efficiency ranges from 0.9 to 1.0 for isolated monomers.9,10  The 

fluorescence of C4-PTCDI and PTCDA vacuum deposited on alkali halide salt surfaces 

has been thoroughly characterized by Back and Schlettwein in this research group.11,12  

The vibrational structure is the same in solution and for trace amounts on salt surfaces, 
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the spectral shape is the same and the wavelengths shift slightly according to the 

interaction strength with the solvent or between the molecules and the specific salt 

surface (100 faces of KCl, NaCl, KBr). 11  Higher coverages result in nucleation which 

results in decreased monomer fluorescence and increased aggregate fluorescence.  The 

broader aggregate fluorescence contains multiple peaks but the peaks are not well 

resolved and the precise nature of the peaks are not completely understood.15  It appears 

that at least two excimers (Y and E) are present in varying proportions based on structure 

and temperature 13,14 and that Frenkel, charge transfer, mixed Frenkel-charge transfer, and 

excimer states may all be contributors. 15  

 Phthalocyanine absorbance spectra have been well studied both as monomers and 

in bulk structures,16,34 but the luminescence of solid phase phthalocyanines has not been 

as thoroughly studied.8,18,34  The absorbance spectra contain absorbance in two regions of 

the visible spectrum, a broad peak around 300-400nm called the B band and a structurally 

sensitive band above 600nm called the Q band on which this study focuses.  The spectra 

of phthalocyanine aggregates are usually interpreted in terms of coupling of the electronic 

dipoles by the Kasha model in which a red shift occurs for a head-to-tail J aggregate and 

a blue shift occurs for a cofacial H aggregate, as described in Chapter 1.2. 11,19  Different 

metal-centered phthalocyanines have different crystal phases which can drastically 

change the aggregate spectra, especially divalent metals which are planar vs. trivalent or 

tetravalent metals which have one or two axial ligands.  The Q band is extremely 

sensitive to aggregation structure and different phases have absorbance maxima near 

700nm, above 800nm, or broad structures with multiple peaks from 650nm to 
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850nm.8,20,21  Annealing by solvent or heating has been shown to change the spectra 

dramatically.8,18  The luminescence of aggregated phthalocyanine is usually reported as 

not being structurally sensitive and its nature is somewhat unclear.18  Del Cano reported 

that fluorescence for ClInPc, ClGaPc, TiOPc, and VOPc all consist of broad peaks 

centered from 860nm to 900nm and are insensitive to structural phase.18  Sakakibara 

reported that fluorescence for ClAlPc and BrAlPc did change somewhat with solid phase 

structure, but generally consists of broad peaks from 800nm to above 900nm.8 Yonehara 

reported that β phase TiOPc has an additional fluorescence peak at lower wavelengths 

which α TiOPc does not. 34  The fluorescence quantum efficiency is 10-4 to 10-5 (down 

from monomer quantum efficiencies of 0.1-0.7 for the same phthalocyanines) and the 

emission is variously attributed to fluorescence from the lowest lying allowed exciton 

state,8,25  phosphorescence, 23 or red-shifted fluorescence caused by packing structure 

dependent molecular distortion or extended coupling.20,24 The Frenkel or charge-transfer 

character of the phthalocyanine exciton state is under debate and may be important for 

the understanding of how observed absorbance and luminescence relate to organic 

electronic device properties such as charge carrier production. 25,26  

 The absorbance and luminescence spectra of the organic semiconductor 

molecules in solution are helpful for interpretation of monomer spectra for low coverages 

on solid substrates.  Normalized solution absorbance and fluorescence spectra of C4-

PTCDI in dichloromethane and ClAlPc and ZnPc in tetrahydrofuran are plotted in Figure 

6.2.  The vibrational fine structure is clearly evident in all spectra and no indication of 

aggregation is present.  For C4-PTCDI the absorbance 0-0 peak is at 523±1nm and the 0-
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1 peak is at 487±1 nm.  The emission 0-0 peak is at 533±1 nm and the 0-1 peak is at 

571.5±1 nm.  The Stokes’ shift is 10 nm.  For the phthalocyanines, the absorption 

maxima occur at 666.5±1nm for ZnPc, 675±1nm for ClAlPc, and 687±1nm for ClInPc 

(not shown).  The absorption coefficients at these wavelengths are 6.3 x 104 cm-1M-1 for 

ZnPc, 2.6 x 105 cm-1M-1 for ClAlPc, and 3.2 x 104 cm-1M-1 for ClInPc. The spectra are 

shifted slightly with solvent so these wavelengths are only valid for these specific 

solvents.  The fluorescence spectra mirror the absorption spectra and the 0-0 fluorescence 

peak is at 677±1nm for ClAlPc and at 672±1nm for ZnPc.  The Stokes shift for both 

phthalocyanines is approximately 6.5nm. 

 Fluorescence at the interface between the PTCD derivative perylene 

phenetheylimide (PTCDI ethylphenyl bisimide) and titanyl phthalocyanine (TiOPc) was 

studied by Gregg and Barbara et al. 28,29 and interfaces of C5-PTCDI(neopentyl) with 

several trivalent and tetravalent phthalocyanines were studied by Del Caño and Aroca et 

al.30-32  Gregg studied the interface primarily with respect to PTCDI quenching as a 

mechanism of measuring exciton diffusion length in the PTCDI layer and did not report 

any phthalocyanine fluorescence.  Del Cano compared mixed films with bilayer films and 

studied the structure of aggregates in each material with Raman and UV-Vis 

spectroscopy.  He reported both conventional fluorescence above 850nm and a second 

broad feature near 770nm for select PTCD/phthalocyanine combinations which he 

attributed to exciplex emission.30 
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Figure 6.2 Absorbance and fluorescence spectra for a) C4-PTCDI in dichloromethane, b) 
ClAlPc in THF, and c) ZnPc in THF.  Light lines are absorbance spectra and dark lines 
are fluorescence spectra.  
 

6.3 Submonolayer Heterojunctions 

 The photovoltaic properties of many combinations of phthalocyanine derivatives 

and perylene derivatives have been studied in literature but a direct optical study of the 

luminescence at such heterojunctions may be helpful in optimizing the combinations 

which best dissociate excitons into useful charge carriers for optimal device performance.  
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Vacuum deposition of extremely small quantities of PTCD molecules on KCl are used to 

study the combination of isolated molecules of PTCD derivatives with isolated 

phthalocyanine molecules.  Because both the absorbance and fluorescence of isolated 

molecules are very narrow and well defined, if energy transfer is present it is likely to be 

detected because of the relatively open background.  The isolated phthalocyanine and 

PTCD spectra do not overlap much and this study enables identification of monomer and 

small aggregate fluorescence wavelengths.  In larger aggregate structures phthalocyanine 

and PTCD spectra overlap considerably more and individual peaks are sometimes more 

difficult to identify and monitor.   

 Since no excitons are created directly by photoexcitation in the phthalocyanine 

layer, fluorescence from the phthalocyanines indicates energy transfer from PTCD 

excitons to create phthalocyanine excitons.  For all heterojunctions the monomer C4-

PTCDI fluorescence peak intensity decreases with phthalocyanine deposition and clear 

phthalocyanine monomer fluorescence is observed for all phthalocyanines known to 

fluoresce.  The phthalocyanine fluorescence intensity is roughly proportional to the 

respective fluorescence quantum efficiencies measured in solution for phthalocyanine 

monomers.8  The wavelength of the phthalocyanine fluorescence peak is not identical for 

all phthalocyanines and the fluorescence spectra evolve as a function of phthalocyanine 

coverage.  These results confirm that energy transfer occurs efficiently from C4-PTCDI 

molecules to phthalocyanine molecules. 
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Submonolayer C4-PTCDI Heterojunctions 

 Trace quantities of PTCDA and C4-PTCDI deposited on non-quenching solid 

substrates fluoresce strongly with spectra similar to dilute solutions.  This fluorescence is 

quenched by the addition of foreign molecules and by reaching higher coverages at which 

aggregation occurs.  Submonolayer coverages of approximately three percent of a 

monolayer of PTCD molecules are used as an initial deposition in order to obtain 

monomer fluorescence without aggregate fluorescence.  The 0-0 fluorescence peak of 

isolated C4-PTCDI on KCl is at 527±1nm, the 0-1 peak is at 566±1nm, and the third 

vibrational peak is at 611±1nm.  The wavelength and spacing between vibrational peaks 

matches the fluorescence spectra of micromolar C4-PTCDI in dichloromethane well. 

 Figure 6.3 shows the fluorescence spectroscopy of the ZnPc/C4-PTCDI 

heterojunction and is typical of the results for most submonolayer C4-PTCDI 

heterojunctions.  Zinc phthalocyanine causes quenching of the C4-PTCDI fluorescence, 

tracked by the declining intensity at 527nm, but also results in new peaks in the 

appropriate region for monomer phthalocyanine fluorescence.  Figure 6.3a shows the 

entire fluorescence spectra, beginning with unmodified C4-PTCDI with the highest 

intensity and then showing spectra with decreasing C4-PTCDI fluorescence intensity 

with increasing ZnPc deposition at 0.1, 0.2, 0.3, 0.7, and 15Å ZnPc.  Figure 6.3b shows 

the change in fluorescence intensity as a function of phthalocyanine coverage and Figure 

6.3c shows the intensity at the monomer C4-PTCDI wavelength and two wavelengths in 

the ZnPc fluorescence region background subtracted and normalized to their respective 

maximum intensities. 
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Figure 6.3 Submonolayer C4-PTCDI and ZnPc heterojunction a) Full fluorescence 
spectra of bare C4-PTCDI and ZnPc coverages of 0.1, 0.2, 0.3, 0.7, and 15Å.  
Fluorescence intensity as a function of ZnPc coverage b) raw fluorescence intensity and 
c) fluorescence intensity normalized to maximum signal; dark squares are monomer C4-
PTCDI fluorescence at 527nm, circles are fluorescence at 659nm, and light triangles are 
fluorescence at 679nm. 
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 The ZnPc fluorescence consists of two small peaks at approximately 679nm and 

655nm which both appear at the same ZnPc coverage and reach maximum intensity at ca 

0.2Å or 4% ML coverage.   The background subtracted spectra in this region are shown 

in Figure 6.4a.  Fluorescence from neither peak is visible any longer by the coverage of 

one monolayer (5Å) ZnPc and no new peaks appear by the final coverage measured of 15 

Å ZnPc.  Zinc phthalocyanine fluoresces with a moderate efficiency, its solution quantum 

efficiency is 0.3. 8  The monomer ZnPc fluorescence disappearing by less than a 

monolayer indicates that ZnPc aggregates very efficiently.  No bulk ZnPc fluorescence 

appearing indicates that either energy transfer from monomer C4-PTCDI to bulk ZnPc is 

not favored or that the fluorescence efficiency of aggregated ZnPc is too low to be a 

favorable relaxation pathway or simply too low to be detected in this experiment.  The 

monomer ZnPc fluorescence at 679nm corresponds closely with the solution fluorescence 

wavelength of 672nm in THF.  The slight fluorescence peak at 655nm can be attributed 

to dimer fluorescence.36 

 

 Submonolayer C4-PTCDI heterojunctions with F16ZnPc, ClAlPc, and ClInPc also 

show results supporting quenching by energy transfer, CuPc shows similar quenching but 

does not itself ever fluoresce.  Figure 6.4 includes the phthalocyanine fluorescence region 

for each heterojunction, the C4-PTCDI monomer fluorescence region for all (below 

650nm) is very similar to that shown in Figure 6.3a.  As seen in Figure 6.4b, a large 

fluorescence peak appears at 673nm for the first coverage of F16ZnPc.  This F16ZnPc  
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Figure 6.4 (a and b) Phthalocyanine fluorescence region of spectra, a) ZnPc and b) 
F16ZnPc. Both have been adjacent averaged (3 point) and the monomer C4-PTCDI 
spectra, scaled at 645nm, is background subtracted.  ZnPc 0.2, 0.3, 0.4, 0.7, 1.8, and 15 
Å; F16ZnPc 0.3, 0.5, 0.6, 1.1, 2.2, and 11 Å. 
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Figure 6.4 (c and d) Phthalocyanine fluorescence region of spectra for d) ClAlPc and d) 
ClInPc.  ClInPc has been adjacent averaged (3 point) and the monomer C4-PTCDI 
spectra, scaled at 645nm, is background subtracted. ClAlPc 0.07, 0.3, 0.4, 0.5, 0.8, 1.9,  
2.6, and 5.7 Å; ClInPc 0.1, 0.2, 0.3, 0.8, 1.5, 2.7, 12, 39 Å. 
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fluorescence peak decreases in intensity with increasing coverage and shifts to lower 

wavelengths by approximately 3nm from the lowest coverage to the coverage of 

approximately one monolayer.  The initial F16ZnPc spectrum exhibits the vibrational fine 

structure characteristic of phthalocyanines in solution at approximately the same 

wavelengths measured in solution.  This structure becomes difficult to see with 

increasing coverage, by 10% of a monolayer only the primary peak near 673nm is seen 

and above a monolayer only the faintest trace of even that peak can be seen. 

