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ABSTRACT 

An organic Schottky barrier cell, consisting of a 

thin layer of the organic semiconductor, GaPc-Cl, in contact 

with gold on one side and an electrolyte containing a redox 

couple on the other, was developed as a solar energy 

conversion device. Schottky barriers were formed at both 

interfaces. 

Film morphology, as determined by the sublimation 

rate, was the major determinant or the photoelectrochemical 

behavior. An optimum film consisted of a single layer of 

crystallites about 1.0 micron in thickness, tightly packed 

together to give a non-porous film. Thinner films did not 

develop the full theoretical photopotential, and pores acted 

as recombination sites, decreasing the efficiency. Both 

negative and positive photopotentials could be developed, 

depending on the redox couple used. The photopotential, was 

found to be proportional to the difference between the Fermi 

level of the Au and the formal potential of the redox 

couple. 

Hydrogen evolution was possible with up to 0.1% 

solar efficiency on a platinized version of the optimum 

electrode. Results from photocurrent action spectra and 

pulsed laser photocoulostatics, showed the potential drop 

across the film was not linear, but fo~med a potential well 

xv 



xvi 

about 0.1 eV deep, which captured charge carriers and 

decreased the efficiency. From scanning electron microscope 

studies, phthalocyanines, such as AlPc-CI, GaPc-CI, and InPc

CI, with bulky anions were found to form block-like crystal 

structures favorable for use in Schottky barrier cells. 

Phthalocyanines with trans i tion metals in the +2 ox idati on 

state, such as FePc and MgPc, were found to form long 

needles, which were not favorable for use in Schottky 

barrier cells. 



CHAPTER 1 

INTRODUCTION 

Solar energy is unique. It is fundamentally 

different from the fossil and nuclear fuels that dominate 

today's energy resources. Fossil and nuclear fuels are 

classified as non-renewable, which implies some distant or 

not so distant date when they will be unavailable at any 

cost. Non-renewable fuels may always be available, but at a 

prohibitively high cost. Major oil reserves are found every 

year, but with each discovery it gets harder to find and 

more difficult to extract. Coal reserves are abundant in 

the United States; but each year the coal companies must 

strip-mine deeper, incurring greater unit costs per 

quantity. Each year the value of the land stripped becomes 

greater, ·increasing reclamation costs, and each year the 

quality of the coal decreases, forcing users to invest more 

in pollution control. The problem with non-renewable fuel 

is that it requires increasing amounts of manpower and 

capital outlays as the reserves are used up. The result is 

rising costs of fuel extraction and processing which will 

probably will continue despite advances in technology (1). 
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Solar energy is the only truly delocalized.energy 

source available and has very few environmental and health 

hazards associated with it. It is available in significant 

quantities everywhere, at no cost to anyone in a position to 

take advantage of it. The cost of solar energy is not zero, 

but as opposed to non-renewable fuels, the cost of obtaining 

processing and transporting solar energy to the site of use 

is zero and will remain so. The cost of solar energy lies 

in the technology of converting it to a more useful form of 

energy, specifically heat or electricity. This technology 

is likely to decrease the cost of utilizing solar energy in 

the future. 

The major question to be answered then is not if but 

Kh~n will solar energy become a usable alternative. 

Predictions vary. The doomsday theory suggests that non

renewable fuel prices will rise so fast that solar energy's 

economic viability, accompanied by economic collapse, will 

occur before solar energy becomes technically feasible on a 

large scale (1). Others predict a smooth introduction of 

solar, which will replace demand for fossil fuels and result 

in a more stable fossil fuel price structure (2). 

Passive Versus Active Systems 

For passive systems, such as natural lighting, space 

heating, and water heating, the impediment to widespread 

usage lies in the newness of these systems. The new home 
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builder will find a plethora of suitable passive solar 

technologies which can be incorporated in a new house. To 

him, solar is simply another energy alternative. It has 

some advantages: The cost of fuel is free, and it provides 

an alternative to the power company; and some disadvantages: 

the systems are relatively unproven and require a higher 

initial capital outlay. To the owner of an older home, the 

choices are more restrictive. The cost of paying fuel bills 

on an eXisting, paid for, heating system may prove cheaper 

than installing a relatively expensive solar system. The 

important point is solar passive systems are viable now, but 

their introduction will come slowly as existing housing and 

building are replaced. 

Much of our energy use lies in combustion engines, 

electrical appliances, and lighting. For these applications, 

active solar systems are required, which transform light 

energy into electrical energy or chemical fuels, such as 

hydrogen. Current generating silicon solar cells are 

commercially available today and operate at about 20% 

efficiency. These cells are not economically viable in 

conventional usage for two reasons (3), High efficiencies 

require the use of high purity, carefully doped, single 

crystals of silicon. The manufacturing technology required 

is both expensive and severely limited in plant capacity for 

large scale application. Very strong economic incentives 

would be required to force the semiconductor industry to 
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invest large amounts in new plants given solely to producing 

single crystal photovoltaic devices. Second, all solar 

systems require some sort of a storage medium. In passive 

systems, heat can be stored in something as simple as a rock 

bed 'or a room full of wine jugs filled with water. Active 

systems require storage in the only other form available, as 

chemical compounds. Batteries are the best known chemical 

storage media, but are generally inefficient, expensive, and 

very hea vy. Thus economic v iabil i ty of current generating 

solar cells will depend to a large degree on advances in 

battery technology. 

Another alternative is to produce a storable fuel 

which can then be transported to the site of use. Here the 

fuel can be burned in a combustion engine to produce 

mechanical or electrical energy, or introduced into a fuel 

cell for direct convers ion to electrical energy. Hydrogen 

is to date the most practical and attractive chemical fuel 

predominantly because the feed stock is water. Other 

systems are based on more expensive feed stocks or feed 

stocks with limited availability such as industrial waste 

(4-8). Hydrogen is produced by applying a voltage of at 

least 1.23 voltd between two electrodes immersed in an 

aqueous electrolyte. At the anode, oxidation (Rxn 1.1) 

occurs; while at the cathode, reduction (Rxn 1.2) occurs. 
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The overall reaction is the splitting of water into oxygen 

and hydrogen (Rxn 1 .3) • 

2H2O ~ 4H+ + O2 +4e- Rxn. 1.1 ...-

2(2H+ +2e- -"'" H2 ) Rxn. 1.2 -
2H2O -"'" 2H2 + O2 Rxn. 1.3 ...-

Combustion or a fuel cell reaction of hydrogen and 

oxygen is the reverse of this process. Because of the 

inexhaustible nature of water and the non-polluting aspects 

of hydrogen combustion, 'many authors (1,9-12) have proposed 

a "hydrogen economy", with solar energy as ~he dominant 

means of hydrogen production and with combustion engines and 

fuel cells for conversion to mechanical or electrical energy 

respectively. 

Solid State and Photoelectrochemical Systems 

The typical silicon solar cell-battery system 

consists of a p-n junction at which current generation 

occurs and two electrodes in the battery at which chemical 

reactions occur (Fig. 1.1a). The details of the individual 

technologies are covered elsevlhere (13,14), but of 

importance is that three separate interfaces are necessary 

at which inefficiencies will occur. 

Another approach is the regenerati ve photoelectro

chemical cell (15-24). Simplistically, the system consists 

of a p-type material, a photoanode, and an n-type material, 

a photocathode, between which a redox couple is cycled 



Fig. 1.1 Three Types of Photovoltaic Devices. a) Solid 
state p-n junction with battery. b) Regenerative 
photoelectrochemical cell requiring·a battery. 
c)Photoelectrosynthetic cell for fuel production. 
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(Fig. 1.1b). The details for this type system will be 

covered later. Note that now four separate interfaces occur 

in the entire generation storage system: two in the photo

cell and two in the battery. Obviously the first system 

would be easier to improve upon. 

Further improvement can be had by combining the 

processes of chemical generation with current generation to 

produce the photoelectrosynthetic system (Fig. 1.1c). 

Oxygen generation (Rxn. 1.1) occurs at the photoanode, and 

hydrogen generation (Rxn. 1.2) at the photocathode. The 

entire system has been reduced to only two interfaces which 

must be optim.ized. It is clear; this last system presents 

fewer logistic· problems th3n the others. 

Basic Principles of Solar Energy Conversion 

All of these solar systems are based on two simple 

principles illustrated in Fig. 2.2. 

1) Contact, between a semiconductor and another 

conducting phase, results in charge transfer until 

equilibration occurs. This is manifested by a potential 

drop near the surface of the semiconductor known as the 

space charge region. 

2) Absorption of light within the space charge 

region results in the creation of a positive and a negative 

charge carrier which can be separated by the electric field 

present. 
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Absorption of light in a uniform phase results in an 

exponential drop in intensity as a function of distance into 

the phase. With most inorganic semiconductors, this 

exponential drop extends much further into the material than 

the thickness of the space charge region. The space charge 
I 

region is on the order of 1 micron thick. Carriers created 

away from the space charge region will be effectively 

collected only if by random chance they diffuse into the 

space charge region before undergoing recombination. In 

order to enhance this process, it is necessary to reduce 

recombination losses by the use of single crystals of semi-

conductors, a few millimeters thick, of very high purity and 

uniform doping. Making large area cells of this type is 

difficult and this is the major reason inorganic, single 

crystal, solar cells are expensive and likely to remain so. 

If the absorption properties of the semiconductor 

could be enhanced, such that most of the light is absorbed 

within the space charge region, the constraints on 

crystallinity and purity could be reduced. In such a case, 

a thin film of a semiconductor on the same order of 

thickness as the space charge region could be used. Two 

contacting phases would be needed, and space charge regions 

could be formed at both interfaces. This idea was first 

proposed by Rose (25,26), who suggested the use of a thin 

film of a semiconductor sandwiched between two metal phases. 

This concept can be modified to produce a system where one 
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of the contacting phases is an aqueous electrolyte solution 

as shown in Fig. 1.3. All three phases, metal, semi-

conductor, and electrolyte solution, come to electronic 

equil ibrium, resul ting in a potential drop across the film 

equal to the difference between Ef and Ef • In this figure, 

the potential drop is illustrated as being linear across the 

film. As will be shown, this may not be the case. 

From the standpoint of a charge carrier, a single 

crystal is not important, as long as no crystal boundaries 

are encountered between the two conducting phases; since 

only conduction in this direction is significant. Poly

crystalline materials can be used as long as the film 

consists of a single layer of crystallites. The size of the 

crystallites determines the film thickness and an optimum 

film will consist of crystallites as large as the combined 

thickness of the two space charge regions from each inter

face. 

In order to absorb a majority of light within a thin 

film semiconductor about 1 micron (10- 4cm) thick absorption 

coefficients ( S) greater than 104/cm are required. Many 

inorganic materials do not strongly absorb light in the 

visible region; yet a wide variety of organic dye materials 

such as phthalocyanines do absorb light strongly and also 

behave as semiconductors in the solid state (27-31), Many 

of these materials have the advantage of being readily 
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available and cheap. In fact, phthalocyanines are commonly 

used to dye textile materials such as denim (31). 

The Gold/Chloro-Gallium Phthalocyanine/Redox System 

These principles, and results from previous work in 

this laboratory (32,33), were used to build a model system, 

consisting of a thin film of chlorogallium phthalocyanine 

with crystallites about 1 micron in size. This film was 

grown on a gold metallized plastic optically transparent 

electrode, Au-MPOTE, as one of the contacting phases 

(34,35). The Au-MPOTE consisted of a thin layer of gold 

(300 A) deposited on a thin plastic film. The other 

contacting phase was an aqueous solution in which a Pt 

electrode was immersed. 

Previous to this work, a film of the type just 

described was developed in this laboratory, the Type A film, 

which did not show a photopotential, was insulating in the 

dark, and became conductive in the light (33). This film 

was modeled to be a simple light activated conductor and was 

not thought to have any semiconductor properties. In light 

of results from this work, the properties of the Type A film 

were reconsidered, and the film was found to be a special 

case, which could be explained by a modified Schottky 

barrier sandwich cell theory. 
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These questions are discussed and answered in this 

1. What is the effect of incomplete coverage or 

porosity in the organic film? 

2. How does the photoelectrochemical behavior, 

in particular the photopotential, depend on 

crystallite size? 

3. How does the photopotential depend on the relative 

chemical potentials of the isolated phases? 

4. Will hydrogen evolution be possible, at what solar 

efficiencies and for what duration? 

5. What is the nature of band bending at each of the 

interfaces, and how does this affect the efficiency of 

the photoelectrochemical process? 

From the answers to these questions, the model 

illustrated in Fig. 1.3 focused solely on the Fermi levels 

of the contacting phases and ignored many important 

characteristics of the semiconductor film. The model was 

extended to include such factors as film morphology, in 

particular thickness and porosity; the wavelength and 

direction of illumination; crystal structure; and the Fermi 

level of the semiconductor film. 

The effects of film morphology have been largely 

ignored in this field, yet this work shows important 

characteristics, such as the photopotential and solar 

efficiency, depend strongly on the morphology. From these 
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morppology studies an optimum system was developed for solar 

energy conversion, which consisted of a nonporous film with 

crystallites 1 micron in each dimension. On this optimum 

film, the photopotential was found to be linearly 

proportional to the difference of the chemical potentials of 

the isolated contacting phases. To date, this is only the 

second example which obtained quantitative experimental 

confirmation of Roses' theory (70). Possible application of 

this device was demonstrated by evolving hydrogen with a 

solar efficiency of 0.1%. While there is room for 

improvement in the efficiency, and means for doing so are 

suggested, this represents the first demonstration of light 

driven hydrogen evolution at an organic semiconductor. From 

photocurrent action spectra and pulsed laser photocoulo

statics the efficiency of the conduction process was 

limited, in part, by the formation of a potential well 

within the film, due to the relative values of the chemical 

potentials of the three phases. Trapping and recombination 

of charges crea t ed w i-th in the Pc fi 1m were the other 

dominant factors limiting solar efficiencies (36-40). 

In the course of this work, a number of experimental 

and theoretical advancements were made. The first portion 

of this text contains an integration of solid state physics 

and electrochemistry into a more unified theory. While no 

real advancements in theory were made, the reader with 

expertise in one of these fields will find the principles of 
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the other field readily grasped with careful study. Photo

current action spectroscopy was further developed as a tool 

for selectively probing the characteristics of each inter

face. An explicit relationship bet ween photon penetra tion 

into the film, the collection length of the carriers, and 

the thickness of the film was developed. A pulsed laser 

photocoulostatic apparatus was developed and applied to this 

system. The theory of this technique was originally 

applicable only to a single Schottky barrier interface at 

the equilibrium cond~tion. The theory was extended in this 

work to include two Schottky barriers in close proximity, as 

in these films, and to include the effects of an applied 

bias potential. Action spectra and photocoulostatics are 

similar in that both used the direction and wavelength of 

the light source to probe the properties of each interface. 

By these methods a quantitative determination of the 

potential distribution across the film was possible~ While 

Schottky barrier theory can predict this potential 

distribution, this is the first experimental measurement of 

this important property. This unique method should have 

many applications in thin film photoconductors where 

improvements in photoconductivity are needed. 

In summary, this work has developed methodology for 

the determination of the physical, thermodynamic, and 

kinetic factors which determine optimum perfomance of a thin 
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film Schottky barrier cell as a solar energy conversion 

device and has applied these methods to fully characterize 

the Au-MPOTE/GaPc-Cl/Redox couple system. 



CHAPTER 2 

THEORY AND BACKGROUND 

Photoelectrochemistry is a unique field in that an 

intimate understanding of both solid state physics and 

electrochemistry is required. The integration of these 

theories is hampered, not because of any fundamental 

differences, but because of a difference in nomenclature and 

emphasis. This chapter is an attempt to integrate these 

theories. In the first portion, the bulk properties of 

metals and semiconductors, both organic and inorganic, are 

reviewed. Of importance to this work are the physical 

origin of t.he Fermi level and the energy bands, the 

d ifferen t theor ies of conducti v i ty, and in particular, the 

kinetics of recombination and trapping in semiconductors. 

This last subject will apply later when factors limiting the 

solar efficiency of the Au/GaPc-CI/Redox system are 

discussed. Understanding the formation of the various types 

of interfaces, in particular the Schottky barrier, is the 

most fundamental aspect important to this work. It is also 

where most of the problems are encountered in integrating 

solid state physics and electrochemistry. As will be shown, 

the electronic properties of the redox couple in solution 

are more closely related to those of a metal than those of a 

17 
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semiconductor. Finally, phthalocyanines and Schottky 

barrier sandwich cells are discussed. 

Bulk Properties of Materials 

The Free Electron and Free Atom Theories 

A major challenge to solid state physics has been to 

explain the wide variety of optical, thermal, electrical, 

and other properties encountered, with a single unified 

theory (14,28,41,42). The most important characteristic has 

been the D.C. conductivity (0 ) of materials. The values of 

conductivity encountered cover 20 orders of magnitude, with 

three main categories: insulators 0 <10- 14 mhos/cm, semi

conductors 10-9< 0<102 mhos/cm, and metals 0 )10 6 mhos/cm. 

Two main approaches to this problem have been used. 

The first, the free electron theory (14,42), assumes a given 

arrangement of atoms in the lattice and from that develops a 

three dimensional periodic potential, a Bloch function, 

which a free electron sees. The simplest model is the 

Kronig-Penny model, which uses a square well potential. 

From the periodic potential, the allowed energy states of 

the electron are calculated. The problem is very similar in 

many respects to the quantum mechanical particle in a box 

with a periodic potential across the bottom. In the box 

problem, discrete allowed energy level s are predicted; but 

in the crystal lattice, the allowed energies for these 

states are clustered very closely together so as to be 
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indistinguishable. These energy regions are referred to as 

bands, between which gaps may occur where electron states 

are not allowed. The details of this theory are beyond the 

scope and purpose of this manuscript and are covered in 

detail elsewhere (14,28,41,42). The theory has been very 

successful in quantitating the behavior of many simple 

materials such as metals, semiconductors such as germanium, 

silicon, and gallium arsenide; and ionic materials such as 

sodium chloride. 

A major criticism of the free electon theory is that 

it ignores the bonding between atoms that leads to a crystal 

lattice, and the overlap of the orbitals between atoms that 

allows conduction. An alternative theory, the free atom 

theory (41), is used, where the atoms are allowed to form 

clusters of increasing size. The concept is easily extended 

to molecular solids, such as GaPc-Cl, where the important 

basic unit is the individual molecule rather than the atoms 

comprising the molecule. The important orbitals in a single 

molecule are the highest occupied molecular orbital, (HOMO), 

and the lowest unoccupied molecular orbital, (LUMO). For a 

phthalocyanine these are a filled 7f orbital and an unfilled 

7f* obital. The details for GaPc-Cl are covered in the 

section on phthalocyanines. When two molecules are brought 

together, the two HOMO's interact and form two new orbitals; 

one is slightly higher and the other is slightly lower in 

energy than the original HOMO's. This is analogous to the 
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formation of a bonding molecular orbital and an antibonding 

molecular orbital when two atoms are brought together, 

except, two molecular orbitals from each molecule form two 

molecular orbitals for the resulting dimer. If the HOMO's 

contain two electrons each, the resulting dimer orbitals 

will contain two electrons each. A identical situation 

occurs for the two L U M 0 ' s , except t h er e suI tin g dim e r 

orbitals are not occupied. This concept can be extended, as 

in Fig. 2.1, to an infinite number of molecules, with 

conservation of the total number of orbitals, until the 

energy se~aration between the filled orbitals, or between 

the unfilled orbitals, becomes negligibly small. The energy 

separation is much less than the thermal energy, kT, and an 

electron may easily be thermally excited from one energy 

level to the next higher one. The result is bands very 

similar to that resulting from the free electron ap~roach. 

This free atom theory, hQwever, is not quantitative. 

Each of these models is valid and in theory each 

should give the same result if taken to their limits. In 

practice, the free electron model is much more quanti tati ve 

than the free atom model when applied to simple inorganic 

materials. This is primarily due to the simplicity of the 

periodic potential that can be used to describe a very 

regular simple inorganic lattice. Organic materials, such 

as phthalocyanines have regular, but much more complicated, 

lattice structres, which have not been accurately modeled 
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(28,29). In addition, the free atom model emphasizes the 

individual molecules, and as will be seen, molecules in 

organic solids retain much of their individual electronic 

structure. 

Density of States and Fermi-Dirac Statistics 

The differences between metals, semiconductors, and 

insulators lies in the differences in the density of states 

(DOS) as a function of energy, as illustrated in Fig. 2.2. 

The details of these differences are beyond the scope of 

this text and the interested reader should consult Kittel's 

(14) "Introduction to Solid State Physics" or one of the 

many other solid state physics texts (28,41). This 

discussion is limited to a qualitative defintion of the 

Fermi level for metals and semiconductors, the density of 

electrons and holes in semiconductors, and the nature of 

interband gap (IBG) states. Fermi levels will be of 

particular importance in the theory of Schottky barriers 

formed at semiconductor interfaces, and in drawing an 

analogy between the Fermi level of a metal and the formal 

potential of a redox couple. This is important for 

justifying the application of theory developed for 

metal/semiconductor/metal Schottky barrier cells to 

metal/semiconductor/redox couple Schottky barrier cells. 

The discussion of electron and hole densities and IBG states 

sets the stage for an important discussion of 
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photoconductivity in this chapter and the interpretation of 

photocurrent-light intensity data in terms of the IBG 

state distribution and recombination kinetics for the 

Au/GaPc-Cl/redox couple system. 

For a metal, the empty band formed by the LUMO's 

overlaps with the filled band formed by the HOMO's creating 

a continuous distribution of states, some of which will be 

occupied and others unoccupied according to the Pauli 

exclusion principle and Fermi-Dirac (F-D) statistics. The 

Pauli principle states that, in the ground state, the 

orbitals will be filled with two electrons each, with 

increasing energy, until the electrons are used up. At OOK, 

a sharp edge between the occupied and and unoccupied states 

results, as pictured in Fig. 2.2a. At temperatures above 

OOK, thermal excitation of electrons occurs and the edge 

becomes less distinct, with a width about 2kT wide, 

Fig. 2.2b. The distribution is determined by F-D 

statistics. The Fermi level, Ef , is used to define this 

edge and is that energy at which the probability of 

occupation is 50%. 

Conduction is the isoenergetic process of an 

electron moving from the site it occupies to an unoccupied 

site of the same energy. Thus it is these electrons, within 

± kT of the Fermi level, that are responsible for 

conduction. Outside this range either the density of 
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occupied sites an electron can move from, or unoccupied 

sites an electron can move to, are negligible. 

With semiconductors and insulators, the empty or 

conduction band, does not overlap with the filled or valence 

band, creating a band gap of energy Eg (Fig. 2.2c). The 

difference between semiconductors and insulators is the 

width of the band gap. A continuous distribution of Eg 

could occur. Intrinsic semiconductors typically have a band 

gap with energies between a few tenths of an-electron volt 

and about 2.0 eV. Insulators generally have a band gap 

greater than this. For these materials, the valence band 

contains 2 electrons for each atom and, according to the 

Pauli principle, will result in a completely filled valence 

band and a completely empty conduction band at OOK. Since 

no vacancies at the same energy as occupied sites are 

present, none of these material will be conductive. Thermal 

excitation results in occupation of the conduction band. F

D statistics predicts that the number of electrons (n) 

thermally excited to the conduction band is equal to (14): 

Eqn. 2.1 

and the number of vacancies or holes (p) left behind is 

equal to: 

Eqn. 2.2 

where Ev and Ec are the energies of the edge of the valence 

and conduction bands respectively. Nc and Nv are the 

density of states in an energy region, kT thick, near the 
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conduction and valence band edges respectively. These are 

the states which are accessible, via thermal excitation, to 

the charge carriers. A typical value is about 1019/ cm 3. 

For an intrinsic material, one with no impurities or dopants 

to add or subtract extra electrons, n=p and Ef is in the 
I 

middle of the band, Fig. 2.2d. Thus the width of the band 

at any temperature determines the number of thermally 

exci ted carriers. 

As stated before, Ef defines the energy at which the 

probability of electron occupation is 50%, if states existed 

at that energy. In the ideal semiconductor, no states are 

presumed to exist within the band gap. In real semi-

conductors, a wide variety of interband gap (IBG) states 

exist, which may be intentionally placed in the semi

conductor (dopants), the result of defects within the 

crystal lattice, or due to unintentional impurities. 

Th e I B G s tat e s will h a vet h r e e imp 0 r tan t 

characteristics for each type: the densi ty or concentration 

of the particular dopant or defect; the energy level of the 

state; and whether the state was filled (a donor) or empty 

(an acceptor) before addition to the intrinsic semi-

conductor. The effect of a donor is to increase the free 

electron density of the semiconductor. To be effective in 

increasing conducti v i ty, the donor must donate an electron 

to the bands of the semiconductor, Le. be ionized. If the 

energy level of the donor is below the Fermi level of the 
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intrinsic material, its probability of occupation is large j 

it will not be ionized and will have little effect on the 

Fermi level and the conductivity. If the energy level of 

the donor is above the Fermi level, it will ionize, and if 

it is in greater concentration than the intrinsically 

generated carriers, it will raise the Fermi level to about 

its own energy level as the empty valence band holes are 

filled up. A similar process will occur for acceptor sites 

except the site will become negatively charged if near the 

valence band. The change in Fermi levels changes the 

relative proportion of carriers nand p according to 

Eqns. 1 and 2. The product of nand pis: 

Eqn. 2.3 

np is independent of Ef , but the total carrier 

concentration, n+p, can change by orders of magnitude. The 

addition of a donor near the conduction band edge raises Ef , 

increasing n, decreasing p, and forming an n-type semi

conductor. A p-type semiconductor is formed by adding an 

acceptor near the valence band edge. 

The concentrations of the IBG states are important. 

High concentration of dopants (10 18 to 10 20 /cm 3) exist in 

purposely doped materials. In intrinsic materials, the 

concentration of defects and impurities is much lower (10 15 

to 10 18 /cm 3 ) and usually has little or no effect on the 

Fermi level. They are however in significant concentration 

compared to typical photofluxes used in photoconductors 
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(10 10 to 10 15 photons/sec). The IBG states act as recom

bination centers for photoexcited carriers and significantly 

affect the photoconduGtivity. This is discussed in detail 

in Chapter 2, Bulk Photoconductivity. The nature of IBG 

states in GaPc-Cl was investigated with photocurrent action 

spectra and intensity dependence measurements. 

Bulk Dark Conductivity 

The current density-voltage (j-V) characteristics of 

any material can be expressed by: 

j=V (J /d Eqn. 2.4 

where d is the thickness in the direction of current flow 

and (J is the conductivity (14,28). "For most bulk materials 

where surface effects can be neglected, (J is constant 

over a wide range of current densities. Where conduction 

across a junction or surface is important, (J often becomes 

a function of the voltage. 

The bulk conductivity of a semiconductor (14,28,41) 

is dependent on the concentration of carriers and their 

drift mobility and is given by: 

(J=q(~p + ~n) Eqn. 2.5 

where q is the charge on the carrier. The concentration of 

the carriers is determined by F-D statistics, as expressed 

by Eqns. 2.1 and 2.2. 

F-D statistics are applicable to any system or 

material whether it is an inorganic or organic semi-
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conductor, metal, or even a gas or liquid phase system. It 

says nothing about the nature of charge conduction, only 

about the probability that a particular state is filled. 

The mobility (]J) arises from the mechanism of charge 

transfer. It is in this description of charge movement that 

significant differences between inorganic semiconductors and 

organic semiconductors occurs. Each of the theories of 

mobility will be covered and their strong and weak points 

discussed (14,28,41,42). To date few satisfactory theories 

can explain conduction in organic semiconductors and various 

aspects of each will be used to describe the observed 

behavior of GaPc-Cl. 

The Band Theory. In the band theory (14,42), 

electronic states are determined primarily by the 

arrangement of atoms in the crystal lattice. These states 

are found to group together in bands, such that the energy 

difference between states is much less than kT. In the 

semiconductor valence band, N electronic states will be 

filled by 2N electrons, where N is the number of atoms or 

molecules in the crystal. Each of these electrons will have 

a wavefunction associated with it, the nature of which will 

vary widely. At one extreme will be a localized wave

function very similar to that of the isolated gas phase 

molecular or atomic unit comprising the solid. The square 

of this wavefunction, the probability function, will confine 

the electron to a region very close to the molecular or 
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atomic unit. At the other extreme, a completely delocalized 

electron state will exist, whose probability function is 

more or less constant throughout the entire crystal. The 

vast majority of states, however, will be delocalized over a 

portion, but not all, of the crystal. Each of these wave-
,. 

functions are free to move about the crystal as a wave 

packet. Since in quantum mechanical and quantum field 

theory duality between particles and waves exists, this wave 

packet can be considered a particle also (42). A similar 

state of affairs will exist for the conduction band, 

although the exact distribution of states will vary and, of 

course, the majority of states will not be filled. 

The perfect infinite semiconductor crystal provides 

insight into the nature of conductivity. If a hole or 

electron charge carrier exists in the crystal and an 

electric field, E, is placed across the crystal, the 

particle of charge, q, will accelerate across the crystal 

according to: 

F=d~q = m I a Eqn. 2.6 

where the force, F, is proportional to the particles 

* equivalent mass, m , and the acceleration rate, a (42). 

The equivalent mass of an electron or hole is not 

the mass of a free electron in a vacuum. Since the particle 

is surrounded by charged atom centers, these atoms will 

rearrange slightly to oppose movement of the carrier away 

from that position. The effect is similar to that of a 
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hydration sphere or ion cloud around an ion in solution. A 

change in the surrounding medium changes the particles' 

transport properties and this is reflected in the equivalent 

mass. Thus the difference in the interaction of holes and 

electrons with the lattice explains the difference in the 

mobilities of each. 

The above theory predicts that when a particle is 

placed in an electric field it will accelerate. Since no 

method of stopping the particle is available, the 

conductivity of the material will rise to infinity as time, 

and thus the velocity of the particle, goes to infinity. 

The interaction of the charged particles wi th crystal 

defects, impurities, and phonons provides the mechanism for 

limiting conductivity. Crystal defects and impurities have 

been described earlier. Here it is only necessary to note 

that these sites can be considered as a stationary localized 

wavefunction that may interact and scatter the charge 

carrier wavefunctions. 

Phonons are quantized vibrational states of the 

crystal (14,28,42). They are of two types: the acoustic 

phonon and the optical phonon. As an acoustic phonon moves 

through the crystal, regions of the lattice are alternately 

compressed and expanded exactly as when a sound wave moves 

through air, water, or any solid. Hence the name acoustic 

phonon. The difference lies in that phonons are quantized 

and can behave as particles. Thus, an acoustic phonon can 
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be thought of, in a crude sense, as a sphere of vibrating 

lattice pOints, which can move through the crystal. 

The optical phonon is also a vibrational particle; 

but its vibrational mode is much different from that of the 

acoustic phonon. While the latter resulted in compression 

and expansion of the unit cells comprising the lattice, no 

significant distortion of the relative arrangement of the 

atoms in the unit cells occurred. The optical phonon does 

result in such distortion. Since greater bond distortions, 

are required the optical phonons are usually of higher 

energy and frequency. In addition, a net dipole moment 

change can occur, and thus excitation by optical energy is 

possible, hence the name optical phonon. 

For molecular solids, such as phthalocyanine 

crystals, the optical phonons can be thought of as including 

vibrations of the individual molecules within a unit cell 

and vibrations involving all or portions of the molecules 

within a unit cell (29). 

The interaction of phonons with charge carriers is 

the dominant mode of carrier scattering. As noted before, 

upon creation in an electric field, the carrier will begin 

to accelerate from zero velocity. It will continue to do 

so, until it is scattered in a random direction by a phonon 

or possibly a defect site. Since the scattering is random, 

the net velocity in the direction of the electric field 

force will, on the average, be reduced to zero. The 
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particle must reaccelerate until scattered again. Thus 

scattering provides a means for limiting the maximum 

velocity of the particle. Differences in mobility will be 

due to differences in the time between scattering events and 

differences in the effective mass. 

An important characteristic of this theory is the 

inverse temperature dependence of the mobility. As the 

temperature increases, the number of phonons increases and 

scattering increases. The mobility will then decrease with 

increasing temperature. This effect is often cited as 

e v id enc e fo r adheranc e to the band theo ry 0 f cond uc t i on in 

organic solids (29). 

Another important characteristic of the band theory 

is the assumption that the interaction of phonons with 

charge carriers is sufficiently infrequent that they can be 

treated as a small perturbation of the basic band theory. 

This has the effect of requiring the mean free path between 

scattering events to be much larger than a single lattice 

constant. (The reader should not confuse the mean free path 

between scattering events wi th the diffusion length t which 

is the distance traveled between recombination or trapping 

events). 

For many organic materials, the mobility of the 

carriers is much less than 100 cm 2/V sec. This can be 

interpreted as a mean free path between scattering events 

that is much less than the lattice constants. The carrier 
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would, therefore, be scattered before it leaves its site of 

creation; and thus it would never move, contrary to 

experimental observaton. A shift in emphasis was necessary 

to explain the conduction mechanism in organic solids. 

Instead of calculating the most probable distance covered by 

the carrier, as in band theory, models were devised which 

calculated the probability of a carrier jump from one unit 

cell to the next unit cell. Two general theories exist: 

the tunneling model and the hopping model. 

The tunneling and hopping models (28,29) are 

illustrated in Fig. 2.3, where the individual molecules are 

assumed to retain a great deal of the electronic structure 

of the gas phase molecule. A potential well, with 

vibrational levels, exists for the singlet ground state, So' 

and the first excited singlet state, S,. A potential well 

describing the triplet state may also exist, but it is not 

shown for clarity. For GaPc-CI, the electronic structure of 

Fig. 2.21 could be substituted. 