 The phthalocyanine fluorescence intensity in the ClAlPc heterojunction (Figure 

6.4c) is the highest measured, this is consistent with chloroaluminum phthalocyanine 

having the highest solution fluorescence quantum yield out of the selection studied in this 

work, 0.58. 8  The highest ClAlPc fluorescence is achieved almost immediately with 

ClAlPc deposition as a peak at 694 nm with a characteristic vibrational shoulder at ca. 

713nm and second peak at ca. 766nm.  With increasing ClAlPc coverage the fluorescence 

peak shifts slightly to 696nm and decreases in intensity as the fluorescence near 740nm 

increases.  At approximately 1Å the 740nm peak reaches its maximum intensity and 

decreases with all further coverages.  All phthalocyanine fluorescence is almost non-

existent by approximately one monolayer of ClAlPc. 

 Chloroindium phthalocyanine has solution and solid state properties, including 

packing structures and ionization potential, very similar to chloroaluminum 

phthalocyanine.  Its absorbance coefficient is approximately one order of magnitude 

below ClAlPc and its fluorescence quantum efficiency is also one order of magnitude 

lower than ClAlPc.8  If purely trivial energy transfer is responsible for the phthalocyanine 
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fluorescence in these experiments (phthalocyanine adsorption of photons from C4-

PTCDI fluorescence and subsequent exciton relaxation pathways of which fluorescence 

emission constitutes only a small percentage), then ClInPc fluorescence intensity would 

be expected to be less than 1% of ClAlPc fluorescence intensity.  Although less intense, 

as seen in Figure 6.4d, the fluorescence signal from a ClInPc heterojunction with 

submonolayer C4-PTCDI is not nearly as low as 1%, confirming that a more direct 

mechanism must be involved. 

 The first ClInPc fluorescence peak occurs at 692nm at the coverage of 0.1Å.  This 

peak increases in intensity until approximately 0.25Å.  A second peak develops at 

approximately 713-717nm and increases in intensity until roughly 0.5 Å and a third peak 

at approximately 737nm increases in intensity through 1.5 Å.  All three peaks decrease in 

intensity past these coverages and by 1-2 monolayers (5-10 Å) they are virtually gone.  

The final ClInPc fluorescence peak is centered at approximately 785nm; this peak does 

not appear until approximately 4 Å but continues increasing in intensity for all further 

coverages (through 39 Å).  The process generating the 785nm peak must be far less 

efficient than the monomer fluorescence at 692nm since at 39 Å it is only as intense as 

the monomer fluorescence was at 0.2 Å with almost 20,000 times more molecules present 

on the surface.  All of these fluorescence peaks generally red shift by a few nanometers 

from their first appearance to their disappearance.  The peaks at low coverages are clearly 

ClInPc monomer fluorescence, but the origins of the peaks at higher wavelengths are not 

completely understood and will be discussed later in this chapter.33,37  
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Submonolayer PTCDA Heterojunctions 

 A heterojunction of submonolayer PTCDA with ClInPc is presented in Figure 6.5.  

The spectrum with greatest intensity is bare PTCDA and the wavelength of the 0-0 

fluorescence peak is 511nm.  With deposition of ClInPc the intensity of the monomer 

PTCDA fluorescence decreases rapidly as shown in Figure 6.5b.  The unquenched 

PTCDA monomer fluorescence wavelength blue-shifts slightly with ClInPc deposition to 

approximately 503nm, possibly indicating that the PTCDA molecules strongly interacting 

with the substrate are less likely to interact with phthalocyanine molecules and thus are 

less quenched.  By 1Å ClInPc coverage, the PTCDA monomer fluorescence is ca 6% of 

its initial intensity.  At coverages above 1Å a very small peak appears near 738nm.  The 

intensity is very low but the wavelength matches one of the ClInPc fluorescence features 

from the submonolayer ClInPc/C4-PTCDI heterojunction.  The intensity increases 

approximately linearly with coverage, further suggesting that it originates from ClInPc 

molecules, but deposition was not continued to sufficient coverages to observe any 

spectral changes with coverage.  The low intensity of the ClInPc peak may result from 

lower energy transfer efficiency from PTCDA, although the rapid quenching of PTCDA 

monomer fluorescence for the heterojunction indicates that some quenching mechanism 

is occurring efficiently. 
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Figure 6.5 Submonolayer PTCDA and ClInPc heterojunction.  a) Full fluorescence 
spectra of bare PTCDA and ClInPc coverages of 0.1, 0.2, 0.3, 0.5, 1.0, and 2.6Å.  
Fluorescence intensity as a function of ClInPc coverage b) raw fluorescence intensity and 
c) fluorescence intensity normalized to maximum signal; squares are monomer PTCDA 
fluorescence at 511nm and circles are fluorescence at 738nm. 
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Submonolayer Heterojunction Discussion 

 Some common observations can be made from the above heterojunctions; the 

presence of phthalocyanine molecules results in a decrease in PTCD monomer 

fluorescence intensity and the phthalocyanine molecules fluoresce.  Together these 

confirm energy transfer between the PTCD and phthalocyanine molecules, particularly 

strongly so from C4-PTCDI molecules. 

 The intensity of monomer fluorescence at 527nm decreases smoothly as a 

function of phthalocyanine coverage for all heterojunctions.  Figure 6.6a shows the 

normalized intensity of the monomer C4-PTCDI fluorescence as a function of 

phthalocyanine coverage.  For all heterojunctions the C4-PTCDI fluorescence intensity is 

greater than 90% quenched and approaching its final quenching maximum by the 

equivalent coverage of half a monolayer phthalocyanine deposition.  For most 

heterojunctions the C4-PTCDI monomer fluorescence is quenched to 1-2% of the initial 

intensity by a single monolayer of phthalocyanine coverage, indicating fluorescence is 

not a favored C4-PTCDI exciton relaxation pathway.  The quenching curve for the 

ClInPc/PTCDA submonolayer heterojunction matches the fastest quenching 

phthalocyanine/C4-PTCDI quenching curve and is quenched to the lowest percentage of 

1-2% of the initial PTCDA intensity as well. 

 All phthalocyanines with measurable fluorescence quantum efficiencies8 exhibit 

monomer fluorescence at low coverages.  The wavelengths of phthalocyanine 

fluorescence at the very lowest coverage at which fluorescence is observed are 679nm, 

673nm, 694nm, and 692nm for ZnPc, F16ZnPc, ClAlPc, and ClInPc, respectively.  The  
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Figure 6.6 a) Quenching curves for submonolayer C4-PTCDI heterojunctions with 
F16ZnPc, ZnPc, ClInPc, ClAlPc, and CuPc, as well as the submonolayer heterojunction 
of ClInPc with PTCDA.  b) Fluorescence intensity of phthalocyanine monomers as a 
function of phthalocyanine coverage for heterojunctions of C4-PTCDI with F16ZnPc, 
ZnPc, ClInPc, and ClAlPc. 
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fluorescence peaks for ZnPc and ClAlPc in a THF solution are at 672 and 677nm.  The 

relative wavelengths suggest that ZnPc and F16ZnPc are similarly stabilized in solution 

and on a KCl surface and that ClAlPc and ClInPc are less stabilized on the KCl surface 

than in solution.  This difference may result from the axial chloride ligand and 

consequent permanent dipole moment or distortion from planarity for the trivalent 

phthalocyanines and absence of such for the divalent phthalocyanines. 

 The maximum monomer phthalocyanine fluorescence intensity occurs for the first 

coverage measured or for extremely low deposition coverages.  In all cases this 

phthalocyanine fluorescence intensity decreases with increasing coverage above a few 

percent of a monolayer phthalocyanine, as shown in Figure 6.6b.  With further 

phthalocyanine deposition past 0.3Å coverage, equivalent to 6% of a monolayer, the 

intensity of the phthalocyanine luminescence decreases with increasing phthalocyanine 

coverage and the monomer intensity is minimal by 2Å or 40% of a monolayer.  This is 

attributed to aggregation of phthalocyanine molecules with increasing coverage, only 

minute amounts of deposited phthalocyanine is required to decrease the probability of 

phthalocyanine molecules remaining isolated and only the isolated molecules emit at the 

monomer fluorescence wavelength.  At very low coverages the phthalocyanines begin to 

interact with neighboring phthalocyanine molecules and form ordered structures.11,12,18,35  

This rapid loss of monomer fluorescence indicates that the mobility of phthalocyanines 

on the KCl (100) surface is relatively high even at room temperature.  This rapid 

aggregation indicates that monomer fluorescence is unlikely to be seen in organic 

electronic devices which are much thicker than the films studied here. 
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 The fluorescence of aggregate phthalocyanines is commonly reported well above 

800nm for aggregates many nanometers or microns thick.8,30-32 Phthalocyanine 

fluorescence for aggregated samples has been generally thought of as insignificant or 

undetectable,  but the spectra within these heterojunction experiments suggest that there 

is plenty of significant fluorescence between the monomer fluorescence near 700nm and 

the lowest lying excimeric fluorescence above 850nm. 

 

 The fluorescence from low coverage ClAlPc deposited directly on KCl without 

any PTCD molecules and excited with a HeNe laser at 632nm is shown in Figure 6.7.  

The only fluorescence peak is centered at 738±2nm and grows in intensity through 1.2Å 

(25% monolayer equivalent) as shown by the dark spectra in Figure 6.7b, then decreases 

in intensity with coverage and red-shifts by approximately 7nm to 745±2 nm as shown by 

the light spectra in Figure 6.7b.  By one monolayer ClAlPc coverage the fluorescence is 

almost completely quenched and since deposition was halted at this coverage any higher 

coverage or thick film aggregate phthalocyanine fluorescence cannot be assessed.  No 

fluorescence for the pure ClAlPc layer was detected under 0.6Å and it is uncertain 

whether monomer fluorescence near 700nm could have been detected if a more 

optimized excitation source and filters had been available, or whether emission near 

738nm is truly the first phthalocyanine fluorescence for a pure phthalocyanine layer on 

KCl.  Either way, this wavelength is considerably red-shifted from the solution 

fluorescence of ClAlPc but is very similar to the “second” fluorescence peak near 740nm  
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Figure 6.7  In-situ fluorescence of ClAlPc with HeNe excitation: a) is the raw emission 
spectra, b) is the spectra with scattered HeNe light removed for coverages of 0.4, 0.9, and 
1.2Å with increasing intensity (dark spectra) and 2, 2.8, and 4.5 Å with decreasing 
intensity (light spectra), and c) is the intensity at 738nm from 0 to 5Å ClAlPc. 
 

for ClAlPc and ClInPc on submonolayer C4-PTCDI.  Since the feature at the same 

wavelength occurs for pure ClAlPc, it appears that the extra midwavelength fluorescence 

peaks for ClAlPc and ClInPc submonolayer heterojunctions with C4-PTCDI can be 

attributed to phthalocyanine emission from small aggregates.  Further supporting this, 

Chau reported absorbance for ClInPc on SnS2 at 746-757nm and calculated that the 

absorbance of a close packed monolayer of ClInPc would be at 707nm, a bilayer at 

737nm, and 6-16 layers at 755-757nm and for ClAlPc absorbance peaks at 709nm, 

754nm, and 775-779nm occur for the same coverages.37  There is no mention of 

fluorescence in this work, but these wavelengths or wavelengths 6-10nm higher from the 

Stokes shift might be expected for phthalocyanine fluorescence by his model.  If so, the 
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fluorescence at 737-740nm measured for ClAlPc and ClInPc in this work may originate 

from the smallest aggregates of the phthalocyanines, bilayers with alternating dipoles. 

 

6.4 “Bulk” Multilayer Heterojunctions 

 The above results clearly show that monomer to monomer energy transfer occurs 

efficiently between PTCD and phthalocyanines but organic/organic heterojunctions in 

solid-state organic electronic devices seldom consist of isolated molecules so the 

behavior at heterojunctions with aggregated films, although more complicated, are also 

more relevant.  PTCD thin films of approximately 12 monolayers (60Å) are vacuum 

deposited on KCl to serve as the first organic semiconductor layer for “bulk” 

heterojunction studies.  12 monolayers were shown experimentally to sufficiently 

represent an ordered “bulk” thin film because the fluorescence spectra differed only in 

magnitude but not shape from thicker films of 20 monolayers and 40 monolayers.  The 

initial fluorescence spectra from the multilayer PTCD layers are very different from the 

submonolayer PTCD spectra; the thicker PTCD fluorescence spectra are much broader 

and red-shifted and the resulting emission overlaps the wavelengths at which 

phthalocyanine emission occurs.  This imposes limits on the analysis of phthalocyanine 

emission and potentially changes the accuracy of plots of fluorescence vs. coverage as a 

means of measuring fluorescence quenching since phthalocyanines fluoresce near PTCD 

fluorescence.  For the most part the spectra can be successfully analyzed and PTCD 

emission is monitored at wavelengths for which phthalocyanine perturbation is minimal. 
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6.4.1 Study of Quenching Mechanisms 

 The interface between multilayer PTCD films and all phthalocyanines results in 

substantial PTCD quenching.   Phthalocyanine fluorescence occurs for many of the 

heterojunctions, indicating that energy transfer to the phthalocyanines is one cause of 

PTCD fluorescence quenching.  It is desirable to discover whether energy transfer is the 

only mechanism of interfacial exciton relaxation or whether charge transfer is present and 

to further isolate the proportion of quenching due to energy transfer. 