The Tunneling Model. Tunneling is the isoenergetic 

process of an electron moving from one molecule to another, 

directly through the barrier determined by the adjacent 

potential well. Recall that the potential wells do not have 

finite edges, Fig. 2.3, just as orbitals do not have finite 

edges. A small, but not negligible, overlap of the wave

functions on each molecule will exist. The magnitude of the 

overlap determines the probability of tunneling. The 
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thickness of the barrier is a qualitative measure of over

lap. Differences in the barrier thickness can explain 

differences in the mobilities of the charge carriers. In 

the case illustrated here, the barrier for holes is thinner 

and thus holes will be more mobile. 

It should be noted that the model presented here 

uses a potential well for each electronic state, in contrast 

to that commonly put forth by other workers. In these other 

models, a single triangular or square barrier is suggested, 

within which the electronic states lie. These models would 

predict electrons to be as mobile or more so than holes as 

determined by the barrier thickness. While these tunneling 

models can predict a mobility of the proper magnitude, they 

cannot explain the negative temperature dependence of the 

mobility observed with most organic and inorganic semi

conductors (28,29). 

The Hopping Model. The hopping model (28,29) is 

also illustrated in Fig. 2.3. In order for electron 

transfer to occur, an electron must have sufficient energy 

to surmount the barrier between the potential wells. It is 

clear that this model would predict a positive temperature 

dependence based simply on Fermi-Dirac statistics. 

By itself the hopping theory is poor at describing 

the observed phenomena; but when strong interaction with 

optical phonons is considered, better agreement between 

theory and experiment is obtained (28). In this modified 
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model, the electrons interact strongly with the optical 

phonons localized on a molecule, such that the energy of the 

electron is stabilized in a cloud of optical phonons. 

Charge transfer must then be a process where both the 

carrier and the phonon cloud move to a new location. The 

phonon cloud may move first followed by the charge carrier 

or vice versa. 

This model predicted a positive temperature 

dependence of conductivity at low temperatures and a 

negative temperature dependence at higher temperatures. At 

low temperatures, an insufficient number of optical phonons 

or carriers with sufficient energy to hop the barrier will 

exist. Thus the initial increase in mobility is due to the 

increased fraction of carriers with the proper energy. A 

further increase in temperature will lead to excessive 

acoustic and optical phonons, which will increase the 

scattering of the carriers and thus a negative temperature 

dependence. 

The problem with many of these theories is that they 

are based on experimental evidence obtained for polycyclic 

hydrocarbons, such as anthracene and tetracene. These 

materials have band gaps greater then 2.0 eV and mobilities 

considerably smaller than that for phthalocyanines. These 

theories mayor may not have much relation to the mechanism 

of conduction in phthalocyanines. 
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It seems that a band structure is useful for 

describing the energetics of organic semiconductors, but it 

is not generally useful for predicting the conductivities of 

organic materials. With GaPc-CI, the band model is useful 

in predicting the properties of Schottky barriers formed at 

interfaces. The conductivity of GaPc-CI, however, is best 

described by using portions of the band theory, as it 

applies to interband gap state recombination kinetics, and 

portions of the hopping and tunneling models as they apply 

to photocurrent action spectra, absorbance spectra, and 

doping of materials. The development of a general theory of 

conduction in organic solids has been limited, to a large 

extent, by experimental difficulties in growing sufficiently 

la rge organic crystals and in making the proper electr ical 

contacts to them. 

Bulk Photoconductivity 

The absorption of a photon of light of energy 

greater than the band gap of a semiconductor may result in 

the formation of free mobile charge carriers, an electron 

(n) in the conduction band and a hole (p) in the valence 

band. When the density of photogenerated carriers becomes 

greater than the density of thermally generated carriers, 

the conductivity will be dominated by photogeneration. 

The theory of photoconductivity (25,26,43) is, in 

essence, a kinetic model describing the rates of interband 
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gap state population and depopulation. It was developed to 

describe two general experimental observations. First, the 

decay or rise time of the photocurrent was seldom equal to, 

but rather longer than, the lifetime of the carriers, as 

determined by steady state photocurrent measurements. The 

theory attributes this observation to the trapping or 

storage of charge carriers. The rate of detrapping or 

trapping determines the decay or rise time respectively. 

Second, the photocurrent, i ph ' was rarely linearly dependent 

on the light intensity, but rather followed a dependence 

such as: 

Eqn. 2.7 

where n could be less than or greater than one depending on 

the material. A portion of the IBG states are responsible 

for the recombination or destruction of charge carriers. 

The number of such recombination centers depends on the 

intensity, and hence a non-integer power dependence on 

intensity results. 

The following analysis has been taken, in part, from 

Rose (26), but has been modified to stress a rate equation 

approach to recombination kinetics. This should allow the 

formalisms to be more familiar to the chemist. An 

understanding of the principles outlined here is necessary 

for an understanding of the method for obtaining the IBG 

state distribution from photocurrent-intensity data, as 

detailed in Appendix A. It also forms the basis for 
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predicting results from photocurrent action spectra and 

photodoping experiments described in the results and 

discussion section. 

The behavior resulting from photogeneration depends 

greatly on the location and distribution of photogenerated 

charge carriers, as well as the type of contacts made to the 

material. In this section, uniform illumination and ohmic 

contacts are assumed, as in Fig. 2.4. These conditions 

assure that the bulk conductivity determines the observed 

properties. The effects of non-uniform illumination and 

various types of contacts are discussed later. For 

simplicity, only one carrier is assumed responsible for 

conduction. The extension to two carriers is not difficult, 

but obscures and complicates the theory unnecessarily. 

The photocurrent, i ph ' is proportional to the number 

of carriers, N, and inversely proportional to the time it 

takes a charge to transit the distance Cd) between contacts, 

as in Fig. 2.4, and is expressed by: 

iph=Ne/Tr=CN~V~)/d2 Eqn. 2.8 

The transit time CTr) is a potential dependent parameter 

given by: 

Tr =d/vd=d/(E]..1)=d 2/CV\.l) Eqn. 2.9 

where vd is the drift velocity, and E the electric field, 

which is assumed to be uniform across the film. Thus the 

photocurrent is proportional to the applied voltage (V) and 

inver sly so to d2. 
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The number of photogenerated carriers (N) at any 

time is determined by the excitation rate (f) and the 

recombination rate, as expressed by the lifetime (T) of a 

carrier. N is given by: 

N=fT Eqn.2.10 

substitution into Eqn. 2.8 gives: 

Eqn. 2.11 

In devices where ohmic contacts to the band of the 

majority carrier are assumed, the lifetime can exceed the 

transit time. In other words, each carrier could transit 

the device more than once. If blocking contacts are used, 

then T will be no greater than T r. T is not a constant and 

will be a function of the type and number of IBG states, as 

well as the light intensity. 

Fig. 2.5 illustrates the processes which carriers 

can undergo in a semiconductor. Process f is photo

generation to produce a free hole and a free electron; while 

process E represents direct recombination of these two 

carriers. The other four processes, A-D, involve IBG 

states. Process C is the de~xcitation of a free electron to 

fill an empty IBG state, 

fill e d I BG s tat e , n I, can 

pl. The electron, in the now 

undergo further deexcitaticn, 

process B, and fill up a hole in the valence band. The 

combination of steps C and B has the same end result as 

step E. 
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An empty lBG state, pI, can also be filled by 

thermal excitation of an electron from the valence band, as 

in process D. This same state can be emptied by thermal 

excitation to the conduction band, as in process A. The 

overall effect these last two thermal processes is the same 

as photoexcitation, f, except for the means of excitation. 

Transitions between lBG states are not allowed, since lBG 

states are immobile and are not likely to be located close 

to one another. 

To derive an expression for f, as pictured in 

Fig. 2.5, illumination parallel to the direction of current 

flow with weakly absorbed light is assumed. The intensity 

of light absorbed is given by: 

l:lo{1-exp(-Sd)} Eqn. 2.12 

which for weakly absorbed light is approximately: 

l:loSd Eqn. 2.13 

Since only some fraction, ~,of the absorbed light may result 

in free carriers the generation rate, f, is given by: 

Eq"n. 2.14 

The theory of recombination in semiconductor physics 

is very similar, with some minor modifications, to that of 

diffusion limited gas phase reactions. Each p or n carrier 

is assumed to be a mobile particle with a thermal velocity, 

v, and a reaction cross section, Sp and Sn' respectively. 
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For direct recombination (E) pictured in Fig. 2.5, the rate, 

Er , is given by: 

Er=npvS np Eqn. 2.15 

where Snp is an average cross section, since both nand p 

are mobile. nand p represent the concentration of the 

reactants; while vSnp is the rate constant for the reaction. 

For most semiconductors, recombination is controlled 

by lBG states rather than direct recombination, because the 

lBG states are usually in greater concentration. 

The rate of step C, Cr , is related to the 

concentration of the reactants, nand p', by: 

Eqn.2.16 

where vS n is the rate constant determined by the thermal 

velocity, v, and the capture cross section, Sn' of the 

mobile free electron. The rate of step B, Br , is given by a 

similar relation: 

Br=n'pvS p Eqn.2.17 

where Sp is the capture cross section of ~ mobile hole. The 

thermal velocities of electrons and holes are assumed to be 

the same. 

Processes A and D are due to thermal exitation. The 

equation describing the rate of step A is: 

Eqn.2.18 

Nc is the density of conduction band states, which is 

assumed. equivalent to the density of vacant conduction band 

states, and En' is the energy level of the lBG state in 
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question. The term, n'exp{(Ec-En,)/kT}, represents the 

fraction of filled rBG states of energy En' which will gain 

sufficient energy to be thermally excited into the 

conduction band. The capture cross section, of a vacant 

conduction band state for a trapped electron, is assumed to 

be the same as the capture cross section of a conduction 

band electon for a vacant trap. Step D is very similar and 

the rate is given by: 

Eqn.2.19 

where the term Nvexp{ (Ep,-Ev)/kT> represents the number of 

filled valence band states which will have sufficient energy 

to reach the rBG state, pI, in question. 

Because of the exponential terms in Ar and Dr 

involving the rBG state energy level, it is likely that one 

or the other can be ignored. Consider first an rBG state 

near the conduction band, such that step D can be neglected. 

Step C will be the only means to populate the rBG state, and 

A and B will depopulate the state. At some energy for the 

rBG state, the rate of A will equal B or: 

Eqn. 2.20 

where Dn " the electron demarcation level, represents the 

energy level of the rBG state where Eqn. 2.20 holds. 

Rearrangement leads to: 

Eqn. 2.21 

For r BG s tat e s w hi c h lie bet wee n D n' and E v' s t e p B 

will dominate, and these states will be recombination states 
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and will determine the lifetime of an electron in the 

conduction band. For IBG states which lie between On and 

Ec ' step A, an electron detrapping event, will dominate. 

These states are referred to as electron traps. They do not 

lead to recombination and a decrease in the number of 

carriers, but provide a site where mobile charges are 

temporarily stopped. Their importance is discussed later. 

For IBG states nearer the valence band, step A can 

be 'neglected. Setting step C equal to step 0 results in: 

Eqn. 2.22 

where Opl is the hole demarcation level. IBG states between 

Opl and Ec are recombination states and those between Opl 

and Ev are hole traps. 

In summary, as shown in Fig. 2.5, the IBG states can 

be separated into three categories: electron traps, hole 

traps, and recombination centers. The effect of traps will 

be to lengthen the current response time of the device to a 

change in light intensity and· this will be expanded on 

later. 

Concentrating on the recombination sites in Fig. 2.5 

shows that, at the steady state, the generation rate must 

equal the rate of electron recombination through these 

sites. This is expressed by: 

Eqn. 2.23 

where Pr and nr are the density of empty and filled recom

bination sites respectively between the demarcation levels. 
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As the light intensity increases, nand p increase; and, 

since these terms are in Eqns. 2.21 and 2.22,· the 

demarcation levels change with intensity. As is illustrated 

in Fig. 2.5, the demarcation levels move apart with 

inc reasing intensi ty, and as a con seq uenc e, more IBG sites 

become recombination centers and fewer remain traps. 

At this point, relationships exist which relate the 

number of carriers to intensity, Eqn. 2.23, the photocurrent 

to the number of carriers, Eqn. 2.8, and the number of 

carriers to an energy level, Eqns. 2.21 ann 2.22. From 

experimental data, photocurrent versus intensity, it should 

be possible to find the distribution of IBG states as a 

function of energy. 

A rigorous treatment for determining the IBG 

distribution from experimental data is covered in Appendix 

A. A more common approach is to assume some distribution of 

IBG states as a function of energy. The number of 

recombination states is found by integrating the IBG state 

distribution between the demarcation levels. Rose (26) has 

considered various distributions in detail. Two important 

cases are considered here. 

Fig. 2.6 shows two types of IBG state distributions 

in an intrinsic semiconductor. In the first example, 

Fig. 2~6a, the IBG states are localized at a specific energy 

level near the middle of the bandgap. At a low light 

intensity: these states reside between the demarcation 
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Fig. 2.6 Two IBG State Distributions and the Corresponding 
Photocurrent-Intensity Curves. 
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levels. At a higher intensity, the demarcation levels move 

apart, but the total number of states within these levels 

remains the same. The number of recombination sites (n r or 

Pr) is constant; and from Eqn. 2.23, the density of free 

carriers, and thus the current, is proportional to 

intensity. Comparison of Eqn. 2.23 and Eqn. 2.10 shows that 

the lifetime L is constant and given by: 

L =1/(n r vSp) Eqn. 2.24 

assuming holes to be the important carrier. Fig. 2.6b shows 

the expected photocurrent versus intensity curve. 

Fig. 2.6c shows an exponential or nonuniform 

distribution of IBG states. By comparison with the previous 

example, the number of recombination sites within the 

demarcation levels increases with intensity, at a rate 

faster than the density of free carriers. This results in 

an increasing probability of recombination with intensity; 

and therefore, a sublinear current response, as illustrated 

in Fig. 2.6d. Rose (26) has solved this problem explicitly 

by assuming various IBG state distributions and predicting 

the intensity dependence of the photocurrent; but for the 

GaPc-Cl photoconductor, this qualitative description will 

suffice. 

At this point, traps have played no important part 

except to change into recombination sites as the intensity 

increases. This analysis occurred under the steady state 

current and illumination condi tion; the effect of traps is 
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to change the response time of the semiconductor to a change 

in intensity. 

This can be expressed by considering the rate 

equation for hole carrier population, f, and depopulation, 

kp: 

where k is a rate constant given by: 

k=nrvSp= 1/L 

At the steady state: 

f=Pmaxl-r 

Eqn. 2.25 

Eqn. 2.26 

Eqn. 2.27 

where Pmax is the concentration of holes at infinite time. 

Defining: 

y=Pmax- P 

gives: 

Eqn. 2.28 

d'i'dt=_d%t Eqn. 2.29 

which along with Eqn. 2.27 is subst i tuted into Eqn. 2.25 to 

give: 

or: 

d%t=-{Pmax-p } 'Yr 

d~y=_dtlr 

In(Pmax/ y)= % 

Eqn. 2.30 

Eqn. 2.31 

Eqn. 2.32 

If the response time, LO' is defined as the time at 

which y falls to 1/e of its original value, then 

Eqn. 2.33 

and 

Eqn. 2.34 
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thus in this case, the response time is equivalent to the 

carrier lifetime. 

If traps exist, then, since these are in equilibrium 

with the carriers, the total number of holes P in either the 

valence band (p) or in traps (Pt) will be given by: 

P=P+Pt Eqn. 2.35 

or: 

p/P=p/(p+Pt)=A Eqn. 2.36 

and the latter term will be a constant. We can still write: 

d % t =f-P/-r Eqn. 2.37 

or: 

d Pdt { 1~} = f _P/.r 

using Eqn. 2.27 and Eqn. 2.28 gives: 

{1,i} dY/d t =-y l-r 

or: 

Eqn. 2.38 

Eqn. 2.39 

Eqn. 2.40 

.which when y=Pmax/e, the response time is given by: 

{1/A} -r='to Eqn. 2.41 

or 

Eqn. 2.42 

From Eqn. 2.42, it is clear that the response time 

can be much greater, by orders of magnitude, than the life 

time depending of the value of Pt/p. In addition, the 

number of trapping states will decrease as the intensity of 

illumination increases. Thus the response time will depend, 

for an incremental change in intensity, on the intensity. 
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level. As will be seen, this model provides one explanation 

for the observed photocurrent response for the 

Au/GaPc-CI/Redox system. 

Interfaces 

The bulk properties of materials are very important, 

and they played an important role in determining the solar 

efficiency of the Au/GaPc-CI/Redox system. Most of the 

behavior, however, of this system was ascribed to properties 

resulting from the formation of interfaces between all three 

phases. Photopotentials were develuped at Schottky 

barriers, between the GaPc-CI and the metal, and between 

GaPc-CI and the electrolyte containing the redox couple. 

Photoelectrochemical inefficiencies were attributed, in 

part, to the nature of these Schottky barriers and also to 

the formation of a metal/redox couple interface at pores in 

the film. 

Many of these effects resulted from differences in 

the energies of an electron in the various phases. In order 

to introduce and define the various types of potentials and 

energies, the simplest interface, the metal/metal interface, 

is considered in detail first. 

The Metal/Metal Interface 

Consider a metal M' in a complete vacuum and which 

is assumed to be initially neutral, i.e. having a complete 

complement of protons and electrons. Thermal energy will 
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excite electrons within the metal, and a small fraction will 

escape and be lost at a position infinitly far from the 

metal (44). This process, thermionic emission, will 

continue until a potential is set up between the metal and 

infinity to oppose this process. (The electron &un uses 

this phenomenon and an additional bias potential to form a 

beam of electrons.) This potential is referred to as the 

Volta potential, ~', and the energy required to bring an 

electron from "just outside" the metal to infinity is e~'. 

Another property, the thermionic work function of 

M', ~', is defined as the work required to bring an electron 

from within the metal to "just outside" the metal. This 

energy is composed of two terms. Since the surface is not 

uniform and may have dangling or distorted bonds or perhaps 

a gas adsorbate, an electrical potential, the surface jump 

potential, X', will exist due to the particular arrangement 

of electrons and atoms at the surface. ex' gives the work 

required to bring the electron across this potential from 

within the metal. An additional term, the chemical 

pot e n t i a 1 0 fan e 1 e c t ron i n M', uJ, des c rib est he c han g e i n 

energy, as the electron interacts with the other atoms and 

electrons in the metal, and comes to equilibrium at an 

energy described by the Fermi level. These various values 

are illustrated in Figs. 2.7a and 2.7b for two different 

metals. 



A 8 c 
* 0 '1\ ~ fI 

1/1' 
~ ~ 

"," 
iie (ata::» 

",' 
• ~X" 

1\ 

~ 

E 
~ ',;-0 

41' -
" ctI' 

X' 

-' q,' 
Pe P 

, 
q <It 
e p' 

1/ 
P~ e 

4 

e 

P 

e 

P 

e 

E 

M" 
I - iie(ground) 

M/J' M"" w/bias 
Fig. 2.7 Electron Energy Relationships for Two Metals and a Metal with a Voltage 

Bias. Shown are the electrochemical potential (a~), the chemical potential 
(u e ), the Volta potential (1jJ), the work funtion t cf», the surface jump 
potential (X), and the applied bias (E). 

U1 
U1 



56 

The energy required to remove an electron from the 

metal bulk to vacuum at infinity is the electrochemical 

potential of an electron, ue, and is composed of the sum of 

the thermionic work function and the Volta potential: 

Eqn. 2.43 

or: 

Ue = ue + ex' + e~' Eqn. 2.44 

The electrochemical potential describes all the factors 

contributing to the energy of an electron in a particular 

phase. Thermodynamic equilibrium of electrons in two 

phases, M' and M", is defined as: 

ue = u~ Eqn. 2.45 

The Fermi level of a metal is equivalent to the electro

chemical potential, and the terms are synonymous. 

Because two metals, as in Fig. 2.7a and 2.7b, can 

come to equilibrium without physical contact, via the 

mechanism of thermionic emission, then all phases will 

eventually come to equilibrium, including that ill-defined, 

nebulous phase referred to as "earth" or "ground". In other 

words, all phases must have the same electrochemical 

potential as ground, cr~, if in equilibrium. The special 

case, where a potential is applied between ground and a 

metal, M', Fig. 2.7c, is a non-equilibrium case. Thermionic 

emission from the metal (or ground) will result in net 

current flow; although for practical purposes this may be 
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sufficiently slow to ignore. This latter case for M" can be 

expressed by: 

Eqn. 2.46 

or: 

crl = u"e + ex" +e~" + eE Eqn. 2.47 

w her e E i s the a p p 1 i e d pot e n t i a 1. Sin c e cr ~, uJ', and X" are 

constants the term, e~" + eE, must be constant. The effect 

of a bias potential is to change the Volta potential. 

Thermionic work functions were used to estimate the 

magnitude of photopotentials which can be developed at semi-

conductor interfaces. Thus it will be instructive to 

consider how this quantity is measured and possible errors 

that can arise. Three methods exist. In the contact 

potential measurement (44,45), a particle emitting, 

Polonium electrode is brought near the surface of the 

material to be studied. The particles ionize the gas 

within the gap and enhance the gas conductivity. The 

difference in the Volta potentials, ~Po_~" causes current 

to' flow. An offsetting potential, equal to this difference, 

is applied, which results in the null current condition. 

This is a relative method, and an independent estimate of 

~Po must be made to obtain ~'. In addition, the gas used 

may affect~ , for both the Po electrode and the electrode of 

interest, and thus the work function measured. However, it 

is a useful method for the study of the surfaces of volatile 

phases, which can not be studied in vacuum. 
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In the thermionic emission method (45), current flow 

from a metal in vacuum is measured as a function of 

temperature. The thermionic current is proportional to the 

number of thermally excited molecules having sufficient 

energy, as given by the work function ~I, to escape the 

phase or: 

i=A exp-(~ '/kT) Eqn. 2.48 

where A is the proportionality constant. 

The last and most reliable method is photoelectron 

spectroscopy; in which a monochromatic Ultraviolet photon 

source; such as the HeI or Hell lines; or X-ray source; such 

at the Al Kci. or Mg I((l lines, is used to excite an electron 

from the metal into vacuum, and the resulting kinetic energy 

is measured (45,46). Consider the arrangement shown in 

Fig. 2.8. Metal, M', is in contact with M" on one end, but 

a gap exists on the other. Everything is assumed to be at 

equilibrium; thus Eqn. 2.45 holds which can be rewritten, 

inserting Eqn. 2.43~ as: 

41' + e1jJ' =~" + e1jJ" Eqn. 2.49 

or: 

~' - ~" = e (1jJ" - 1jJ') Eqn. 2.50 

If a photon of energy, hv, greater than ~' illuminates M', 

as in Fig. 2.8, an electron emitted from the Fermi level 

will have a kinetic energy, KE', "just outside" the metal M' 

given by: 

KE' = hv - ~' Eqn. 2.51 
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The electron will see a potential, given by Eqn. 2.50, and 

will accelerate (or decelerate) across the gap to give a 

kinetic energy "just outside" M" of: 

KEn = hv - ¢' + e(~" - ~') Eqn. 2.52 

or: 

KEn = hv - <p" Eqn. 2.53 

which is precisely the kinetic energy of an electron "just 

outside" of M" having just undergone photoemission from M". 

If M" is the electron detector in a kinetic energy analyser, 

such as a cylindrical mirror analyser or hemispherical 

analyser, then Eqn. 2.53 is identical to that derived for 

the onset of photoemission in X-ray and Ultraviolet Photo

electron spectroscopy where <P" is the work function of the 

spectrometer (46). 

These values can be used to calculate the potential 

difference, ~" - ~', at the M'/M" contact, or if the proper 

values are known, between any two materials. A serious 

error can occur when, as noted before, X can depend on the 

exact nature of the surface, and will probably not be the 

same for a metal/vacuum interface and a metal/metal inter

face. Since sample preparation affects the nature and 

cleanliness of the surface, the exact value obtained can 

vary widely. Indeed, an examination of work functions of 

many metals listed in the CRC "Handbook of Chemistry and 

Physics" (47,48) show a consistent increase between 1968 and 

1977. This presumably is due to better vacuum technology 
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and sample preparation techniques. For many experiments, 

such as in this work, where the metals are exposed to 

ambient atmosphere, the old values may be more applicable. 

An alternative means of looking at equilibration 

between two metals is to assume thermionic equilibration has 

not occurred. The effect is to assume the Vol ta potential 

is zero, such that the electrochemical potential, measured 

versus vacuum at infinity, of the isolated phases will be 

the work function of each phase, as in Fig. 2.9. When the 

two metals are brought together, charge will transfer; 

electrons will flow from the metal with"the smallest work 

function to the other' metal. This transfer of charge will 

continue until a potential, E, is set up to exactly offset 

the difference in work functions, as in Fig. 2.9c or: 

a~ = ag = ~, + eE = ~" Eqn. 2.54 

or: 

eE = ~" - ~' Eqn. 2.55 

The problem with this approach is that it does not 

involve a standard state in the final equilibrium. It is 

impossible to decide if the electrochemical potential of one 

phase was raised or the other lowered. 

Eqn. 2.50 and Eqn. 2.55 shows that: 

E = l/J"_l/JI 

Comparison of 

Eqn. 2.56 

and the end result of the two approaches is identical. 

Because the two phases are metals, having a very 

high carrier concentration (=10 22 cm- 3 ), the charges 



Fig. 2.9 Energy, Voltage, and Charge Distribution at the 
Metal/Metal Contact. Shown are the Fermi levels 
before equilibration (a); charge (b) and voltage 
(c) distributions after equilibration ignoring the 
surface jump potential; and voltage (d) and charge 
(e) distributions including the surface jump 
potential. 
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transferred will arrange themselves in a very thin plane, 

less than an atomic layer thick, on each side of the inter

face. This is illustrated in Fig. 2.9b, showing the charge 

density as a function of distance. The positive charge on 

one metal must be equal in quantity to the negative charge 

on the other metal in order to maintain overall electro

neutrality. Illustrated in Fig. 2.9c is the electrical 

potential change across the interfaoe between M' and M" due 

to the Volta potentials. 

The surface jump potential is also an electrical 

potential, and the total electrical potential, as 

illustrated in Fig. 2.9d, must include these terms. 

Fig. 2.ge shows the total charge arrangement for this 

hypothetical metal/metal interface. The type of charges 

giving rise to the surface jump potential and the Volta 

potential are different. The Volta potential is 

predominantly due to mobile electrons in each phase and thus 

is dependent on the applied potential. The surface jump 

potential is due to immobile metal nuclei and impurities, 

such as oxygen bonded or absorbed to the surface before the 

metal/metal contact was formed. Thus, the surface jump 

potential is constant, because of the immobility of these 

nuclei, once the contact is made (44). 

The reader must be careful to discern which 

potential is important to a particular property. For 

instance, at the semiconductor/metal interface, the 
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difference in Volta potentials is important for det~rmining 

the maximum photopotential possible. For electron transfer 

across a metal/electrolyte interface, the total electrical 

potential or Galvani potential difference is the most 

important value. 

The concepts used here can be used for contact of 

any two phases, including semiconductors and redox couples 

in solutions. The only significant difference will be the 

manner in which charges arrange themselves in the various 

phases upon equilibration. Because it is conventional to 

use the approach, described by Eqns. 2.54 and 2.55, to model 

equililbration between phases, this approach will be used in 

further discussions. For clarity the reader should keep the 

more rigorous approach in mind. 

The Metal/Semiconductor Interface 

Metal/Semiconductor interfaces can be divided into 

two categories: non-blocking and blocking (26,28). The 

distinction arises from the charge transfer properties, 

which in turn arise from the Fermi energy of the metal 

relative to the bands of the semiconductor. Non-blocking or 

ohmic contacts arise when the metal Fermi level comes in 

contact with the valence or conduction band. Blocking 

contacts arise when the metal Fermi level falls within the 

band gap. In the Au/GaPc-CI/Redox system, the metal/dye 

contact was found to be a blocking contact. Other metals 
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such as platinum may form ohmic contacts with GaPc-CI and 

other dyes. 

Blocking contacts, or Schottky barrier (49) 

contacts, are of two types and are illustrated in Fig. 2.10. 

The left hand portion of the figure shows an electron 

blocking contact. During equilibration, electrons are 

donated from the semiconductor into the metal. The Volta 

potential drop, as given by Eqn. 2.50 and as shown in 

Fig. 2.10b, is distributed in a di.fferent fashion than at a 

metal/metal interface. The charge distribution giving rise 

to this potential drop is shown in Fig. 2.10c. The width, 

W, of this potential drop in the semiconductor (referred to 

as the space charge region) is given by (14,49): 

W=(e/21TNe:) 1/2(<jJm_<psc+V) 1/2 Eqn. 2.57 

where V is any additional bias potential. For a metal, the 

carrier concentration, N, is on the order of 1022/cm3 and W 

is less than an atomic layer thick. For semiconductors, 

where N is 4 to 7 orders of magnitude less than that of a 

metal, the space charge region is 0.1 to 10 urn thick. In 

order to supply the necessary electrons to transfer to the 

metal on equilibration, a region W must be depleted of 

carriers. This region is often referred to as the depletion 

layer. 

As reflected in Fig. 2.10d, all of the difference in 

Volta and applied potential occurs in the semiconductor. 

This can be rationalized by considering the interface to be 
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Electron Blocking (left) and Hole Blocking (right) 
Schottky Barrier Junctions. Shown for each 
interface are the Fermi levels before (a) and 
after (b) equilibration, the charge (c) and 
voltage (d) distributions, and simple capacitor 
model (e). 
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a capacitor, as illustrated in Fig. 2.10e. Each plate of 

the capacitor is assumed to be situated at the center of the 

charge distribution on each side. For the metal, this is 

taken as a few angstroms from the interface, and for the 

semiconductor, as one half of W. The ratio of the 

distances, of these two plates from the interface, is on the 

order of 100 to 1000. If in this crude model, the potential 

drop across the capacitor is linear, as illustrated, then 

the fraction of potential drop in the metal will be 

negligible. 

For an electron blocking junction, transfer of 

electrons from the metal into the conduction band will be 

very slow because of the lack of ~lectrons having sufficient 

thermal energy to hop over the barrier, Vb' as in 

Fig. 2.10b. As illustrated, however, no barrier to hole 

transport from the valence band exists. 

The right hand portion of Fig. 2.10 illustrates a 

hole blocking contact. This contact is analogous. to an 

electron blocking contact~, except the sign of the potential 

drop and the charge distribution is reversed. In addition, 

a barrier to hole movement into the semiconductor exists but 

no barrier to electron transfer to the metal is present. 

The effect of an imposed potential at a Schottky 

barrier is to raise or lower the barriers which impede 

charge transfer, as illustrated in Fig. 2.11 for an electron 

blocking contact. The equations governing conduction across 
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this type of interface are covered elsewhere and rely on 

calculation of the electron and hole concentrations at the 

interface having sufficient energy to jump any barriers 

(28). When a positive bias, with respect to the metal, is 

applied, Fig. 2.11a, the barrier height is increased over 

that for equilibrium, Fig. 2.11b. If a negative bias is 

applied to just offset the difference in work functions, 

Fig. 2.11c, the bands will have no curvature. This is the 

flatband condi tiona When additional negative bias is 

applied, the bands will bend down, Fig. 2.11d. Calculation 

of the actual barrier height must take into account image 

force effects, which tend to reduce the barrier height 

compared to the simple model discussed here. 

As reflected in Eqn. 2.57, W is dependent on the 

applied potential. As the quantity (~,_~sc+V) goes from 

positive to negative, W will pass through a minimum when 

this quantity is zero, i.e. at the flatband condition. 

Since the capacitance of a parallel plate capacitor is 

inversely dependent on the distance between the capacitor 

plates, the capacitance will be greatest at the flatband 

condition. The Mott-SchottkY plot of 1/C 2 -vs- V is often 

used to determine the flatband potential (15,16). 

If the semiconductor is illuminated with energy 

greater than the band gap, to create a non-equilibrium 

population of carriers in the space charge region, a photo

potential will develop. The excess carriers created will 



70 

see the potential drop defining the space charge region; and 

for an electron blocking junction, as illustrated in 

Fig. 2.12, electrons will flow into the semiconductor, and 

holes will move towards the interface. Note that the 

direction of charge flow is opposite to that which gave rise 

to equilibrium of the Fermi levels. If no electrical 

connection is made between the metal and the semiconductor, 

so as to prevent current flow, positive charge will build up 

at the interface and negative charge in the bulk. The 

effect will be to create a potential, the open circuit 

photopotential, Voc ' opposite in sign to that due to 

equilibration. This process would ideally continue until 

the photopotential just offsets the equilibration potential. 

At this point, the bands near the interface would be flat, 

and no potential drop would occur to separate any additional 

carriers produced by photoexitation, Fig. 2.12b. Thus the 

flatband condition can be achieved by a bias potential or by 

illumination. 

Recombination processes, via surface states and bulk 

recombination centers, will affect the photopotential 

produced. A steady photopotential will be reached when the 

rate of recombination equals the rate of generation. 

Measurements of photopotential versus intensity have been 

used to study recombination in the region near the inter

face, in particular surface states (50). 
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The term ohmic contact is sometimes used to describe 

non-blocking contacts, not because the contact obeys a 

simple Ohms law relationship, but because the impedance to 

charge transfer is much less than the bulk resistance of the 

semiconductor or other contact impedance. Ohmic contacts 
I 

are necessary for making electrical contact with the back-

side of the semiconductor crystal, such that the properties 

of the bulk or other surface can be studied. An ohmic 

contact can be achieved by heavily doping the semiconductor, 

at the back interface, to produce a degenerate layer, to 

which electrical contact is made. A degenerate semi-

conductor is one in which the level of doping is so high, as 

to cause the Fermi level to lie within the conduction or 

valence band. Alternatively, a metal can be used which 

contacts either the valence band, Fig. 2.13a, or the 

conduction band, Fig. 2.13b. These contacts will be ohmic 

to hole and electron .conduction respectively. The effect is 

to create a thin region, X, at the interface, where the 

Fermi level lies within the valence or conduction band. 

This region is sometimes referred to as an inversion layer. 

Because the Fermi level lies within a band, this region is 

metal like in its properties, and will undergo facile 

electron transfer across the interface. 
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The Metal/Electrolyte Interface 

The density of state model for metals and semi-

conductors has been discussed in detail. In summary, a 

rigid crystal lattice was assumed through which an electron 

could move. Because no change in crystal structure, was 

possible the energy required to remove an electron from a 

particular state was exactly the same as that required to 

replace the electron. A density of state model can be 

formed for a redox couple in solution; but an important 

difference arises, because the redox species, and the 

solvent sheath surrounding it, are mobile and interact with 

one another (15,51,52). As a consequence, the ,energy of a 

particular state will depend on whether it is occupied or 

empty. The metal electrolyte interface will prove important 

when the effects of pinholes and pores in the GaPc-Cl film 

are discussed. In addition, the density of state model for 

the electrolyte will be valid at the semiconductor/elec

trolyte interface also. 

Consider the following reaction: 

em + 0 x ~ R R x n. 2. 1 

where an electron, em' in a metal electrode is transferred 

to the lowest unoccupied orbital in the oxidized species, 

Ox, to give the reduced species, R. The Frank-Condon 

principle states that electron transfers occur on a much 

faster time scale than nuclear movements. As a consequence, 

Rxn. 2.1 can be divided up into two separate reactions: 
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em + Ox - RI Rxn. 2.2 -., 

R* - R Rxn. 2.3 -., 

where Rxn. 2.2 describes the electron transfer to give a 

redu~ed species, RI, in the same solvation sheath as the 

oxidized species. Since electron transfers are 

isoenergetic, the symbols RI and Ox can be interpreted as 

designating whether a particular state is occupied or 

unoccupied respectively. Rxn. 2.3 describes the 

rearrangement of the solvation sheath. An analogous set of 

reactions can be written for the reverse process: 
I 

R ~ Ox. + em Rxn. 2.4 

* Ox ~ Ox Rxn. 2.5 

The energy levels of interest for electron transfer are then 

that of Ox/R* and R/Ox l
, which are not the same. 

In order to determine the energy relationships of 

these two states, it is more convenient to consider the 

following set of consecutive reactions: 

R ~ Ox * Rxn. 2.6 ~ + ejo 

Ox * ...:.. Ox Rxn. 2.7 ~ 

ejo ~ eoo Rxn. 2.8 ~ 

eoo 
...... ejo Rxn • 2.9 -., 

Ox + ejo ~ R* Rxn. 2.10 ~ 

RI - R Rxn. 2. 11 -., 

where ejo is an electron "just outside" the electrolyte 

phase, and eoo is an electron at infinity. The work required 

to do Rxn. 2.8 is etjJ, where the Volta potential, I/J , is 
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identical to that described earlier for a metal. The work 

required to perform Rxn. 2.6 can be thought of as the sum of 

the ionization potential of R, to give a free electron in 

solution, and the work required to move that electron across 

the liquid boundry into vacuum "just outside" the liquid 

phase •. The sum of the latter potential, the surface jump 

potential, X , and the Volta potential is often referred to 

as the Galvani potential. A similar analysis of Rxn. 2.10 

is possible, except the work is the sum of the surface jump 

potential and the electron affinity in solution. The work 

required to do Rxns. 2.6 and 2.10 will be designated I and A 

respecti vely, and the work invol ved with the sol vent shell 

rearrangements of Rxns. 2.7 and 2.11 will be designated by 

#0 and #r respectively. 

Since reactions 2.6 through 2.11 represent a 

complete cycle, the energy sum of all the steps must be zero 

or: 

Eqn. 2.58 

or: 

Eqn.2.59 

The negative sign on #0 arises because the state in 

question is not filled. It can be rationalized by noting 

that rearrangement of the solvent sheath around R, before 

removing on electron, would result in a higher energy state 

and less subsequent work to remove the electron. This is 

reflected in Fig. 2.14, which summarizes the energy 
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Fig. 2.14 Density of State Model for an Electrolyte 
Containing a Redox Couple. Shown are the Volta 
potential (W), the solution ionization potential 
(I), the solution electron affini ty (A), and the 
solvent reorganization energies (ff). 
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relationships. As illustrated, the total work to remove an 

electron from R or to place an electron in Ox, including 

solvent shell rearrangement, represents the electrochemical 

potential of an electron in that phase. When a metal and 

this electrolyte phase come to equil i brium, their electro-

chemical potentials will be equal, just as with a 

metal/metal or metal/semiconductor contact. 

One more slight modification is necessary to 

complete the density of states model for solutions. The 

solvation sheaths around a particular molecule will 

fl t t . t t d th f Thus the Ox/R* uc ua e In s ruc ure an ere ore energy. 

* and R/Ox energy levels are not well described by a single 

level, and a Boltzman distribution of energies will exist 

centered around these values, Fig. 2.14. 

Of particular interest in this work is that the 

energy of a redox couple ca~ be expressed as a single energy 

level, below which are filled states and above which are 

empty states. For much of the work discussed·here, the 

redox couple in solution can be treated just like a metal, 

because the density of states distribution is similar to a 

partially filled band. Above the EO, value, the states are 

empty and below this value the states are full. Like a metal 

and unlike a semiconductor, no gap exists between the filled 

and unfilled states. 
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Due to the mobility of ions, the arrangement of 

charge at the electrolyte interface is considerably 

different from a metal or semiconductor interface. As 

charge is transferred into or out of the redox couple, an 

excess or depletion, as compared to the bulk, of either the 

reduced or oxidized species will occur at the surface. This 

concentration gradient will force these species to diffuse 

into solution. In order to satisfy the charge density and 

overall electroneutrality for the interface, electrolyte 

ions will move into or out of the interface region. 

The redox couple provides a means for equilibration; 

but the electrolyte ions provide the charge density at the 

interface. The charges arrange in a double layer, as 

illustrated in Fig. 2.15. The first layer, nearest the 

interface, is the Helmholtz layer and consists of a 

relatively well organized, single layer of solvated ions and 

adsorbed solvent molecules. The second layer is the Gouy

Chapman diffuse layer and consists of a random arrangement 

of ions similar to the space charge region of a semi

conductor. The ion density in most electrolytes (at about 

0.1M concentration) is about 1019/ cm 3 or intermediate 

between a metal and a semiconductor. Thus the thickness of 

the diffuse double layer is in the range of 100 A. 
The double layer can be modeled as two capacitors in 

series. One capacitor, the Helmholtz capacitor, has a plate 

centered on the charge residing in the metal and the other 
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Fig. 2.15 Distribution of Charge and Potential at the 

Metal/Electrolyte Interface." HL is the Helmholtz 
layer and G-CL is the Gouy-Chapman layer. 
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plate is centered at the locus of the ions defining the 

Helmholtz layer. The other capacitor, the Gouy-Chapman 

capacitor, also has one plate in the Helmholtz layer, but 

the other plate is in the middle of the diffuse layer. The 

Helmholts layer resides about 10.A from the metal surface 

and the Gouy-Chapman layer is about 100 A thick. Just as 

with the metal/semiconductor interface, the majority of the 

potential drop will occur in the solution rather than in the 

metal. The proportion of the potential drop across each 

layer depends, to a large extent, on the presence or absence 

of specifically absorbed ions, which determine the potent~al 

drop thro~gh the Helmholtz layer. 

Since the capacitance is inversely proportional to 

distance, the Gouy-Chapman layer will have the smallest 

capacitance. The total capacitance is given by: 

Eqn. 2.60 

and the term, 1/C GC ' will dominate the interfacial 

capacitance. 

Because the ions are mobile in solution and arrange 

themselves at the interface in order to accommodate 

equilibrium, it is impossible to distinquish between the 

surface jump potential and the Volta potential. This is 

different than at a metal or semiconductor; where X was 

attr ibuted to permanent chemical effects, such as dangl ing 

bonds or adsorbed gases, and~ was attributed to variable 

electron densities at the surface. In solution, mobile ions 
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rather than mobile electrons provide the means for 

equilibration. In solution, the sum of 1jJ and X are lumped 

together to give the Galvani potential, ~, as illustrated in 

Fig. 2.16. Thus the potential change occuring during 

contact is given by: 

or: 

<p m + 1jJm = 1jJs + XS + US e 

<pm + 1jJm = ~s + u~ 

Eqn. 2.61 

Eqn. 2.62 

The change in potential across the surface is given by the 

difference in the work function of the metal and the 

chemical potential of the redox couple in solution: 

Eqn. 2.63 

The total electrical potential drop must still include Xm; 

but since this is constant, its effect is usually ignored. 

Unfortunately no direct experimental methods exist 

for determining the chemical potential of a redox couple in 

solution. A relative measurement is made, with respect to 

some other redox couple, in an electrochemical cell, such 

as: 

Pt/R,Ox/IH+,H2/Pt 

where R,Ox is the redox couple under study and H+,H 2/Pt is 

the Normal Hydrogen Reference Electrode, NHE. Other 

reference electrodes, such as the saturated Ag/AgCI 

electrode, may be used; but the NHE is considered the 

primary standard. 
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Fig. 2.16 Comparison of the Relevant Energies in a Metal and 
an Electrolyte Containing a Redox Couple. Most 
quantities are the same as in Fig. 2.7 except the 
Galvani potential (s). 
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Each of the redox couples will come to equilibrium 

with the Pt electrodes, in accordance with the difference in 

the chemical potential of the redox couple and the work 

function of the metal, as given by Eqn. 2.63. The voltages 

across each interface are illustrated in Fig. 2.17b. The 

interface between the two redox couples is generally 

composed of a non-electron conducting, but ion conducting, 

porous membrane. Commonly a glass frit is used, but ion 

conducting per fluorinated membranes, such as Nafion, may be 

used. As a consequence, it is not possible, for the redox 

couple on the right to transfer an electron to the redox 

couple on the left, without first moving across the 

membrane. No charge separation is possible, and thus no 

potential drop can be built up. This non-equilibrium 

situation will be remedied when the chemical potential is 

identical on each side. This will depend on the 

concentrations and mobilities of the species in solution and 

on preservation of electroneutrality (51,52). If, however, 

equilibration is very slow, compared to the time frame of 

the experiment, a potential difference (the formal 

potential, EO,) will be measured. This value is the 

relative difference between the chemical potentials of an 

electron in the two aqueous phases. In many respects the 

electrochemical method is very similar to the contact 

potential method described earlier, in that both measure 

relative potential differences. 
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A potential may occur across the glass frit, 

referred to as the liquid junction potential (51)j but this 

is due to differences in mobilities and concentrations of 

t~e inert salts comprising the electrolytes. It can be 

minimized, to reduce the error in EO" by making the 

electrolytes on each side as similar as possible or by use 

of a sal t bridge. 

Normally the formal potential of the NHE is taken as 

zero and all other reference electrodes and redox couples 

can be referenced against it. If the work function of any 

redox couple could be calculated or measured, then the EO, 

values of all redox couples could be referenced against 

vacuum, as with solid materials. Lohmann (53) has estimated 

the value for the NHE at 4.5 eV versus vacuum. Gomer and 

Trypson (54) have attempted to measure its value using a 

vibrating capacitor, in which one capacitor plate, the 

electrode of interest, is immersed in solution and the other 

is placed in air above the solution. They obtained a value 

of 4.73 eV versus vacuum. An average value of 4.6 eV was 

used in this work. 

The charge transfer characteristics are given by the 

Butler-Volmer equation: 

i=nFAKoC{exp(-anFE)-exp(SnFE)} Eqn. 2.64 

where KO is the heterogeneous rate constant. E is the 

electrode potential away from the formal potential of the 

redox couple and a and S are the symmetry factors which 



87 

describe how the rate of the oxidation and reduction 

reaction change with potential respectively. 

The Semiconductor/Electrolyte Interface 

As noted before, the redox couple can be described 

by a single energy level, much as a metal can. In addition, 

the carrier density in the electrolyte is still much larger 

than in the semiconductor, and the solution double layer is 

much thinner than the semiconductor space charge region. As 

a consequence, the semiconductor/redox couple interface will 

be very similar to the metal/semiconductor interface in the 

manner in which the charge and potential are distributed 

across the interface (15,16,52). 

This is illustrated in Fig. 2.18 with the capacitor 

model. The capacitance across the Gouy-Chapman diffuse 

layer is the same as at a metal contact, but the capacitance 

across the interface is different. One plate of the 

capacitor resides at the Helmholtz plane, as before; but the 

other lies deep within the semiconductor at W/2. As with a 

metal/semiconductor interface, the capacitance determined by 

the semiconductor is the smallest and dominates the 

potential drop. With heavily doped semiconductors, where 

the two capacitances may be similar, it may not be possible 

to neglect the Gouy-Chapman capacitance. 

As with the metal/redox couple interface, the 

surface jump potential of the semiconductor is constant and 
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Capacitance of, a Semiconductor/Redox Interface. 
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is usually ignored. The electrical potential of interest 

will be the difference between the work function of the 

semiconductor and the chemical potential of an electron in 

the redox couple. 

Photoeffects at the semiconductor/redox couple 

interface are similar to those at the metal/semiconductor 

interface. Because of the need for a reference electrode, 

the applied bias does not have a direct relationship to a 

change in potential across the interface. In order to 

overcome this problem, it is convenient to compare the 

photoresponse of the semiconductor/redox system with that of 

the inert metal/redox system. This is illustrated in 

Fig. 2.19. 

Fig. 2.19c shows the situation at an applied bias 

corresponding to equililbrium. At the metal, electrode no 

current flows; but at the illuminated semiconductor 

electrode, electrons move into the bulk and holes towards 

the interface. These holes then combine with electrons from 

the redox couple to give an oxidative current. At a 

potential positive of equilibrium, Fig. 2.19d, both the 

metal and the illuminated semiconductor will show oxidative 

currents. At an applied bias negative of equilibrium, 

sufficient to give the flatband condition in the semi

conductor, Fig. 2.19b, the metal will show a reductive 

current while no photocurrent occurs in the semiconductor. 

The flatband condition is defined as that potential at which 
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the bands in the semiconductor show no curvature. In 

practice, it is the potential of no photocurrent. Photo

generated carriers in the semiconductor will see no 

potential drop and thus will not be separated. The resul t 

will be zero net current flow. At potentials negative of 

the flatband condi tion, Fig. 2.19a, both the metal and 

semiconductor will show reductive currents. 

The difference in applied bias resulting in zero 

current at the metal, as compared to the semiconductor, is 

equivalent to the amount of band bending at equilibrium, or 

more precisely, the difference between the work function of 

the semiconductor and the chemical potential of the redox 

couple. Since an applied bias and a photopotential can both 

resul t in the flatband condi tion, this difference, between 

the metal and the semiconductor contacts, in zero current, 

applied biases is also the maximum photopotential. 

The difference between the metal/semiconductor and 

the redox/semiconductor interfaces lies in the densi ty of 

states for which electron transfer depends. In the metal, a 

large, constant density of filled or unfilled states is 

assumed, and this is generally reflected as a constant 

incorporated into the rate constant for electron transfer. 

For the redox couple, the density of states important for 

isoenergetic electron transfer is the two gaussian curves 

centered around the energies of R and Ox, as illustrated in 

Fig. 2.14 (15,16). This distinction between these two types 
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of semiconductor contacting phas~s will be important for 

transient measurements; For example, in photocoulostatic 

studies, the rate of electron transfer at the redox couple 

interface can be observed to be slower than that at the 

metal interface. 

Phthalocyanines 

Phthalocyanines are of enormous industrial 

importance as dye stuffs (31). Many blue and some green 

colors of textiles are obtained with phthalocyanines. They 

are c los ely reI ate d top 0 r p h r y nco m p 0 u n d san d pro v i d.e 

useful, easily handled, stable model compounds for 

biologically important materials (55). They have been found 

useful as catalysts in solutions and at fuel cell cathodes 

for oxygen reduction (56). Because of their high 

absorbtivity in the visible light region and their 

conductive properties, they have been used as photo

conductors in the photocopying process and in solar energy 

conversion dev ices. 

The structure of Chloro-Gallium Phthalocyanine is 

shown in Fig. 2.20. Like most phthalocyanines, it is easily 

prepared from phthalonitrile, giving deep blue crystals. It 

is stable to temperatures up to 4000 C and sublimes readily 

under a millitorr vacuum. It does not readily undergo 

photodecomposition under visible or ultraviolet light and is 

chemically inert to most reagents. It is insoluble in most 
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common solvents, but 10-4 to 10-5 M solutions can be 

prepared in quinoline and pyridine. The solutions are not 

stable, and noticeable deterioration in the molar 

absorbtivity will occur in 24 to 48 hours, depending on 

exposure to light and heat. Sulfuric acid can also be used 

to dissolve GaPc-Cl, although some demetalation to give H2Pc 

may occur. 

The absorbance spectrum of GaPc-Cl, shown in 

Fig. 2;21 is typical of most Phthalocyanines. The peak 

around 680 nm is the Q band, and the peak near 340 nm is the 

Soret (S) band. Fig. 2.22 shows the electronic structure of 

the Pc= ring. Both the Q and S bands result in exitation to 

the e g 'IT' state (57-60). 

For main group elements, such as Ga+3 , the filled 4d 

orbitals are below the filled 'IT ring levels, and the 

un fill e d 4 sorb ita 1 s are abo v e the 'IT * 0 r bit a 1 s • T h u s the 

metal center does not directly participate in the electronic 

transitions. For the transition group, metal Pes, weak 

bands in the near IR can be observed, which are attributed 

to ligand to metal charge transfer transitions. Exitation 

from the filled 'IT state to an unfilled metal d level 

situated between the 'IT and * 'IT levels occurs. Metal to 

ligand charge transfer transitions can also be observed. 

These are due to exitation from filled d levels of the metal 

to the ring * 'IT states. 
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A.B.P. Lever and coworkers (58-60) have explored the 

electrochemistry of many phthalocyanines at platinum 

electrodes. For main group elements, only ring electro

chemistry was observed, which was consistent with the 

electronic structure. The Pc ring can undergo up to four 

reversible reductions and two generally irreversible 

oxidations. For GaPc-Cl in dimethyl formamide, the first 

oxidation is observed at 1.105 V versus the NHE reference 

and two reductions at -0.495 V and -0.895 V are observed. 

The polarizability of the center atom affected the first 

ring oxidation and first ring reduction potentials. A 

linear increase in the potential of these values, to more 

negative values, was observed, as a function of the ion size 

to charge ratio (r/ze). As the metal center became more 

polarizable, its ability to donate negative charge into the 

ring increased. As a consequence, electrochemical donation 

of negative charge to the ring became more difficult. The 

effect on the first oxidation and first reduction were 

almost identical, suggesting an electrostatic interaction 

rather than a covalent interaction. 

For transition metals having d orbitals between the 

nand n* orbital energies, electrochemistry of the center 

metal atom was observed. Lever has been able to correlate 

redox potential energy differences with the charge transfer 

spectra in the IR. In the solid state, phthal~cyanines show 

spectra very similar to solution spectra, but with very 
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broadened Q and Soret bands. This similarity suggests 

retention in the solid state of the basic electronic 

structure observed in solution. Some Pc's, such as AlPc-Cl 

and GaPc-Cl, Fig. 4.12, show a red shift in the spectra, 

suggesting a stabilizing interaction between molecules (61). 

This stabilization is thought to lead to enhanced photo

conductivity. However as noted before, useful structure

conductivity studies have not been done. 

A band structure for a Phthalocyanine is illustrated 

in Fig. 2.23. The band gap energy is usually taken as the 

onset of photon absorption, in the Q band, for the solid 

state. For GaPc-Cl, this is 1.4 eVe The highest filled or 

valence band is assumed to be due to the highest filled ~ 

s tat e , the a 1 u~ s tat e 0 f Fig. 2.22. Below t his an 0 the r 

filled band corresponding to the a2u~ state probably is 

present, since the solid state absorption spectra strongly 

indicated the formation of bands similar in energy to .that 

of the solvated molecules. This is also consistent with the 

model illustrated in Fig. 2.3. 

The edge of the valence band has been determined for 

many phthalocyanines to lie between 5.0 and 5.2 eV versus 

vacuum, by surface ionization techniques. Kearns and Calvin 

(62) measured the photoemission threshold with a vibrating 

reed electrometer. Pope (63) used a technique similar to 

the Millikan experiment to determine the mass of an 

electron. Particles of dye, about 1 to 10 um in diameter, 
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were placed between two charged plates. When illuminated 

with light of sufficient energy to cause photoionization, 

the particles became positively charged and were attracted 

to the upper negative plate. The electrostatic attraction 

was sufficient to overcome gravitational force. As noted 

before, the low polarizability of Ga+ 3 will stabilize the 

energy levels of the ring. The valence band edge of GaPc-Cl 

will then probably lie lower than most phthalocyanines, 

i.e., 5.3 eV or greater. 

Most phthalocyanines are p-type and hole conducting 

(29). The Fermi level generally lies about 1/3 of the band 

gap from the valence band edge, as illustrated in Fig. 2.23. 

The doping of most phthalocyanines is due to oxygen 

absorption upon exposure to atmosphere; oxygen acts as an 

electron acceptor increasing the hole concentration. The 

effect of many gas dopants, such as N2 , He, 02' and I 2 , on 

conductivity has been studied by a variety of workers. 

Phthalocyanine doping has also been achieved with organic 

electron acceptors such a tetracyanodiquino-methane (TCNQ), 

tetracyano -ethylene (TCNE), chloranil and others (64-69). 

Schottky Barrier Sandwich Cells 

The observance of a photopotential at Schottky 

barriers, formed at the dye/metal or dye/redox interface, 

has resulted in a considerable amount of interest in this 

area. The majority of the work has been in cells with two 
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metal contacts (66-68,70-93). Because of the ease of 

formation and ready variability of a redox couple contact, 

the work with these type cells (69,94-101) has been more 

successful at revealing the mechanistic details of photo

conduction. Phthalocyanines (64-70,74-76,80-83,85,86,93,94, 

97-101) and porphyrins (71,72,79,95,~6) have been the most 

popular dyes; although others, such as squarylium (88,90), 

merocyanine (70,84,87,89), chlorophyll-a (77,78) and 

tetracene (91,92). have been used. The interest in this 

field has fallen into three areas: improving solar 

efficiency, the nature of the Schottky barrier and photo

curren t spectra. 

The best real energy conversion efficiency with 

polychromatic illumination has been 0.7%, with a 1.2 V open

circuit photopotential, in an AI/Merocyanine/Ag cell, as 

reported by D. L. Morel, et. al. (89) and Ghosh and Feng 

(84). Other efficiencies in this range have been reported 

by Hor, Loutfy, and Hsiao (85), on a CdS/CIAIPc/Au cell at 

0.2% solar efficiency, and by Moriisumi and Kudo (87) on a 

AI/Merocyanine/lnSn02 cell at 0.2% solar efficiency. While 

these efficiencies cannot justify commercial production, 

they are competi ti ve with most polycrystall ine inorganic 

solar cell s. 

In the majority of the work in this field, the 

formation of a Schottky barrier, at at least one interface, 

has been presented as responsible for the photopotentials 
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observed. Only a handful or papers (81,70,77,95,97) have 

been published, in which photopotentials have been 

correlated with calculated or estimated Schottky barrier 

height, for a series of metals or redox couples. 

Kawai, Tanimura and Sakata (95) studied the 

Metal/ZnTPP/Methyl Viologen system, where the metal was Pt, 

Pd, Au, Mo, Cu, Zn, or AI. The valence band of Zn

Tetraphenyl-Porphrin (ZnTPP) was determined as 5.0 eV versus 

vacuum, and the Fermi level at 4.3 eV, from UPS studies. 

Zero or very small photopotentials were observed with Mo, 

Cu, Zn, and AI. All of these have work functions near 4.3 

eV and would result in little or no barrier at which a 

photopotential could form. Photopotentials of 150-165 mV 

were observed with Pt, Pd and Au. This is unusual, since Pt 

and Pd should form ohmic contacts with the dye. No photo

potentials should be developed because of the fast 

recombination at ohmic contacts. These results suggest that 

the ohmic contact at an organic semiconductor may be much 

different than that at an inorganic semiconductor. Photo

effects and charge transfer kinetics at the ZnTPP/MV+ 

interface may have played a significant role; although the 

authors ignored this problem. A solar efficiency of 0.005% 

was achieved. 

Fan and Faulkner (97) studied the Au/Pc/Redox 

system, with H2Pc, ZnPc, NiPc, and with a variety of iron 

complex redox couples. The valence band of H2Pc was assumed 
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to be at -5.2 eV versus vacuum. For redox couples having a 

formal potential within the band gap, no reduction peak was 

observed; but an oxidation peak occurred. Oxidation 

occurred through the surface states. For redox couples for 

which the formal potential was positive of the valence band, 

both oxidation and reduction occurred. Although photo-

currents were observed under illumination, no 

photopotentials were developed with any redox couple. This 

may have been the result of fast recombination at surface 

states or the occurrence of pores in the film. The Au/Pc 

interface was assumed to be ohmic based on the work of 

Sussman (81). Based on work described in this manuscript, 

this interface was probably not ohmic. 

Chamberlain and Malpas (70) compared the 

Pt/Merocyanine/Redox and Ti/Merocyanine/Redox systems; where 

the redox couple ranged from MV+'++ to I3'/I-. For the 

Pt/Dye/Redox cell, the photopotential was linearly related 

to the EO, of the redox couple as predicted by the model 

presented in Fig. 1.3 The Pt contact was assumed ohmic and 

the Schottky barrier was formed at the Dye/Redox couple 

interface. For the Ti/Dye/Redox cell, only about half the 

predicted photopotential change resulted from change in the 

EO,. This may have been due to an oxide layer on the 

titanium. The titanium/dye interface was determined to form 

a Schottky barrier which "opposed" the barrier formed at the 
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Dye/Redox interface. These results are very similar to 

those presented in this work for the Au/GaPc-CI/redox couple 

system. 

Tang and Albrecht (77) studied the M1/Chlorophyll

a/M2 cell, where M1 was AI, Cr, or Au and M2 was Hg, Ga, AI, 
I 

Au, Ni, or Cu. These authors were able to correlate the 

sign of the photopotential with the sign of the difference 

in the Fermi levels of the two metal contacting phases. 

They proposed that both interfaces formed Schottky barriers, 

which may result in a non-linear photopotential drop across 

the film. 

Photocurrent spectra have, in many cases, shown a 

dependence on the illumination direction. In one direction, 

the photocurrent spectra follows closely the absorbance 

spectrum of the film, while in the other direction, the 

photocurrent falls off sharply near the peaks of the 

absorbance spectrum. A variety of authors have discussed 

this in detail and have attributed this effect to the 

inability of a carrier, formed at one interface, to migrate 

across the film before recombination. The details of this 

are dis c u sse d I ate r (R e suI t san d Dis c u s s ion, T y peA v e r sus 

Type B). 

Little work has been reported on the effect of 

morphology and porosity of thin films. Usually only a brief 

description of the method of preparation and a rough 

estimate of thickness is given. Vincett, Popovic, and 
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McIntyre (102) described many properties of thin Pc films 

and their dependence on preparation conditions; but they did 

not explore any photoeffects. A few authors have recognized 

the possibility of porosity, but have done little to study 

its effect on the photovoltaic properties of the cell 

(64,101). 



CHAPTER 3 

EXPERIMENTAL 

Reagents and Solutions 

The Phthalocyanines (Pc) used, except for GaPc-Cl, 

were purchased commercially and purified by sublimation. 

About 1/2 gram of the Pc to be purified was placed at the 

bottom of a glass vessel, 40 mm in diameter and 6 inches 

ta~l; and a glass tube, 30 mm in diameter and 3 inches in 

length, was placed inside to collect the sublimate. The 

vessel was evacuated to about 10- 4 torr, and the bottom 

heated with a heating mantle, such that sublimation was 

complete in about 20 minutes. Generally, on the first 

sublimation, a white to brownish-white residue sublimed 

first and collected on the coldest portion of the vessel, 

above the glass tube insert. The Pc collected just above 

the heating mantle on the glass insert. A black powdery 

residue was left behind, which may have been decomposed Pc. 

When cool the vessel was opened, the glass insert removed, 

and the the Pc sc raped off. The collected sample was 

resublimed until no white impurity occurred. Generally, two 

sublimations were required, but occasionally three were 

necessary. 

106 
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GaPc-Cl was prepared in this laboratory by a method 

described in detail by Linkous (61). In summary, GaC1 3 was 

dissolved in dry Benzene, while in a dry glove box. This 

was added dropwise to ~ solution of phthalonitrile dissolved 

in nitrobenzene with the temperature kept between 250 to 

275 0 C. A bluish-black mass resulted, which was Soxhlet 

extracted with benzene followed by ethanol. The final 

product required three sublimations to obtain a very pure 

sample of GaPc-Cl. The absorbance spectrum in pyridine was 

identical to previously prepared samples and to published 

spectra (61,103). 

The following reagents were used in this work. 

Electroactive species: 

-9,10-Anthraquinone-2-sulfonate, Na salt (AO); Eastman

Kodak; recrystallized twice from H20/Ethanol. 

-Benzoquinone (BQ); Eastman-Kodak; sublimed twice at 

atmospheric pressure. 

-Disodium Ethylenediaminetetraacetate (EDTA); Fischer, 

Certified ACS; used as obtained. 

-Ferric Nitrate; .Fe(N03)3.9H20; Mallinckrodt, Analytical 

Reagent; used as obtained. 

-Ferrous Sulfate; FeS04.7H20; Fischer, Certified ACS; used 

as obta ined. 

-Hydroquinone (H 20); Eastman-Kodak; recrystallized twice 

from H20. 

Methyl Viologen Hydrate· (MV); Aldrich; used as obtained. 
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-1-Naphthol; Eastman; sublimed twice at 10-3 torr. 

-1,4-Naphthoquinone-2-sulfonic acid, K salt (NQ); Eastman-

Kodak; recrystallized twice from H20. 

-Phenol; Mallinckrodt, Analytical Reagent; used as obtained. 

-Potassium Ferricyanide K3Fe(CN)6; MCB, Reagent ACS; used as 

obtc:ined. 

-Potassium Ferrocyanide K4Fe(CN)6.3H20; Mallinckrodt, 

Analytical Reagent; used as obtained. 

-Potassium tetrachloroplatinate(II) K2PtC1 4; Aldrichj used 

as obta ined. 

Buffers and Electrolytes: 

-Boric Acid H3B03; MCB, Reagent ACS; used as obtained. 

-Hydrochloric Acid HClj Baker, Ultrexj used as obtained. 

-Nitric Acid HN0 3 j Baker, Ultrexj used as obtained. 

-Potassium Chloride KClj MCB, Reagent ACSj used as obtained. 

-Potassium Hydrogen Phthalate (KHP)j MCB, Reagent ACSj used 

as obtained. 

-Potassium Hydroxide KOHj Ashland, Reagent ACSj used as 

obtained. 

-Potassium Nitrate KN0 3; MCB, Reagent ACSj used as obtained. 

-Potassium Phosphate KH 2P0 4 j MCB, Reagent ACS; used as 

obtained. 

Others: 

-Methanol MeOH; Ashland, Reagent ACSj used as obtained. 
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-Nitrogen N2 j local s,upplierj electrochemical gradej passed 

through a 'molecular sieve and Catalyst, Chemalog R3-11, to 

remove residual 02. 

-Pyridine (Py)j Fischer, Certified ACSj used as obtained. 

-Water H20 (TDW)j Triply distilled with second distillation 

from permanganate and stored in Nalgene containers. 

Most solutions were a pH 4 buffer of 0.2 M KHP. 

Other pH's of the same ionic strength were obtained using 

various combinations of the buffers and salts listed. Redox 

couples were generally 1 millimolar in concentration. The 

il"on-EDTA complex solutions were composed of millimolar 

each, of ferrous sulfate and ferric nitrate, and 3 milli

molar EDTA in a KHP buffer. Special solutions were 

occasionally required for electrode surface modification. A 

solution of 0.1 M phenol, or a 0.1 M 1-napthol, and 0.3M 

NaOH in methanol was used for electrochemical 

polymerization, to give an insulating layer of polyphenol or 

polynaphthol. Platimum metal was electrochemically 

depOSited from a 1 millimolar K2PtCl 4 solution in 0.1 M HCI. 

Oxygen was removed from the solutions before use. 

For stationary electrode cells, a vacuum degassing bulb was 

used and electrochemical grade nitrogen used to overpressure 

the solution into the cell (61). For rotating disk 

electrode work, electrochemical grade nitrogen was bubbled 

through the solution, and during measurements, nitrogen was 

flowed over the solution. 
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Electrode Preparation 

Stationary Electrodes 

Gold substrates were cut from Intrex films 

(Sierracin Corp.). They consisted of a vapor deposited, 

thin (300 A), gold film on a transparent polyester sheet, 

forming a metallized plastic optically transparent electrode 

(Au-MPOTE) (34,35). The substrate electrodes were rinsed 

briefly in absolute ethanol, then in water, and allowed to 

air dry. Deposition of the Pc films occurred in a 75 mm 

diameter, glass cyclinder, with several milligrams of GaPc

CI spread evenly across the bottom. The electrodes were 

suspended 1.75" above the bottom, by an aluminum masking 

plate, held in place by indentations in the wall of the 

vessel. The masking plate was a 1/16" thick aluminum disk 

with seven 3/8" holes. The vessel was placed in a 500 ml 

heating mantle (Glas-Col), and glass wool was packed around 

the vessel, filling the volume of the mantle. The 

temperature was measured by a thermometer, inserted through 

the glass wool to as near the base of the vessel as 

possible. The vessel was evacuated to ca. 10-6 Torr and the 

temperature increased, at typically 10 0 C per minute, until a 

steady state of about 275 0 C was obtained. Some heat was 

transferred to the electrode substrates by this method. 