 
Figure 6.8 Relative frontier orbitals for PTCD heterojunctions.  For charge transfer the 
HOMO of the second organic semiconductor must be higher (closer to vacuum level) 
than the PTCD HOMO. This condition is met for phthalocyanine heterojunctions (a) and 
for TPD heterojunctions.  For energy transfer the energy difference between the second 
organic semiconductor HOMO and LUMO must be less than the energy between the 
HOMO and LUMO of PTCD.  For phthalocyanines on PTCD (b) this is true, but for TPD 
(c) this is not true and energy transfer cannot occur. 
 

 Figure 6.8 shows the relative frontier orbitals for the PTCD heterojunctions.  For 

all of the phthalocyanine/ PTCD systems energy transfer is possible because the optical 

bandgap energy for PTCD is 2.2eV38 which is greater than the 1.6eV optical bandgap 

energy for phthalocyanines. 38  Charge transfer is possible as well because the HOMO of 
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the phthalocyanine is more favorable energetically for the hole in the PTCD exciton than 

the PTCD HOMO energy.  One way to probe the proportion of these two processes is to 

slightly change the heterojunction such that one of these options is removed and the most 

straightforward pathway to remove is energy transfer.  If the second organic 

semiconductor in a heterojunction with PTCD has a much higher optical bandgap energy, 

the energy of the PTCD exciton will not be sufficient to produce an exciton in the second 

organic semiconductor.  The organic semiconductor TPD, N,N’-diphenyl-N-N’-bis(3-

methylphenyl)-(1,1’-biphenyl)-4,4’-diamine], is chosen for this experiment because it has 

an ionization potential similar to most phthalocyanines (5.1-5.3eV), however it has a 

much smaller electron affinity and larger bandgap (3.3eV) resulting in a HOMO orbital at 

about the same energy as a phthalocyanine but a LUMO orbital at a much higher energy 

as seen in Figure 6.8c.39  If the quenching of C4-PTCDI or PTCDA fluorescence is 

significantly changed by this substitution it confirms that energy transfer is significantly 

responsible for the quenching at C4-PTCDI and PTCDA/phthalocyanine heterojunctions. 

 

Quenching Mechanisms at C4-PTCDI/Phthalocyanine Heterojunctions 

 C4-PTCDI fluorescence is monitored with the normalized intensity of the 

aggregate C4-PTCDI fluorescence at approximately 665nm, plotted for heterojunctions 

with ZnPc, F16ZnPc, ClInPc, and ClAlPc in Figure 6.9.  The agreement between the 

quenching curves for all phthalocyanines is remarkable.  The phthalocyanine 

heterojunctions result in the quenching of C4-PTCDI fluorescence to approximately 10% 

of the initial intensity by a coverage of 25-30Å, otherwise expressed as a quenching 
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efficiency of 90%.  The quenching occurs as a smooth function of coverage and does not 

show any dramatic changes at the coverage of a complete monolayer.  This indicates that 

direct contact is not required for quenching and that a long range process contributes 

significantly to the quenching mechanism. 
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Figure 6.9 Quenching curve – Fluorescence intensity of C4-PTCDI aggregate emission 
as a function of phthalocyanine coverage. 
 

 The fluorescence quenching of C4-PTCDI with TPD coverage is also plotted on 

Figure 6.9 and two things are immediately apparent.   One, the C4-PTCDI fluorescence is 

much less quenched with TPD compared to the phthalocyanines and, two, the 

fluorescence intensity reaches its ultimate quenching efficiency at a much lower coverage 

for TPD than for phthalocyanines.  Both of these observations support the hypothesis that 

quenching at a TPD/C4-PTCDI heterojunction results from charge transfer and that the 
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TPD heterojunction does not allow the longer-range energy transfer as stipulated in the 

model. 

 The fluorescence intensity in the TPD heterojunction decreases almost linearly 

with coverage through 1Å at which coverage the fluorescence is 75% of the initial peak 

intensity.  After this coverage the fluorescence decreases at a much slower rate with 

increasing TPD coverage and at 40 Å the fluorescence is 63% of the unquenched 

intensity.  The change in quenching ability from the first monolayer to that of thicker 

films is dramatic.  Energy transfer occurs efficiently with contact but also occurs over 

short-range distances (up to 100Å to a decreasing extent with increasing distance) but   

for charge transfer contact is required.  The quenching from phthalocyanines continues 

over several monolayers which is consistent with energy transfer being a major 

quenching process.  The quenching from TPD does not increase significantly past the 

first monolayer which is consistent with the absence of energy transfer but the presence 

of charge transfer. 

 The extent of quenching due to non-radiative decay cannot be inferred from this 

experiment.  It undoubtedly exists for both phthalocyanine and TPD heterojunctions, but 

it may not be increased from bare C4-PTCDI since it is not an interface driven process.  

If this is assumed, then the increase in quenching from the TPD heterojunction, with 

charge transfer quenching only, to phthalocyanine heterojunctions, with charge transfer 

and energy transfer quenching, can be used as an indication of the percentage of 

quenching caused by energy transfer in the phthalocyanine heterojunctions.  The other 

assumption inherent in this analysis is that charge transfer between C4-PTCDI and TPD 
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is equally favorable to that between C4-PTCDI and phthalocyanines.  Because the 

ionization potentials of both organic semiconductors are similar the ΔHOMO with C4-

PTCDI would be estimated as similar.  However, UPS measurements in the previous 

chapter have shown energy level realignment causes ΔHOMO for C4-PTCDI/TPD to be 

ca. 0.74 ± 0.1eV whereas the average ΔHOMO for C4-PTCDI/phthalocyanine 

heterojunctions is 1.2 ± 0.1eV.  Thus the relative HOMO energy levels are not as similar 

as was initially supposed, however the effect this has on charge transfer from C4-PTCDI 

excitons may not be too significant because all of the phthalocyanines have similar 

quenching efficiencies even though UPS results show that their HOMO orbitals at the 

interface are not identically aligned with C4-PTCDI. 

 Assuming the simplest case in which non-radiative decay does not increase at any 

heterojunctions and the rate of charge transfer to TPD and phthalocyanines is similar, 

then charge transfer accounts for at most 35% of the quenching and energy transfer 

accounts for the additional 56% of C4-PTCDI fluorescence quenched by phthalocyanines 

(91% vs. 35 % total quenching).  Thus more than half of C4-PTCDI/phthalocyanine 

fluorescence quenching results from energy transfer to the phthalocyanines.  This is 

supported by the observation of phthalocyanine fluorescence in all C4-PTCDI 

heterojunctions for which the phthalocyanine has even minimal fluorescence quantum 

efficiency (discussed next in section 6.4.2).  It is extremely unlikely that such widespread 

phthalocyanine fluorescence could be achieved without energy transfer from the C4-

PTCDI. 
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 Since energy transfer is not particularly desirable in a photovoltaic device it is not 

advantageous that most exciton relaxation at a C4-PTCDI/phthalocyanine heterojunction 

is energy transfer, however energy transfer to the phthalocyanines is not necessarily a 

non-productive dead-end.  The result of energy transfer to a phthalocyanine molecule is a 

phthalocyanine exciton which may then undergo charge transfer to produce the desired 

mobile charges.  This secondary process is not measured in these fluorescence 

experiments so the viability of this pathway is not known, but since some phthalocyanine 

excitons fluoresce it can be certain that they do not all result in productive charge 

transfer. 

 

Quenching Mechanisms at PTCDA/Phthalocyanine Heterojunctions 

 Fluorescence was also measured as a function of phthalocyanine and TPD 

thickness on PTCDA to study the relative roles of energy transfer and charge transfer as 

exciton quenching pathways for the slightly different n-type organic semiconductor 

PTCDA.  Figure 6.10a plots the fluorescence quenching vs. coverage for heterojunctions 

of ZnPc, ClInPc, ClAlPc, and TPD with approximately 12 monolayers of PTCDA.  The 

agreement of all phthalocyanines is not as absolute as the same plot for the C4-PTCDI 

heterojunctions; ClAlPc quenches slightly less (12% PTCDA fluorescence remaining at 

20-30Å), ClInPc and ZnPc quench approximately equally (5.5% remaining), and the TPD 

quenching curve lies between these different phthalocyanine curves (10% remaining).  

The phthalocyanines quench dramatically with the smallest deposition and quench 

gradually less with coverage at higher coverages whereas the TPD quenches linearly with 
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coverage then suddenly changes slope at ca. 3.5Å.  This suggests that although the final 

quenching efficiency is similar, the TPD quenching mechanism is different than the 

phthalocyanine mechanism and that TPD requires direct contact while the phthalocyanine 

quenching may follow multiple quenching mechanisms, both direct and long-range.   
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Figure 6.10 Quenching curve – Fluorescence intensity of PTCDA aggregate emission as 
a function of phthalocyanine coverage for PTCDA thicknesses of a) approximately 12 
monolayers and b) approximately 40 monolayers. 
 

 All heterojunctions reach nearly final quenching efficiencies within the first 

monolayer deposited and since the remaining fluorescence intensity is so low it is 

difficult to determine if there are any subtle differences between the TPD and 

phthalocyanine heterojunction quenching efficiencies.  It was theorized that conditions 

with less complete quenching might result in greater separation between the different 

heterojunctions and therefore be more informative.  Figure 6.10b contains a similar 

quenching curve for heterojunctions with approximately 40 monolayers of PTCDA.  

However, although the quenching from a 40 monolayer PTCDA thin film is less for both 
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phthalocyanines and TPD, the relative amount of quenching is still very close between 

the different systems.  At 3.5Å the PTCDA fluorescence is quenched to 35-40% of its 

initial intensity for ZnPc, ClAlPc, and TPD.  The phthalocyanine heterojunctions exhibit 

slight increases in quenching with increasing coverage past one monolayer, ClAlPc more 

so than ZnPc, but the TPD heterojunction is relatively unaffected by increasing coverage 

after its dramatic slope change at ca. 3 Å.  By 30Å the fluorescence intensity remaining is 

22%, 29%, and 34.5% for ClAlPc, ZnPc, and TPD, respectively.  These differences are 

relatively small and seem to indicate that although fewer PTCDA excitons migrate to the 

quenching interface as a result of the thicker film, the quenching efficiency at the 

interface is similar for TPD and phthalocyanine.  

 That this overall quenching efficiency is so similar suggests that little of the 

quenching at a PTCDA heterojunction results from energy transfer since TPD does not 

allow energy transfer and yet quenches similarly to the phthalocyanines.  However, some 

energy transfer must occur since phthalocyanine fluorescence is measured in the 

ClAlPc/PTCDA and ClInPc/PTCDA heterojunctions (Section 6.4.2) and because of the 

more gradual transition from submonolayer quenching to multilayer quenching with 

greater phthalocyanine thickness.  Some long-range energy transfer may quench PTCDA 

fluorescence, particularly above the first monolayer of the heterojunction which does not 

have direct contact and therefore access to charge transfer.  The majority of the 

quenching is clearly caused by a process which can occur with TPD and phthalocyanines, 

most likely charge transfer.  Assuming that non-radiative decay does not increase because 

of the heterojunctions and that the rate of charge transfer to TPD and phthalocyanines is 
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similar, the vast majority of quenching at the PTCDA/phthalocyanine heterojunction is 

caused by charge transfer but the percentage is necessarily less than 100%.  This 

experiment suggests that PTCDA would produce better organic photovoltaic devices 

since greater charge transfer occurs at the interface and presumably more mobile charges 

will be created for the same device illumination.  Of course there are many other factors 

in device performance including charge transport, but this is an important parameter and 

a significant result. 