Excess heat transferred to the substrates resulted in 

decomposition of the gold film, to a gray powder, on some 
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samples. This was minimized by placing no glass wool 

between the heating mantle and the bottom of the vessel and 

allowing 1/2" of space between the template and the glass 

wool packed around the sides. This allowed rapid h~at 

transfer to the dye at the bottom of the vessel and adequate 

cooling of the glass near the template, preventing excessive 

heating of the substrates. Sublimation took place over a 

period of 24 to 100 hours, resulting in a sublimation rate 

of 0.3 to 0.5 EQM per minute. The vessel was allowed to 

cool before opening, and the electrodes were stored covered 

in ambient atmosphere. 

The variac setting ( 55-60 V) and the resulting 

sublimation temperature varied with the history of the dye 

used. Originally GaPc-CI was a dark blue, but, through the 

course of 3-5 sublimation batches, turned a light blue. 

During this process, the variac setting was increased by 

about 5 volts, with a temperature increase of about 25 0 C. 

Also a thin white film slowly formed above the masking plate 

identical to that observed during dye purification. The 

reasons for these effects are not clear, but may be. due to 

slow formation of a more stable GaPc-CI phase, gradual 

elimination of impurities, which form the white film, or 

incorporation of oxygen into the Pc. The quality of the 

films produced decreased after 3-5 batches, and the vessel 

was cleaned and the dye replaced at this time. 
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Oxygen-plasma treated Au-MPOTE substrates were 

tried. However, this lead to decreased photopotentials and 

more irreversible behavior, perhaps due to formation of a 

resistive oxide layer or an increase in nucleation sites 

resulting in smaller crystallites. 

Rotating Disk Electrodes 

The GaPc-CI/Au-RDE consisted of a 1/4" diameter, 

stainless steel, demountable disk, which screwed into a 

stainless steel shaft of the same diameter. A Teflon shroud 

screwed over the disk to provide a flat surface in the same 

plane as the electrode surface. Electrical contact was made 

through the stainless steel shaft. 

A portion of a Au-MPOTE/GaPc-CI stationary electrode 

described above was epoxied ·onto the demountable disk and 

trimmed to the same diameter. Two small areas of conductive 

silver print, extending between the electroactive area and 

the steel d is k, fur n i shed e I e c t r i cal con t act • The ex posed 

silver print and the side of the disk were painted with an 

insulating layer of clear acrylic paint. In addition, a 

thin layer of Lubriseal grease, between the disk and the 

Teflon shroud, prevented solution creep into this space. A 

bare, Au-MPOTE RDE without the GaPc-Cl was constructed, and 

with ferri/ferrocyanide, it retained Levitch behavior up to 

4500 rpm. No silver electrochemistry could be observed from 
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the silver paint contacts. Silver contact electrochemistry 

was identified by coating a stainless steel disk with silver 

print. 

Determination of Film Thickness 

Because of the morphology of the films, any direct 

optical measurement of film coverage or thickness failed to 

give accurate results. Absorption measurements for 

determination of the quantity of any material or substance 

relies on adherence to Beers law. For solid material, Beers 

law can be written as: 

A:f3l Eqn. 3.1 

where A is the absorbance, f3 the absorbtivity and I the 

thickness of the sample. The measured absorbance, however, 

depends on the distribution of material in the path of the 

light. Consider two films on a transparent substrate, as 

illustrated in Fig. 3.1. Each film is assumed to contain an 

identical amount of material. For the uniform film, 

Fig. 3.1a, the absorbance is given simply by Eqn. 3.1. The 

non-uniform film, in which the absorbing material covers 

only half the film but is twice as thick, is more 

complicated. The light incident on the absorbing material 

is I o /2, and that incident on and passing through the 

transparent portion of the film is I o /2. The total light 

passing through the film (I) is: 

I:Io/2 + I oexp(-f321) Eqn. 3.2 
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Fig. 3.1 Effect of Film Morphology on Light Absorption. 
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which can be rearranged to give: 

A= -logI/Io= -log(1/2 + exp(-S2l) Eqn. 3.3 

which for very large values of Sl, such as encountered in 

the films used in these studies, reduces to a constant. The 

consequence is that no direct quanti tat ion of dye coverage 

is possible unless explicit correction for the morphology of 

the film is possible. Since the morphology of the GaPc-Cl 

films varied significantly from batch to batch, and to some 

extent from film to film, accurate quantitation was not 

possible by this method. 

The quantity of dye was accurately obtained by 

dissolving the dye, from the substrate with a measured 

volume of pyridine, and comparing the peak absorbance to 

standards prepared from a fresh stock solution, of 1.293 mg 

of GaPc-Cl in 250 ml of pyridine. The calibration curve is 

shown in Fig. 3.2. A molar absorbtivity of 3.0x10 5 I/mole 

cm was obtained. The Pc solutions were not stable at room 

temperature for more than a day. In addition, stirring was 

avoided as this heated the solution, decreasing stability to 

1-2 hours. Film thickness is defined, in these studies, as 

the number of equivalent closest packed monolayers (EQM). 

If each GaPc-Cl molecule is assumed to occupy a 150 A2 

surface when lying flat, then one EQM corresponds to 

1.11 x 10-10 mOle/cm 2 • 
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Voltammetry 

In cyclic voltammetry, the cell voltage is changed 

at a constant rate, from some initial potential through the 

potential region of interest then reversed in direction, and 

scanned back through the potential region of interest. The 

resulting current is plotted versus the cell potential. 

Figs. 4.3a and 4.24 illustrate typical cyclicvoltammograms, 

for the Hydroquinone/Benzoquinone redox couple, on a 

stationary gold electrode and a rotating disk electrode. 

In this work, the American convention was used; in which the 

potential change is from positive on the left to more 

negative on the right, The anodic or oxidative currents are 

negative, and the cathodic or reduction currents are 

positive. All cell potentials are measured versus the 

saturated Ag/AgCI reference electrode. 

Experimental Set Up 

An ECO, model 551, potentiostat was used to control 

the cell potential. A homemade scan generator was fed into 

the potentiostat, to scan the potential, into the X axis of 

an X-Y recorder (Houston model 2000), and into a digital 

vol tmeter. The output of the potentiostat's current to 

voltage converter was fed into the Y axis of the recorder. 

The basic cell is shown to scale in Fig. 3.3. It 

consisted of a 2" long piece of 1 1/2 diameter lucite round 

stock (h), with a 1/4" hole drilled through the center, to 



118 

form the main electrolyte chamber. Holes were drilled at 

the appropriate angles into this chamber to accommodate 

glass fitting and valves. 7/25 female ground glass joints 

(k) held the reference (n) and counter (m) electrodes. The 

joints were cut and epoxied in place, such that the tips of 

the electrode carne just up to, but did not enter, the 1/4" 

hole forming the cell volume and optical path. A Hamilton 

valve (0) was used to fill the cell with solution from a 

degassing bulb. "Torr Seal" epoxy was used to glue these 

pieces in place, as it provided the necessary chemical 

inertness and high viscosity to stay in one place during 

construction. On one face, a 1/32" deep x 3/8" diameter 

recess, concentic with the main 1/4" diameter chamber, was 

made to accommodate the O-ring (e) used to seal the 

electrode (j). The O-rings used were 3/8" O.D. and 1/16" 

thick. In the model used for photocoulostatics, a 3/8" 

diameter hole, 9/32" deep, was machined into the other face. 

A 3/8" O.D., 1/4 I.D., platinum billet, 1/4" long (f) was 

epoxied into this, leaving a 1/32" recess for the O-ring 

(e). Contact .to the Pt billet was made with a screw (1) 

inserted through the side. The electrodes (~ and j) were 

held in place by lucite face plates (b), 6-32 threaded rods 

(g) inserted into the main body, and wing nuts (a). Contact 

to the electrodes was made by a thin brass shim (d), The 

bot torn 0 f the m a i n bod Y w as f 1 a t ten ed, and a 1 / 4 t h i c k pie c e-



c l 
1111111111111.1111111'" 

~~ Ii ~ 
m 

Fig. 3.3 schematic for the Electrochemical Cell. 

.... .... 
\.D 



120 

of lucite glued o,n for stability and use in the slot of an 

optical rail. 

For RDE experiments, the cell consisted of a 90 x 

55 mm crystallizing disk with a lucite top. An optical 

window was placed in the center of the bottom of the disk. 

A series of lenses and mirrors were used to bring the light 

source, up through the bottom of the dish, onto the rotating 

electrode. The lucite top was drilled to accommodate the 

RDE, other electrodes, and a Nitrogen bubbler. The rotation 

speed was varied with a Motomatic motor and speed controller 

(Electro-Craft Corp.). Calibration of the speed was 

accomplished by using the 3600 rpm strobing effect of the 

fluorescent room lights. 

The fluorescent room lights undergo a 60 Hz, or 3600 

rpm, intensity oscillation. If an object, such as a marker 

on the RDE, is moving at 3600 rpm, the fluorescent lights 

will illuminate the marker once every revolution, and the 

eye will percieve the marker to be stationary. If the 

rotation speed is greater than or less than 3600 rpm, the 

marker will appear to move forward or backwaed respectivly. 

For calibration, the speed was adjusted so the marker, in 

this case a screw, was stationary and the meter adjusted to 

read 3600 rpm. 

Various photon sources were used, including a 450W 

Xenon arc lamp (Oriel) powered by an Electro-Powerpacs 

power supply or an Oriel power supply. The output of the 
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lamp was focused through a 4" IR water filter, and a long 

pass 470 urn filter (LP47) for polychromatic illumination in 

the visible region. The output of the lamp, at the pOint of 

electrode illumination, was about 150 mW/cm2 , with about 

half of this being heat not blocked by the IR filter. Lamp 

output was measured with a Coherent 210 powermeter. Other 

power supplies included a 4mW HeNe laser (Hughes), a 40mW 

HeNe laser (Spectra-Physics), and a 40mW Heed laser 

(Spectra-Physics). 

Voltammetry at Stationary Electrodes 

In a typical cyclic voltammogram, as in Fig. 4.3a, 

the curve can be divided up into two regions. Between the 

two current peaks, the current is limited by the kinetics of 

reaction at the surface; outside this region, the current is 

limited by the ability of the electroactive species to 

diffuse to the surface. To illustrate, as the potential is 

scanned in the positive direction, from a potential negative 

of the EO, of the redox couple, the rate of oxidation of 

solution species increases, as expressed by the Butler

Volmer equation, Eqn. 2.64, and a negative current wave is 

obtained. This continues until the rate of reaction exceeds 

the rate at which diffusion can supply the reduced species. 

At this point, a peak occurs, and the current follows a 

square root of time dependence thereafter. When the scan is 

reversed, an analogous cathodic peak results. 
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Unfortunately, the exact shape of the curves depends on the 

concentration of the electroactive species in the diffusion 

layer, which in turn, is a result of the scan history of the 

electrodes. The position and magnitude of the peak currents 

are, however, reproducible. Nicholson (104), Nicholson and 

Shain (105), and Matsuda and Ayabe (106) have detailed the 

theory behind linear sweep voltammetry and cyclic 

vol tammetry, and related the peak positions and magni tudes 

to kinetic, thermodynamic and experimental variables. The 

interested reader should consult these authors or more 

general texts (51,52) for details. 

Of particular interest in this work was the 

determination of the formal potential, of a redox 

couple. This is the potential at which zero current flows, 

for an electrode at equilibrium and in contact with a equal 

molar solution of the reduced and oxidized species. 

Unfortunately, in cyclic voltammetry, two potentials exist 

at which zero current occurs. These potentials are the 

result of the instantaneous concentration ratios of the 

redox couple species and are not directly related to the 

bulk redox couple concentrations. 

The formal potential must be located between the 

anodic (Epa) and cathodic (Epa) peak potentials. The 

positions of the peaks depend on the standard heterogeneous 

rate constant (k o ) and the transfer coefficient (a). See 
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Eqn. 2.64. For a:O.5, a symmetric charge transfer process, 

Epa and Epc will be centered around EO,. As k O decreases, 

becomes more irreversible, the difference between the peaks, 

IEpa-Epcl, will increase. If a is greater than 0.5, the 

cathodic peak will shift towards the EO, and the anodic peak 

away from the EO" as compared to a charge transfer pro~ess 

with a similar k O but with a. :0.5. The opposite of this 

will occur if ais less than 0.5. 

In this work, 0.:0.5 was assumed, and EO, was taken 

as the midpoint between Epa and Epc. This method can lead 

to significant error. This error was estimated by assuming 

the redox couples used were all quasi-reversible, 

[0.3~0. 2..0.7 and k°2..2x10 5 V1/ 2 cm/sec] as defined by Matsuda 

and Ayube (106). These authors (see also Bard & Faulkner 

(51) ) presented data in which (E) a normalized current 

parameter was plotted versus potential, with EO, taken as 

zero. The maximum error occurs when a :0.7 or 0.3. Using 

these vilves the ~rror, {(Epa+Epc)/2}-EO" can be plotted 

versus the peak separation I (Epa - Epc) I as in Fig. 3.4. By 

this method, the maximum error for most redox couples can be 

obtained by using the experimentally determined peak 

separation. 

Voltammetry at Rotating Disk Electrodes 

The problems associated with determining the formal 

potential of a redox couple, via cyclicvoltammetry, can be 
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overcome by using the rotating disk electrode. In this 

method, a disk of the electroactive material is imbedded 

flush with an insulating surface, such as glass or Teflon. 

This electrode is rotated at speeds up to a few thousand 

rpm. The effect is to create laminar flow at the surface, 

such that the thickness of the diffusion layer is determined 

by the rotation speed and not by potential scan dependent 

current flow, as in cyclic voltammetry. 

Just as in cyclic vol tammetry, the current shows a 

kinetically limited and a mass transfer limited region (51). 

At potentfals sufficiently near the formal potential, the 

current voltage behavior will be kinetically limited as 

determined by the Butler-Volmer relationship, Eqn. 2.65. At 

potentials sufficiently far from the formal potential, in 

the mass transfer limited region, the current will be 

determined by the rotation speed and will be independent of 

potential. Since each region is independent of the other 

and can be considered in series with one another, the 

current (i) can be expressed as: 

1/i=1/ik + 1/il ,c Eqn. 3.4 

for a solution containing only the oxidized species. i k is 

determined by the Butler-Volmer equation for a simple charge 

transfer process at a metal electrode and il,c is given by 

the Levich equation: 

Eqn. 3.5 

where COl is the bulk concentration of the oxidized species, 
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Do is its d i f fu s ion co e f f i c i en t , v the kin em a tic vis cos i t Y , 

and 00 the rotation speed in radians. 

By increasing 00, the region in which electrode 

kinetics can be studied is increased, and a plot of 1/i 

versus 1/00 1/ 2 gives 1/ik as the intercept. For solutions 

containing both the reduced (R) and oxidized (0) species, 

the potential is related to the current by: 

Eqn. 3.6 

which at zero current reduces to the Nernst relationship: 

Eqn. 3.7 

assuming Do = Dr. Thus the zero current intercept provides 

an accurate method of determining the formal potential for a 

redox couple, providing both Rand 0 can exist in solution. 

Determination of the Pbotopotential 

The photopotential which can be obtained with a 

semiconductor electrode is an important quantity, in 

determining the practicality and efficiency of a solar cell, 

and provides important thermodynamic information about the 

relative energy levels of the semiconductor, the redox 

couple, and in some cases the surface states. The voltage 

measured between any two electrodes depends on the thermo-

dynamic properties as well as over-potentials due to current 

flow. In order to eliminate over-potentials due to the 

kinetics of charge transfer, photopotential measurements 

must be made at zero current flow, i.e., the open circuit 
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condition. With this restriction, the voltage measured 

across the cell is: 

Vcell:Eo'R/O+Vpp-Eo'R'/O' Eqn. 3.8 

as described in Fig. 3.5. Any counter electrode, which has 

facile charge transfer kinetics so as to come to rapid 

equilibrium, such as the Ag/AgCI electrode, can be used. 

But if an inert metal electrode, such as platium is used, 

and R/O is equivelant to R'IO', the measured cell voltage, 

under illumination, wilY be equal to Vpp' 

An alternative method consists of determining the 

formal potential, via voltammetry, of a given redox couple 

at an inert electrode, such as Pt, or, as was the case in 

this work, Au-MPOTE or a solid Au electrode, and comparing 

the value obtained with the same redox couple at the photo

active electrode. The difference between these two values 

is equivalent to the open circuit photopotential. The value 

obtained at the photoactive electrode is not strictly a 

formal potential and will be referred to as the apparent 

formal potential. 

Cyclic voltammetry at stationary and rotating disk 

electrodes can be used to determine the EO, as described 

earlier. In cases where only one half of the redox couple 

was available or oxygen sensitivity prevented a stable 

reduced species in solution, cyclic voltammetry at 

stationary electrodes was used to determine the EO,. When 

stable solutions containing both the oxidized and reduced 
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species could be made, the rotating disk electrode was used 

for greater precision. 

Photocurrent Action Spectra 

In photocurrent action spectra, the working 

electrode photocurrent is plotted versus wavelength in the 

visible region. The electrode is held at a constant 

potential and the current normalized for constant photon 

flux. The light source used was a 450W XeArc lamp with 

water IR filter and a Jobin Ivon H-20 monochromator. 

Because of the low light output of this system, photo

currents must be detected with the aid of a lock-in

amplifier. The photon source was chopped at 13 Hz with a 

Princeton Applied Research, model 125A, chopper. The 

chopper squarewave output served as the reference signal for 

the lock-in amplifier (Ortec-Brookdeal, model 9503). The 

working electrode output from the potentiostat was fed into 

the signal port of the lock-in amplifier. 

A Hammamatsu 5780-8BQ photodiode, for which the 

incident light efficiency (~pd) was known through the 

visible region, was used to correct for intensity (I) 

variations in the source. Its current (i pd ) at a given 

wavelength is equal to: 

Eqn. 3.9 

Thus, the incident light efficiency (~we) for the working 

electrode can be calculated from: 
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Eqn. 3. 10 

where Apd & Awe are the areas of the photodiode and working 

electrode respectively. The effects of illumination from 

both directions: with Backside (BS) illumination impinging 

on the polyester film side of the Au-MPOTE and fronts ide 

(FS) illumination impinging on the solution side, were 

studied. 

Pulsed Laser Photocoulostatics 

In pulsed laser photocoulostatic exper iments (107-

109), the electrode under study was poised at any desi~ed 

potential, with a conventional potentiostat and three 

e 1 e c t rod e c e·ll. With digital control circuitry, the 

potentiostat was disconnected from the electrochemical cell 

and replaced with a fast differential amplifier, which 

measured the voltage between a dual reference electrode and 

the working electrode. A short time later, typically 5-

50 usec, the dye laser was fired, illuminating the photo

electrode; an oscilloscope triggered; and any resulting 

change in potential was recorded with respect to time. The 

objective of these studies was to provide a packet of 

photons to a photoelectrode in the open circuit 

configuration, and from the potential-time transient, 

determine the dynamics of charge transfer, carrier 

separation, and carrier life times. 
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Coulostatic Circuitry and Timing 

Fig. 3.6 shows a block diagram of the coulostatic 

experiment. It consisted of the electrochemical cell across 

which a differential amplifier, Textronix model 5A22N, with 

scope, model 5441, measured the potential between the 

working and reference electrodes. The potentiostat, ECO 

Model 551, was connected to the cell through a series of 

high speed, solid state, AD7516, CMOS, analog switches. The 

coulostatic timing circuit (CTC) controlled the position of 

the switches and triggered both the scope and the dye laser 

at the proper intervals. An electro-opto coupler (not shown 

in Fig. 3.6) was placed between the laser and the timing 

circuitry, to block RF pulses traveling down the coaxial 

cable. 

The timing diagram, Fig. 3.7, details the temporal 

relationship of the various outputs of the CTC and 

Fig. 3.8, shows the CTC in more detail. The CTC had four 

functions. It provided a regular, but variable, square 

wave clock for master timing of the experiment. This was 

accomplished with a model 555 timer chip and a series of 

model 7490 decade counters. The repetition rate was between 

30 and 45 sec, in order to allow time to change the 

experimental parameters between laser pulses. The square 

wave output was fed into a 74123, dual, retriggerable 

monostable. One half of the monostable opened and closed 

the AD7516 switches. The duration of the pulse was 
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approximately 1.0sec and was not directly variable. This 

determined the maximum duration of the experiment. On the 

rising edge of the square wave, Fig. 3.7, switches 2, 3, and 

4 were opened, leaving the cell in the open circuit 

configuration. Simultaneously switch 1, which is not shown 

in Fig. 3.6, was closed, shunting the auxiliary output of 

the potentiostat across a 100 n load to the reference 

electrode. This prevented railing the operational 

amplifiers in the potentiostat while in the open circuit 

condition. At the end of one second, the switch positions 

were reversed and the cell was returned to potentiostatic 

control. 

The other half of the monostable produced a pulse, 

Fig. 3.7, variable from 400 nsec to 11 msec, which began on 

the rising edg~ of the square wave. This was used to delay 

triggering of the laser until potential spikes associated 

with opening the switches had time to decay away. The scope 

was also triggered via this signal; but if the pulse 

duration was short compared to the time span in question on 

the scope, it was more convenient to trigger the scope on 

the falling edge rather than on the rising edge with the 

laser. The AD7516 switches could be destroyed by voltage 

spikes, so protection diodes and a damping RC circuit, 

Fig. 3.8, were added to prevent this. 
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Cell Design and Measurement Circuitry 

Careful analysis of the system under study and its 

interaction with the measurement instrumentation was 

necessary, in order to assure the signal was a true 

representation of the system and not an artifact of the 

measurement instrumentation. In the following analysis, it 

is assumed that the electrode has previously been under 

potentiostatic control, but is now in the open circuit 

configuration, and voltage spikes associated with the 

switches have been allowed to decay away. Fig. 3.9a 

illustrates an equivalent circuit of the cell and the 

differential amplifier. The auxiliary electrode is not 

pictured, since it does not playa role in the potential 

measurement. The cell is pictured as consisting of two 

parallel RC circuits, one for each electrode, between which 

is the solution resistance, Rs. In this simple analysis, 

the effect of illumination is assumed to close the switch, 

Sw' in the working electrode RC circuit. The differential 

amplifier also is modeled as an HC circuit, with a very high 

input resistance, Hda=1 Mn, and a very low input 

capacitance, Cda =47 pf. The coaxial cables also have some 

capacitance. This, along with stray capacitance, is 

illustrated as Cc• 

When a potential, V, was applied to the cell "in the 

dark" switch, Sw' was open and charge was deposited across 

CWo After the potential was removed from the cell, the 



Fig. 3.9 Equivalent Circuit Diagrams for Photocoulostatics. 
Shown in Fig. A are the working (we) and the 
reference (re) electrodes, the solution resistance 
(R ), the stray lead capacitance (C c )' and the 
dilferential amplifier (da). Shown in Fig. B is a 
simplified version of Fig. A, illustrating the RC 
circuit determining the instrument response time. 
Shown in Fig. C is the reference electrode system, 
consisting of a standard reference electrode (HE), 
and pseudo-reference electrode (PRE) and an 
external capacitance (Cext ). 
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voltage across the cell Vcell will be given by: 

Vcell=q/Cw Eqn. 3.11 

ignoring the very small capacitance of the differential 

amplifier. When the switch, SW' is closed, by 

"illumination", current, i w' will flow in the working 

electrode only, with a time constant, RwCw' When the 

potential was applied, charge was also deposited across Cda 

These capacitances are lumped together and 

illustrated as CI ' the instrumentation capacitance, in 

Fig. 3.9b. As the charge across Cw is dissipated through 

Rw' the charge on CI must flow around the circuit and 

through the cell resulting in current, i I • The cell has an 

impedance, Xcell ' due to all its components. Assuming 

Xcell « Rda , the instrumentation has a time constant of 

Xcell CI , which determines the minimum time frame in which 

the voltage across the differelli:.ial amplifier decays. In 

other words, if RwCwis less than XcellCI' the potential

time response will be determined by the instrumentation and 

not the working electrode under study. 

The objective then is to reduce XcellCI to a 

minimum. CI is determined by the instrument used to measure 

the potential change and the length of the coaxial cables. 

It can be kept to a minimum by using coaxial cables as short 

as possible and, more importantly, a differential amplifier 

with a high impedance. Ideally Xcell should be reduced to 

the impedance of the working electrode. This is impossible, 
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but can be approximated; by placing the reference electrode 

as close as possible to the working electrode, to reduce Rs; 

by using a very large reference electrode area, to obtain a 

large valve of Cr ; and by using a reference electrode with 

facile electron transfer to reduce Rr • 

Commonly used reference electrodes, such as the 

Ag/ AgCI and saturated calomel electrodes, have high values 

of resistance and are difficult to construct with large 

areas. They are used because the potential drop across the 

electrode is constant and reproducible. This concept is 

illustrated in Fig. 3.9c, where the reference electrode, RE, 

consists of an RC circuit in series with a battery. Since 

only a very small current is driven through the reference 

electrode, the voltage across the electrode remains equal to 

the battery voltage. VRE is stable, but the RC circuit has 

a high impedance, preventing fast time measurements. To 

overcome this problem, a pseudo reference electrode, PRE, 

consisting of a platinum billet or wire mesh, is used in 

parallel with the reference electrode (110). With a large 

area, CpRE can be made large, and platinum provides facile 

electron transfer to reduce RpRE • Unfortunately, VpRE is 

not stable; however if it is coupled to an external 

capacitor, CEXT ' charge will rearrange until: 

VRE = VpRE + V(C ) EXT Eqn.3.12 

At short times, 100 nsec to 20 usee, the PRE provides a low 
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impedance pathway to facilitate fast measurements; while the 

use of these electrodes ·in parallel allows accurate 

potential measurements at both long and short times. 

The Phasar 1100 Dye Laser 

The documentation which accompanied the Phasar 1100 

dye laser (111) was poorly organized and contained a number 

of omissions. The intent of this section is to document 

important trouble shooting procedures, and modified 

alignment methods gleaned from experience and telephone 

conversations with the Phasar manufacturer. 

The power supply was relatively trouble free and 

most of the problems occurred with the dye pump and plumbing 

system, and the laser head. The Teflon tubing and fittings 

provided with the system were replaced with brass or nylon 

fittings and with black "poly flow" tubing. It was also 

found necessary to periodically dismantle and clean dirt 

particles from the bottom of the pump. These particles 

caused scattering and severely decreased the lasing 

efficiency. Considerable problems were encountered with the 

spark gap, which could be attributed to poor spark plug 

performance or too large a gap between the cap located on 

the spark plug and the cap on the capacitor. A new spark 

plug was obtained by machining down the face of a new, 

Champion, W-14 spark plug and silver soldering on the old 

cap. The resulting distance between the two caps should be 
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0.025" and self break down should occur between 8-11 KV at 

atmospheric air pressure. A thin brass or copper shim can 

be placed behind the cap on the capacitor to decrease the 

breakdown voltage. If a loud crack was hea.rd and little or 

no lasing occurred when firing the laser, the capacitor 

charge was found to be arcing to ground somewhere in the 

laser head. Wearing goggles and ear protection, the laser 

was misfired, with the front panel removed, and the location 

of the arc observed. Small scorch marks could be found 

here; the point where the arc originated from was 

reinsulated. The integrity of the flash lamp was tested 

with a Tesla coil. The grounding tab was connected to 

ground and the Tesla coil placed on the other tab. Blue 

streamers could be observed inside the flash lamp, extending 

the entire length of the tube. This indicated a good lamp. 

Placing the tesla coil on the fill stem also produced blue 

streamers. A similar test was also performed, by placing 

the high voltage lead directly to the hot tab of the lamp, 

with the other tab grounded. The voltage was increased 

slowly to 7-8 KV, at which time streaming occurred in the 

lamp. On decreasing the voltage, streaming stoped at about 

5 KV. This test also indicated a good lamp. 

Alignment of the laser was performed with the aid of 

a HeNe laser. With the lamp removed, the pin hole caps were 

placed over the. cavity mirrors and the HeNe laser aligned to 

pass through the pin holes. The lamp was replaced, and 
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absolute ethanol was pumped through it. The pin hole caps 

were then placed over the ends of the lamp, and the lamp 

position adjusted until the laser light passed approximately 

through the pin holes. This procedure assured that the lamp 

and the cavity mirrors were coaxial. The position of the 

lamp was marked so that precise replacement was possible, if 

it was found necessary to remove the lamp. 

The HeNe laser position was readjusted to pass 

precisely through the pin holes of the cups on the lamp 

ends. The pin hole cups were removed, and the position of 

the two cavity mirrors and the two lamp windows adjusted, 

such that the reflection from each surface was reflected 

directly back into the HeNe laser. The front mirror, 

nearest the HeNe laser, was adjusted first with the micro

calipers on the mounts, then the front lamp window, followed 

by the rear lamp window, were adjusted with the hex (Allen) 

head screws, and finally, the last cavity mirror was 

adjusted. 

The above procedure was done with ethanol flowing 

through the system. The ethanol could then be drained from 

the pump and lamp, and replaced with the desired dye/ethanol 

solution. Unfortunately, this allowed an air bubble to be 

trapped at the front window of the lamp, which could not be 

removed without disturbing the position of the lamp. This 

was avoided by draining only the pump and not the lamp, 

adding the dye solution, and allowing the pump to complete 
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the final mixing. If the bubble still occurred, continuous 

pumping of the dye would eventually solvate the gas. If the 

alignment had been done properly and new dye was used, it 

was possible to mark unexposed, developed, polaroid film 

with a single laser flash of 16 KV or greater variac 

setting. An evenly photobleached, 3/8" diameter, round spot 

was observed on the film, if the alignment was proper. 

Small adjustments to the mirrors were made to complete 

alignment if the spot was not round. 

The output of the laser was measured by indirectly 

observing laser light scattered from a piece of frosted 

glass with a Hammamatsu 5780-8BO photodiode and comparing 

the response with that using a HeNe laser of known output. 

The photodiode was placed inside the metal box used to 

isolate the cell from RF noise. with the active face 

directed away from the entrance slit. A piece of frosted 

glass was taped over the entrance slit. The response using 

a 15mW HeNe laser was noted and a calibration constant 

calculated, which related laser power output in Watts to 

photodiode current output in Amps, or al ternati vely, laser 

energy output in Joules to photodiode charge output in 

Coulombs. The output of the photodiode using the laser, 

attentuated by the necessary neutral density filters, was 

recorded on the storage oscilloscope, and the charge 

calculated by integrating the current-time curve. The time 

response of the photodiode was not related to the temporal 
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output of the laser, due to the slow response time of the 

diode, but the total charge passed could be related to the 

energy output using the calibration constant described 

above. The laser power output could then be calculated 

assuming a pulse duration of 350 nsec. Using this method, 

on a carefully aligned laser, with a fresh solution of 5x10-

5 M Cresyl Violet dye, in absolute ethanol, a laser output 

of 22 mJ or 64 kW was obtained at a 13 KV variac setting and 

70 mJ or 200 kW at a 16 KV variac setting. 

Validation of the Experimental Technique 

The validity of the experimental technique and the 

performance of the circuitry were tested by using a dummy 

circuit to model the electrochemical cell and by using a 

bare Au-MPOTE electrode in contact with a ferri/ferrocyanide 

solution. 

The dummy circuit was similar to that illustrated in 

Fig. 3.9. Initially CR, RR' and Rs were eliminated, and the 

auxilIary and reference electrode inputs to the potentiostat 

connected direQtly to Cw & Rw. The time constant, CwRw' was 

varied from nominal values of 1 msec to 1 usec. The 

observed valves matched closely the calculated valves, 

within about 50%. For example, with RC calculated to be 

1 usec, RC was observed to be 1.5 usec. In these tests, the 

scope was· triggered when the circuit was switched to the 

open circuit condition. A small delay of about 2 usec. was 
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observed before decay began to occur. This implied the 

AD7516 switches took 2 usec to completely open, and that 

during actual experiments, a delay of greater than this time 

would be necessary before firing the laser. 

To test the effect of the reference electrode 

impedance, CwRw was set at 1 msec, and CR varied down to 300 

pf and RR up to 0.8 Mn. Distortions of the decay curves 

were found to occur only at these extreme values. Desired 

behavior was observed when CR was greater than 0.02 uf and 

RR was less than 97 kn. The capacitance and the resistance 

of the Pt bilet used were within these ranges. 

The results for the simple cell: 

Au-MPOTE/1 mM Fe( CN) 63 ,-4, 0.2 M KHP IDual Ref 

at various time domains are illustrated in Fig. 3.10. 

Fig.3.10a shows that decay occurs towards the EO, (+250mV) 

of the redox couple, as expected. Potential changes at 

times less than 1 msec were negligible, Fig. 3.10b. This 

suggested a diffusion controlled decay mechanism, and that 

on dye modifies electrodes, where the exposed Au surface 

area was much smaller, this process would be negligible. At 

times less than 3 usec, a glitch, due to the solid state 

switches, was observed, Fig. 3.10b. The discharge of the 

laser spark gap created an oscillation about 5 usec in 

duration and about 15 mV in magnitude. For the experiments 

reported here, this was insignificant. 
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Fig. 3.10 Coulostatic Results for Au-MPOTE/1 mM Fe(CN)6 3 ,-4. 
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The effect of the PRE is illustrated in Fig. 3.11. 

With the PRE, solid curves, the potential was flat after the 

glitch at 3 usec; while without the PRE, dashed curves, a 

transient was observed lasting approximately 30 usec. From 

these studies, it was concluded that reliable data could be 

obtained at times down to 1 usec and possibly less than 

that. 
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Fig. 3.11 Coulostatic Results for Au-MPOTE/1 mM Fe(~N)~3,-4 
with (solid lines) and without (dashed lines) the 
Pseudo-Reference Electrode, 



CHAPTER 4 

RESULTS AND DISCUSSION 

Summary 

Clovis A. Linkous was responsible for a considerable 

amount of initial work on the Au-MPOTE/GaPc-CI/Redox system 

(33,38,61). The films produced by Linkous' growth method, 

designated as Type A films, differed significantly in photo

electrochemical behavior from those produced by this author. 

From his work, it was concluded the Type A film was behaving 

as a simple photoconductor. It was nonporous, showed no 

photopotential, but was able to transfer charge through the 

film in either direction with equal facility. Faster 

heterogeneous charge transfer was observed with H2Q on the 

Type A film than on the bare gold substrate. Thus, the Type 

A film showed some promise as a photocatalytic surface. The 

reasons for these effects were not clear until other types 

of Au-MPOTE/GaPc-Cl electrodes had been studied. Results 

from the Type A film are integrated through this entire 

section and used in conjuntion with results from this author 

to modify the basic Schottky barrier theory to explain the 

photoelectrochemical behavior of all the various types of 

Au-MPOTE/GaPc-Cl films. 

149 . 
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The first portion of the experimental work was 

concerned with the effect of the GaPc-Cl film morphology, in 

particular the porosity and thickness, on the photoelectro

chemical behavior. Two initial types of films were compared 

using cyclic voltammetry, scanning electron microscopy 

(SEM), and photocurrent action spectra. The Type A film, 

shown in the SEM of Fig. 4.1, consisted of small 

crystallites about 0.3 microns in each dimension, which were 

tightly packed together. The Type B film, Fig. 4.2, 

consisted of larger crystallites about 0.7 microns in each 

dimension, but were isolated from one another with 

considerable amounts of the Au substrate exposed to 

solution. The only difference between the two films was the 

rate of sublimation of the dye. The Type A film had a very 

similar coverage as the Type B film, but the dye was 

deposited in 20 minutes, as compared with 24 hours for the 

Type B film. 

The 

different 

photoelectrochemical 

for each film type. 

behavior 

With 

was 

the 

quite 

Hydro-

quinone/Benzoquinone redox couple, the Type A film showed no 

electrochemical activity in the dark, while the Type B film 

showed activity very similar to that on a bare Au-MPOTE. 

This difference was attributed to the porous nature of the 

Type B film as opposed to the non-porous Type A film. The 

GaPc-CI was insulating or non-conductive in the dark, and 
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any dark current was due to electrolysis at the Au 

substrate. 

Under polychromatic illumination in the visible 

region (100 mW, 350-900 nm), the Type A film became electro

chemically active, but did not develop a photopotential. 

Under identical illumination conditions, the Type B film did 

show a photopotential. These results indicated the Type A 

film would be useful as a photocatalytic electrode, but, 

unlike the Type B electrode, would not be useful as a solar 

energy conversion device due to the lack of a photo

potential. No difference existed in the materials used to 

construct the two films, but the method of sublimation 

produced different size GaPc-CI crystals in each case. The 

difference in behavior resulted from a difference in crystal 

thickness, which resulted from the crystal size. The model 

of Rose (25) for Schottky barrier sandwich cells (see 

Introduction and Theory) predicts the potential drop, and 

thus the photopotential, must be equal to the difference in 

the energy of an electron in each contacting phase. The 

results for the Type A and Type B films were not 

inconsistent with this, but suggest the development of a 

full photopotential depended on the thickness of the film 

being greater than the sum of the thicknesses of the space 

charge regions formed at each interface. For thin, Type A 

films, Rose~ model will not hold, but for GaPc-Cl films 

above about 0.7 microns thick, the model will be valid. 
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The photopotential developed on the Type B film 

depended on the kinetics of oxidation and reduction of the 

redox couple on the Au substrate. The exposed Au substrate 

acted as a back reaction or recombination site for the 

photoelectrolysis product and the charge carrier injected 
I 

into the metal. Electrochemical deposition of an insulating 

layer of polyphenol onto the Au-surface blocked this back 

reaction and allowed the full photopotential to be developed 

on the Type B electrode. 

These results led to the conclusion that optimum 

performance would require a non-porous film at least 0.7 

microns thick. Such a film, the Type C film, is shown in 

Fig. 4.16. It consisted of a single layer of crystallites 

about 1.0 micron in each dimension, which were tightly 

packed together. The photoelectrochemical behavior of a 

wide variety of redox couples was studied in an effort to 

carefully test Rose's theory for Schottky barrier sandwich 

cells. In general, very little dark current was observed, 

indicating a non-porous film. Both negative and positive 

photopotentials could be developed, depending on the redox 

couple used, and a linear dependence of the photopotential 

on the formal potential of the redox couple was found. 

These results confirmed the adherence of this system to the 

model of Rose and represented a major milestone in this 

work. 
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The results with the redox couples suggested 

application of the electrode as a chemical fuel photo

electrosynthetic device for the production of hydrogen. An 

efficiency of 0.1%, with an open circuit photopotential of 

+500 rnV, was achieved on a platinized Type C film. This 

represented the first known instance of light driven 

hydrogen evolution at an organic semiconductor. 

These resul ts suggested the overall potential drop 

across the film was determined by the contacting phases, but 

development of a maximum photopotential depended on the 

thickness of the film being greater than the two space 

charge regions at each interface. Since each Schottky 

barrier is determined by the contacting phase electron 

energy (Fermi level or formal potential) and the Fermi level 

of the Pc dye, the exact distribution, but not the overall 

magnitude, of the potential drop across the film will depend 

strongly on the Fermi level of the Pc dye. 

The nature of the potential drop across the GaPc-CI 

film was investigated using photocurrent action spectra and 

pulsed iaser photocoulostatics. While the experimental 

techniques are widely different, they are based on similar 

principles. By proper choice of the direction and wave

length of illumination, selective excitation of carriers in 

only one region of the film could be achieved. This allowed 

the Schottky barriers at each interface to be studied 

separately. The Fermi level of GaPc-CI was found to be 
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about 0.1 eV above that of the Au. Upon equilibration with 

Fe(CN)g3,-4, a potential well was formed within the film. 

This potential well resulted in migration of the charge 

carriers at each interface in opposite directions and 

decreased the photocurrent efficiency. From pulsed laser 

photocoulostatics~ the potential drop across the film could 

be quantitatively determined at any particular bias 

potential. These results are not inconsistent with the 

Schottky barrier sandwich cell model, but rather extend the 

theory .to include the properties of the semiconductor film. 

Scanning electron micrographs of bulk samples of 

several different phthalocyanines were taken to determine 

what chemical properties might control the crystal 

structure. The phthalocyanines were found to fall into two 

basic catagories: those which formed long needles or laths 

and were generally phthalocyanines which contained a 

transition metal in the +2 oxidation state and did not have 

a counter ion; and those which formed platelets or block 

like structures and were generally in the +3 oxidation and 

contained a bulky counter anion. Apparently the bulky 

anion, which resides out of the plane of the Pc ring above 

the metal, results in a change in the crystal lattice. This 

latter group was proposed as candidates for further work, 

because they are likely to develop a favorable film 

morphology. 
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In summary, this work has identified the important 

film morphology characteristics necessary for efficient 

solar energy conversion and defined the energetic 

relationships between the three phases which determined the 

photopotential and the potential drop across the film. 

Effect of Porosity on Dark Electrochemical BehayiQr 

Superficially the Type A and Type B films were 

identical in every way except for the rate at which the dye 

was sublimed in each case. Fast sublimation led to the Type 

A film, and slow sublimation led to the Type B film. From 

scanning electron microscopy and the dark electrochemical 

behavior, the difference in sublimation rates was found to 

result in very different film morphology. The model of 

Lewis and Cambell (112,114) is presented to explain the 

effect of sublimation rate on the film morphology. 

Deposition of the dye was essentially identical in 

each case and the basic method is detailed in the 

Experimental chapter. For the Type A film, sublimation 

occurred at a temperature of about 300 0 C, and most of the 

sublimation occurred in about 20 minutes. This was 

equivalent to a rate of about 50 EQM/min. For the Type B 

electrode, the sublimation temperature was much lower, c.a. 

250 0 C. Sublimation times were approximately 24 to 36 hours. 

This was equivalent to a rate of less than 1 EQM/min. Total 

film coverages, as determined by dissolution of the film in 
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pyridine, were very similar and were between 450 and 750 

EQM. Electrodes of both types could be produced with 

coverages anywhere within this range. 

An SEM of the Type A film is shown in Fig. 4.1. It 

consisted of a tightly packed array, of GaPc-Cl 

crystallites, about 100 to 300 nm on an edge. A few needle 

like crystals occassionally grew on top of the first layer. 

These may have been another crystal phase of GaPc-Cl, but 

did not affect the photoelectrochemical behavior. Fig. 4.2 

shows an SEM of the Type B electrode. The film consisted of 

crystals of GaPc-Cl, 500 to 700 nm on an edge, isolated from 

one another, and with considerable exposed Au substrate. 

The ratio of areas was about 1:1. An SEM of a bare Au-MPOTE 

appeared identical to the areas between crystals. The 

uniformity and smoothness of the Au surface was remarkable. 

No defects could be found to focus on down to the resolution 

of the microscope, about 500 angstroms. Thus the primary 

difference in the film was the size and distribution of the 

dye crystallites. Since the crystals in each film were of a 

similar block like or pyramid shape, the Type B film has 

crystallites which have both a larger area and a greater 

thickness than the Type A film. As will be shown the 

porosity difference can explain the dark electrochemical 

behavior and the thickness of the films will be used to 

explain the photoelectrochernical behavior. 
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A 
Fig. 4.1 SEM of the Type A, GaPc-Cl Film. 

B 
Fig. 4.2 SEM of the Type B, GaPc-Cl Film. 
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The deposition conditions indicated that the only 

significant difference between the methods of film 

preparation was the rate of deposition. The deposition rate 

apparently affected the number of nucleation sites and thus 

the number and size of the crystals. More nucleation sites 

and smaller crystals were formed on the Type A film with 

fast deposition than were formed on the Type B film with 

slow deposi tion. 

The condensation model of Lewis and Cambell 

(112,113) provides a partial explanation of the sUblimation 

process of thin films of ordered molecules such as GaPc-CI. 

It is assumed that the temperature of the substrate is low 

enough such that reevaporation of an adsorbed molecule is 

not a significant process. The adsorbed molecule can 

migrate about the surface until it is captured by a 

previously formed nucleation site. In this model, a 

nucleation site is a thermodynamically stable aggregation of 

some number of molecules. The exact number of molecules 

required to form a stable nucleus is determined by the 

energy of molecule-molecule interactions and the temperature 

of the substcate. From nucleation studies as a function of 

temperature, the enthalpy of the molecular inte~actions can 

be determined, and the size of a stable nucleus determined 

at any temperature. In this work, the substrate temperature 

was the same, or nearly the same, for each film type, and 

only the rate of sublimation was changed. Faster deposition 
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rates provide a greater concentration of adsorbed, but 

mobile, molecules. This increases the probability a 

molecule will encounter another molecule to form a new 

nucleation site rather than encounter an existing nucleation 

site. This process continues until the number of nucleation 

sites becomes so large that the adsorbed molecule will only 

encountered previously formed nucleation sites. If the size 

of the nucleation site is two molecules, the number of 

nucleation sites will be proportional to the square root of 

the deposition rate. 

Nucleation may also be a result of the nature of the 

substrate. With Au-MPOTE, the surface was very smooth, but 

a few surface defects or exposed polymer functional groups 

may have acted as nucleation sites. The number of 

nucleation sites formed in the Type A film was probably 

dominated by molecule-molecule encounters; while in the Type 

B film, the encounter of a molecule with these intrinsic 

surface sites may have resulted in a lower limit to the 

number of nucleation sites formed. For substrates, such as 

tin oxide coated glass, where the surface is highly 

irregular and contains a number of polar functional groups, 

nucleation by surface sites will entirely control the 

nucleation process and no dependence on the nucleation rate 

will be observed. Since, as will be shown, optimum photo

electrochemical behavior required crystallites at least 0.7 

microns in size, surface nucleation sites must be kept to 
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some minumum value. This restricts the number of substrates 

which can be used effectively in these devices. 

Fig. 4.3 shows the electrochemical be~avior of a 

bare Au-MPOTE (a) with reversible and irreversible behavior, 

light and dark behavior of the Type A film (b), and light 

and dark behavior of the Type B film. In this section, the 

irreversible and dark curves will be of primary interest, 

but the reversible and light curves will be discussed in 

detail later. 

Although the SEMIs and the nucleation model 

described above suggest the area between the Type B 

crystallItes was Au-MPOTE substrate, it may have been 

covered by a thin layer of dye not detectable in the SEM. 

Dark conduction in the Type B film could have been due to 

conduction through this thin layer, through the GaPc-Cl 

crystals, or as was the case, due to the conduction at 

exposed gold substrate in the film. Comparison of the 

electrochemistry of bare gold, the Type A film, and the Type 

B film provided some insight to this problem. 

The voltammogram in Fig. 4.3a, labeled 

"Irreversible", was typical of the behavior of H2Q oxidation 

and reduction on an unmodified or bare Au-MPOTE electrode. 

Comparison of this voltammogram with that for the dark, Type 

B, electrode, Fig. 4.3c, showed nearly identical behavior. 

The anodic and cathodic peak currents were of the same 

magnitude and occurred at 620 and -5 mV respectively, for 



Fig. 4.3 Cyclic Voltammograms of 1 mM H2Q on Au-MPOTE (a), 
a Type A Film (b), and a Type B Film (c). Shown 
are the reversible and irreversible behavior of 
Au-MPOTE and the dark and light behavior of the 
Type A and Type B films. Conditions were: pH 4, 
KHP buffer; POlychlomatic illumination (350-
900 nm, 100 mW/cm )j 20 mV/sec (a,c) or 50 mV/sec 
(b) scan rate. 
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Cyclic Voltammograms of 1 mM H2Q on Au-MPOTE (a), 
a Type A Film (b), and a Type g- Film (c). 
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the Type B film, and at 572 and 8 mV respectively, for the 

irreversible Au-MPOTE electrode. Experimental variations in 

peak position for both electrodes were ± 10 mV. The Type A 

film showed no detectable dark current on this current 

scale. The results for Fe(CN)63,-4 on the Type B electrode 

in the dark, Fig. 4.4a: and on bare Au-MPOTE, Fig. 4.4b, 

were also nearly identical. In each case, an anodic peak 

was observed at about 375 mV and a cathodic peak at about 

290 mV, and the magnitudes of each were nearly identical. 

The results for the Type A electrode have been reported 

elsewhere (33,61); in the dark this electrode again showed 

no detectable current. These results suggested the presence 

of exposed gold substrate on the Type B film. The lack of 

dark current on the non-porous Type A film eliminated 

conductivity through the dye crystals from consideration. 

If conductivity were through a thin layer of dye between 

crystallites, the cyclic voltammograms would have been more 

irreversible than the bare Au-MPOTE because of this 

res isti ve layer. 

If two types of electroactive surfaces existed on 

the Type B film, then when both are active the resulting 

voltammogram might be a simple sum of the individual volt am-

mograms. In the light, both surfaces of the Type B 

electrode should be active, and two oxidative peaks should 

be present. Fig. 4.3c shows that this was not the case. 

The dark current did not appear as a peak while the 
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Fig. 4.4 Cyclic Voltammograms of 1 mM K4Fe(CN)6 on a Type B 
Film (a) and on Au-MPOTE (b). Conditions were as 
in Fig. 4.3c. 
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electrode was under illumination. At much higher 

concentrations of H2Q, Fig. 4.5, the dark peak did begin to 

show up while under illumination. As the potential was 

scanned positive in the dark, no current was observed until 

about 400 mV, with a current peak at about 750 mV. In the 

light, photocurrent began to flow at +100 mV, but did not 

form a peak near 200 mV as in Fig. 4.3c. The photocurrent 

leveled off slightly, then began to increse as the dark 

current increased. The two surf"aces appeared to compete for 

the electroactive species. The light activated surface 

dominated the voltammograms at concentrations less than 

5 mM. While at higher concentration, the photoactive 

surface became light limited and allowed the dark process to 

compete for excess redox species. 

The dark-light scan reversal technique, as developed 

by Wrighton (114), was used to deiermine if surface 

reactions or changes occurred during illumination. In this 

technique, the potential was scanned positive out to some 

value under illumination, 

negative back in the dark. 

then reversed, and scanned 

This was then followed by a 

positive dark scan and a negative light scan. If no surface 

reaction takes place, then no dependence on the forward scan 

will occur for the reverse scan. If changes in the surface 

do take place on the forward scan, then they should affect 

the reverse scan, providing the changes are long lived in 

relation to the scan time. 
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It was thought that a change in oxidation state of 

the Pc could account for the observed behavior of the Type B 

film described above. The difference between light and dark 

behavior might be due to the potential at which the 

oxidation state change took place, in each case. If this 

were so, a scan positive in the light far enough to induce 

oxidation and thus increase conductivity of the Pc, might 

have resulted in increased conducti vi ty for the subsequent 

dark reverse scan. 

Figs. 4.6a and 4.6b show the results for two 

potential ranges, with and without scans through the dark 

anodic peak range. In all cases, the curves were very 

similar to what occurred in a conventional cyclic voltam

mogram in the light or dark; indicating no changes in the 

surface occurred that could account for dark conduction. On 

the first positive light scan, the photocurrent was as 

previously observed. The susequent dark negative scan 

depended on the switching potential. For a switching 

potential positive of the dark oxidation peak, Fig. 4.6a, 

the current dropped slowly to zero as the potential moved 

negative through. the oxidation peak. For a swi tching 

potential negative of the dark oxidation peak, Fig. 4.6b, 

the current dropped rapidly to zero. In the first case, 

exposed Au substrate supported the dark current; while in 

the second case the Au was not electrochemically active and 

no dark current was possible. The next positive dark scans 
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were identical to previous electrodes. When the light was 

switched on, a very large current spike was observed for a 

switching potential negative of the dark oxidation peak. 

This was clearly due to sudden activation of the GaPc-CI 

surface. With a switching potential positive of the dark 

oxidation peak, a smaller spike was observed because the 

dark current at the Au had already depleted much of the 

redox couple. The fourth and final negative light scans 

were identical to previous scans as in Fig. 4.3c. Each of 

these experiments was consistent with dark current being due 

to exposed Au substrate. 

In review, the Type A film consisted of small 

crystallites, tightly packed together; while the Type B 

electrode consisted of isolated islands, or crystallites, of 

GaPc-CI on a uniform substrate of Au-MPOTE. Each of these 

surface types appeared to behave independently of each other 

from an electrochemical standpoint. This independence was 

not complete, as illustrated by the H2Q concentration 

dependence under ilIum ination. At low concentrations, the 

dark peak at 600 mV due to exposed Au, did not appear, while 

at higher concentrations, it did appear. The nature of the 

competition by these two independent surfaces for the redox 

couple is considered in more detail in the Thermal and 

Coverage Effects section. 
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The Type Be GaPc-Cl Electrode; Photopotentials and Porosity 

The Type B electrode developed a photopotential that 

was dependent on which redox couple was used, H2Q/BQ or 

Fe(CN)g3,-4. In the pH 4 buffer used, these redox couples 

have very similar EO, values (+295 mV and +265 mV 

respectively versus Ag/ AgCl), yet a much lar~er photo~ 

potential was developed with H2Q/BQ. Schottky barrier 

theory predicts the photopotential will be proportional to 

the difference in the electron energies in each contacting 

phase. Since Au was the substrate in both cases the photo-

potentials should have differed by no more than 30 mV, the 

difference in the formal potentials of the two redox 

couples. The difference lay in the kinetics of electron 

transfer of each species at the Au surface. The Au acted as 

a back reaction or recombination site for the photo-

electrolysis products and the photoinjected charge carriers 

and resulted in a much smaller photopotential. The rate of 

this process was controlled by the rate of electron transfer 

at the Au surface. Since Fe(CN)g3,-4 had much faster 

kinetics at the Au surface, it showed a much smaller photo-

potential. Covering the Au surface with an insulating layer 

of polyphenol blocked this process and maximized the photo-

potential for each redox couple. 

As detailed in the experimental section, the photo

potential can be determined by observing the shift of the 

apparent EO,. This was done by comparing the EO, on bare 
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Au-MPOTE and the. photoelectrode of interest. The error 

involved was determined by the peak separation, Fig. 3.4, 

and it was desirable to reduce this to a minimum. H20 on 

bare Au-MPOTE showed a 600 mV peak separation, which could 

be reduced to about 100 mV by prolonged oxidation of and 

then reduction of the Au electrode surface (61,115-117). 

The potential was held at 1.5 V versus Ag/AgCl for one or 

two minutes, then scanned back to obtain the curve labeled 

"reversible" in Fig. 4.3a. The reversible behavior was not 

stable and reverted back to the irreversible behavior after 

a few minutes. The magnitude of the reversible peaks was 

less than that obtained on the irreversible peaks. Both 

types of peaks could coexist during a potential scan. This 

suggests, as before with the Type B electrode, two types of 

surfaces existed, but with sizes of a few millimeters or 

larger in diameter, such that linear infinite diffusion 

could be assumed in the time frame of the potential scan 

(see Thermal and Coverage Effects). These effects were not 

unique to Au-MPOTE and could be reproduced on bulk gold 

electrodes. 

In summary, the EO" as determined for H20/BO on 

the Irreversible surface, was +290 mV, while that for the 

reversible surface was +256 mV. This latter value is more 

accurate than the former (see Fig. 3.4 and text) and is used 

as the EO, value in futher work. 
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Under illumination the Type A electrode, Fig. 4.3b, 

showed behavior similar to that of the reversible Au-MPOTE 

substrate; while the Type B electrode, Fig. 4.3c, appeared 

to show a shifted formal potential for the H2Q/BQ redox 

couple. Comparison of the EO, data of Table 4.1 indicates 

that the difference in EO, values for the illuminated Type 

A film and the active gold substrate, {Eo'(Au)-Eo'(A)}, was 

small, less than 29 mV. A comparison of the illuminated 

Type B film and the active gold substrate gave a value for 

EO'(Au)-Eo'(B) of -121mV. For both film types, it was clear 

that the rate of H2Q oxidation was considerably enhanced 

over that seen on the inactive Au surface, and was equ~lly 

enhanced over reaction rates seen on bare Pt and Ag (33,1"18-

120). Open circuit photopotential measurements gave -20 mV 

for the Type A film and -220 mV for the Type B films, versus 

a Pt counter electrode, under identical illumination 

conditions. 

The behavior of millimolar solutions of Fe(CN)6 4 on 

the Type A film has been published elsewhere (33,61). In 

summary, no detectable activity was observed in the dark, 

again indicating no exposed gold substrate and the poor 

conductivity of GaPc-Cl in the dark. Under illumination, 

the behavior was identical to that of the gold substrate, 

Fig. 4.4b, and showed little shift in peak potential 

positions. The dark behavior of Fe(CN)g4 on the Type B 

film, Fig. 4.4a, was identical to that on the bare gold 



Table 4.1 

EO, 

~Ep 
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Peak to Peak Separation, ~EQ' and Formal 
Potential, EO" for the Oxiaation of H2Q on Type 
A and Type B GaPc-Cl Electrodes. 

Au-MPOTE (mV) Type A (mV) Type B (mV) 

Rev Irrev Dark Light Dark Light 

256 290 --- 285 308 135 

105 564 --- 150 625 165 
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substrate. In the light, a small shift of EO, of -40 mV 

was observed, which was much less than the -121 mV shift 

observed for the H2Q oxidation. 

The development of a photopotential did not seem to 

be dependent on the presence or absence of porosity, as 

shown by the lack of a photopotential on the nonporous Type 

A film and the presence of a photopotential on the porous 

Type B film. Indeed, equilibration, of the Au substrate and 

the redox couple at a pore, should have precluded 

development of a photopotential on the Type B film. In 

addition, the photopotential developed should be similar in 

magnitude for two redox couples, such as H2Q/BQ and Fe(CN)6 

3/-4, having similar EO, values in a pH 4 buffer solution. 

The rate of reaction of the redox couple at the pores 

provided an explanation. 

It was noted that the shift of the cyclic 

voltammetric curve, under illumination on the Type B film, 

seemed to be limited by the onset of the dark reduction 

peak. Variations between electrodes resulted in a ±20 mV 

variation in the peak potential of the dark reduction. If 

the dark peak potential was more positive (or negative) than 

average, the onset of photocurrent was more positive (or 

negative) than average. Presumably the photopotential 

driving photooxidation was determined by the potential at 

which reduction became significant at the exposed gold 

substrate. This suggested that the photopotential could be 
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limited by ~he addition of an oxidized species having a dark 

reduction peak positive of that of the photooxidized 

species. The results for a solution containing 1mM H2Q and 

1mM Fe(CN)63 are shown in Fig. 4.7. 

On bare gold, the voltammogram was a sum of the 

behavior observed, for the two redox couples, in separate 

solutions on bare gold. Peaks for Fe(CN)g3,-4 oxidation 

(+350 mV) and reduction (+250 mV) along with peaks for H2Q 

oxidation (+600 mV) and reduction (+75 mV) are observed. 

These peaks are the same as those observed in solutions 

containing only one or the other of the redox couples. In 

the dark on the Type B film, a simple sum of the behavior of 

each redox couple in the dark was also observed. The 

Fe(CN)g3,-4 peaks were nearly identical to those on bare 

gold, but the H2Q/BQ oxidation (+750 mV) and reduction (0.0 

mV) peaks were further apart. Comaparable peaks for iach of 

thes redox couples can be found in Figs. 4.3a, 4.3c, 4.4a, 

and 4.4b for each of the two substrates. This suggested no 

dependence of electrochemical behavior of one redox couple 

on the other, as expected. 

In the light, a simple sum was not observed. A 

single photooxidation peak was observed at 340 mV or about 

the same potential as observed for Fe(CN)6 4 photooxidation. 

The magnitude of the peak was greater, than that observed 

with each separate redox couple, and suggested that photo

oxidation of both H2 Q and Fe(CN)6'4 determined the 



0.5 
I 

o.ov 

~ouAjcm2 

Fig. 4.7 Cyclic Voltammograrns of 1 mM H2 Q and 1 mM K3 Fe(CN)6 on Au-~IPOTE and on a 
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photocurrent. For H2Q this represented a positive shift in 

the onset of photooxidation of almost 150 mV. On the return 

scan, two reduction peaks occurred which were not well 

resolved. These were attributed to Fe(CN)6 3 and BQ 

reduction on the exposed gold substrate, since the peak 

positions were near those on the dark scan. 

The presence of any species, which could undergo 

reduction at the gold surface, would limit the photo

oxidation process to potentials where the reduction was 

insignificant. The competition between reduction and 

oxidation resulted in no net current. With only H2Q in 

solution, reduction could occur only at potentials negative 

of about +50 mV. With Fe(CN)g3 in solution, reduction was 

possible at potentials between +250 and +50 mV, as well as 

negative of +50 mV. As a result, the onset of photo-

oxidation moved positive, 150 to 175 mV, as the onset of 

reduction moved positive by about 200 mV. 

As an alternative means of testing this hypothesis, 

the activity of the exposed gold on the Type B electrodes 

was blocked, by electrochemical polymerization of phenol at 

this surface, using the method of Pham, Dubois, and LaCaze 

(121). The Type B electrode was exposed to a basic, 

methanol solution of phenol (0.1 M phenol, 0.3 M NaOH) and 

scanned repeatedly from 0.0 to 600 mV in the dark, Fig. 4.8. 

A peak, characteristic of oxidative adsorption at the gold 

surface, occurred at +460 mV vs. Ag/AgCl. 95% of the charge 
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Fig. 4.8 Cyclic Voltammogram of 0.1 M Phenol, in Basio 
Methanol on a Type B Film, to Form an Insulating 
Polyphenol Layer. 
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passed occurred on the first sweep, and the total charge 

passed was approximately 7x10-3 C/cm2. Using a density for 

the polymer of 1.6 g/cm 3 , and assuming uniform coverage, 

this amount of charge corresponded to a layer with a lower 

limit of approximately 20 nm thickness. Similar results 

have been obtained using 1-naphthol solutions, which were 

electrochemically polymerized at less posi ti ve potentials. 

Since the polymer was deposited only on the exposed gold 

substrate, the thickness may have been actually closer to 40 

nm over the gold substrate. 

Cyclic voltammograms of the blocked Type B film, 

with H2Q and Fe(CN)g4 as the redox species, are shown in 

Figs. 4.9a and 4.9b respectively. In the dark, the activity 

of both redox couples on the gold substrate was greatly 

diminished, but not quite eliminated, suggesting a rather 

loose polymer structure which covered most, but not all, of 

the gold surface, and/or which remained slightly permeable 

to the redox couple. Upon illumination, the H2Q oxidative 

currents were similar in magnitude to those on the unblocked 

Type B electrode, but with an additional negative shift, in 

the onset of the anodic wave, of ca. -100 mV. 

The anodic peak was poorly defined, and the current 

on the return scan did not track the current on the forward 

scan in the current plateau region. The cathodic peak was 

diminished su~stantially. These distortions were presumed 

to be due to capacitive charging effects and interference of 
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normal diffusion of the redox couple by the polymer layer. 

The formation of a thin insulator at the gold surface 

changed this surface into a purely capacitive element, the 

charging of which will be reflected in the cyclic voltam

mogram. This would add an anodic current component, on the 

positive forward scans, and a cathodic current component, on 

the negative reverse scans, resulting in separation of the 

two curves. The formation of a loose polymer layer may also 

have caused a significant increase in the viscosity of the 

region near the interface. This effect would have 

diminished the diffusion coefficients of the redox species, 

and the peak current would be reduced because they are 

proportional to the diffusion coefficient. In the case of 

photooxidation, thermally induced convection, rather than 

diffusion, may have dominated, resulting in a constant 

current. 

Of particular importance here was the changed 

behavior of Ferrocyanide oxidation and-its similarity to the 

H2Q photoelectrochemical behaviot' on these blocked, Type B 

electrodes. The large negative shift in onset potential for 

photooxidation, versus that seen on the unblocked, Type B 

electrodes, indicated that the Q..aU gold surface acts as a 

back-reaction (recombination) site for an electron injected 

into the metal through the dye, and the photooxidation 

product of the solution species. This recombination results 

in a diminished photopotential, for electrochemical 
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reactions which are fast on the unblocked gold surface. 

Fe(CN)g4, which had much faster kinetics on the bare gold 

substrate, (6 E p (Fe(CN)6- 4 )=115 mV, than H2 Q, 

( 6Ep (H2Q)=564 mV), showed a much smaller photopotential 

effect on the unblocked Type B film due to the enhanced 

backreaction. 

Fig. 4.10 illustrates these effects schematically. 

On an unblocked film, electrons will be injected into the 

gold substrate due to photooxidation and subsequent 

formation of an oxidized species in solution. Because of 

the formation of a photopotential, a potential region will 

exist in which both photooxidation and reduction will occur. 

The region is bounded, at negative potentials, by the onset 

of photooxidation and, at positive potentials, by reduction 

at exposed gold. (See Fig. 2.19 and the accompanying text 

for a more general discussion.) If the potential of the 

electrode is within this region, the photoinjected electron 

and the oxidized species can recombine, at a gold site, to 

give no net current. The onset of photooxidation was 

between 0.0 and -100 mV as determined from the blocked Type 

B film; while the onset of dark reduction depended on the 

redox couple used. This was +50 mV and +250 mV for BQ and 

Fe(CN)g3 respectively. At potentials negative of this 

region, no· phctooxidation occurred and no reduction 

occurred, in solution containing only the reduced species, 

and thus no net current resulte~. At potentials positive of 
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Fig. 4.10 Blockage of the Back Reaction at Exposed Au-MPOTE 
Substrate by an Insulating Polymer Layer. 
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this region, no reduction occurred, and the current was 

determined by photooxidation. 

On this blocked, Type B film the photopotential 

developed with each redox couple was very similar, as 

predicted by the theo~y of Rose (25). In the light, each 

redox couple gave nearly identical behavior, with the onset 

in photocurrent in each case at about -100 mV. Thus, the 

flatband potential must be near -100 mV versus Ag/AgCI. The 

overall potential drop across the film must be equal to the 

difference between the flatband potential and the formal 

potential of the redox couple, or 365 mV and 395 mV for 

Fe(CN)6'3,-4 and H2Q/BQ respectively (see Fig. 2.19 for 

details). As will be shown later, the flatband potential 

was closer to 0.0 V. 

Thermal and Coverage Effects 

The voltammetric oxidation of H2Q at the Type B film 

showed two other interesting characteristics, Fig. 4.3c. At 

potentials more positive of +400mV and under illumination, 

the anodic current remained constant and did not show 

typical diffusion limited decay. In the dark on the same 

electrode, however, diffusion reduced the H2Q oxidation 

current to less than that of this anodic plateau current. 

Second, under illumination, the cathodic peak current was 

reduced to about a third of the anodic peak current, and it 

was less than the dark cathodic peak current. 
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These effects are best explained by assuming 

nonradiative decay of the irradiated dye caused heating of 

the solution near the solution interface. Such heating 

would result in greater convective transport of products 

away from the electrode, resulting in a diminished cathodic 

peak current, and greater convective transport of reactants 

to the surface, resulting in a constant current after the 

initial diffusion limited decay. The thermal effect 

diminished, as expected, when the scan rate'was increased to 

50 mV/sec. The Type A electrodes showed the thermal effect 

when the scan rate was reduced to 20 mV/sec or less. 

The constant current region should depend on the 

state of oxidation of the bulk solution species, since it is 

convection of the bulk species than determines the plateau. 

With the reduced form in solution, the constant current 

region should occur, in the oxidative region, at potentials 

positive of the EO,. With the oxidized form in solution, 

the constant current region should occur at potentials 

negative of the EO,. Figs. 4.11a and 4.11b show just this 

effect for solutions of Fe(CN)63 and Fe(CN)6 3 respectively. 

The dark and light scans are shown in which the peak 

positions and shapes are identical to one another and to 

previously described behavior, Fig. 4.4, except for the 

potential region the constant current occurred in. 