 

6.4.2 Fluorescence Spectral Features and Their Sources 

 The above analysis showed that significant energy transfer occurs at C4-

PTCDI/phthalocyanine heterojunctions, minimal energy transfer occurs at 

PTCDA/phthalocyanine heterojunctions, and that charge transfer occurs at both types of 

heterojunctions but is more dominant at PTCDA/phthalocyanine heterojunctions.  These 

differences are not only reflected in the C4-PTCDI and PTCDA fluorescence intensities, 

but also significantly affect the appearance of phthalocyanine fluorescence in both the 

intensity and the wavelength and coverages at which it appears.  Further corroboration is 

required, but the fluorescence spectra of a phthalocyanine such as ClAlPc seems to 

indicate whether energy transfer or charge transfer dominates interfacial exciton 

dissociation at a heterojunction as well as the presence or absence of significant attractive 

interaction between organic molecules at the interface.  The fluorescence spectra of 

ClAlPc may also indicate spectroscopically whether a phthalocyanine thin film is in a 

favorable polymorph for photoconductivity and photogeneration.  Fluorescence is 
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advantageous over absorbance spectroscopy because of its greater sensitivity and the 

ability to selectively measure fluorescence from single components in multicomponent 

devices. 

 Significant spectral differences occur between bulk heterojunctions on C4-PTCDI 

and on PTCDA.  One difference is that monomer phthalocyanine fluorescence appears at 

low coverages on C4-PTCDI for ZnPc, F16ZnPc, ClAlPc, and ClInPc but not for any of 

these same phthalocyanines on PTCDA.  Another striking difference is that conventional 

aggregate excimer phthalocyanine fluorescence occurs prominently for the trivalent 

phthalocyanines on C4-PTCDI, but entirely different phthalocyanine fluorescence peaks 

are seen at wavelengths between the monomer and low energy excimer wavelengths for 

ClAlPc and ClInPc on PTCDA.  This drastic difference in the spectroscopy for 

ClAlPc/C4-PTCDI vs. ClAlPc/PTCDA heterojunctions may be useful, but it also serves 

as an excellent example of how an intentional change of one component of a 

heterojunction results in a completely unanticipated change in the resulting 

heterojunction properties. 

 

ClAlPc and ClInPc on C4-PTCDI 

 The interpretation of ClAlPc fluorescence in a C4-PTCDI heterojunction is 

relatively simple; after deconvoluting the C4-PTCDI fluorescence, the spectra strongly 

resembles the fluorescence spectra produced for direct photoexcitation of pure 

phthalocyanines.  Figure 6.11 contains fluorescence spectra for heterojunctions between 

ca. 12 ML C4-PTCDI and chloroaluminum phthalocyanine and chloroindium 
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phthalocyanine and a plot of fluorescence intensity at several wavelengths as a function 

of phthalocyanine coverage.  The initial lowest phthalocyanine coverage begins 

quenching C4-PTCDI fluorescence and produces a sharp emission peak near 699nm, 

indicative of monomer phthalocyanine fluorescence.  The spectral intensity above 800nm 

also increases, indicating some aggregate phthalocyanine fluorescence even at low 

phthalocyanine coverages.  For ClAlPc, as the phthalocyanine coverage increases the 

monomer phthalocyanine fluorescence decreases and is undetectable above 1Å while the 

aggregate phthalocyanine fluorescence intensity increases rapidly through 1Å, becomes 

less prominent from one to three monolayers, then increases steadily to dominate the 

longer wavelength region of the spectra at higher coverages. 

 The ClAlPc monomer fluorescence peak at low coverages at 699 ± 2nm is red-

shifted slightly from the submonolayer heterojunction monomer fluorescence at 694nm 

and red-shifted more substantially from the solution monomer fluorescence in THF at 

675nm.  It is difficult to separate the C4-PTCDI fluorescence from the aggregate 

phthalocyanine fluorescence at high wavelengths at low to medium coverages, but the 

phthalocyanine fluorescence peak appears to be centered from 830 to 850 nm. For higher 

coverages the phthalocyanine peak is better resolved and the C4-PTCDI fluorescence has 

diminished, as the 34Å coverage in Figure 6.11b clearly shows.  At 48 Å ClAlPc, the 

highest coverage measured, the fluorescence peak is centered at 848 ± 4nm.  The C4-

PTCDI fluorescence peak at these higher coverages is centered at 666 ± 2nm while the 

peak wavelength of bare C4-PTCDI is approximately 688 ± 2nm.  Quenching of the  
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Figure 6.11 Heterojunctions of ClAlPc and ClInPc on approximately 12 monolayer thin 
films of C4-PTCDI.  a) Full fluorescence spectra of bare C4-PTCDI and ClAlPc 
coverages of 0.3, 0.5, 0.8, 1.3, 3, 5, 10, and 34Å.  b) Fluorescence spectra of 34 Å ClAlPc 
on C4-PTCDI (dark trace) and 28 Å ClInPc on C4-PTCDI (light trace). c) Fluorescence 
intensity as a function of ClAlPc coverage for raw fluorescence intensity at 675nm for 
dark squares, 699nm for diamonds, and 847nm for dark triangles. 
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aggregate C4-PTCDI fluorescence is considerable but not complete and is not entirely 

uniform across the entire wavelength spectrum.  ClInPc on C4-PTCDI undergoes a 

similar progression with coverage with the low coverage monomer phthalocyanine peak 

at 694± 2nm.  The ClInPc aggregate fluorescence is centered from approximately 860nm 

to 869nm; for the 28Å ClInPc coverage displayed in Figure 6.11b the large 

phthalocyanine fluorescence peak is at 867±4nm. 

 Overall, the existence of phthalocyanine monomer fluorescence near 700nm 

indicates that the first few phthalocyanine molecules exist as monomers on the bulk C4-

PTCDI surface and that fluorescence is a high probability pathway for monomer 

phthalocyanine exciton relaxation.  The red shifted wavelengths indicate a slightly 

weaker interaction with the organic C4-PTCDI surface when compared with the 

stabilization provided by solvation from THF molecules in solution but an interaction 

strength similar to the interaction in the submonolayer heterojunctions on KCl.  The 

higher wavelength peak shows that some phthalocyanine molecules aggregate even at 

trace coverages and by less than half a monolayer the aggregation is such that monomer 

phthalocyanine fluorescence is not detected.  The wavelengths of the higher wavelength 

fluorescence peak for higher coverage films are approximately 848 ± 4nm for ClAlPc and 

869 ± 4nm for ClInPc, very near the reported fluorescence maxima wavelengths of 

865nm for ClInPc and 861nm for ClGaPc and estimated 860 to 910nm for solvent 

annealed ClAlPc. 8,18  This correlation suggests that the measured emission is purely from 
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excimeric aggregate phthalocyanine fluorescence rather than any complex formed 

between the C4-PTCDI and the phthalocyanine. 

 Since monomer fluorescence from ClAlPc and ClInPc is observed for low 

coverages and aggregate fluorescence is observed at almost all coverages, energy transfer 

from the C4-PTCDI excitons to both the isolated phthalocyanine molecules and 

aggregated phthalocyanine is proven.  There are no obvious effects in the fluorescence 

spectra to indicate any perturbations caused by charge transfer at the C4-

PTCDI/phthalocyanine heterojunctions and all fluorescence peaks can be satisfactorily 

attributed to aggregated C4-PTCDI, monomer phthalocyanine, or excimeric aggregated 

phthalocyanine. 

 

ClAlPc and ClInPc on PTCDA 

 Fluorescence spectroscopy of heterojunctions with ClAlPc and ClInPc on PTCDA 

show very different results from the C4-PTCDI heterojunctions with the same 

phthalocyanines.  Figure 6.12 shows the fluorescence spectra for two such 

heterojunctions and Figure 6.13 shows the fluorescence intensity at several wavelengths 

vs. coverage.  At low phthalocyanine coverages, the PTCDA fluorescence intensity is 

quenched but the spectral shape does not show any dramatic changes.  There is no 

indication of monomer phthalocyanine fluorescence near 700nm and the only spectral 

change is almost imperceptibly lesser quenching from 840nm to 940nm compared to the 

quenching in the lower wavelength region of the spectra, indicating the presence of a low 

broad peak in the high wavelength region.  Above trace coverages a sharp peak develops 
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at approximately 784nm in the ClAlPc/PTCDA heterojunction, far above the monomer 

fluorescence wavelength.  This peak rises above the PTCDA background gradually from 

1 to 4Å and then increases in intensity and red shifts with coverage to approximately 

791nm through ca. 12 Å, after which it remains prominent but decreases slightly in both 

net intensity and intensity after PTCDA background subtraction, shifting to 

approximately 796nm at 66Å, the highest coverage measured.  The peak width (FWHM) 

of this feature remains from 30 to 40nm at all coverages, a very narrow peak for  

aggregated organic semiconductor emission. The general shift of each peak toward higher 

wavelengths with coverage is likely caused by a reabsorbance effect due to the small 

Stokes shift or from red-shifting due to increasing aggregate size.17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 Heterojunctions of ClAlPc and ClInPc with 12 monolayers of PTCDA. a) 
Fluorescence spectra for bare PTCDA and 0.2, 0.4, 0.6, 0.9, 1.8, 3, 13, and 31Å ClAlPc.  
b) Fluorescence spectra for bare PTCDA and 0.2, 0.4, 0.6, 0.9, 1.8, 3, 6, 9, and 26Å 
ClInPc. 
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 The development of the fluorescence spectra for a heterojunction of ClInPc with 

PTCDA, shown in Figure 6.12b, is very similar to the ClAlPc/PTCDA heterojunction.    

The first prominent new fluorescence feature for ClInPc occurs near 734nm at the 

coverage of 1.2Å.  This feature is relatively narrow (20-30nm FWHM) and rapidly 

increases in intensity through ca. 3.5Å.  At this coverage its intensity decreases while a 

similarly narrow peak at approximately 777nm (FWHM 25-35nm) grows through the 

coverage of 10 Å, after which it decreases slightly and red-shifts with increasing 

coverage but does not fully disappear.  A broad peak above 830nm is initially ill-defined 

at lower coverages but gradually becomes clearer, although still a minor component of 

the spectra, at higher coverages and is centered at approximately 863 ± 5nm at high 

coverages. 
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Figure 6.13 Fluorescence Intensity with approximate PTCD fluorescence background 
subtracted for a) ClAlPc on PTCDA and b) ClInPc on PTCDA. 
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 The broad, low intensity peak above 800nm in both heterojunctions is most likely 

excimer fluorescence from aggregated ClAlPc and ClInPc.8,18  The aggregate 

phthalocyanine emission never becomes clearly resolved from the rest of the spectra and 

appears much less intense in the PTCDA heterojunctions than the same feature in the C4-

PTCDI heterojunctions.  The TPD quenching experiment shows that charge transfer 

dominates at the PTCDA heterojunctions and little if any energy transfer occurs; the 

much smaller phthalocyanine aggregate excimer fluorescence peak for 

phthalocyanine/PTCDA heterojunctions reaffirms the conclusion of minimal energy 

transfer. 

 The lack of fluorescence at monomer wavelengths for the lowest phthalocyanine 

coverages indicates either extremely inefficient energy transfer, extremely fast 

phthalocyanine aggregation, or a strong interaction such as charge transfer with PTCDA 

which either eliminates free phthalocyanine monomers or quenches fluorescence.  The 

relatively narrow feature at 784 to 796nm (FWHM width 40nm) is not observed in 

ClAlPc/C4-PTCDI heterojunctions, nor are the 734nm or 777nm peaks in the 

ClInPc/PTCDA heterojunctions seen in the ClInPc/C4-PTCDI heterojunctions.  It is 

likely that the ClAlPc and ClInPc peaks have similar origins since the narrow 

midwavelength peaks emerge at roughly the same coverages for ClAlPc and ClInPc, 

develop to a maximum at about the same coverages, and neither disappear nor increase 

significantly with coverages past 2-3 monolayers.  These features are not at the expected 

wavelength for ClAlPc or ClInPc monomer fluorescence (670 to 710nm) and do not 

appear until more than 20% of a monolayer of phthalocyanine molecules are deposited on 
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the PTCDA layer, suggesting that these peaks may originate from some type of small 

aggregate structures.    

 This is further supported because of the similarities to the submonolayer C4-

PTCDI heterojunction fluorescence experiments.  In the submonolayer experiments only 

ca. 3% of a monolayer of PTCD molecules are deposited, so any fluorescence which 

develops past the initial phthalocyanine coverage (certainly after the first monolayer but 

probably much sooner) must be purely phthalocyanine in origin because they cannot be 

attributed to direct PTCD/phthalocyanine exciplexes since there should be no more 

available PTCD molecules.  For the submonolayer ClInPc/C4-PTCDI heterojunction a 

fluorescence peak near 785nm grows from 5-40Å and the transition between two ClInPc 

peaks with coverage is similar to the two peaks in the bulk ClInPc/PTCDA 

heterojunction. 