Convection of the oxidized species, Fe(CN)6 3 , toward the 

surface resulted in constant current for reduction; and 
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convection of the reduced species, Fe(CN)6 4 , resulted in 

constant current for oxidation. With BQ in solution, the 

constant current was observed negative of the EO, as 

expected. 

In the dark on the Type B electrode, only about half 

of the area was active as compared with a bare Au-MPOTE. 

Thus it might be expected that the current peak height, on 

the Type B electrode, would be reduced to half that of bare 

gold. Experimentally, similar peak heights were observed in 

each case. The work of Gueshi, Tokuda, and Matsuda 

(122,123) on partially covered electrodes provided an 

explanation. These authors showed that peak height effects 

will only be observed when the peak was scanned in a time 

frame similar to that required to form a diffusion layer, of 

a thickness approximated by the diameter of the particles 

blocking the active surface. The authors predicted that, 

for particles 31.5 urn in diameter covering half the surface, 

less than a 10% change in peak height would occur at scan 

rates less than 100 mV/sec. For Type B electrodes with 

particles of dye about 1 urn in size, even faster scan rates 

should be possible without significant change in the peak 

height versus that seen on a bare gold surface. 

Type A -ys- Type B; Origins of the Photopotential 

The lack of a photopotential in the Type A film and 

the development of a photopotential with the Type B film 
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could not be explained by Rose's Schottky barrier sandwich 

cell theory. Each film consisted of Au-MPOTE, with the same 

dye, and in contact with identical solutions. The only 

difference was the film morphology. As shown earlier, 

porosity in the film decreased the photopotential. From 

this viewpoint, the behavior was reversed; zero or a small 

photopotential should be developed at the Type B film and a 

large photopotential should be developed at the Type A film. 

Thus crystalli te size, in particular the thickness, must be 

responsible for development of the photopotential. For full 

development of the photopotential, the film thickness must 

be greater than the sum of the thicknesses of the two space 

charge regions formed at each interface. 

Visible wavelength absorbance spectra were obtained 

of each GaPc-CI film type by dissolving the Pc film in 

pyridine. All solution spectra were identical in form to 

each other and to that of solutions of unsublimed GaPc-CI, 

which have been previously reported (61,103). Each showed a 

peak at 364 nm and 685 nm,( € 685=3x105 l/mole cm); 

indicating that no appreciable amounts of impurities or 

other phthalocyanines were entrained in the films, and the 

chemical composition of each film type was identical. 

Surface analysis using X-ray photoelectron or Auger electron 

spectroscopies have confirmed the lack of detectable 

impurities at the Pc film surface. 
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Absorbance and reflectance spectra of the solid 

films on the Au-MPOTE electrodes were taken to define any 

spectral changes that might arise from a difference in 

crystal morphology or crystal phase. The solid state 

absorbance spectra were very similar for each type of film 

within the 450-750 EQM range, consisting of two broad bands, 

with absorbance values exceeding 2.5 A.U., from 300 to 420 

nm and from 580 to 820 nm, Fig. 4.12a. The spectra did not 

depend on the direction of illumination (substrate side 

versus dye side), and the only significant differences were 

changes in magnitude dependent on the quantity of dye 

sublimed onto the electrode. Fig. 4.12b shows the 

absorbance spectra of a very thin film, in which the peak 

shapes are apparent. 

Specular and diffuse reflectance spectra were 

obtained. Both Type A and Type B GaPc-Cl/Au electrodes were 

examined and showed qualitative agreement in their 

reflectance spectra. As expected, wavelength regions of 

maximum reflectance (up to 50%, diffuse plus specular) 

coincided with regions of maximum absorbance. 

The a b so rb a n c e and ref 1 e c tan c e s p e c t r a, a s well a s 

the pyridine solution spectra, indicated that no differences 

existed between the Type A and Type B films except for 

crystallite size. Both films consisted of GaPc-Cl, in the 

same crystal phase, and on identical substrates. This 

suggested that differences in behavior must be attributed to 



A 

A u/G aPc-C I . 
A.U. 

--~--------------------~o 

2 

--~--~--.---r-~---.---rO 
500 nm 900 

Fig. 4.12 Absorbance Spectra of Thick (a) and Thin (b) 
GaPc-Cl Films on Au-MPOTE. 
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crystallite size or film thickness and not chemical 

impurities or different crystal phases. 

The photocurrent action spectra are shown in 

Fig. 4.13 for the Type A film and the non-polymer-blocked 

Type B film. The fraction of light absorbed (because of 

reflection and scattering from cell windows, plus the 

scattering from the GaPc-Cl film) was difficult to 

quantitate, and for this reason, the Incident Light 

Efficiency, (electrons out per photon incident, which.is as 

much as 2x lower than th~ true quantum efficiency) was 

plotted versus wavelength. Data were collected for backside 

illumination, (light incident first on the Au-MPOTE 

substrate,) and frontside illumination, (light incident 

first on the dye solution interface). For the Type A film, 

Fig. 4.13a, the photocurrents observed, using backside 

illumination, were identical to those observed for frontside 

illumination, but reduced in absolute magnitude. Action 

spectra taken with fronts ide illumination of the Type B 

film, Frg. 4.13b, and fronts ide illumination of the Type A 

films were qualitatively similar; the action spectra 

resembled the absorbance spectra for thin films of GaPc-Cl 

on the Au- MPOTE, Fig. 4.12a. 

The magnitude of all photocurrents observed, in the 

action spectra of the Type B films, was lower than those 

observed on the Type A films by a factor of 10. The Type B 

films used to record the action spectra were unblocked, 



Fig. 4.13 Photoaction Spectra for Type A and Type B Films. 
Spectra are for Type A (a) and Type B (b) with 
frontside illumination, and Type B (c) with 
backside illumination. Conditions were: 1mM H2Q, 
pH 4 KHP buffer, +0.4 V bias vs. Ag/AgCl. 



1-2.0 

1.0 

60.0 
o 
~ 

x ......., 

~0.2 
c 

.<1> 

. u --W 
-t--J 0.1 
..c 
(J) 

~ 

-t--J 
C 
(]) 

1:) 0.0 
U 
C 

0.1 

-

-

-

-

-

-

• 

• 

f 

0.0 0 o 
~ 

I I 

• '. . •••••• 
I 

• 
•• 

• 
• 
• 

I 

•• 
••• 

I 
I 

• 

•• 
•• 

I 
o o 
lCI 

I 

• 
• 

• 
• • 

• 

• 

• 

• 

• 
• 

• 
• 

I 

I I .1. I 
• • z.··· · ·f. 

• 
• A f • • 

• 
• 

• 

I I 
I I ., • • 
··1··· .. , • 

• 

I 
I 

• 
• 

f 

I 
o 
o 
I.D 

'1" 

nm. 

B • • 

I 
I I 

C 

• 
•••••• • 

I 
o o 
I'-

• 
I 

f 

• 

•• 
1 
t 

• 

• 

••• 

I 
I 

•• 

• 

1 
o 
o 
00 

• • 

191 

Fig. 4.13 Photoaction Spectra for Type A and Type B Films. 
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consequently dark and back reactions could be sizeable. The 

currents recorded, with the help of the lock-in-amplifier, 

represent the difference between light and dark processes, 

which, at low light levels on the Type B film and at a bias 

potential of +0.4 volts, are considerably smaller than on 

the nonporous Type A films. 

Photoaction spectra taken by William Buttner (36,39) 

on Type C films (the nonporous version of the Type B films, 

see The Type C Electrode) were qualitatively similar to 

those obtained on the Type B films. Thus porosity did not 

play a part in the photoaction spectra except for the 

magnitude of the current response. 

Action spectra obtained for backside illumination of 

Type B films, Fig. 4.13c, were quite different in 

appearance. Near the wavelengths of maximum absorbance 

(650-750 nm), the photocurrent passed through a minimum, and 

then reached maxima, near 580 nm and 800 nm, on the 

shoulders of the absorbance band for the GaPc-Cl films. 

This latter effect has been observed previously for many 

organic, thin film photovoltaics under short circuit 

conditions (76,83). This phenomenon arises; because the 

distance that the charge carrier has to migrate exceeds the 

distance traveled before recombination occurs in the Pc 

film. The distribution of charge carriers though the film 

depends on the penetration depth of the illumination. If 

the applied bias is such that the majority charge carriers 
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migrate to the front surface, fronts ide illumination will 

mimic the absorbance spectra. For backside illumination, 

light with a very small penetration depth will create 

carriers near the back interface. These carriers will 

undergo recombination before reaching the front interface, 

and the photocurrent will be attenuated for backside 

illumination near the absorbance maxima. 

The discussion of this effect that follows differs 

slightly from that of Terman (124), who assumed a short 

circuit condition; while we potentiostatted our GaPc-Cl 

films at 400 mV positive of Ag/AgCl, resulting in a 

potential drop through the entire film rather than just in a 

barrier layer near a conductive substrate. In this 

treatment, the collection length of the charge carriers, 1, 

is defined as being the distance from the Pc interface in 

which a carrier will have a greater probability of being 

collected at the interface rather than undergo 

recombination. Backside illumination of a thick Pc film, at 

the wavelength of absorbance maximum (where" 1~ =5x10-5 cm, S 

is the absorption coefficient) produces a narrow, 

exponential profile of charge carriers near the gold/Pc 

interface. Under a positive bias, as applied in Fig. 4.13, 

hole migration to the Pc/solution interface occurs. When 

the film is thin with respect to the penetration depth of 

the photon and the collection length, attenuation of the 

action spectrum at every wavelength occurs with backside 
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illumination. When the film is thicker than either 1 and 

1 /a, s i g n i f i can tat ten u a t ion 0 f the ph 0 t 0 cur r en t 0 c cur sat 

the absorbance maxima. 

The action spectra of Fig. 4.13c can be used to 

estimate the collection length, 1, of hole migration in the 

GaPc-Cl films. As shown in Fig. 4.14, for ei ther fronts ide 

or backside illumination, only those holes which are created 

within the distance l(cm) of the Pc/solution interface will 

contribute to current flow. The density of charge carriers, 

n(x), at any pOint, x, in the Pc film is given by: 

n(x)= -iPdl(X)dX Eqn. 4.1 

where iP is the quantum efficiency for carrier generation and 

l(x) is the intensity of light at x. Since: 

l(x)=Ioexp(-Sx) Eqn. 4.2 

and: 

-dI(x)dx=aIOexP(-SX) Eqn. 4.3 

Then Eqn. 4.1 can be written as: 

n(x)=iPaloexp(-Sx) Eqn. 4.4 

where 13 is the absorption coefficient. 

The number of carriers per unit area, N, created 

between two points, x1 and x2' is given by: 

N= (X2 n(x) dx Eqn. 4.5 
}X1 

= (X~f3IoeXp(-f3x) dx 
}X1 

= -iPI o [exp(-Sx2)-exp(- f3x 1)] 
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Fig. 4.14 Distribution of Absorbed Photons and Charge 
Carriers within one Collection Length (1) for 
Frontside (a) and Backside (b) Illumination. 
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= ~Io[exp(-l3x1)-exp(-Sx2)] 

Thus, for fronts ide illumination, the number of carriers 

created within one collection length, 1, (x1=0, x2=l) is: 

N=no{1-exp(-rn)} Eqn. 4.6 

where no is equal to the product of ~ and I o • 

For backside illumination of a thick crystal, where 

d is the crystal thickness and d)l (x1=d-l, x2=d) N is given 

by: 

Eqn. 4.7 

or: 

Eqn. 4.8 

When the Pc film is thin, d<l, for fronts ide and 

backside illumination (x1=0, x2=d), N is given by: 

N=n o{1-exp(-Sd)} Eqn. 4.9 

Therefore, for thin Pc films, frontside or backside 

illumination, or for thick Pc films, frontside illumination, 

there is a straightforward correlation between the photo

current and 13, Eqns. 4.6. and 4.9, respectively. 

Taking the derivative of Eqn. 4.7 with respect to 13, 

and setting the quantity equal to zero, shows why a double 

maximum is obtained in the action spectrum of backside 

illuminated, thick Pc films where: 

dN/dl3 max = 

no{exp(-Sd)}{l·exp(Sl)-d·(exp(-Sl)-1)} Eqn.4.10 

at the action spectra maxima. Therefore, by rearrangement: 

dAd_l)=exP(Smaxl) Eqn.4.11 
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A Taylor series expansion of Eqn. 4.11 gives: 

d« d -1 ) = 1 + f31 + ( f31 ) 2/2 ! + ( f31 ) 3/3 ! +. • • • E q n. 4. 1 2 

Truncating all but the first two terms, yields: 

~d-l)= 1 + f3 max l 

or: 

or: 

lkd_l) = f3 max l 

and finally: 

1/f3 max = d-l 

Eqn. 4.13 

Eqn. 4.14 

Eqn.4.15 

Eqn.4.16 

which shows that the maxima in the ophotocurrent action 

spectra approximately occur when the sum of the photon 

penetration depth and the collection length of the charge 

carrier are equal to the film thickness. Estimates of f3 

were made at several wavelengths for the GaPc-Cl films of 

Fig. 4.13. At 562 nm and 863 nm, f3 values of 1.5 to 

2.0x164/cm were observed, which are likely to be lower than 

the true values. Using these estimates for a film 

thicknesses of d=700 nm, a lower limit for 1 is ca. 150 nm, 

which is near the minimum thickness for the Type A GaPc-Cl 

films. 

It was assumed in the preceding analysis that free 

charged carriers (holes) are formed at the point of photon 

absorption. This may not always be the case. Photon 

absorption may also result in the formation of an exiton, 

and this neutra~ excited state can diffuse through the 
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crystal until trapped at a defect or a surface site where 

the exiton undergoes dissociation to form the free charge 

carriers. Meier (27) and Ghosh, et a1. (83) have 

maintained, however, that carrier generation via exciton 

states is not important for dyes such a phthalocyanines, 

which have band gaps less than 2 eVe It may be questioned 

whether holes are the majority carrier. If electrons had 

been the majori ty carrier, the attenuation effect observed 

here with backside illumination of the Type B electrode 

would have been observed with frontside illumination for the 

same direction of current flow, and this was not the case. 

In summary, the photoaction spectra identified holes 

as the majority carrier and clearly defined, through 

Eqn. 4.14, the relationship between photon penetration 

depth, carrier collection length and film thickness. In 

addition, the comparison of the Type A and Type B films 

illustrates the importance of film thickness in photo

electrochemical behavior. It might be suggested that 

contact between crystallites contributed to the observed 

behavior. As will be shown, however, the Type C film 

consisted of large crystallites tightly packed together, and 

this film behaved very similar to the Type B film despite 

contact between crystallites. 

The only important physical difference between the 

Type A and Type B films was their thickness, as determined 

by the crystallite size, the following model is proposed 
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which examines the band structure of a metal/photo

conductor/redox couple system, as the thickness of the 

semiconductor decreases. The band diagram, Fig. 4.15, was 

construe ted using the electron energy levels, with respec t 

to vacuu}ll, estimated from data published for similar 

materials. The Au-MPOTE work function was assumed to be the 

same as that for bulk gold (4.8eV). The valence band level 

of GaPc-Cl was estimated from surface ionization energies of 

similar phthalocyanines, which lie between 5.0 and 5.2 eV 

versus vacuum (62,63). The work function of the normal 

hydrogen electrode lies betwee.n 4.5 and 4.7 eV (53,54) and 

the reduction potential for H2Q/BQ in pH 4 media is +0.46 

volts versus the NHE. This gave a value of 4.96 to 5.26 eV 

for the energy level of H2Q/BQ. 

Fig. 4.15 indicates the kind of electrical potential 

and electrochemical potential distributions that might be 

expected for the Type A and blocked Type B GaPc-Cl films in 

contact with a redox electrolyte. The thick GaPc-Cl film, 

illustrated in Fig. 4.15b, shows that the space charge 

regions at the gold/Pc interface and the Pc/solution 

interface do not overlap. At equilibrium, when the Fermi 

levels of the substrate, Pc, and redox couple are 

equivalent, most of the potential drop, V, occurs across the 

GaPc-Cl film. Under illumination, a photopotential, limited 

in magnitude by this potential drop, can be developed, as 

shown previously for other photoconductive thin films 
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(25,125). As the film thickness decreases, Fig. 4.15a, an 

increasing portion of the potential drop must occur across 

the Helmholtz region at the Pc/solution interface. Under 

illumination little photopotential would therefore be 

developed, and the GaPc-Cl Type A film would be expected to 
I 

act mainly as a photoconductive electrochemical switch, 

which is what has been observed (33,61). While the sandwich 

cell theory was applicable to the Type B film, it must be 

modified with the stipulation that the film must have a 

minumum thickness, in this case 0.7 microns, equal to the 

sum of the space charge region thicknesses. 

The preceding analysis assumed a linear or at least 

close to linear potential drop through the Pc film. As will 

b e s how n 1 ate r , t his i s nQ.t. the cas e • A pot e n t i a 1 well 

exists within the Type B film which traps photogene rated 

holes. The conclusions remain the same. Illumination from 

the frontside creates readily harvested holes; while 

backside illumination creates holes which undergo 

recombination before migration to the front surface. The 

conclusions regarding the relationship between film 

thickness and potential drop in the film also remain valid, 

however, our understanding of the mechanism of hole trapping 

and recombination has changed. Significant trapping occurs, 

in part, because of an unfavorable potential drop at the 

Au/Pc interface. Trapping at randomly distributed defects 

sites in the crystal bulk may still be important but .seem to 
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be overshadowed by the interface effect at these low light 

intensities. This effect will be discussed in detail when 

the redox couple dependence, photodoping experiments, and 

pulsed laser coulostatic experiments have been discussed. 

With this in mind, the collection length (1) calculations 

have to be interpreted with care. 

The Type C GaPc-Cl Electrode: Complete Coverage 

While an insulating polymer layer provided a means 

of eliminating exposed gold sites, a better method proved to 

be simply increasing the dye coverage until a single layer 

of tightly packed crystallites occurred. This film would be 

of sufficient thickness and nonporous so as to avoid the 

problems associated with the Type A and Type B films. The 

Type C film was an ideal film to test if the photopotential 

developed was linearly related to the formal potential of 

the redox couple, as predicted by Schottky barrier sandwich 

cell theory. 

The sUblimation time was increased to 48-92 hours 

without any significant change in sublimation rate. 

Fig. 4.16 shows an SEM of such an electrode designated as 

Type C. The increase in coverage over the Type B film was 

about a factor of two to three greater, or about 1500 to 

2000 EQM. The uniformity of the film and the increased 

coverage were consistent with a single layer of 

crystallites, about 1 urn on an edge, and tightly packed 
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Fig. 4.16 SEM of a Au-MPOTE/GaPc-Cl Type C Film. 

Fig. 4.17 SEM of a Very Thick Au-MPOTE/GaPc-Cl Film. 
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together. An SEM of a thicker film is shown in Fig. 4.17. 

Another layer of rectangular crystallites was not laid down, 

but rather fibrils formed with a knob at the end. The 

crystals in Fig. 4.16 resembled flat topped pyrimids. As 

the thickness of the film increased, the cry~tals eventually 

form points. A few pointed crystals are apparent in the 

SEM. These points may lead to formation of the fibrils; 

which may eventually begin to form more regular cyrstals, as 

evidenced by the knobs on the ends of the fibrils. This 

films showed far more irreversible photoelectrochemical 

behavior than the thinner Type C films without the fibrils. 

This decrease in efficiency may be due to reduced 

conductivity in the fibril and knob portion of the film, 

enchanced surface recombination due to the significantly 

greater surface area to volume ratio, or attenuation of the 

light because of the increased thickness. 

In order to understand the photoactivity developed, 

in particular the magnitude of the photopotential, a wide 

variety of redox couples vJere tested. Figs. 4.18-4.23 show 

the cyclic voltammograms for six redox couples at stationary 

electrodes. In the dark, Ii ttle or no current was observed 

in all cases. This was consistent with the dark behavior of 

the Type A films. 

and light was 

significant. 

Dark current was due to residual porosity 

required for dye conductivity to be 
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Fig. 4.18 Cyclic Voltammogram of 1 mM H2 Q on a Type C Film and on Au-MPOTE. 
Condi tions were as in Fig. 4.3c 
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Fig. 4.19 Cyclic Voltammogram of 1 mM Fe(CN)g3,-4 on a Type C Film and on Au-MPOTE. 
Conditions were as in Fig. 4.3c 
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Fig. 4.20 Cyclic Vultammogram of 1 mM NQ on a Type C Film and on Au-MPOTE. 
Condi tions were as in Fig. 4.3c 
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Fig. 4.21 Cyclic Voltammogram of 1 mM Fe(EDTA)-1,-2 on a Type C Film and on Au-MPOTE. 
Condi tions were as in Fig. 4.3c 
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Fig. 4.22 Cyclic Voltammogram of 1 mM AQ on a Type C Film and on Au-MPOTE. 

Condi tions were as in Fig. 4.3c 
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Fig. 4.23 Cyclic Voltammogram of 1 mM MV+ on a Type C Film and on Au-MPOTE. 
Condi tiona were as in Fig. 4.3c 
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In. the light, both positive and negative shifts of 

the cyclic voltammogram occurred compared to the bare Au 

surface, indicating both positive and negative photo

potentials were possible. H2Q/BQ, Fe(CN)6 3,-4 and NQ showed 

negative photopotentials while MV+ and AQ showed positive 

photopotentials. Fe(EDTA)-1,-2 showed little or no photo-

potential. For H2Q, the peak to peak separation in the 

light was much less than that on bare gold. For the other 

redox couples which had much faster kinetics on bare gold, 

the peak to peak separations in the light were similar to or 

larger than those on bare gold. 

For those redox couples for which both the oxidized 

and reduced species were available and were stable in 

solution, their behavior at a rotating disk electrode was 

studied. The results for H2Q/BQ, Fe( CN)6 3, -4 and Fe(EDTA)-

1,-2 are shown in Figs. 4.24-4.26 respectively. The shift 

of the zero current cross over potentials were consistent 

with the stationary electrode voltammograms, but it was now 

clear that Fe(EDTA)-1,-2 showed a small positive photo-

potential. Two curves are shown for2Q/BQ on bare gold which 

have been reduced in scale by a factor of 2.5. The curves 

are analogous to the reversible and iireversible curves 

shown in Fig. 4.3a for a stationary Au electrode and were 

obtained in the same manner by prolonged oxidation. For 

each of the redox couples, the illuminated GaPc-CI RDE gave 

an approximately linear i-V response that was found to be 
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4.24 RDE Voltammogram of 1 mM H2 Q/BQ on a Type C Film and on Au. 
Conditions were as in Fig.4.3c IU 
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. Fig. 4.25 RDE Voltammogram of 1 mM Fe(CN)g3,-4 on a Type C Film and on Au. 
Condi tions were as in Fig. 4.3c 
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Fig. 4.26 RDE Voltammogram of 1 mM Fe(EDTA)-1,-2 on a Type C Film and on Au. 
Conditions were as in Fig. 4.3c 
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independent of rotation rate. This is discussed in detail 

in the "Photoconductivity of Type t GaPc-Cl Films" section. 

For each redox couple, open circuit photopotential 

measurements, versus a platinum counter electrode, were made 

with a digital voltmeter. With sta tionary electrodes, the 

photopotential was unstable and erratic, al though the sign 

and the magnitude was consistent with the voltammetric data. 

With rotating disk electrodes, the photopotential 

measurements were very stable and consistent in sign and 

magnitude to within ±10mV of the voltammetric data. The 

instability of the stationary electrode data can be 

attributed to thermal convection effects due to 

illumination. These effects were eliminated at the rotating 

disk electrodes, with rotation providing efficient heat 

dissipation and a uniform solution composition at which the 

electrode potential could poise. 

Fig. 4.27 shows Vo•c . plotted versus the measured 

EO, of each redox couple. Where possible, RDE data was used, 

otherwise stationary electrode data was used. A linear 

relationship, exists and both positive and negative photo

potentials are possible, with an X-axis intercept near O.OV 

versus Ag/AgCl. Assuming 4.6 eV as the potential of an 

electron versus vacuum in the normal hydrogen electrode 

(NHE) (53,54), (see Chpt. 2, The Metal/Electrolyte 

interface), and the Ag/ AgCl electrode was 0.2 V posi ti ve of 

the NHE; then the X-axis intercept is ca. -4.8 eV versuS 
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vacuum. 4.8 eV corresponds closely to the measured Fermi 

level of gold. According to the model of Rose (25), the 

photopotential should be equal to the difference in the 

chemical potential of an electron in the isolated redox 

couple and in the isolated gold substrate. As expected from 

this theory, a zero photopotential occurred when these 

values were equal, Le. both 4.8 eV versus vacuum. 

Fig. 4.28 illustrates this more clearly for three 

cases. The top portion of the figure shows the relative 

electron energy levels of the three phases before 

equilibration of these levels, while the bottom portion of 

the figure shows the energy levels and band bending at 

equilibrium. Equilibration and band bending will occur at 

each interface in accordance with the pre-equilibrium 

difference between the electron energy levels at that inter

face. The net result will be a potential drop in the Pc 

film equivalent to the difference in the chemical potential 

of the metal and the redox couple. 

In case A, a negative photopotential is expected, as 

obtained with H2Q/BQ, Fe(CN)g3,-4, and NQ redox couples. 

Bee a use 0 f the reI at i v e val u e s 0 f E f ' q-, and EO" bot h 

interfaces, if treated separately, would form negative 

photo potentials. In case B no photopotential should occur. 

Space charge regions of equal but opposite potential 

gradient will occur. This would be the case for a redox 

couple having an EO, of 0.0 V versus Ag/AgCI and was closely 
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approximated by the Fe(EDTA)-1,-2 case. In case C, a 

positive photopotential is expected as obtained with AQ, and 

MV+. The potential gradients at each interface are opposite 

in sign but the Pc/Redox interface dominates. 

The overall photopotential will depend only on the 

chemical potential values of the two contacting phases as 

predicted by Rose (25). However, the exact nature of the 

potential gradient will depend on the value of E~ the Fermi 

level of the Pc. In Fig. 4.28, E} was assumed to be lower 

in energy compared to the gold phase. From photocurrent 

spectroscopy and pulsed laser photocoulostatics, E} was· 

found to lie about 0.1 eV above Ef • The conclusions 

regarding the magnitude of the photopotential remain the 

same, but as will be seen. the value of E} can affect the 

efficiency of charge transfer. 

The slope of the Vo. c • vs. EO, relationship is not 

1.0 but 0.78, since some fraction of the potential drop may 

occur in the Helmholtz double layer in solution rather than 

in the Pc film. Only that proportion of the potential drop 

which occurs in the film will contribute to the photo

potential. From photopotentials developed on Type A films, 

which were typically about 20 mV, the slope of the Vo•c• vs. 

EO, curve would be less than 0.1, because of the large 

potential drop in the Helmholtz double layer. 

The basic theory of Rose for Schottky barrier 

san d w i c h cell s has bee n s how n t 0 b e q u.i t e val i d wit h the s e 
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stipulations: 1) The film must be non-porous to prevent 

back-reaction at exposed substrate and 2) the film must be 

at least as thick as the two space charge regions, or about 

1.0 micron. 

A more accurate and general theory models this 

system as two Schottky barriers, back to back, in close 

proximity. This slight modification allows the effects of 

porosity to be interpreted in much the same manner as 

recombination through surface states at a single Schottky 

barrier interface. It also allows the magnitude of the 

photopotential developed to be related to the space charge 

thickness in relation to the film thickness. Thus, Rosds 

model is a simplification of the more general Schottky 

barrier theory as applied to thin films. 

Hydrogen Eyolution 

Hydrogen evolution for use as a chemical fuel 

represents a major economic goal for photoelectrosynthetic 

systems. Demonstration of hydrogen evolution on an organic 

semiconductor based Schottky barrier sandwich cell, such as 

Au/GaPc-Cl, will promote considerable interest in these 

devices for solar energy conversion. 

The ability to photoreduce methyl viologen, with up 

to a 600 mV photopotential, suggested that hydrogen 

evolution should be possible, at least with a solution pH 

for which the EO, was positive of -650 mV versus Ag/AgCl. 
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Fig. 4.29 shows the results for a pH 1.9 buffer, EO,= -250 

mV, on a Type C electrode and a bare gold electrode. The 

bar ego 1 d s howe d qui tea 1 a r g e, L3 00 m V, 0 v e r pot e n t i a 1 for 

hydrogen evolution at currents greater than 100 uA/cm 2 • On 

the Type C electrode, no d~rk current was observed, 

indicating a nonporous film. In the light, hydrogen 

evolution began at about 300 mV positive of the EO, for 

hydrogen at this pH. While this was encouraging, the solar 

efficiency was poor, <.01%, predominantly because of the 

small currents at potentials positive of the EO,. The non

linear shape of the curve and the difference betw~en the 

forwar.d and reverse scans suggested that poor kinetics for 

hydrogen evolution was limiting the efficiency rather than a 

small photopotential. Similar limits to solar efficiency 

were noted by Heller (126,127), and others (128-132) which 

could be improved by the addition of catalytic sites to the 

surface. 

The Type C electrode was modified by electro

chemically depositing platinum on the surface with a method 

s i mil art 0 t hat 0 f Hell e r's for In Pel e c t rod e s • De p 0 sit ion 

of metallic platinum occurred by reduction of a solution of 

K2 C1 4Pt, in 0.1 M HCl, in a galvanostatic mode, and while 

the electrode was under illumination. Illumination allowed 

deposition to occur on the GaPc-Cl cyrstals, rather than on 

the small amount of exposed Au substrate between the 

crystals. Deposition of a known amount of Pt on the surface 
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was possible and easily calculated from the duration of 

current flow. A current of 3-5 uA, for a duration of 30 sec 

to 5 min, was used. This gave coverages on the order of 20 

monolayers or 2 ug/cm 2 . 

Fig. 4.30 shows the results for a Type C electrode 

and a bare gold electrode with about 1.3 ug/cm 2 of platinum. 

The bare Au/Pt surface showed considerable catalytic 

enhancement over that of the non-platinized gold surface. 

This suggested the quantity of platinum deposited was more 

than adequate to catalyze the photoevolution of hydrogen, 

providing it retained the same catalytic activity on the 

Type C surface. Under illumination, this platinized Type C 

electrode showed enhanced photoevolution of hydrogen with an 

optimum solar efficiency of about 0.1% and a fill factor of 

0.25. The maximum photopotential (V o •c ) was about 500 mV 

and the maximum photocurrent at the EO, (i s •c .) was about 

150 uA/ cm 2 • Assuming an approximately linear relationship 

between photopotential and photocurrent gives a maximum 

power output (P) of: 

Eqn. 4. 17 

The fill factor, f.f., is defined as the ratio of the 

maximum power output to an idealized power output given by 

the product of Vo•c • and i or: s.c. 

Eqn. 4.18 
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The power conversion efficiency is given by the 

ratio of the maximum power output to the power input in the 

visible range, which in this example was c.a. 100 mW/cm 2• 

The constant slope of the illumination curve in 

Fig. 4.30 was very similar to that obtained for Type C RDE's 

with other redox couples. This similarity indicated that 

catalysis at the surface was no longer the limiting factor 

but rather bulk conduction in the Pc film. The dark current 

on the Pt-modified electrode was also enhanced. 

Fig. 4.31 shows a similar system but with an 

increase in platinum coverage to 1.7 ug/cm 2 . The dark 

current has increased, over that shown in Fig. 4.30, but the 

photocurrent and the efficiency have diminished 

considerably. Fig. 4.32 shows the behavior with a platinum 

coverage of 0.58 ug/cm 2 • Here the dark current was less 

than in the previous examples, but the photocurrent was not 

quite optimum. Thus an optimum value of platinum coverage 

of about 1.0 ug/cm 2 was desirable. At coverages below this 

value, catalysis was hindered by the lack of suitable sites 

for hydrogen evolution. At higher coverages, the dark 

current increased, while the photocurrent dropped. 

Two types of platinum deposition sites can account 

for this behavior. Deposition of platinum on the Pc 

crystals enhanced photocatalysis; but platinum could also 

deposit in the very small pores between crystals and make 

electrical contact with the underlying gold. As the amount 
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Fig. 4.31 Cyclic Voltammograms of a!H 1.9 Buffer on a Type C, GaPc-Cl Electrode and 
on Au-MPOTE with 1.7 ug/cm of Platinum Coverage. Other conditions were as 
in Fig. 4.3c. 
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Fig. 4.32 Cyclic Voltammograms of a ~H 1.9 Buffer on a Type C, GaPc-Cl Electrode and 
on Au-MPOTE with 0.58 ug/cm of Platinum Coverage. Other conditions were 
as in Fig. 4.3c. 
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of platinum deposited between crystals increased and the 

platinum built up in the pores, the effective area of the 

pores increased and short circuited the photopotential, just 

as the presence of pores did with the Type B film. 

The dependence of hydrogen evolution on pH is shown 

in Fig. 4.33. Since with each pH, the photopotential must 

be evaluated by comparison to the formal potential at that 

pH, the curves have been shifted so that the EO, falls along 

the vertical dashed line. The vertical hash on each curve 

is 0.0 V versus Ag/AgCl. At lower pH's, the current-voltage 

curve was steeper, suggesting better efficiency could be 

obtained at low pH for catalytic reasons. 

Of more importance was the independence of the onset 

potential of hydrogen evolution relative to the formal 

potential for each pH. This was contrary to the principle 

that led to Fig.4.27: as the EO, became more negative, an 

increase in the photopotential was expected. In this case, 

the photopotential seemed to be independent of the EO,. 

Heller ·(134) observed a similar phenomenon for 

platinized InP electrodes. He suggested a theory similar to 

that illustrated in the band diagram of Fig. 4.34. The 

evolution of hydrogen at platinum sites resulted in a 

platinum hydride phase. The incorporation of hydrogen into 

the platinum raised the Fermi level depending on the amount 

of hydrogen present (134). It was this phase that 

determined the potential drop acrosss the film in accordance 



Fig. 4.33 Cyclic Voltammograms at Various pH Values on a 
Platinized Type C, GaPc-CI Electrode. Voltam
mograms are shifted such that the EO, value at 
each pH falls along the vertical dashed line. 
Other condi tions were as in Fig. 4.3c. 
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Fig. 4.33 Cyclic Voltammograms at Various pH Values on a 
Platinized Type C, GaPc-Cl Electrode. 
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Fig. 4.34 Band Diagram Illustrating how the Platinum-Hydride 
Phase Determines the Potential Drop Across the 
Film. 
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with earlier principles. Since the Fermi level of this 

phase depended on the amount of hydrogen saturation and not 

the hydrogen ion concentration, the photopotential should be 

independent of pH. 

The above described effect should depend on the 

amount of hydrogen generated, as Heller observed on 

platinized InP electrodes. Initially, no hydrogen was 

available, and the photopotential was determined by the EO, 

for hydrogen evolution, via direct contact of the solution 

with the Pc. As photoevolution of hydrogen proceeded, the 

saturated Pt-hydride phase was formed and the photopotential 

became smaller because of the lower energy of an electron in 

this phase. Because a positive photopotential of about 400 

mV was formed, the platinum hydride must have a Fermi level 

of about 0.4 eV closer to vacuum than gold or about 4.4 eVe 

Even though the solution was probably in contact with both 

the platinum and the Pc, the considerably faster kinetics at 

the platinum hydride assured that equilibration directly 

between the Pc and solution did not occur. 

Poising the electrode, at potentials sufficiently 

positive to oxidize the platinum hydride back to platinum, 

should return the photopotential to that determined by the 

EO, of the H2/H+ couple. This effect was not observed on 

platinized Type C films. The amount of platinum coverage on 

these films was considerably smaller than on Heller's InP 

electrodes. Thus, the amount of hydrogen needed to saturate 
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the platinum on the Type C film was so small that saturation 

could have occurred almost instantaneously. As a result, no 

dependence on electrode history could be observed on the 

cyclic voltammetric scan time scale. 

In summary, the first instance of light driven 

hydrogen evolution at an organic semiconductor has been 

demonstrated. The addition of platinum catalytic sites 

enhanced the efficiency, providing the coverage was about 

1.0 ug/cm 2 . The platinum, however, formed a platinum

hydride phase which displaced the electrolyte as the 

contacting phase at that interface. Thus, the photo-

potential was determined by the difference in the Fermi 

levels of Au on one side and platinum-hydride on the other. 

Photoconductivity in Type C GaPc-Cl Electrodes 

The solar efficiency of 0.1% for hydrogen evolution 

must be improved upon in order for the Type C electrode to 

receive serious economic consideration. In this section, 

the efficency is shown to be limited by the bulk properties 

of GaPc-Cl. This is attributed, in part, to an exponential 

dis t rib uti 0 n 0 fin t e r ban d gap C I BG) s tat e san d , in par t , t 0 

the formation of a potential well within the film. 

The photocurrent curves, shown in Figs. 4.24, 4.25, 

and 4.26 for H2Q/BQ, FeCCN)6 3 ,-4 and FeCEDTA)-1,-2, did not 

show any dependence on the RDE rotation rate from 700 rpm 

to 4000 rpm. Above 4000 rpm, turbulent flow began to set 
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in; and below 700 rpm, the vol tammograms began to resemble 

voltammograms at stationary electrodes. The current at an 

RDE is given by: 

1 I i = 1 I i k + 1 I C wO • 5 Eqn. 4.19 

where cwO. 5 (see Eqn. 3.5) represents the mass transfer 

contribution to the current and i k the kinetic contribution 

to the current. The observed independence of the photo

current on w suggests than i k is small compared to CwO. 5 

and the mass transfer term can be ignored. Thus the photo-

current can be given in the most general sense by: 

i=ik=nFA k(E) f(C*C*) fl (I) o r Eqn. 4.20 

* * where k(E) is the potential dependent rate constant, f(CoC r ) 

expresses the dependence of the reaction on the bulk redox 

couple concentration and fl(I) the dependence on the 

illumination intensity. The slopes of the RDE photocurrent 

curves, were of a constant slope of about 0.34 uA/cm 2• The 

slope did not change upon substitution of 1 mM Fe(CN)6 3,-4, 

a one electron transfer process, for 

electron transfer process. The slope did not change for 1mM 

Fe(EDTA)-1,-2 and was identical for 2 mM Fe(EDTA)-1,-2. The 

results suggested no dependence on the redox couple 

concentration in the millimolar range. 

be considered constant and incorporated into k(E) to give 

for Eqn. 4.20: 

i k = Ak ' ( E ) f' ( I ) Eqn. 11.21 



234 

The constant slope of the photocurrent-voltage 

curves allows k'(E) to be given by: 

k'(E)=C(E-E o . c .) Eqn. 4.22 

where Eo . c • is the potential where zero photocurrent is 

observed. 

The effect of polychromatic illumination intensity 

was observed and found to obey: 

ia:l n Eqn.4.23 

where n was 0.74 ~ 0.05 for all three redox couples. 

In summary, the photocurrent can be given by: 

i=AC(E-E )1°·74 o. c . Eqn. 4.24 

and the constant C can be calculated from the slope to be 

1.0x10-2 (uA'mV/cm 2 ) (cm 2/mW)0.74 

According to Rose (26) and as reviewed earlier, a 

value of n lying between 0.5 and 1.0 can be explained by an 

exponential or non-uniform distribution of lEG states. As 

the intensity increases, the steady state Fermi levels 

(SSFL) for holes and electrons will move towards the band 

edges and more IBG states will become recombination centers. 

Since the density of IBG states increases nearer the band 

edges, as shown in Fig. 2.6c, the number of recombination 

states increases faster than the density of charge carriers. 

Thus a larger fraction of carriers will undergo 

recombination as the intensi ty increases. This is covered 

in more detail in Chpt. 2, Bulk Photoconductivity. In 

Appendix A, an explicit relationship for obtaining the lEG 
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state distribution from experimental data is derived and 

applied to GaPc-Cl using Eqn. 4.24. 

As noted earlier, this model assumes both ohmic 

contacts and a linear potential drop across the film. As 

will be shown later, the contacts were llQ1 ohmic and a non

linear potential drop existed within the Pc film. The non

linearity may have considerable influence on the photo

conductivity depending on its exact shape. 

The nature of the potential profile was investigated 

using photoaction and photodoping experiments (36,39) and 

pulsed laser photocoulostatics (40). Dr. Bill Buttner 

obtained photoaction spectra for a Type C film, similar to 

that of Fig. 4.13 for the Type B film. He also observed the 

form of the current-time profile on an oscilloscope. These 

results are shown in Fig. 4.35 for backside illumination. 

With moderately absorbed modulated light (540 nm) having a 

deep penetration depth, the photocurrent was observed to 

rise, with a characteristic time constant of about 5 msec, 

to a constant value followed by decay back to zero with the 

same time constant. The onset and decay of the photocurrent 

matched, as expected, the times at which the light was 

chopped on and off respectively. The photocurrent was 

oxidative and this was consistent with the polychromatic 

photocurrent at a bias potential of +200 mV versus Ag/AgCl. 

With the very highly absorbed 632 nm light, a very 

different effect was observed for backside illumination at 
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Fig. 4.35 Oscilloscope Photocurrent Time Profiles for Two 
Bias Potentials and Two Illumination Wavelengths. 
Conditions were: 5mM H2Q, pH 4 KHP Buffer. 
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the same bias potential. When the light was turned on, a 

reductive current spike was observed, and when the light was 

turned off, a similar but oxidative current spike was 

observed. This anomalous photocurrent was suggestive of 

charging and discharging of a capacitor in series with a 

resistance. 

A non-linear potential drop across the film, similar 

to that in Fig. 4.36, was suggested to explain these 

results. Befor equilibrium, the Fermi level of the dye lies 

above that of the Au by about 0.1 eV. This value was 

determined from pulsed laser photocoulstatic results, which 

are described in the next section. Upon equilibration, 

Schottky barriers are formed at each interface, and because 

of the values of the particular energy levels involved, a 

potential well is formed. As illustrated, charge carriers 

created in the region near the front interface will show an 

oxidative photocurrentj while those created near the back 

interface will·result in a reductive photocurrent. This 

initial current flow will, however, result in 

redistribution of charge, so as to create a more linear 

potential drop within the film, as shown in Fig. 4.37. The 

charge redistribution results in accumulation of electrons 

in the well and holes at the interfaces. The energy of the 

well is raised to a higher energy because of this, and the 

well depth decreases. The depth of the well will stabalize 

when the rate of carrier generation by illumination is equal 
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to that of recombination. In a manner, this process can be 

though of as generating two equal, but opposite, photo

potentials at each interface. 

When the bands have been linearized by illumination, 

the dependence on wavelength is the same as described in the 

earlier model (See Chpt. 4, Type A Versus Type B). Holes 

were the majority carriers, and the overall potential 

required their flow to the front interface. With highly 

absorbed light illuminating the backside, many or most of 

these holes will undergo recombination before reaching the 

front interface. As the bias is made more positive, the 

initial reductive spike was followed by an oxidation photo

current, Fig. 4.35, indicating some of the holes were able 

to transit the entire film. For moderately absorbed light, 

the holes are, on the average, created nearer the front 

interface and thus less likely to undergo recombination. 

More efficient photocurrents are "expected for moderately 

absorbed light, as compared with highly absorbed light, with 

backside illumination. The rise time associated with the 

540 nm light was very similar to the time constant 

associated with the 632 nm light current spike. Thus this 

rise time is probably due to capacitive charging and 

linearization of the bands, as illustrated in Fig. 4.37. 

In the photodoping experiments, a constant unchopped 

light source illuminated the film, in addition to the 

chopped light source. The signal output resulting from the 



241 

chopped light source was monitored with a lock-in-amplifier 

or observed on an oscilloscope; but this output depended 

strongly on the unchopped source. The effect of this 

illumination was to pre-linearize the bands. As expected, 

the capacitive type current associated with the chopped 632 

nm backside illumination decreased significantly depending 

on the intensity of the unchopped light and to some extent 

its wavelength. The rise time associated with the 540 nm 

light also decreased. 

At very high intensities of the unchopped light 

source, the capacitive current contribution became 

negligible. The modulated photocurrent, however, continued 

to depend on the intensity of the unchopped light source. 

These results suggested, that at low light intensities, the 

potential well was a significant contribution to the 

recombination of charge carriers; and at high light 

intensities, bulk lBG states were responsible for 

recombination in a manner analogous to that given by the 

model of Rose (26). 

Pulsed Laser Photocoulostatics 

While the photocurrent-tirne profiles were consistent 

with the formation of a potential well within the film, 

these experiments were not able to predict the depth of this 

well. Pulsed laser photocoulostatic experiments were able 
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to confirm the existence of the well and to measure its 

depth at any particular bias potential. 

Before the experimental results are discussed in 

detail, it is necessary to describe the movement of charge 

at a single Schottky barrier interface. Perone and 

coworkers (107-109) have outlined the theory and others 

(133) have used it to describe the experimental results 

observed at semiconductor electrodes. This discussion 

expands the theory of Perone to include the effects of the 

initial bias potential. The reader may want to review the 

experimental portion of this text if unfamiliar with the 

experimental protocol. 

Transient Charge Motion in Semiconductors 

Four effects can be observed at the Schottky barrier 

junction. They are: a) formation and decay of the photo

potential; b) non-equilibrium expansion and contraction of 

the space charge region; c) charge transfer across the 

interface via thermally generated carriers; and d) charge 

transfer across the interface via photogenerated carriers. 

The first two effects are very similar in that they involve 

only movement of charge within the space charge region and 

not across the interface. The last two also are related in 

that charge transfer across the interface occurs. Each of 

these will be initially .discussed as though they are 
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independent of one another, and later their interaction will 

be considered. 

Recall that the effect of the initial bias potential 

is to poise the bands in any particular manner, as in 

Fig. 2.11. Variation of the potential varys the charge 

which resides in the contacting phase and the space charge 

region. At the flatband potential, no excess charge resides 

in each phase. At potentials negative of this (using the 

contacting phase as reference), excess negative charge 

resides in the semiconductor, an equal amount of positive 

charge resides in the contacting phase, and the bands bend 

down towards the interface. The reverse occurs at positive 

potentials, and the bands bend up towards the interface. 

Initially, consider charge transfer across the 

interface to be forbidden, such that only the processes 

occurring in the space charge region need be considered. 

Since the system was placed in the open circuit condition, 

charge cannot flow around an external circuit. Thus because 

of these two restrictions, the system mQ~~ return to the 

initial bias condition. 

Upon absorption of a packet of photons within or 

near the space charge region, charge carriers will be formed 

and will begin to move in accordance with the band bending 

as determined by the initial bias potential. The separation 

of charge will always be such that the potential excursion 

is towards the flatband potential. Since continuous 
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generation of carriers does not occur, the carriers will 

recombine and the potential will decay back to the original 

bias potential. This process is formation and decay of the 

photopotential. Under high enough light intensities, the 

photopotential will be equal to the amount of band bending. 

Non-equilibrium expansion and contraction of the 

space charge region is also due to movement of charge in 

this region. The details of this effect have only been 

studied through computer modeling (134,135); but a general 

overview is given here. Consider an intrinsic semiconductor 

where the bulk density of holes (po) and electrons (no) a.re 

equal. In the space charge region at an electron blocking 

contact, Fig. 2.10, holes will accumulate and electrons will 

be depleted. Fig. 4.38-curve 1 shows the populations of the 

carriers, on a logrithmic scale, versus distance from the 

interface. Recall that the product of nand p is constant, 

Eqn. 2.3, in any equilibrium or steady state situation. 

Upon illumination, holes will move towards, and 

electrons away, from the surface. This separation of charge 

results in a photopotential and is reflected in Fig. 4.38-

curve 2, as a contraction of the space charge region. Since 

this is an intrinsic material and the product, np, is a 

constant for this steady state photopotential, the curves 

are symmetr ical. 

The charges in this region, however, will 

accelerate, at least initially, according to the potential 
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Fig. 4.38 Electron (n) and Hole (p) Concentrations, Versus 
Distance from the Interface, for No Illumination, 
Steady State Illumination, and the Non-Equilibrium 
Condition Resulting from Pulsed Illumination. 
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within the space charge region. Since this potential is 

non-uniform, carriers nearer the interface will accelerate 

faster than those nearer the bulk. For instance, holes near 

the interface will see a steeper potential gradient than 

holes near the back of the space charge region. Electrons 

will see a similar situation; but the force applied to them 

will be opposite to that for holes. Because holes are 

stopped at the interface, an over accumulation of holes will 

occur here, and a depletion of holes below the bulk level 

will occur deeper within the semiconductor. This is 

reflected in Fig. 4.38-curve 3. Since the electrons are not 

blocked at an interface, they will generally show a much 

smoother profile. The end result is that an excess 

separation of charge occurs, compared to the steady state 

photopotential, and the potential will overshoot the steady 

state photopotential. Within a short period of time, the 

slow carriers near the back of the space charge will begin 

to move and the potential will relax back to the steady 

state photopotential, Fig. 4.38-curve 2. 

In summary, because of the non-uniform potential 

gradient, regions with a large potential gradient will react 

to the initial conditions faster than regions with a smaller 

potential gradient. This gives rise to the non-equilibrium 

arrangement of charge, which in turn causes the potential to 

exceed that given by the steady state distribution of 

charge. 
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,In each of these cases, it is important to 

distinquish charge migration due to an electric field and 

charge diffusion due to thermal motion. The initial 

separation of charge due to illumination arises from charge 

migration. Also the relaxation from the non-equilibrium 

expanded space charge region to the steady state photo

potential is due to charge migration. The time domain in 

which each process will occur will depend, in part, on the 

magnitude of electric field present. Thus the initial 

photopotential excursion will be very fast, typically on the 

order of nanoseconds (134). The contraction from the non

equilibrium condition will be slower, since the potential 

will be nearer the flat band condition and a much smaller 

driving force is present. Relaxation of the steady state 

photopotential, from near the flat band condition to the 

initial bias potential, is due to charge diffusion followed 

by recombination. The potential during this process 

actually opposes recombination, and the time frame of this 

process is much slower than with effects due to migration. 

The processes which invol ve charge transfer across 

the interface are much simpler in concept. In the dark, 

charge residing in one phase will migrate across the inter

face to attain the equilibrium potential. The rate of this 

process will depend on the type of contacting phase. For a 

redox couple having facile kinetics, electron transfer will 

be determined by diffusion of the solution species towards 
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the surface. For a metal contact, the rate will be 

determined by the diffusion of carriers in the semiconductor 

to the surface. This latter process will be very fast, 

compared to the solution, because of the much large 

diffusion coefficient of carriers in the semiconductor, as 

compared to species in solution. The presence of an oxide 

layer may also hinder charge transfer and thus determine the 

rate of equilibration. 

Photogenerated carriers will behave in a similar 

manner; except charge movement will occur so as to drive the 

potential towards the flatband potential. Recalling that 

the flatband potential is the potential of zero charge, then 

at potentials negative of the flatband potential, Fig. 2.11, 

(contacting phase as reference) negative charge will be 

donated to the contacting phase. At potentials positive of 

the flatband potential, positive charge will cross into the 

contacting phase. 

At pot e n t i a 1 s p 0 sit i v e 0 r neg a t i v e 0 f QQ.t.h the 

flatband and equilibrium potentials, both the dark and light 

charge transfer processes will be in the same direction. At 

potentials between these two values, the dark and light 

processes will compete. For instance, with an electron 

blocking juncticn photooxidation and dark reduction will 

compete. 

The ability to obtain a temporal separation of these 

two effects will depend on the relative rates of each. 
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Photooxidation, for example, will only occur as long as 

photogenerated carriers are available. With a redox couple 

contacting phase, the availability of carriers will be 

limited by the decay time of the steady state photopotential 

as determined by bulk recombination. Because of the 

relatively small concentration of electronic states in 

solution, as compared to a metal, the amount of charge 

transfered to solution will be much less than that which 

undergoes recombination in the bulk. For a metal contacting 

phase, photooxidative charge transfer to the metal, followed 

by dark reduction, may be a much faster mechanism for charge 

recombination than bulk recombination. Surface states may 

also provide an alternate means for recombination. The rate 

of recombination will depend on the density and energy 

distributions of the surface states as well as their carrier 

capture cross sections. 

The Au/Gapc-Cl/Fe(CN)63 ,-4 system had two interfaces 

in series, which resulted in some interdependence of the 

charge movements at each interface. Since the Pc was 

insulating in the dark, the effect of the initial bias was 

to place charge in the two contacting phases. Upon 

illumination, charge transfer through one interface will be 

dependent on charge transfer through the other interface. 
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Results for the Type C GaPc-Cl Electrodes 

Fig. 4.39 shows the potential time transients that 

resulted in the 0-10 msec time domain, following 

illumination with a 22 millijoule laser pulse, from the 

backside, and with initial bias potentials ranging from +400 

mV to -400 mV vs. Ag/AgCl. Also shown are the decays of the 

electrode potential that resulted, if the electrode remained 

in the dark, during that same time period following open 

circuit. The laser was fired during the dark experiments, 

but blocked from illuminating the electrodes, so that the RF 

noise contribution to the signal was the same as in the 

light. On this time scale, the RF noise contribution was 

negligible. The dark decay was, in all cases, to the 

equilibrium potential or about +225 mV vs. Ag/AgCl. The 

majority of the decay occurred at times greater than 10 

msec. 

Fig. 4.40 shows the current voltage curve that 

resulted when a Type C GaPc-Cl electrode was immersed in an 

equimolar solution of ferri/ferrocyanide, and the current 

sensitivity was expanded sufficiently. The small pores in 

the GaPc-Cl layer allowed a fraction of the solution redox 

couple to penetrate to the gold substrate and react 

resulting in a dark current of about 2 uA/cm 2 • The plateau 

nature of the dark i/V curve, away from the equilibrium 

potential, was consistent with mass transport of 

ferri/ferrocyanide through a slightly porous overlayer of 
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Fig. 4.40 Cyclic Voltammogram of 1mM FeCCN)6 3,-4 on a Type 
C, GaPc-Cl Electrode with an Expanded Current 
Scale. Conditions were as in Fig. 4.3c. The zero 
current potential in the dark is the equilibrium 
potential and the zero current potential in the 
light is the flatband potential. 



3 JJA/cm2 

light 

0.4 

0.0 V 
dark 

Fig. 4.40 Cyclic Voltammogram of lmM Fe(CN)~3,-4 on a Type C, GaPc-Cl Electrode with 
an Expanded Current Scale. N 

~ 
N 



253 

dye on the Au electrode, as modeled by Matsuda and coworkers 

(122,123) (See Chpt. 4, Thermal and Coverage Effects) Upon 

continuous illumination, the zero current potential shifted 

to ca. 0.0 V vs. Ag/AgCl, Le. the flatband potentential. 

These small pores were responsible for the slow dark decay 

observed in Fig. 4.40. Had dark conduction through the Pc 

crystals been important, a linear relationship between 

current and voltage, due to simple resistive effects, would 

have been expected. 

Curves A and B of Fig. 4.39 show that when the 

electrode was initially biased positive, the electrode 

potential, following the laser pulse, moved in a negative 

direction and then returned to the potential of the open-

circuited electrode in the dark. Backside illumination at 

positive bias was unable to fully discharge the capacitance 

of the Pc layer, and the initial potential (minus the dark 

decay) was reestablished. Thus, the only major processes 

contributing to the signal, at times less than 10 msec, were 

non-equililbrium expansion and contraction of the space 

charge region, and development and decay of the photo

potential. Since the first of these occurred on a much 

faster time scale, as will be seen, curves A and B were the 

result of the second process. 

Curves C and D of Fig. 4.39 show that, when the 

electrode was initially biased negative, the laser pulse was 

successful in discharging the Pc capacitance, and the final 
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potential was positive of the initial potential and was 

permanently changed within the time scale of the experiment. 

Because a permanent change in potential occurred, curves C 

and D must be the result of light activated charge transfer 

of holes from the metal to the redox couple. Note the 

similarity of the time scale for this process and that for 

decay of the photopotential. This suggests both processes 

were limited by the lifetime of free charge carriers in the 

film, which from the decay times must be on the order of one 

msec. 

The difference between curves A and B, and curves C 

and D can be explained with a model identical to that 

developed to explain the photoaction spectra (Chpt. 4, Type 

A versus Type B). A negative bias of the Au/Pc/Redox system 

drove holes to the Au/Pc interface; whereas a positive bias 

drove holes to the solution interface. Because the 

penetration depth of 670 nm photons was much less than the 

Pc f i 1 m t h i c k n e s s (1 /S < 500 n m ), hoI e s we reI 0 cal i zed n ear 

the Au interface with backside illumination. Holes were 

harvested efficiently at the Au interface, with a negative 

bias, but were unable to move efficiently through the Pc 

film to the solution interface with a positive bias. 

The size of the potential excursion, under negative 

bias was dependent upon the initial bias potential and the 

rates of charge transfer at the two interfaces. A lower 

estimate of the Pc film capacitance, that led to the 
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potential excursions of curves C and D in Fig. 4.39, can be 

made. The charge transfer process occurred for c.a. 

msec, and the quantity of charge will be related to the 

depletion layer thickness (1) at t:1 mse~ by (51): 

1:(2Dt)0.5 Eqn. 4.25 

where D is the solution species diffusion coefficient and is 

taken to be 1x10-5 cm 2/sec. The thickness, multiplied by 

the surface area of the electrode, gives the volume of 

solution depleted of charge carriers, and from the 

concentration of the redox species, the quantity of charge 

transferred can be calculated. For a 1 mM solution, the 

charge transferred in 1 msec was about 1x10- 5 Coul/cm 2 or 

6x1013 electrons. Since the potential change was about 0.3 

V, the capacitance was about 30 ufo The number of photons 

striking the electrode was 7x10 16 /cm 2 , and an absorbed light 

quantum efficiency of at least 0.1% was the result. 

As expected from this model, frontside illumination 

produced a transient voltage excursion at negative bias 

potentials and produced a more permanent excursion for 

positive bias potentials, confirming the importance of hole 

migration to the capacitive discharge process. 

Further mechanistic detail was obtainable by 

observation of the potential excursions on the 0-150 usec 

time scale at more moderate light intensities. Fig. 4.41 

shows the transients, as a function of illumination 

direction and decade changes in illumination intensity, for 



Fig. 4.41 Photocoulostatic Potential Time Transients in the 
0-150 Microsecond Time Domain tor Frontside and 
Backside Illumination. Initial bias was +180 mV. 
Numerals refer to the neutral density factor used 
to attenuate the laser light; responses over six 
orders of intensity magnitude are shown. The 
laser was pulsed at 0.0 microseconds and the 
potentials, at a time corresponding to the arrow, 
were used in Fig. 4.43. 
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an initial bias potential near +200 mV. The curves are 

numbered with the neutral density (N.D.) factor used to 

attenuate the light. Curve 1 corresponded to an intensity 

of 2.2mJ and curve 6 to 2.2x10- 5 mJ. 

In this time domain, the potential transient was 

dominated by two regions. At times greater than 30 usec, 

the curves remained fairly constant. Here the processes 

outlined above, for the 10 msec time domain, were just 

beginning to occur. At times less than 30 usec, an initial 

excursion was followed by decay to this relatively constant 

value. The initial rise occurred in less than 1 Usec and 

was determined by the laser pulse width of 500 nsec, and the 

response time of the measurement instrumentation. This 

process was more prominant at higher light intensities and 

was characteristic of rapid non-equilibrium expansion and 

contraction, to the steady state photopotential, of the 

space charge region. 

This type of expansion and contraction of diffuse 

layer has been postulated by Feldberg for solutions, where 

the diffusion coefficients of mobile ionic species (ca. 

1x10-5cm2/sec) dictated the time frame of the expansion and 

contraction (ca. 1x10- 3 sec.)(134). Laser and Bard have 

predicted a similar effect in intrinsic Ge semiconductor 

electrodes) where the carrier diffusion coefficients are 

near 100 cm 2/sec. (135). For most phthalocyanines, the 

carrier diffusion coefficients.for holes are about 1x10-2 to 
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'Ix10- 3 cm 2/sec calculated from their mobilities (29). This 

would lead to expansion and contraction times for the space 

charge region on the order of microseconds, as observed. 

Anson, Martin, and Yarnitzky (136) experimentally observed 

this effect in diffuse layers in solution. The Helmholtz 

layer, as opposed to the diffuse layer, was expected by 

Feldberg (134) to respond to charge injection in the 

nanosecond time frame and should not contribute to signals 

observed here. Each of these studies were for charge 

injection via an external charged capacitor, as in a typical 

coulostatic experiment. In each case, only one type of 

charge, either positive or negative, was injected. The 

photocoulostatic experiment differs in that both positive 

and negative carriers are "injected" via absorption of 

light. While this has not been computer modeled, non-

equilibrium expansion and contraction is still thought to 

occur (107-109). 

At about 30 usec. (arrows in Fig. 4.41), the 

expansion and contraction processes had slowed or ceased. 

After this time, charge transfer processes and pilOto

potential decay began. In the 150 usec time frame, however, 

their contribution to the response was small. Because of 

the non-uniform illumination, another process occurred, in 

which excess carriers can diffuse to other regions of the Pc 

film and undergo charge separation. Since· this was a 

diffusion controlled process, its effect competed with 
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photopotential decay in the msec time frame. At N.D.:3, 2, 

and for backside and N.D.:2 and for frontside 

illumination, the curves sloped towards the flatband 

potential at times greater than 30 usec, as a result of the 

carrier diffusion process. The excess carriers at the 

higher intensities diffused to other portion of the film 

from their site of creation. The effect was to create a 

more uniform distribution of carriers, to overcome the 

effects of a non-linear potential in the film, and to drive 

the photopotential to the flatband condition. 

In order to get a one-to-one correlation between the 

position of carrier creation and the region in which the 

photopotential developed, but had not had time to decay, it 

was necessary to measure the potential after non-equilibrium 

effects had decayed and before significant carrier 

migrati on, recomb ina t ion, or charge trans fe r had occu rred. 

For these electrodes this was about 30 usec after the laser 

pulse. 

It can be seen in the case of backside illumination, 

that at 30 usec, the photopotential initially moved in a 

positive direction and then moved negative toward the 

flatband potential, as the laser intensity was increased. 

In contrast, for fronts ide illumination, the potential 

initially moved negative, as expected, and then returned 

slightly in the positive direction at the highest 

intensities. The case for BS illumination at this initial 
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bias potential is modeled in Fig. U.42 for three 

illumination intensities. Since the same wavelength was 

used at each intensity, the penetration depth of each (as 

measured by a constant fractional change in intensi ty) was 

the same. The absolute number, however, of carriers created 

at a given depth increased in proportion to the intensity. 

With the bands inverted at the Au interface, the lowest BS 

intensity (case 1) placed charge in the Pc film only 

sufficient to begin to flatten the bands in that region. 

Charge created closer to the front interface was 

insufficient to result in a measurable photopotential in 

that region. At an intensity of 2, more than sufficient 

carriers are absorbed near the back interface to create the 

positive photopotential. These excess carriers may also 

enhance the non-equilibrium photopotential or undergo 

diffusion to the front interface. In this case, the 

carriers created in the front region are sufficient in 

quantity to create a measurable negative photopotential. 

The effect is to counteract the photopotential at the back 

interface, and the observed electrode potential will move 

back to more negative values. At an intensity of 3, enough 

photons are absorbed throughout the film that both regions 

of the film are saturated and the observed potential will 

move to the flatband potential. 

An opposite process will occur for fronts ide 

illumination. The potential will initially move negative, 



Fig. 4.42 Model Illustrating the Effect of Intensity on the 
Photopotential for Backside Illumination. The 
upper left figure shows three hypothetical 
intensity profiles and the potential drop or band 
bending through the film in the dark. The bottom 
figures show the potential profiles in the film 
for each intensity. The upper right figure shows 
the photopotential response plotted versus light 
intensity. 
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as the intensity increases, followed by a small return in 

the positive direction at the highest intensities. 

Once an intensity has been reached that saturates 

one of the potential gradients, further illumination will 

not increase the equilibrium photopotential developed there. 

The excess charge carriers can, however, lead to a larger 

non-equilibrium expansion of the space charge region. The 

increased overshoot and subsequent decay of the potential, 

observed at times less then 30 usec, increased with 

intensity as a result of this. 

The intensity of light required to just saturate the 

photopotential at the back interface was 22x10- 5 mJ. 

Assuming a carrier generation efficiency of between 0.1 to 

1.0%, 0.0001 to 0.001 uCoul. of charge was created, and this 

charge resulted in a 0.1 V photopotential. From these 

values, the capacitance at the Q£~k in1~rf£~~ can be 

calculated to be only 0.001 to 0.01 uf/cm2. This value is 

in good agreement with that calculated from photocurrent 

time profiles described earlier (36,39) (Chpt. 4, Photo

conductivity in Type C, GaPc-Cl Electrodes). This value is 

not the same as that calculated earlier (30 uf) from 

Fig. 4.39; nor should the two be expected to be similar, 

since they involve different physical processes. The first 

involved charge transfer from the Au/Pc interface to the 

Pc/solution interface, and the second involved development 
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of a photopotential in the space charge region at the Au/Pc 

interface. 

The experiment shown in Fig. 4.41 for a +200 mV bias 

was repeated for biases ranging from about +800 mV to - 600 

mV versus Ag/AgCl. The transients were very similar except 

for magnitude. In Fig. 4.43, potential values, at 30 usec 

in the transient curves, are plotted, versus neutral density 

factor, for each initial bias. The general trends of front

side illumination versus backside illumination were very 

similar except for the effect of intensity. For backside 

illumination, the positive excursion occurred at low light 

intensities, and the negative excursion occurred at high 

light intensity. Thesi tuation was reversed for frontside 

illumination. At high bias potentials, postive or negative, 

the anomalous excursion away from the flatband potential 

(values D, Dr, C, C' in Fig. 4.43) tended to become small, 

or negligible, compared to the values with biases at or near 

the flatband potential. 

Using the model of Fig. 4.42, the effect of 

increasing the bias potential is to make the potential drop 

across the film more linear and decrease the depth of the 

potential well. A similar situation occurs at a single 

interface (28) and this was discussed in the theory of the 

Metal/Semiconductor interface. The data was used to 

estimate the potential profile at any bias. The profiles 

for +800, +225 (equilibrium), 0.0 (flatband), and -600 mV 



Fig. 4.43 Photocoulostatic Photopotentials Versus Light 
Intensity. The potentials were taken from the 
transients at 30 usec, as in Fig. 4.41. The 
potential at neutral density equal to D, the dark 
value, is the initial bias potential. 
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Fig. 4.44 Band Diagrams for the Au/Gapc-Cl/Fe(CN)63 ,-4 
System at Four Bias Potentials. -0.6 V, 0.0 V 
(flatband), +0.25 (equilibrium), and +0.80 V, 
versus Ag/AgCl. Left hand axis is the energy of 
an electron versus vacuum with the Fermi level of 
Au assumed constant at -4.8 eV. The top scale is 
for the conduction band, and the bottom scale is 
for the Fermi level and the valence band. 
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are shown in Fig. 4.44. The data at +200 mV was close to 

the equilibrium condition. The potential well, as 

determined by the value labled A in Fig. 4.43, was 65 mV. 

This value was used to construct Fig. 4.44c (+0.25 V), in 

which the potential well is shown to be 65 mV. The data at 

0.0 mV bias was close to the flatband condition. A 

potential well of about 45 mV (B' in Fig. 4.43) existed, as 

represented in Fig. 4.44b (0.0 V). The flatband condition 

was a misnomer in this case. The bands in the Pc film were 

not flat, but rather had the same relative electrochemical 

potential at each contacting phase boundary. The data of 

Fig. 4.43 also shows that even at high biases (-600 and +800 

mV) potential wells of 30 mV (C in Fig. 4.43) and 15 mV (D 

in Fig. 4.43) existed It is expected that even higher bias 

potentials must be applied to remove the potential well 

entirely. 