 

 Very little literature exists for fluorescence from phthalocyanines at these 

midrange wavelengths and phthalocyanine fluorescence is often mentioned as a minor 

observation and not as a subject for which the origin is seriously discussed.8,22,33,34,46  

Absorbance spectroscopy is slightly better documented, mostly for the tetravalent VOPc 

and TiOPc.18,20,25-27,34  Absorbance spectra for trivalent and tetravalent phthalocyanines 

are different for amorphous or monoclinic structure (phase I or β) and triclinic 

conformation (phase II or α).8,20,34  Amorphous and β phase structure primarily absorb 

between 600 and 800nm and appear roughly as two broad, overlapping peaks.  The 

triclinic α phase absorbs in the same region but also has an additional, higher intensity, 
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absorption peak centered near 850-900nm for TiOPc and nearby for other 

phthalocyanines.8,20,34  Solvent or heat induced phase changes are expressed in the 

absorbance spectra,20,34 but only a few reports mention fluorescence changes8,33,34 while 

others report that fluorescence is not sensitive to phthalocyanine phase.18  By adapting 

literature reports for TiOPc and similar phthalocyanines, it appears that more β phase or 

amorphous phthalocyanine forms on PTCDA while α phase phthalocyanine preferentially 

forms on C4-PTCDI.  Del Caño et al. showed with absorption and infrared spectroscopy 

that tetravalent phthalocyanines needed annealing to form α phase but that trivalent 

phthalocyanines formed it more naturally.18  Yonehara showed that for TiOPc the α form 

developed when deposited on Pt, Al, Ti, Cu, ITO, glass, polyimide film, and C18 self-

assembled monolayer while the β form developed only on Au, Ag, and Cu showing that 

the α form is more common.34,50    This fits with the result for ClAlPc and ClInPc in this 

work in which the phthalocyanine molecules are less free to aggregate in their favored 

orientation because of the attractive interaction with PTCDA.  

 Yonehara et al. specifically examine the absorbance and fluorescence of TiOPc 

vacuum deposited on different substrates and correlated the results to phthalocyanine 

phase and orientation with XRD and polarized spectroscopy.34  The triclinic α phase 

TiOPc fluoresces with a single large peak at 950nm, but the monoclinic β phase TiOPc 

fluorescence is less intense and contains three peaks at room temperature - one broad 

peak at 950nm, a narrower peak at 860nm with slightly higher intensity, and a small 

shoulder peak at 820nm.  Huang analyzed the absorbance and fluorescence of VOPc and 
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attributed a single fluorescence peak at 915nm to α phase VOPc but attributed peaks at 

730, 782, 810, and 878 nm to β phase VOPc.22 Other later works suggest that the film 

claimed as β would be better considered amorphous.51  (The area of solid state 

phthalocyanine spectroscopy involves a continuing series of publications contradicting 

each other.  Part of the reason for a lack of agreement, and therefore progress towards 

conclusive absorbance and fluorescence spectra and spectral analysis, is that pure 

polymorph films are extremely difficult to achieve and each group has different 

preparation methods and different proportions of amorphous and ordered polymorphs are 

obtained so seldom do two published spectra look exactly alike.)  The wavelengths for 

TiOPc and VOPc fluorescence do not exactly match ClAlPc or ClInPc, but β phase or 

more amorphous ClAlPc and ClInPc forming on PTCDA is consistent as these phases 

clearly have many more possible midwavelength fluorescence peaks. 

 Another possibility, postulated by Del Caño et al., is that fluorescence at a 

wavelength between the bulk PTCD fluorescence wavelength and the bulk 

phthalocyanine fluorescence wavelength comes from exciplex emission.31-33 For a 

VOPc/C5NP-PTCDI(bis-neopentyl) system the peak wavelength for C5NP-PTCDI 

fluorescence was below 700nm, for VOPc the fluorescence peak was at 896nm, and for a 

mixture of the two a distinct peak at 819nm with a width of ca. 120nm was observed.  A 

much broader peak was recorded for a VOPc/C5NP-PTCDI mixed layer than the peak 

measured here, but this could be from different film preparation and measurement 

geometry as well as exposure to atmosphere.  Del Caño reported this exciplex emission 

for mixed films of TiOPc and VOPc with C5NP-PTCDI but no exciplex emission for 
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mixed films of ClInPc and ClGaPc with C5NP-PTCDI.31-33  The evidence cited for 

exciplex character was emission without an absorption peak at this intermediate 

wavelength, the lowering of the peak intensity with solvent annealing (and resulting 

phase segregation and therefore lower interfacial contact area), and the approximately 

coincident LUMO orbital energies calculated for the two organic semiconductors.31 

 The identification of the trivalent phthalocyanine /PTCDA fluorescence peak as 

evidence of exciplex formation is tempting but ultimately not conclusively supported.  

The wavelength in this work correlates reasonably well with Del Caño’s results and more 

importantly the formation of an exciplex with PTCDA but not C4-PTCDI is consistent 

with the differences in the UPS results of the previous chapter.  UPS showed that the 

LUMO of the trivalent phthalocyanines immediately at the interface with PTCDA is 

aligned with the LUMO of PTCDA, but that the LUMOs are not aligned for C4-PTCDI.  

However simple charge transfer from PTCDA to the phthalocyanine LUMO can also 

result in this interfacial energy alignment so the presence of an exciplex is not actually 

required to explain the UPS alignment.  The fluorescence peak in this chapter is vastly 

narrower and more well defined than the spectra from Del Caño, which may simply 

indicate a more uniformly ordered interface or may indicate emission from a different 

source.  The evolution of the mid-wavelength fluorescence feature with phthalocyanine 

coverage is possibly supportive of this exciplex explanation since its intensity grows only 

through 10Å and does not continue growing for thicknesses away from the interface. 

(Neither UPS nor fluorescence is conclusive as to whether the interfacial morphology is 

maintained as the phthalocyanine film grows thicker however.  X-ray diffraction studies 
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of VOPc/PTCDA heterojunctions by Nanai et al. showed that VOPc deposited on 

PTCDA was disrupted near the interface and did not form a crystal phase but did form 

ordered β phase further from the interface.48 )  Del Caño’s explanation that solvent 

annealing reduces the exciplex peak because of decreased interfacial area due to phase 

segregation could also be explained by a phase change within the phthalocyanine from 

the β to the α polymorph or an amorphous film which would not require the invocation of 

an exciplex for explanation.34  The next series of experiments was designed to give an 

alternate view on the interface between PTCD and phthalocyanine molecules and 

possibly help clarify these questions.  

 

6.5 Reverse Deposition Heterojunctions: PTCD Deposited on Phthalocyanines 

 PTCDA clearly favors charge transfer in phthalocyanine heterojunctions and C4-

PTCDI clearly favors energy transfer.  If different bulk polymorphs of phthalocyanines 

grow on the two organic semiconductors the differences interpreted as interfacial effects 

could simply be caused by differing intramolecular interactions within the phthalocyanine 

films.  One way to test this possibility is to deposit the phthalocyanine layer directly on 

alkali halide substrates and then deposit C4-PTCDI on one phthalocyanine film and 

deposit PTCDA on another.  This way the phthalocyanine will have the same polymorph 

for both heterojunctions and the differences between C4-PTCDI and PTCDA should be 

clearer.  If the shape of the fluorescence spectra are now similar for both reverse 

heterojunctions it supports that different phthalocyanine polymorphs may have been 
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responsible for the different heterojunction fluorescence spectra although it does not 

eliminate molecular orientation at the interface playing a role.  

 Favorable molecular orientation at the heterojunction interface could be a 

contributing factor towards PTCDA charge transfer.  PTCDA tends to grow with its 

molecular core parallel to the substrate surface on most substrates.11,12,15  If this order is 

even partially maintained then the electronic core of the PTCDA molecule (in which both 

the HOMO and LUMO are localized) is more accessible for favorable overlap with the 

planar phthalocyanine core (in which both the HOMO and LUMO are also localized).  

Geometrical overlap is one of the major factors required for charge transfer in organic 

semiconductors, and cofacial alignment of the pi-orbital rich organic semiconductors is a 

very favorable alignment.43-45  C4-PTCDI grows with a different layer structure on KCl 

resembling its crystal structure with the molecular core tilted and n-butyl chains forming 

a large portion of the surface terminus. 11  Since the electronic core of the molecules is 

tilted and partially buried, it is therefore less accessible for interfacial charge transfer 

interactions.11  If this geometrical factor plays a large role in determining the favorability 

of charge transfer and energy transfer, depositing the PTCDA and C4-PTCDI molecules 

on the phthalocyanine layer may change the relative exciton relaxation processes at the 

heterojunctions.  The first phthalocyanine layer should be the same for both 

heterojunctions and the lowest coverages of PTCDA and C4-PTCDI should both provide 

similar opportunity for cofacial geometric overlap.  If exciplexes are responsible for the 

midwavelength fluorescence, the reverse C4-PTCDI heterojunction should look more like 

both the forward and reverse PTCDA heterojunctions due to increased cofacial overlap 
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and therefore better exciplex conditions.  Exciplexes would also result in midwavelength 

fluorescence which grows in intensity for the first one to two monolayers and then stops 

growing when the phthalocyanine surface becomes fully covered. 

 Results show that ClAlPc midwavelength fluorescence occurs in reverse 

deposition heterojunctions on both PTCDA and C4-PTCDI and does not appear to be 

disproportionally produced at the interface.  This ClAlPc fluorescence occurs near 790nm 

on PTCDA and 810nm on C4-PTCDI and grows linearly with PTCD coverage from 

submonolayer coverages all the way to coverages above 100Å.  The evolution of the 

fluorescence peak with coverage suggests it is unlikely to be from exciplex emission and 

is likely to originate from the phthalocyanine film itself.  Energy transfer from C4-PTCDI 

to ClAlPc is again shown to be far higher than energy transfer from PTCDA, measured 

both by the thickness of PTCD coverage required to produce measurable PTCD 

aggregate fluorescence and by the intensity of the phthalocyanine fluorescence above 

840nm. 

 

PTCDA on ClAlPc 

 Figure 6.14 shows the results from the deposition of PTCDA on ca. 12 ML 

ClAlPc.  In Figure 6.14a the low coverage spectra show that the first fluorescence 

appears at very low coverages at 790 ± 5nm.  This is similar to the 784nm peak observed 

for the normal deposition order PTCDA/ClAlPc heterojunction, neither at monomer nor 

aggregate excimer wavelengths.  This peak appears well before any other emission peaks,  
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Figure 6.14 Reverse deposition heterojunction of PTCDA on ca. 12 monolayers of 
ClAlPc. a) Low PTCDA coverages of 0.5, 7, 17, and 23Å on ClAlPc.  b) PTCDA 
coverages of 0.5, 7, 17, 23, 32, 40, 48, 54, and 60Å. c) Fluorescence intensity at 700nm 
(dark squares), 796nm (circles), and 796nm after subtraction of aggregate PTCDA 
fluorescence contribution (triangles). d) Peak area of spectra fit by multiple Gaussian 
peaks at approximately 690nm (dark squares), 790nm (red circles), and 850nm (light 
triangles). 
 
the shape of the spectrum at 0.5Å PTCDA is not significantly different from the spectrum 

at 7 Å PTCDA.  Only after the coverage of approximately 10 Å PTCDA does the broad  

feature centered near 700nm with a shoulder near 600nm, characteristic of aggregated 

PTCDA fluorescence, appear. 

 That the 790nm fluorescence appears first confirms that a pathway involving 

phthalocyanine dominates over PTCDA fluorescence for PTCDA exciton relaxation.  
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Even though the PTCDA molecules are directly photoexcited, no monomer or aggregate 

PTCDA fluorescence appears for coverages through almost two monolayers.  On a bare 

KCl substrate significant PTCDA aggregate fluorescence is observed at this coverage so 

quenching at the ClAlPc/PTCDA interface is confirmed.  If the 790nm emission is 

phthalocyanine fluorescence then energy transfer is necessarily present, charge transfer is 

neither confirmed nor denied by this result. 

 Figure 6.14b shows the spectra for higher coverages for the reverse 

heterojunction.  The region from 500nm to 700nm matches aggregate PTCDA 

fluorescence very well, but the additional higher wavelength emission peak persists 

which is not a PTCDA feature.  The peak red-shifts slightly to ca. 796 nm for the thicker 

coverage spectra.  If the 790nm peak is considered superimposed upon the PTCDA 

fluorescence it appears that the intensity does not change much from 10Å to 60 Å.  If the 

spectra are fit with Gaussian peaks, the first 790nm peak can be fit by a single peak but at 

approximately the same coverage that a PTCDA peak must be added near 690nm a third 

peak near 850nm must also be introduced in order to fit the entire fluorescence spectra 

satisfactorily.  Although no well-resolved peak develops at this wavelength, a peak near 

850nm may logically be attributed to phthalocyanine excimer fluorescence since the 

wavelength matches well.  Figure 6.14c shows the intensity at 700nm and 796nm as a 

function of PTCDA coverage; the 790nm emission grows from the first deposition of 

PTCDA but the PTCDA fluorescence is virtually absent for the first two monolayers.  

The subtraction of an estimated PTCDA background results in an approximately linear, 
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slower increase in the 790nm peak intensity with PTCDA coverage, shown by the 

triangle symbols in Figure 6.14c. 

 Since the increase in near 800nm intensity due to the first 5Å of PTCDA is no 

larger than the increase when 5Å PTCDA is deposited 40Å from the interface, direct 

contact does not appear to be required for creation of the 790nm emissive state.  This 

supports the conclusion that the peak is not a PTCDA/ClAlPc exciplex since that would 

be expected to grow dramatically at low coverages but to not increase significantly at 

long ranges.  The caveat to this explanation is that the exciton diffusion length in PTCDA 

is greater than the thickness of the PTCDA layer which means the growing thickness of 

PTCDA absorbs more light and creates more PTCDA excitons, all of which may diffuse 

to the interface and increase the number of neighboring phthalocyanine/PTCDA excited 

states and therefore new emission centers.  If this truly describes the heterojunction then 

the increase in peak intensity might appear linear as long as the film thickness is much 

less than the exciton diffusion length and the excitation light intensity is low enough to 

avoid exciton-exciton annihilation or saturation of the interfacial exciton sites.  This is a 

real possibility but is difficult to prove. 

 The complete quenching of PTCDA fluorescence for the first two monolayers 

indicates efficient interfacial quenching.  That PTCDA fluorescence appears for all 

coverages beyond two monolayers indicates that fluorescence of PTCDA excitons is 

competitive with or favored over energy transfer to the aggregate phthalocyanine.  The 

emission peak at 790nm for all coverages indicates that the same process occurs for the 

reverse deposition of PTCDA on ClAlPc that occurs for the normal deposition of ClAlPc 
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on PTCDA.  The growth of the 790nm peak with coverage cannot definitively indicate 

whether the emission is from a certain phthalocyanine polymorph or from exciplex 

emission. 

 

C4-PTCDI on ClAlPc 

 Figure 6.15 shows the fluorescence results from deposition of C4-PTCDI on 

approximately 12 monolayers ClAlPc.  The midwavelength peak is again the first to 

appear at the slightly higher wavelength of 810 ± 5 nm.  The peak at 810nm increases in 

intensity with coverage and a second, minute peak at 700nm appears at the coverage of 

ca. 3Å, is almost too small to analyze and may be monomer ClAlPc fluorescence since it 

does not grow in intensity with increasing coverage, and becomes enveloped in the signal 

from a broad C4-PTCDI peak centered at approximately 667nm.  The C4-PTCDI peak is 

barely perceptible at low coverages and does not rise above the baseline as a distinct peak 

until over 30Å C4-PTCDI has been deposited.  The intensity of this peak remains only a 

small fraction of the 810nm peak until coverages of over 100Å.  This suggests that 

energy transfer from C4-PTCDI excitons is so favorable that ClAlPc/C4-PTCDI interface 

energy transfer dominates over C4-PTCDI fluorescence even for 6 to 16 monolayer thick 

films, a thickness within the probable exciton diffusion length for C4-PTCDI.  Even at 

200Å the total C4-PTCDI fluorescence intensity is lower than the phthalocyanine 

emission intensity.   
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Figure 6.15 Reverse deposition heterojunction of C4-PTCDI on ca. 12 monolayers of 
ClAlPc. a) Low C4-PTCDI coverages of 1.1, 5, 20, 43, and 63Å on ClAlPc.  b) C4-
PTCDI coverages of 1.1, 5, 20, 43, 63, 102, 121, 142, and 165Å. c) Fluorescence 
intensity at 669nm (dark squares) and 818nm (triangles). d) Peak area of spectra fit by 
multiple Gaussian peaks at approximately 810nm (dark squares), 660nm (red circles), 
and 845nm (light triangles). 
 

 For higher C4-PTCDI coverages, the lower wavelength region of the spectra 

consists of a single symmetrical aggregate C4-PTCDI peak at 670±8nm (slightly red 

shifting with coverage from 667nm to 675nm).  The peak above 800nm is notably broad 

and asymmetrical and may contain multiple emission features.  The fluorescence peak 

can be fit well at all coverages by a narrow peak near 815±5nm and a broad peak at 

850±5nm.  The two wavelengths resemble the wavelength for the initial narrow 
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fluorescence band near 810nm and the bulk aggregate fluorescence for pure 

phthalocyanines above 848nm so this two peak fit may be significant, but it is not 

completely clear whether this is justified or merely over-analysis of a fluorescence peak 

broadened to the lower energy side by the disorder and reabsorbance effects always 

present in solid phase organic semiconductor fluorescence spectroscopy. 

 Figure 6.15c shows the fluorescence intensity at 669nm and 818nm; the higher 

wavelength fluorescence begins immediately at the lowest coverage but the 669nm 

fluorescence does not become appreciable until coverages of almost 50Å.  Since the 

overlap between the two spectral peaks is lower, background subtraction of scaled C4-

PTCDI fluorescence does not significantly change the 818nm intensity and is not shown.  

Figure 6.15d shows the peak area for a three Gaussian peak fit; the peaks at 660nm and 

845nm increase at very similar rates once the lower wavelength peak appears and the 

peak centered at 810nm (red shifted to ca. 818nm for higher coverages) increases much 

more slowly as a function of C4-PTCDI coverage. 

 The 810nm peak area increases approximately linearly and the slope does not 

change radically from submonolayer coverages to much thicker coverages.  This suggests 

that the 810nm peak in the C4-PTCDI reverse heterojunction has the same origin as the 

790nm peak in the PTCDA reverse heterojunction.  This emission occurs for reverse 

deposition of C4-PTCDI on ClAlPc even though it is not observed for the normal 

deposition of ClAlPc on C4-PTCDI.  It is possible that this peak may exist in the normal 

deposition order heterojunction but be undetectable under the far larger phthalocyanine 

excimer fluorescence peak. It is also possible that the ClAlPc polymorph in this reverse 
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heterojunction is different than the polymorph resulting from deposition of ClAlPc on 

C4-PTCDI, therefore resulting in a midwavelength emission peak only for the reverse 

deposition heterojunction.  Finally, it is possible that creation of exciplexes is enabled by 

the increased cofacial overlap between the C4-PTCDI molecules and the trivalent 

phthalocyanine molecules in the reverse deposition.   

 If a different packing structure of ClAlPc on C4-PTCDI vs. PTCDA was 

responsible for the difference in charge transfer and energy transfer for the organic 

heterojunctions, the reverse deposition heterojunctions should have shown similar energy 

transfer for both C4-PTCDI and PTCDA.  This definitely did not happen since PTCDA 

fluorescence appeared by 10Å but C4-PTCDI required five times this coverage to appear. 

Further, PTCDA fluorescence intensity became higher than ClAlPc fluorescence by 50Å 

but for C4-PTCDI the ClAlPc fluorescence still has a higher intensity with 200 Å C4-

PTCDI deposited.  Clearly although the spectral features may be a result of 

phthalocyanine polymorphs, the energy transfer efficiency is more a function of the 

PTCD not the phthalocyanine. 

 

C4-PTCDI on Other Phthalocyanines 

 The reverse deposition heterojunction for ClInPc with C4-PTCDI produces 

similar results to the reverse deposition experiments with ClAlPc and C4-PTCDI.  The 

first peak observed is near 790nm and the intensity of the 790nm feature is also linear 

from the first coverage through 120Å C4-PTCDI.  The C4-PTCDI fluorescence appears 



 

 

363

500 600 700 800 900

0

150

300

450

600

750
 
 
 
 
 
 
 
 

16 A
11 A
8  A
6  A
3  A
2  A
1.5 A
0.9 A

a)

Fl
uo

re
sc

en
ce

Wavelength (nm)
0 20 40 60 80 100 120

0

2500

5000

7500

10000

12500

15000

b)

Fl
uo

re
sc

en
ce

 (A
ll 

W
av

el
en

gt
hs

)

Angstrom

 522 nm
 667 nm
 785 nm

0
50
100
150
200
250
300
350

 F
lu

or
es

ce
nc

e 
(M

on
om

er
 C

4-
P

TC
D

I)

at approximately 25 Å, indicating efficient energy transfer from C4-PTCDI to ClInPc just 

as in the ClAlPc/C4-PTCDI reverse heterojunction. 

 The reverse deposition heterojunction for C4-PTCDI deposited on ca. 12 

monolayers of ZnPc proceeds differently from the ClAlPc and ClInPc heterojunctions, 

most noticeably in that clear monomer emission is observed for both ZnPc and C4-

PTCDI as shown in Figure 6.16.  The very first peaks at 522±1nm and 559±2nm 

correspond well to vibrational monomer C4-PTCDI peaks measured on KCl and the peak 

at 669±2nm corresponds well to the monomer ZnPc fluorescence measured in a 

heterojunction with submonolayer C4-PTCDI (679nm) and in THF solution (666.5 nm).   

 

 

 

 

 

 

 

 

 
Figure 6.16 Reverse deposition heterojunction of C4-PTCDI on ca. 12 monolayers of 
ZnPc. a) C4-PTCDI coverages of 0.9, 1.5, 2, 3, 6, 8, 11, and 16Å on ZnPc. b) 
Fluorescence intensity at 522nm (dark squares), 667nm (light triangles), and 785nm (dark 
triangles).  The fluorescence intensity at 522nm is also plotted with dark squares on the 
right y-axis to illustrate the decreasing C4-PTCDI monomer fluorescence intensity with 
increasing C4-PTCDI coverage. 
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 The slight wavelength differences indicate slightly different interaction with 

surrounding molecules, but are not significant enough to indicate interfacial 

complexation or reaction.  ZnPc is known to grow as towers sometimes and the C4-

PTCDI monomer fluorescence likely indicates the presence of disorder and defect sites or 

possibly uncovered KCl.  The broader aggregate C4-PTCDI peak dominates the spectra 

for all coverages above 20Å.  A small broad peak at ca. 830-860nm, most likely from 

aggregated ZnPc, appears only from 3Å to 12Å.  It does not necessarily cease to exist but 

after this coverage the C4-PTCDI peak becomes large enough to obscure it as a separate 

peak and it is difficult to track whether it remains under the broader feature or ultimately 

disappears.  Energy transfer to ZnPc occurs to some extent, but either the energy transfer 

is not very efficient or the aggregate ZnPc fluorescence quantum efficiency is too low to 

produce more than a faint hint in the spectra at most coverages. 

 

6.6 Conclusions 

 Fluorescence spectroscopy is shown in this chapter to be a useful tool for 

examination of exciton pathways in organic semiconductors.  Fluorescence spectra can 

clearly show energy transfer as well as aggregation and sometimes polymorph for thin 

layers of organic semiconductor molecules.  Fluorescence quenching at organic/organic 

heterojunctions can be used to characterize the amount of charge transfer vs. energy 

transfer for excitons at organic semiconductor heterojunctions. 

 Fluorescence experiments with selective excitation in two common n-type organic 

semiconductors, PTCDA and C4-PTCDI, in heterojunctions with phthalocyanines 
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demonstrate how different interfacial interactions can be even in closely related organic 

materials.  The primary interfacial exciton relaxation for heterojunctions of 

phthalocyanines with PTCDA is charge transfer.  Similar heterojunctions between 

phthalocyanines and C4-PTCDI exhibit less charge transfer and energy transfer is instead 

the primary interfacial exciton relaxation pathway.  Divalent and trivalent 

phthalocyanines quench both PTCDA and C4-PTCDI fluorescence with very similar 

efficiencies, showing that the small differences in packing structure and ionization 

potential among phthalocyanines are not as important for interfacial organic/organic 

exciton dissociation as the similarity of HOMO and LUMO orbitals delocalized on the 

phthalocyanine ring. 

 Monomer and aggregate phthalocyanine fluorescence is detected for C4-PTCDI 

heterojunctions, indicating excellent energy transfer and a relatively non-reactive 

interface in which phthalocyanine molecules are free to migrate into favored aggregate 

packing structures.  The lack of monomer fluorescence and aggregate excimer 

phthalocyanine fluorescence for PTCDA heterojunctions are possibly indicative of a 

different phthalocyanine polymorph and certainly of a strongly interacting surface.  

PTCDA appears to be a very reactive surface with charge transfer character at the 

interface and strong interactions which prevent the presence of free phthalocyanine 

monomers on the surface and may force a different phthalocyanine polymorph from the 

orientation of the interacting phthalocyanine molecules at the interface. 

 Although PTCDA shows more interfacial dissociations into mobile charge 

carriers, the polymorph it induces in trivalent (and likely tetravalent) phthalocyanines is 
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the less favored structure for bulk photogeneration and charge transport.8,25,47  At 

interfaces with C4-PTCDI almost twice as many excitons transfer energy to create 

phthalocyanine excitons as transfer charge to create mobile charge carriers.  This 

interfacial distribution is not as promising but the trivalent phthalocyanine polymorph 

may be more favorable so the net effect may not be negative.  If the photocurrent was the 

only measurement collected it might appear that the two systems were similarly efficient, 

but fluorescence spectroscopy gives insight into the offsetting differences in which 

interfacial charge transfer is better for PTCDA but charge transport and photogeneration 

in the phthalocyanine layer is better on C4-PTCDI.  With this insight one may be able to 

apply a solvent or heat anneal treatment to change the polymorph on a PTCDA 

heterojunction and possibly achieve a better overall device than either combination alone 

by forming a more effective charge transfer interfacial region and a better polymorph 

within the phthalocyanine film. 
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CHAPTER 7 
 

CONCLUSION 
 
7.1 Impact and Future Directions  

 The overall thrust of this research has been the study of the frontier orbitals of 

organic semiconductors at interfaces as they relate to organic electronic device 

applications, both relative energy and possible relative orientations, and the interface 

dipoles created at organic heterojunctions.   

 

7.1.1 Changes in Interface Dipole with Self-Assembled Monolayers 

 Interface dipoles for alkanethiol self-assembled monolayers on gold were 

measured by Ultraviolet Photoelectron Spectroscopy for the first time.  Self-assembled 

monolayers composed of different length unsubstituted alkanethiol molecules and 

partially fluorinated alkanethiol molecules decreased and increased, respectively, the 

effective work function relative to bare gold over a range of ca. 1.5eV.  If a SAM is 

applied between a gold electrode and an organic semiconductor layer, this interface 

dipole may change the frontier orbital alignment between the gold and organic 

semiconductor.  A change in charge injection barriers over this range could cause 

significant changes in organic electronic device function.  Studies of organic 

semiconductors, including C60 and TiOPc, on self-assembled monolayers have been 

initiated. 

 These self-assembled monolayer interface dipoles were found to correlate with 

computational dipole moments for individual alkanethiol molecules.  The additive model 



 

 

368

of interface dipole formation, designed for small molecule interfaces, has been modified 

to apply to self-assembled monolayers and with it the gold-thiol bond has been shown to 

be mostly covalent and not have significant charge-transfer character.  This conclusion 

was somewhat controversial when this study was published but has since been supported 

by numerous other studies.  The interface dipole – alkanethiol molecular dipole moment 

results have led to further studies of ω-functionalized alkanethiols with smaller dipoles in 

this group and have confirmed the trends observed in this study.  Studies of interface 

dipoles for SAMs on silver or other metals with a different molecular tilt angle and 

studies of SAMs made from partially fluorinated alkanethiols with the terminal methyl 

group unfluorinated are of primary interest in furthering the understanding of the role of 

molecular dipole moments.  

 

7.1.2 Organic Semiconductor Fermi Levels  

 Organic semiconductors clearly demonstrate that they cannot be treated as 

insulators even though their charge mobilities and orbital structures differ considerably 

from metals and inorganic semiconductors.  Vacuum level shifts occur at many organic 

semiconductor heterojunctions and evidence suggests that charge redistribution occurs as 

needed in order to achieve equilibration at all heterojunctions.  The organic 

semiconductors have characteristic Fermi levels.  Doping and chemical reactions are able 

to change the organic Fermi levels and consequently the alignment, but generally the 

same alignment of frontier orbitals with substrate Fermi levels occur on both gold and 

other organic semiconductors, indicating that the alignment is not merely a function of 
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interaction with the more conductive metal.  For n-type organic semiconductors, 

including PTCDA and C4-PTCDI, the organic Fermi level was consistently found to 

align with the LUMO.  For the phthalocyanines, the organic Fermi level was found 

approximately halfway between the HOMO and LUMO.  This alignment was achieved 

within 30-60Å, a relatively thin layer with a thickness equivalent to 4-12 monolayers. 

The persistence of the organic Fermi levels and whether this alignment is affected by 

incorporation into actual devices is a natural extension of this work.  Heterojunctions 

with ITO and other lower work function metals and heterojunctions with metals 

deposited on organic semiconductors are other interfaces worth studying. 

 

7.1.3 Organic Semiconductor Interface Dipoles 

 It has been demonstrated here that measurements at the interface for organic 

semiconductor heterojunctions must be distinguished from thicker films, to be 

meaningful the interface dipole must be clearly stated as being reported for a specific 

thickness.  The magnitude of the vacuum level shift should not be expected to be the 

same for both regimes and different phenomena may be responsible for the vacuum level 

shifts for interfaces (≤ 20Å) and the thicker aligned regime (≈ 60Å+).  For thicker films, 

vacuum level shifts reflect the realignment required to achieve Fermi level alignment.  At 

the interface, the additive model of interface dipole formation describes the interface 

dipole.   Charge transfer and molecular dipole moments contribute to the interface dipole 

and the adsorbate induced change in electron density outside a metal surface is an 

important but frequently neglected factor.  A positive interface dipole from the metal to 
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the organic semiconductor should be considered probable in the absence of interfacial 

reactions from this factor.  The tabulated work functions of clean metal surfaces are in 

essence changed to a smaller effective work function by this non-adsorbate specific 

interaction which may be a reason that metal work functions do not correctly predict hole 

injection barriers for heterojunctions in organic electronic devices.  Interface dipoles for 

organic semiconductors on gold are generally higher in magnitude than interface dipoles 

for organic/organic heterojunctions because of the metal surface dipole term. 

 A UPS study of interface dipoles on other metal surfaces with different work 

functions and different surface potentials may help to extend the current understanding of 

the metal electron density contraction contribution to interface dipoles.  Interfaces with 

more reactive metals or more reactive electron-accepting or donating organic 

semiconductor molecules will also be useful in developing the additive model of interface 

dipole formation and may help test the independence of the factors in the additive model. 

 

7.1.4 Optical Characterization of Organic Semiconductor Heterojunction 

 Fluorescence of epitaxial thin films of organic semiconductors has been used as 

an indication of order and fluorescence quenching has also been used to measure exciton 

diffusion lengths.  Here for the first time, fluorescence spectra have been continually 

collected as organic/organic heterojunctions are formed in ultra-high vacuum from 

submonolayer coverages to submicron thin films.  The spectral emission wavelengths 

indicate aggregate structures and help to differentiate quenching due to energy transfer 

from quenching due to charge transfer.  Since charge transfer is an essential process for 
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photovoltaic devices, this tendency is important for the selection of favorable materials to 

improve device efficiency.  The primary interfacial exciton relaxation for heterojunctions 

of phthalocyanines with PTCDA is charge transfer while C4-PTCDI favors energy 

transfer.  A combination of fluorescence spectroscopy and UPS demonstrated a possible 

templating effect when phthalocyanines were vacuum deposited on PTCDA.   

 The general fluorescence of chloroaluminum phthalocyanine (ClAlPc) because of 

its high absorptivity, high fluorescence quantum efficiency, and multiple stable 

polymorphs is intriguing and worthy of future studies.  Fluorescence heterojunction 

studies of other n-type organic semiconductors such as C60 may help isolate their energy 

transfer vs. charge transfer efficiencies.  Studies in combination with X-ray diffraction 

techniques are highly desirable to further reveal the importance of cofacial overlap on the 

properties at organic/organic heterojunctions. 

 

7.2 Conclusions 

 Understanding how organic semiconductor frontier orbitals align at 

heterojunctions with other organic semiconductors and gold substrates has been one 

major focus of this dissertation.  Examining whether this alignment can be changed by 

the dipolar field from self-assembled monolayers of alkanethiols has been another focus.  

Overall, interface dipoles occur at heterojunctions between metals and organic 

semiconductors and at organic/organic heterojunctions and are likely relevant to 

understanding and improving organic electronic devices.  Further, heterojunctions with 

gold and other organic semiconductors demonstrate the existence of organic Fermi levels 
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which are consistently characteristic of each organic semiconductor.  UPS allows 

measurement of relative frontier orbital energies and fluorescence spectroscopy helps to 

detect which exciton dissociation pathways dominate at different interfaces. 
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APPENDIX A 

COMPUTATIONAL DIPOLE MOMENTS OF ALKANETHIOLS 

 
The experimentally measured shifts in effective work function for self-assembled 

monolayers on gold are macroscopic measurements.  These potentials must be compared 

to the dipoles of the different alkane thiols comprising the SAMs.  This requires first, the 

development of a protocol for calculating dipole moments of alkane thiols; and second, 

the conversion of calculated dipoles into a form where they can be compared in the same 

units as experimental dipoles.  This appendix describes how the calculation of dipole 

moments were performed.  All of the monolayers in the studies reported here are 

expected to have equivalent gold-sulfur interactions and similar packing densities.1,2  

Dipole moments calculated for individual alkane thiols are therefore appropriate as an 

estimate of the dipole moments expressed by the array of molecules in the SAM films.  

  The computational method was separated into two steps; the geometry of a single 

alkane thiol molecule ( CH3(CH2)XSH ) was optimized first, then the hydrogen bound to 

sulfur was removed and the energy levels and dipole moment of the neutral radical of the 

molecule ( CH3(CH2)XS• ) was calculated.3,4  For this study the computation of dipole 

moment of an isolated gas phase molecule was assumed to be representative of the dipole 

moment of the molecule in a self-assembled monolayer.  This is a significant 

simplification, the limitations of which will be discussed later in this chapter. All 

computations were performed in Gaussian 985  at the Computer Graphics Facility (CGF) 

in the Chemistry Department at the University of Arizona.   
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The geometry optimization was performed identically for all semi-fluorinated and 

normal alkanethiols.  The molecules were built such that the alkane chain was in the all 

trans conformation with all carbons sp3 hybridized.  The geometry of the free thiol was 

optimized with a basic STO-3G ab initio basis set as a restricted Hartree-Fock 

calculation.  Previous studies have shown that the geometry optimization of alkanethiols 

is not very sensitive to the basis set applied.6  The output geometry was frozen and all 

further calculations were done without the freedom of movement for any atoms.  After 

the geometry of the free thiol was optimized, the thiol hydrogen was removed and the 

dipole moment of the neutral radical was calculated with the more comprehensive 6-

31+G ab initio basis set.2,5,6   The 6-31+G basis set includes polarization functions known 

to improve results for elements with lone pairs such as fluorine and contains a larger 

basis set in order to more accurately calculate orbital position and energies for the 

alkanethiol molecules.6  The neutral radical was used because the hydrogen attached to 

sulfur is known to dissociate in the formation of a self assembled monolayer.1,7-9  The 

calculation must be done at the unrestricted Hartree-Fock level because of the presence of 

the unpaired electron in the thiol radical. 

 The occupation and energy levels of the atomic orbitals were calculated from the 

fixed geometry molecule.  The dipole moment is expressed as a vector pointing from the 

center of mass of the molecule.  To understand the interface dipole of a monolayer on a 

surface the molecules must be studied with a certain orientation with respect to the 

surface.  The projections of the dipole moment along the molecular axis and normal to 

the metal surface were therefore calculated, the molecular axis being defined as a linear 
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least-squares fit of the position of all of the carbons in the trans alkanethiol chain.  The 

surface normal dipole is the component of the dipole moment oriented normal to the 

surface with the molecule oriented at a 35° tilt angle and 55° twist angle with a sp3 

binding mode sulfur (such that the surface–S–C bond angle is approximately 104°) as 

shown in Figure A1.1,7-11  The original computational dipole moments were oriented at 

varying angles relative to the central axis of the alkane chain, so for meaningful 

comparisons these projections are vital. 
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Gaussian input file for geometry optimization: 

 
#RHF/STO-3G fopt test scf=direct GFPRINT POP=FULL 
 
c10sh geometry optimization, charge=0, multiplicity=1 for all paired electrons 
 
0 1 
 

C 
S 
H 
H 
H 
C 
C 
H 
H 
H 
C 
H 
C 
H 
H 
H 
C 
H 
C 
H 
H 
H 
H 
C 
C 
H 
H 
H 
H 
C 
H 
H 
H 

-3.78752 
-4.16832 
-5.59634 
-4.21843 
-4.21843 
-2.2595 

-1.89429 
-1.82365 
-1.82365 
-2.33108 
-0.36692 
-2.33108 

0 
0.068979 
0.068979 
-0.43644 
1.527362 
-0.43644 
1.894651 
1.963607 
1.963607 
1.458333 
1.458333 
3.421939 
3.789529 
3.858666 
3.858666 
3.353082 
3.353082 
5.313027 
5.537515 
5.769939 
5.769939 

-2.7459 
-4.5115 

-4.63954 
-2.26275 
-2.26275 
-2.51787 
-1.01634 
-2.99494 
-2.99494 
-0.54015 
-0.78436 
-0.54015 
0.716353 

-1.2616 
-1.2616 

1.193237 
0.948669 
1.193237 

2.4493 
0.471568 
0.471568 
2.926356 
2.926356 
2.681702 
4.182322 
2.205017 
2.205017 
4.659267 
4.659267 
4.414872 
5.477437 
3.971014 
3.971014

0 
0 
0 

0.87588 
0.87588 

0 
0 

0.87598 
0.87598 
0.87588 

0 
0.87588 

0 
-0.8757 
0.8757 

0.87566 
0 

0.87566 
0 

0.87562 
0.87562 
0.87562 
0.87562 

0 
0 

0.87563 
0.87563 
-0.8757 
0.8757 

0 
0 

0.87955 
0.87955
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Gaussian input file for dipole moment and single point energy calculation: 
 
#UHF/6-31+G test scf=direct GFPRINT POP=FULL 
 
c10s w/o H, single point energy calc, charge=0,multiplicity=2 for unpaired electron 
 
0 2 
 

C 
S 
H 
H 
C 
C 
H 
H 
H 
C 
H 
C 
H 
H 
H 
C 
H 
C 
H 
H 
H 
H 
C 
C 
H 
H 
H 
H 
C 
H 
H 
H 

-3.78752 
-4.16832 
-4.21843 
-4.21843 
-2.2595 

-1.89429 
-1.82365 
-1.82365 
-2.33108 
-0.36692 
-2.33108 

0 
0.068979 
0.068979 
-0.43644 
1.527362 
-0.43644 
1.894651 
1.963607 
1.963607 
1.458333 
1.458333 
3.421939 
3.789529 
3.858666 
3.858666 
3.353082 
3.353082 
5.313027 
5.537515 
5.769939 
5.769939 

-2.7459 
-4.5115 

-2.26275 
-2.26275 
-2.51787 
-1.01634 
-2.99494 
-2.99494 
-0.54015 
-0.78436 
-0.54015 
0.716353 

-1.2616 
-1.2616 

1.193237 
0.948669 
1.193237 

2.4493 
0.471568 
0.471568 
2.926356 
2.926356 
2.681702 
4.182322 
2.205017 
2.205017 
4.659267 
4.659267 
4.414872 
5.477437 
3.971014 
3.971014

0 
0 

0.87588 
0.87588 

0 
0 

0.87598 
0.87598 
0.87588 

0 
0.87588 

0 
-0.8757 
0.8757 

0.87566 
0 

0.87566 
0 

0.87562 
0.87562 
0.87562 
0.87562 

0 
0 

0.87563 
0.87563 
-0.8757 
0.8757 

0 
0 

0.87955 
0.87955
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last page of Gaussian output logfile: 
Electronic spatial extent (au):  <R**2>=  6999.9229 
 Charge=      .0000 electrons 
 Dipole moment (Debye): 
    X=      .9005    Y=     2.3322    Z=      .0000  Tot=     2.5000 
 Quadrupole moment (Debye-Ang): 
   XX=   -88.1044   YY=   -99.0523   ZZ=   -82.2555 
   XY=   -11.6165   XZ=      .0000   YZ=      .0000 
 Octapole moment (Debye-Ang**2): 
  XXX=     -.3934  YYY=    84.4172  ZZZ=      .0000  XYY=    70.7641 
  XXY=    43.2942  XXZ=      .0000  XZZ=     5.2021  YZZ=     7.1483 
  YYZ=      .0000  XYZ=      .0000 
 Hexadecapole moment (Debye-Ang**3): 
 XXXX= -5260.7163 YYYY= -5104.7556 ZZZZ=  -163.9206 XXXY= -2535.6679 
 XXXZ=      .0000 YYYX= -2705.3394 YYYZ=      .0000 ZZZX=      .0000 
 ZZZY=      .0000 XXYY= -1965.0066 XXZZ=  -896.4755 YYZZ=  -834.6690 
 XXYZ=      .0000 YYXZ=      .0000 ZZXY=  -795.4120 
 N-N= 6.374491310810D+02 E-N=-3.129948481875D+03  KE= 7.888621887978D+02 
 Symmetry A'   KE= 3.663244866929D+02 
 Symmetry A"   KE= 2.914279562896D+01 
 
 Test job not archived. 
 1\1\GINC-TINTIN\SP\UHF\6-31+G\C10H21S1(2)\DALLOWAY\01-Jul-2002\0\\# UH 
 F/6-31+G TEST SCF=DIRECT GFPRINT POP=FULL\\c10 w/o H\\0,2\C,0,-3.52307 
 ,-2.96821,0.\S,0,-3.7732,-4.757,0.\H,0,-3.98829,-2.518,0.87588\H,0,-3. 
 98829,-2.518,-0.87588\C,0,-2.01592,-2.62859,0.\C,0,-1.76195,-1.1043,0. 
 \H,0,-1.54621,-3.07237,-0.87598\H,0,-1.54621,-3.07237,0.87598\H,0,-2.2 
 3252,-0.66147,-0.87588\C,0,-0.25574,-0.76079,0.\H,0,-2.23252,-0.66147, 
 0.87588\C,0,0.,0.76281,0.\H,0,0.21403,-1.20474,-0.8757\H,0,0.21403,-1. 
 20474,0.8757\H,0,-0.47028,1.20636,-0.87566\C,0,1.50618,1.10665,0.\H,0, 
 -0.47028,1.20636,0.87566\C,0,1.76229,2.6302,0.\H,0,1.97628,0.66287,-0. 
 87562\H,0,1.97628,0.66287,0.87562\H,0,1.29212,3.07393,0.87562\H,0,1.29 
 212,3.07393,-0.87562\C,0,3.26839,2.97412,0.\C,0,3.5248,4.49768,0.\H,0, 
 3.73894,2.53079,-0.87563\H,0,3.73894,2.53079,0.87563\H,0,3.05451,4.941 
 29,-0.8757\H,0,3.05451,4.94129,0.8757\C,0,5.02711,4.84147,0.\H,0,5.172 
 97,5.91765,0.\H,0,5.51538,4.43236,-0.87955\H,0,5.51538,4.43236,0.87955 
 \\Version=IBM-RS6000-G98RevA.11.1\State=2-A'\HF=-788.2329389\S2=0.7545 
 94\S2-1=0.\S2A=0.750014\RMSD=7.807e-05\Dipole=0.2859439,0.9410805,0.\P 
 G=CS [SG(C10H1S1),X(H20)]\\@ 
 
 IF NO USE IS MADE OF THE LABOR OF PAST AGES,  THE WORLD MUST 
REMAIN ALWAYS IN THE INFANCY OF KNOWLEDGE.        -- CICERO 
 Job cpu time:  0 days  0 hours 11 minutes 16.3 seconds. 
 File lengths (MBytes):  RWF=   39 Int=    0 D2E=    0 Chk=    9 Scr=    1 
 Normal termination of Gaussian 98. 
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 Template:   

1 SAM tilt angle (deg) 35
if the tilt angle (to left) is changed, results should be 
automatically updated 

2 SAM tilt angle (rad) 0.6109  =RADIANS(B1) 
3   C16 C16 
4 molecule 2 2 
5   2.8054 2.8054 
6   0 0 
7       
8 dipole 2.213 2.213 
9   1.1887 1.1887 

10   0 0 
11       
12 plus x dipole 2.213  =IF(B8>0,B8,-B8) 
13   1.189  =IF(B8>0,B9,-B9) 
14   0  =B10 
15       
16 m 3.445  =(B4^2+B5^2+B6^2)^0.5 
17       
18 d 2.512  =(B8^2+B9^2+B10^2)^0.5 
19       
20 theta 0.951  =ASIN(B5/B16) 
21 theta(deg) 54.51  =DEGREES(B20) 
22       
23 phi 0.493  =ASIN(B13/B18) 
24 phi(deg) 28.24  =DEGREES(B23) 
25       
26 phi-theta (deg) -26.27  =B24-B21 
27   -26.27  =IF(-90<B26,B26,-(180+B26)) 
28       
29 x' 2.253  =(B18*COS(B23-B20)) 
30       
31 y' -1.112  =B18*(SIN(B23-B20)) 
32       
33 z' 0.000  =B14 
34       
35 phi ' -0.46  =ASIN(B31/B18) 
36 phi ' deg -26.27  =DEGREES(B35) 
37       
38 agreement=1 1  =IF(B36-B27<1,1,0) 
39       
40 x'' 2.253  =B29 
41       
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42 y'' -0.638  =B31*SIN(RADIANS(90-55)) 
43       
44 z'' -0.911  =B31*COS(RADIANS(90-55)) 
45       
46 d'' 2.341  =(B40^2+B42^2)^0.5 
47       
48 theta'' -0.276  =ASIN(B42/B46) 
49 theta''(deg) -15.81  =DEGREES(B48) 
50   -15.81  =IF(B40<0,B49-2*(90+B49),B49) 
51       
52 x0 1.814  =B46*(COS(RADIANS(90-$B$1+B50))) 
53       
54 y0 1.479  =B46*(SIN(RADIANS(90-$B$1+B50))) 
55       
56 z0 -0.911  =B44 
57       
58       
59 original dipole 2.512  =C18 
60 proj molecule 2.253  =C29 
61 proj normal 1.479  =C54 
62       
63   C16  =C3 
64 magnitude of:     
65 original dipole 2.512  =IF(AND(C8>0,C9>0),C59,-C59) 
66 proj molecule 2.253  =IF(C8=C12,C60,-C60) 
67 proj normal 1.479  =IF(C8=C12,C61,-C61) 
68 angle mol-dipole -26.27  =C27 
69       
70       
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Example 
Results:       

1 
SAM tilt angle 
(deg) 35           

2 SAM tilt (radians) 0.6109           
3   C16 C18 C13F1 C14F1 C16F2 C16F4 
4 molecule 2 2.0592 2 2 2 0.01908
5   2.8054 2 2.2516 1.8708 2.077 2
6   0 0 0 0 0 0
7               
8 dipole 2.213 2.4014 -1.1462 0.9988 -1.2012 -0.2459
9   1.1887 0.7435 -0.4899 -2.7288 -0.8945 -1.7694

10   0 0 0 0 0 0
11               
12 plus x dipole 2.213 2.401 1.146 0.999 1.201 0.246
13   1.189 0.744 0.490 -2.729 0.895 1.769
14   0 0 0 0 0 0
15               
16 m 3.445 2.871 3.012 2.739 2.883 2.000
17               
18 d 2.512 2.514 1.247 2.906 1.498 1.786
19               
20 theta 0.951 0.771 0.845 0.752 0.804 1.561
21 theta(deg) 54.51 44.16 48.39 43.09 46.08 89.45
22               
23 phi 0.493 0.300 0.404 -1.220 0.640 1.433
24 phi(deg) 28.24 17.20 23.14 -69.90 36.67 82.09
25               
26 phi-theta (deg) -26.27 -26.96 -25.24 -112.98 -9.41 -7.37
27   -26.27 -26.96 -25.24 -67.02 -9.41 -7.37
28               
29 x' 2.253 2.241 1.127 -1.135 1.478 1.772
30               
31 y' -1.112 -1.140 -0.532 -2.675 -0.245 -0.229
32               
33 z' 0.000 0.000 0.000 0.000 0.000 0.000
34               
35 phi ' -0.46 -0.47 -0.44 -1.17 -0.16 -0.13
36 phi ' deg -26.27 -26.96 -25.24 -67.02 -9.41 -7.37
37               
38 agreement=1 1 1 1 1 1 1
39               
40 x'' 2.253 2.241 1.127 -1.135 1.478 1.772
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41               
42 y'' -0.638 -0.654 -0.305 -1.534 -0.140 -0.131
43               
44 z'' -0.911 -0.934 -0.435 -2.191 -0.201 -0.188
45               
46 d'' 2.341 2.334 1.168 1.908 1.484 1.777
47               
48 theta'' -0.276 -0.284 -0.264 -0.934 -0.095 -0.074
49 theta''(deg) -15.81 -16.27 -15.13 -53.52 -5.43 -4.24
50   -15.81 -16.27 -15.13 -126.48 -5.43 -4.24
51               
52 x0 1.814 1.821 0.896 0.606 0.962 1.124
53               
54 y0 1.479 1.460 0.749 -1.810 1.130 1.376
55               
56 z0 -0.911 -0.934 -0.435 -2.191 -0.201 -0.188
57               
58               
59 original dipole 2.512 2.514 1.247 2.906 1.498 1.786
60 proj molecule 2.253 2.241 1.127 -1.135 1.478 1.772
61 proj normal 1.479 1.460 0.749 -1.810 1.130 1.376
62               
63   C16 C18 C13F1 C14F1 C16F2 C16F4 
64 magnitude of:        
65 original dipole 2.512 2.514 -1.247 -2.906 -1.498 -1.786
66 proj molecule 2.253 2.241 -1.127 -1.135 -1.478 -1.772
67 proj normal 1.479 1.460 -0.749 -1.810 -1.130 -1.376
68 angle mol-dipole -26.3 -27.0 -25.2 -67.0 -9.4 -7.4
69               
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