Ideally, the depth of the potential well, at any 

bias, could have been measured from both the backside and 

frontside data, according to the model illustrated in 

Fig. 4.42. For values negative of 0.0 V, this was true, as 

evidenced by the near equivalence of B (70 mV) and B' (45 

mV) and the values C (35 mV) and C' (25 mV) in Fig. 4.43. 

But A' (25 mV) was less than A (65 mV), and no potential 

reversal occurred for frontside illumination at· initial 

potentials positive of +200 mV. With frontside 

illumination, the light may have been scattered 
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significantly while passing through the cell before reaching 

the photoelectrode. This scattered light may have caused 

significant illumination at the back interface for high 

level intensities. This would result in more uniform 

illumination and would obscure the potential well effect. 

The intensity at which the potential reversal 

occurred indicated, it! a qualitative manner, the position of 

the potential well with respect to the interfaces. As the 

initial potential became more negative, the potential 

reversal occurred at higher light intensities, for backside 

illumination, and at lower light intensities, for frontside 

illumination. This suggested the potential well moved, from 

near the back interface, to near the front interface, as the 

potential became more negative. This is reflected in 

Fig. 4.44. 

Charge transfer and decay processes begin 

immediately upon the application of the laser pulse. Even 

at 30 usec, some discharging of these capacitive elements 

has undoubtedly occurred. Therefore, the band diagrams of 

Fig. 4.44 must be looked at as approximate. The space 

charge regions could in fact be narrower and the potential 

well deeper than actually shown. 

In summary, Fig. 4.44 represents a complete 

description of how an applied bias is distributed across the 

film for a particular redox couple, Fe(CN)6 3 ,-4 in this 

cas e. The use of another redox couple, such as 
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anthraquinone, having an EO, above the Fermi level of the 

dye will not develop a potential well, but will develop a 

more linear potential drop across the film at equilibrium. 

The effect of an applied bias will be simply to determine 

the steepness of that drop. 

Morphology and Structure of Phthalocyanines 

Film morphology has played an important part in 

determining the photoelectrochemical behavior of the GaPc-CI 

films. Other factors may also affect the conductivity and 

solar efficiency of these films and this section addresses 

some of those factors. The first section is concerned with 

the orientation of the GaPc-Cl molecule with respect to the 

surface. The ring of the Pc was found to sit at a 45 0 angle 

with respect to the surface and a mechanism of conduction is 

proposed. In the second section, the bulk crystal 

morphology of a wide variety of Pc's are explored. The 

objective was to identify Pc's, which may form films of the 

proper morphology and whose photoelectrochemical behavior 

can be compared to that of GaPc-Cl, in order to determine 

the effects of the metal center or anion on the 

conductivity. 

X-Ray Structure and Film Morphology of GaPc-Cl 

The single crystal X-ray structure of GaPc-CI has 

recently been determined by Wynne (137), who reported the 

following data: 



Triclinic space group, P1-Bar 

2 molecules/cell 

a = 9.301 A 

a = 105.46 0 

b = 11.272 A 

S = 105.51° 

Volume = 1252.8 A3 

Density = 1.64 g/cm3 

c = 13.143 A 

Y = 96.80° 

A stereoview of the lattice is shown in Fig. 4.45. 
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Fig. 4.16 is the SEM of a GaPc-Cl film on Au-MPOTE 

and Fig. 4.46 shows a sketch of a typical crystal within 

this film. Most of the crystals had flat tops, which were 

apparen t ly pa rallel with tbe Au- MPOTE subs tra teo The tops 

were not quite square or rectangular, but appeared as a 

nearly square parallelogram. In addition, the sides of the 

crystals formed a fairly uniform pryamid. 

These observations, while very qualitative, were 

used in this work to assign the crystal lattice angles to 

the crystal edges. Two principles were used as guidelines 

(138,139). First, the crystal lattice is the basic building 

block of a crystal, and thus the crystal will have as much 

or more symmetry as the lattice. Second, the exposed 

crystal faces will tend to be those of low indices. In this 

case, a rational crystal structrue could be hypothesized 

with indices less than or equal to one. 

As shown in the sketch, one of the top corners was 

assumed to have the same angles as the lattice. Since 

0.=96.80°, the angle between the a and b lattice edges, is 



Fig. 4.45 Stereoview or the Crystal Lattice or GaPc-Cl. With permission rrom K. Wynne. 
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Fig. 4.46 Sketch of a Typical GaPc-Cl Crystal from Fig. 4.16. Shown are the crystal 
face indices and the angles between the edges. 
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the smallest, it was most likely to be the angle which 

defined the parallelogram on the top of the crystals. Thus 

this face was assigned as the 001 face. By comparison with 

the stereoview, the other two adjacent faces must be the 010 

and 100 faces. Since three of the five exposed faces were 

now assigned to the simplest indices, the re~ainin~ two 

must be of higher indices. 101 and 011 were chosen as 

possible candidates for the remaining faces. Using these 

faces, the angles of the remaining corners were calculated. 

The letter pairs in Fig. 4.46 refer to the angles between 

any two edges. For example, ae=116 indicates the angle 

between edge a and edge e is 116 0 • From these calculations 

using these faces, the resulting crystal was approximately a 

pyramid having a flat top. It was not a perfectly regular 

pyramid, but the distortions were small and visual detection 

of the distortions from an SEM would not be easy. 

The orientation of the molecules within the crystal 

lattice can be ascertained by inspection of the stereoview. 

The Ga is puckered slightly out of the center of the ring, 

towards the chloride anion, to give a square pyramidal 

geometry. The plane of the Pc ring is approximately, but 

not exactly, parallel to the 111 face of the lattice. 

Fig. 4.47 shows the arrangement of the rings (illustrated as 

disks) with a view perpendicular to the 111 face. The 

bottom layer (light circles) forms a nearly perfect closest 

packed arrangement. The chloride anions are assumed to 



Fig. 4.47 View Perpendicular to the 111 Face of the GaPc-Cl 
lattice. The circles represent the Pc rings of 
which three sets are shown. The light circles are 
the bottom layer and the darkest circles are the 
top most layer. X:14.86 A, Y:13.92 A, Z:13.73 A. 



Fig. 4.47 View Perpendicular to the 111 Face of the GaPc-Cl lattice. 
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stick out of the page from t~is layer. The second layer has 

the same arrangement; except the centers are si tuated over 

one set of gaps in the first layer. The chloride anions for 

this layer are below the disks and reside almost within the 

plane of the first layer. As a consequence, the chlorides 

of the first layer reside almost in the plane of the second 

layer. This intrusion of the chlorides into the adjacent 

plane is probably responsible for the distortion from 

perfect closest packing. The third layer (heavy circles) is 

situated in the second set of gaps of the first layer such 

that no o.verlap of the three layers occurs. The chlorides 

for this layer are above the rings as in the first layer. 

The forth layer (not shown) is superimposed over the first 

layer, except the direction of the chlorides is reversed. 

Thus this lattice is of the type A-B'-C-A'-B-C', where the 

prime denotes a reversal in the direction of the chloride 

from the plane of the Pc ring. 

From the stereoview, the plane of the Pc rings 

intersected the 001 face at an angle of about 45°. Since 

the 001 face is parallel to the Au substrate, the Pc rings 

reside at the same angle with respect to the substrate. 

Thus, conduction of charge carriers perpendicular to the 001 

face cannot be simply related to structure. 

If conduction is envisioned to be a process where a 

charge carrier jumps from one Pc ring to an adjacent Pc 

ring, two direction of conductions are possible. One 
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involves conduction parallel to the 111 face, through a 

single layer of the Pc rings (in the plane of the paper in 

Fig. 4.47). This mechanism of conduction is very similar to 

that of graphite and graphitic type structures such as 

anthracene; where the direction of conduction is along 

rather than across the 7r bonded sheets (28,29). The 

presence of a layer of chloride ions within a Pc ring layer 

may playa role in conduction. An alternative direction of 

conduction is perpendicular to the 111 face (perpendicular 

to the plane of the paper in Fig. 4.47). The stereoview 

shows that the nitrogens between the pyrrole rings of one 

layer reside very close to the benzenoid rings of an 

adjacent layer, and overlap here of the 7r orbitals of the 

rings may provide a path for conduction. 

Both conduction parallel and perpendicular to the 

111 face result in conduction at an angle of 45 0 to the 

surface because of the angle of the Pc ring with respect to 

the surface. Since conduction within a Pc ring is more 

facile than conduction between Pc's, then conduction 

perpendicular to the 001 face, and the Au-MPOTE, can be 

modeled. This mechanism is illustrated in Fig. 4.48, where 

conduction consists of a zig-zag movement of the electron. 

An alternating sequence takes place, consisting of 

conduction through the ring followed by a jump to the next 

Pc. This mechanism is really a combination of conduction 

parallel and perpendicular to the Pc ring. Each of these 
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Fig. 4.48 Mechanism of Conduction Perpendicular to the 001 
Face. Note relative orientation of the chlorides. 
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models assumes a hopping or tunneling mechanism (Chpt. 2, 

Bulk Conductivity) of conduction for illustrative purposes, 

but in fact no evidence has been presented to suggest the 

band model is not valid in this case. In this light, the 

mechanism of Fig 4.48 must be viewed with caution. 

Many phthalocyanines can exist in t\o,Jo or more 

cyrstal structures or polymorphs (31). So far only one type 

of structure has been found for GaPc-Cl; but the possibility 

of others has not been excluded. While the model presented 

here for the orientation of the crystal lattice in Type C, 

GaPc-Cl films is plausible; the sublimed films may have a 

different crystal structure than the single crystals grown 

by Wynne (137). 

Some non-divalent phthalocyanines, such as GaPc-F, 

A1Pc-F, and SiOPc, are thought to stack together in a linear 

fashion,· with the ani.on situated between two metal atoms in 

the Pc ring center (140-144). These stacked ring molecular 

organizates provide some i~teresting 

enhanced conduction through the stack. 

possibilities for 

To date only the 

conductivity of randomly organized, pressed powder samples 

have been studied. Meaningful correlations between 

structure and condu<.:tivity have been hampered by the 

difficulty of making sufficiently large single crystals of 

phthalocyanine on which to measure the anisotropy of 

conduction and, for which, crystal structure data can also 

be obtained. 
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Survey of Phthalocyanine Morphology 

A large number of Pc's, as well as other dyes, may 

also be useful in thin film Schottky barrier cells, but the 

films formed must have a similar morphology, i.e. form non

porous, well organized films about 1.0 micron thick. 

Different Pc's may perform better due to differences in the 

metal center or anion, but in order to determine if this is 

so, the effects of morphology must be separated from the 

effects of chemical composition. Scanning electron micro

scopy was used to identify Pc's which may form efficient 

Schottky barrier cells with the proper morphology. These 

cells could then be compared with the GaPc-CI cell and 

possible conclusions drawn about the role of the specific 

phthalocyanine used. 

The comparison of the Type A, B, and C electrodes 

showed that morphology played an important part in 

determining the photoelectrochemical behavior of thin films. 

Clovis Linkous (61) surveyed the photoelectrochemical 

behavior of films of a number of phthalocyanines. These 

films were generally grown quickly under conditions that led 

to the Type A, GaPc-CI films; although no attempt was made 

to characterize their morphology. As a result, it was 

difficult to determine if the behavior of a particular 

phth~locyanine was due to film morphology or due to the 

nature of the metal and/or anion in the phthalocyanine. 
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In order to identify Pc's which might form films 

similar to GaPc-Cl, scanning electron micrographs of bulk 

samples of 15 different phthalocyanines were taken. Each Pc 

was sublimed at least once until reasonably pure. Purity 

was judged by the absence of a white film or oils 

attributable to unknown impurities. A thick layer was 

sublimed onto a glass substrate, but because of the 

thickness ( 1mm), substrate effects should be minimal. A 

small amount was sprinkled onto double stick tape, 

previously placed on an SEM stud, and the entire assembly 

was coated with a 300 A layer of Au/Pd. 

A survey of Figs. 4.49-4.64 shows that the Pc's can 

be placed into two broad classes: those that form needles 

(H 2Pc, FePc, ZnPc, NiPc, PdPc, CoPe, CuPc, MgPc, and CrPc-F) 

and those that do not (GaPc-Cl, InPc-Cl, AIPc-Cl, AIPc-F, 

VOPc, and GaPc(?)). The identity of GaPe was questionable. 

The stoichiometry implies a +2 oxidation state which is not 

known to exist(145). The pyridine absorbance spectra was 

identical to that of GaPc-Cl and the similarity of the 

crystallites to that of GaPc-Cl films suggested this sample 

was in fact GaPc-Cl. 

The morphology of the needle class was fairly 

consistent. The widths of the crystals ranged from 0.5 to 

1.0 urn and the length from 3 to 100 urn. For the most part, 

the needles were randomly oriented, but occasionally aligned 

together parallel to their long axes. More variation 
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Fig. 4.49 SEM of Bulk FePc. 

Fig. 4.50 SEM of Bulk H2Pc. 
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Fig. 4.51 SEM of Bulk NiPc. 

Fig. 4.52 SEM of Bulk ZnPc. 
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Fig. 4.53 SEM of Bulk CoPe. 

Fig. 4.54 SEM of Bulk PdPc. 



283 

Fig. 4.55 SEM of Bulk MgPc. 

Fig. 4.56 SEM of Bulk CuPc. 
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Fig. 4.57 SEM of Bulk CrPc-F. 

Fig. 4.58 SEM of Bulk VOPc. 
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Fig. 4.59 SEM of Bulk GaPc-Cl. 

Fig. 4.60 SEM of Bulk AlPc-F. 
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Fig. 4.61 SEM of Bulk AlPc-Cl. 

Fig. 4.62 SEM of Bulk InPc-Cl. 50 Micron Scale. 



287 

Fig. 4.63 SEM of Bulk InPc-Cl. 5 Micron Scale. 

Fig. 4.64 SEM of Bulk GaPe. 
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occurred in the second or GaPc-CI group. Two main 

structures occurred: pyrimidal or block like structures, 

typified by AIPc-CI and GaPc; and platelet structures, 

typified by GaPc-CI, InPc-CI and VOPc. If GaPc was actually 

GaPc-CI, its formation of both the block or platelet 

structures suggested any of the phthalocyanines in this 

group could form either type. It was not clear why 

differences existed if this were the case. Of particular 

note was the enormous size of the InPc-CI platelets 

(50-100 urn on each edge). Fig. 4.63 is a close up of the 

surface of a crystallite pictured" in Fig. 4.62 

Films of Pc's in the needle class have not and 

probably will not produce efficient solar energy devices. 

The very random "pick-up stick" like arrangement of the 

needles will prevent uniform coverage of the substrate. 

Redox couples will be able to migrate through the needles 

down to the metal and short circuit any photopotential. It 

is questionable whether many of the needles would have 

direct contact of one end with the surface. This would 

force conduction through crystal contacts, of which there 

would be few due to the random nature of the needles. The 

large surface area to volume ratio may also lead to many 

surface recombination sites. In addition, the substrate/Pc 

interface would be confined to one end of the crystal; while 

the Pc/redox interface would extend the entire length of the 

needle. It is difficult to imagine what the effect on 



289 

formation of the space charge regions would be, but most 

likely the potential gradients would not be perpendicular to 

the surface and would vary considerably from crystal to 

crystal. The formation of parallel arrays or rafts of 

needles suggests an entire surface could be covered by a 

raft. On the other hand, the needles might be arranged on 

end, perpendicular to the surface, to form a tightly packed 

"forest" of needles. Each of these arrangements would 

decrease porosity, increase orderly contact with each 

contacting phase, and possibly increase the efficiency. 

Other workers have considered thin films of Pc to be 

amorphous (31,144); and many of these are included in this 

survey. The most common method of film growth has been by 

very rapid sublimation onto an undefined suface, resul ting 

in a very thin film typically less than 0.1 urn. These 

conditions generally lead to very small crystallites with 

GaPc-Cl. In view of the obvious crystallinity of all the 

Pc's surveyed, these amorphous films probably cor.;:;i5ted of 

very small crystallites, which could not be identified with 

scanning electron microscopy. 

The non-needle group provides the most possibility 

for formation of a uniform non-porous film, with organized 

separation of the contact phases, to facilitate space charge 

region formation. VOPc has recently been shown by Tom 

Klofta (146) to be an efficient p-type semiconductor. Large 

photopotentials were observed with redox couples which had 
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an EO, within the band gap. Dark conductivity was 

significant with redox species which had an EO, sufficiently 

positive to come into direct energy contact with the valence 

band. 

Fig. 4.65 shows an SEM of InPc-Cl film on Au-MPOTE 
I 

and Fig. 4.66 shows a cyclic voltammogram of this film with 

H2Q. The film was grown under conditions identical to that 

of the Type C, GaPc-Cl films with a sublimation time of 72 

Hrs. The film showed crysta1.lites about 1 micron in size 

tightly packed together. It was non-porous and showed 

little dark current. The crystallites appeared to be 

composed of platelets rather than forming the pyramids or 

blocks of GaPc-Cl. The voltammetric behavior in the light 

was more irreversible than the Type C, GaPc-CI films. 

However, it did show an onset for photooxidation negative of 

the EO, for H2 Q/BQ. No attempt was made to optimize film 

growth or improve its voltammetric characteristics; but 

these studies indicated that InPc-Cl is a promising 

candidate for further work. 

The formation of photopotentials with films of GaPc-

CI, VOPc, and InPc-Cl suggests the other Pc's in the non-

needle group bear detailed investigations. The dark 

conductivity observed with VOPc, which could not be 

attributable to porosity suggests a. strong depndence of 

conductivity, the Fermi level, and the position of the 

bands, on the metal center or its anion. 
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Fig. 4.65 SEM of a InPc-Cl Film on Au-MPOTE. 
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Fig. 4.66 Cyclic Voltammograms of 1 mM H2Q on a Au-MPOTE/lnPc-Cl 
Film and on Au-MPOTE. Conditions were as in Fig. 4.3c 
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Most of the needle class of Pc's, with three 

exceptions, and nQn~ of the non-needle class consisted of 

transition metals in the +2 oxidation state. The exception 

being H2Pc, MgPc and the +3 oxidation state in CrPc-F. The 

non-needle class consisted of aluminum family metals in the 

+3 oxidation state with a chloride anion The exceptions 

were VOPc in which vanadium is in the +4 oxidation state 

and AIPc-F with a floride anion. From these observations, 

it does not appear that the persence or absence of, and the 

oxidation state of the metal center, affect the type of 

crystal formed. The presence of bulky consti tuents, such 

as chlorine or oxygen, placed out of the ring is apparently 

necessary to form these block like structures. Such an 

atom, which destroys the planarity of the molecule, would be 

expected to alter the crystal lattice significantly. The 

exception to this argument is CrPc-F. One possible 

explanation for this anomaly is that florine is sufficiently 

small that its' effect on the planarity and consequently the 

crystal lattice is small. Contrary to this theory, AIPc-F 

did not form needles. Unfortunately, X-ray crystal 

structures are not available for most of the Pc's, and until 

these structures have been determined, this problem will 

remain unanswered. 

In summary, three general characteristics can affect 

the performance of any particular dye material in a Schottky 

barrier sandwich cell. The most fundamental is the chemical 
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composition, the primary structure of the molecule. It is 

not clear how this affects the conductivity, except that a 

highly conjugated structure is necessary to obtain molecules 

which absorb strongly in the visible wavelength region, and 

as a general rule, conjugated molecules are more conductive 

than nonconjugated molecules (28,29,30). Second, the 

crystal lattice determines the particular interaction of the 

Pc's with one another. In this work, knowledge of the 

crystal lattice allowed models for conduction to be 

proposed. Many more such studies will be necessary before a 

complete understanding is possible. Third, the gross 

crystal mophology determined the type of thin film formed. 

The non-needle group of Pc's were identified as good 

candidates for further work. The compounds are likely to 

form non-porous, well organized, thin films about 1.0 micron 

thick. 



CHAPTER 5 

CONCLUSIONS 

The behavior of the Au-MPOTE/GaPc-Cl/Redox system 

has been shown to be basically consistent with the general 

photoconductor model of Rose (25,26), as presented in the 

Introduction. The photopoten t ial developed by thi s sy stem 

was shown to be linearly dependent on the difference in the 

Fermi level of the metal and the formal potential of the 

redox couple. In addition, the utility of the electrode as 

a photoelectrosynthetic device for hydrogen evolution was 

demonstrated. Adherence to the theory of Rose and good 

solar efficiencies depends strongly, however, on the film 

morphology, the Fermi level of the dye, and the nature of 

the illumination source. 

The porosity of the Type B films showed that pores 

behaved as recombination centers, Fig. 4.10, for photo

injected electrons or holes and the photooxidation or photo

reduction products respectively. The film thickness 

required to develop a full photopotential was about 

micron. Thinner films, such as the Type A film, did not 

de'Jelop a photopotential, Fig. 4.15. The results with these 

films led to the rational development of the non-porous, ca. 

1 micron thick, Type C film. 
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This demonstration of the need to carefully control 

film morphology is the single most important contribution of 

this work to the field of photoconductor electrochemistry. 

A detailed understanding of film growth will allow the full 

potential of many more dye materials to be explored. In 

this work, the rate of sublimation was the major variable of 

film growth. Very little attention was paid to the 

substrate temperature, or the chemical and morphological 

nature of the substrate. Future work in this area should 

include careful studies of nucleation in Pc film growth, but 

will" require more advanced, carefully designed, growth 

chambers than used here. The information gained should lead 

to faster, cheaper, and more efficient methods of film 

growth, with application to many dye materials. Film growth 

by precipitation from solution or by spin coating may also 

prove fruitful, if the basic film morphology, shown in these 

studies, can be retained. 

The linear effect of the photopotential on the 

formal potential of the redox couple was illustrated in 

Fig. 4.27 and modeled in Fig. 4.28. The ratio of Vo . c . to 

EO, was not quite one but was nearer 0.8. Rose's theory 

predicts a 1: 1 ratio. This discrepancy may arise from the 

fact that a portion of the total potential drop occurs in 

the Helmholtz layer in solution, in a manner similar to that 

illustrated in Fig. 4.15 for the Type A film. This suggests 

the Pc film must be made thicker to accommodate more 
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potential drop in the dye layer. Specific adsorption of an 

electrolyte species or leaching of the chloride from the 

GaPc-Cl, in the top few molecular layers of the film, might 

also be responsible for some of the loss in photopotential, 

as this may change the arrangement of charge at the inter

face and thus the potential across the film. The presence 

of grain boundaries and areas thinner than 1 urn between the 

crystallites may also playa part. This is discussed in 

detail later. 

In this study, only the EO' of the aqueous redox 

couple was varied and not the Ef of the metal. This was 

primarily the result of the simplicity of changing the 

solution without affecting the Pc film. A change in 

substrate may have resulted in a change in film nucleation 

and therefore film morphology. In addition, Ef depends on 

the preparation of the metal substrate, and as a result, 

literature values for Ef are not very useful. A correlation 

of change in Ef with the photopotential would be difficult 

to do quantitatively. 

This does not invalidate the theory of Rose and many 

useful studies could be done with metals other than gold. 

The use of platinum (E f =6.0 eV) or aluminum (E f =4.3) would 

result in opposite photopotentials for a redox couple such 

as Fe(CN)6 3 ,-4 (E o '=5.1 eV). This suggests a cell of the 

type: 

Pt/GaPc-CI/Fe(CN)63,-4/GaPc-CI/Al 
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should be possible, where photooxidation would occur at the 

dye modified platinum electrode and photoreduction would 

occur at the dye modified aluminum electrode. Such a cell 

would have a max~mum theoretical photopotential equal to the 

difference in the Fermi levels of the two metals. Since for 

this cell the difference would be about 1.7 eV; enough 

voltage might be developed to drive the splitting of water 

into hydrogen and oxygen at the photocathode and photoanode 

respectively, without an applied bias. 

Hydrogen evolution was demonstrated at 0.1% solar 

efficiency on platinized GaPc-Cl films. While this figure 

is not very impressive, it is the first demonstration of 

light driven hydrogen evolution at an organic semiconductor. 

It is also close to the highest solar efficiency (0.7%) 

reported for an organic photovoltaic sandwich cell (84,89). 

Improvement in efficiency by only a factor of 50, combined 

with the possiblility of low materials cost, may make this 

system competitive with other photoelectrosynthetic solar 

devices. 

Formation of a platinum-hydride phase seemed to 

limit the solar efficiency, by pinning the photopotential 

produced to about 450 mV. A number of approaches exist 

which may overcome this problem in future studies. 

Electrodeposition of the platinum probably resulted in 

congregation of the metal between the crystallites and in 

the pores. Vapor depostion of the metal should provide a 
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means for more uniform coverage and concentration of the 

metal on the Pc crystal surfaces. Other metal catalysts, 

such as palladium, rhodium or nickel, may not form a hydride 

phase. More likely, a hydride phase may form, but its Fermi 

level may be such that formation of a larger photopotential 

is possible. Since the effect of addition of hydrogen to a 

metal, such as platinum, is to raise the Fermi level, metals 

which will absorb more hydrogen should have Fermi levels 

nearer to vacuum and these should form larger photo-

potentials. Other catalysts, such as organometallic 

compounds or redox active components, might be attached to 

the surface. Ruthenium complexes and viologen derivatives 

in solution and attached to surfaces are known to catalyse 

the formation of hydrogen. (129-132,137-139). Methods for 

attachment of these to the surface of GaPc-CI would have to 

be developed. Simply adsorbing aqueous insoluble forms of 

these compounds onto the surface may suffice. Covalent 

linkage to the central metal atom or to the Pc ring may be 

possible. Ruthenium phthalocyanine may well have both the 

semiconductive properties and the catalytic sites for 

efficient hydrogen evolution. 

While higher hydrogen evolution efficiencies could 

be achieved at low pH's, the bulk conductivity of the dye 

material was a more important efficiency limiting factor. 

At low light intensities for the Au/GaPC-CI/Fe(CN)6 3 ,-4 

system, the formation of a potential well within the film 
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captured charge.carriers until they underwent recombination. 

This'problem could be eliminated by changing the Fermi level 

of the dye, such that it lay between the Fermi level of the 

metal and the formal potential of the redox couple. 

Doping the material would provide a means of 

changing the Fermi level and, in addition, improve the 

conductivity. Attempts have been made in this laboratory to 

dope the films, using tetracyano-quinone (TCNQ), tetracyano

ethylene (TCNE) and chloranil, by cosublimation with GaPc

Cl. In all cases, it proved impossible to intercalate the 

dopant into the phthalocyanine crystal structure. 

Cosublimation of FePc or CrPc-F with GaPc-CI was also tried. 

Films of either the dopant or GaPc-Cl resulted but not both. 

The problem in doping was manifested in two ways. 

First, it was difficult to get both the dopant and the dye 

to sublime simultaneously. This problem could be overcome 

with separate heating sources for each compound and leak 

valves to control the mixing. The second problem was more 

fundamental. With inorganic material, a small amount of 

dopant, such as arsenic, is added to a base material, such 

as silicon. Because of the low dopant level and similarity 

in size of the dopant and substrate atoms, this process 

represents a very small perturbation of the crystal lattice. 

Now imagine the effect of inserting a chloranil molecule 

into the crystal lattice of GaPc-Cl shown in Fig. 4.45. 

This represents a major perturbation of the crystal lattice. 
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It is very likely that an entirely new lattice will be 

formed, thus changing the film morphology, or separate 

phases of chloranil and GaPc-Cl will form. The use of FePc 

and CrPc-F represented an attempt to by-pass this problem. 

Presumably the Pc ring of the dopant would allow retention 

of the same basic crystal lattice, but the new metal center 

would act as an electron acceptor or donor site. The 

reasons for failure in this case were not clear and may be 

due to insufficient control of the doping process. 

In spite of these problems, doping of these 

materials to improve the conductivity will be an important 

aspect of future work. Intercalation of alkali and 

alakaline earth metals into the lattice of graphite and 

graphitic type compounds has proven useful in other 

applications (28). Such an approach with the 

phthalocyanines may also work. Gases such as the halogens, 

oxygen, and nitrogen are known to affect the conductivity of 

phthalocyaninesj but their usefulness may be limited by the 

ease with which they could diffuse out of the dye as well as 

into the dye. This would tend to make them unstable in 

situations where exposure to atmosphere is possible. The 

slightly p-type nature of GaPc-Cl is probably due to oxygen 

entrapment or reaction. Very little work has been done to 

determine the nature of this dopant and other gaseous 

dopants in organic semiconductors. 
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At high light intensities, a sublinear power 

dependence of the photocurrent on intensity was observed. 

Rose (26) has explained this with an exponential 

distribution of interband gap states in the semiconductor. 

In Appendix A, formalisms are developed which relate the 

interband gap state distribution directly to the observed 

experimental uata without any intitial assumtions about the 

distribution. Data from the GaPc-CI system, showing a 

sublinear photocurrent-intensity response, was applied and, 

as predicted by Rose, an exponential distribution was found. 

While doping the semiconductor will increase the 

density of charge carriers, the conductivity of the film 

could also be enhanced by increasing the mobility of the 

carriers. One method of doing so is to decrease the 

probability of recombination by decreasing the density of 

IBG states. Thus the physical origin of the IEG states will 

be important in developing a rationale for changing their 

density. 

One possibility is the IEG states are due to oxygen 

doping of the film. These type of states are more likely to 

be of similar, near constant energy, and not exponentially 

distributed within the bandgap. Surface states on the Pc 

crystal may play a role. A number of crystal lattice faces 

are exposed to solution, and adsorbtion of solution species 

at these sites may be the origin of surface recombination 

s tat e s . I f t his w ere the cas e , the d e pen d en ceo n 
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illumination direction would be different. Since the 

carriers would be created closer to the recombination sites, 

frontside illumination would be expected to show lower 

photocurrents than backside illumination. 

The lBG states may well originate from the 

phthalocyanines themselves. Organic semiconductors form 

more localized electronic states than the inorganic 

materials (See Chpt. 2, Bulk Properties of Materials) and 

the nature of the band edges may be much different. 

Fig. 5.1 illustrates a hypotetical distribution of energy 

states in the energy region of the conduction and valence 

bands. The density of states increases, from the lowest 

density and greatest localization within the "bandgap", to 

the highest density and greatest delocalization within the 

"bands". The distinction between bandgap and bands becomes 

blured, and the band edges represent an ill-defined 

transition point. 

In this model, the problem of IBG states becomes a 

fundamental property of the particular dye material, which 

cannot be overcome by careful purification and crystal 

growth. The only alternative is to derivatize the dye or 

use different dyes to increase delocalization. This would 

s h a r pen up the ban d e d g e s, dec rea set h e I BG s tat e den sit Y , 

and improve the conductivity. The addition of cyano groups, 

to the benzenoid rings of the Pc (150), may change the 

electron density within the ring and perhaps increase the 
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E 

Fig. 5.1 Density of States Versus Energy, Illustrating how 
Localized Phthalocyanine States may Form an 
Exponential Distribution uf Interband Gap States. 



electronic interaction between Pc's. 

in increased 
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The use of oligomeric 

delocalization. Too Pc's may also result 

radical a change in structure, however, may affect the 

crystal lattice in a detrimental manner. Unfortunately, 

very little is known about how the molecular structure of 

dye materials affects the lattice structure and the 

electronic properties of the solid phase. 

Implicit in the work has been the assumption that 

the photoelectrode consists of a uniform Pc film rather than 

a single layer of high surface area micro-crystallites. The 

role that microporous areas play and the effect of film 

thinning between crystallites needs further study. Attempts 

to construct Metal/GaPc-Cl/Metal assemblies, in this 

laboratory have been unsuccessful because of electrical 

contact of the two metals in the small number of pores 

present in the Pc film. This contact simply short circuited 

and the resistance between the metals was the device, 

negligible. 

extremely 

This observation suggests that, because of the 

low mobility of charge carrying species in 

electrolyte solutions, as compared to an electron in a 

metal, a dilute solution of redox couple within a pore 

rap idl y becomes depl eted of charg e tran s fe r ca pac i ty. All 

of the material within the pore becomes oxidized or reduced, 

and control of the electrical properties is shifted to the 

flat tops of the crystalli~es, where the redox couple can be 

replenished. In this respect, the surface roughness of the 



306 

Pc film may have relatively little effect on the photo

potential developed across the film. 

At low light intensities, such as with photoaction 

spectra experiments, depletion of the redox species wi thin 

tQe pores or thinned areas may not be significant. In this 

case, the thin areas may act much like the Type A film in 

that very little potential drop occurs across the film and 

thus little photopotential will be developed. For transient 

measurements, these areas may play an important part in 

determining the response time of the photocurrent or photo

potential to a chang~ in intensity. As the light is 

switched on in a photocurrent-time profile experiment, for 

example, the initial current will probably be due to 

depletion of redox couple in the pore rather than at the 

planar surface of the crystallites. 

In summary, GaPc-Cl has been shown to be an 

efficient, promising, organic semiconductor for use in 

Schottky barrrier sandwich cells. There is nothing unique 

about GaPc-Cl except that it works and the reasons why have 

been detailed here. Only a rough understanding of the 

important molecular parameters of dye materials exists. In 

this work, a survey of Phthalocyanine crystal morphology was 

undertaken. Clovis Linkous (61) surveyed somp. of the 

photoelectrochemical behavior of phthalocyanines, but did 

not pay particular attention to film preparation. 

Chamberlain and Malpas (70) worked on a variety of 



307 

merocyanines, but did not describe the film morphology. 

Since the merocyanines have shown the highest solar energy 

conversion efficiency (0.7%), a careful study of this 

material may easily yield a ten fold increase in solar 

efficiency. 

The choice of other dyes for future work must be 

somewhat of a random process because of the lack of studiAS 

relating molecular and crystal lattice structure to 

conductivity. To dat~ very little conclusive work has been 

done of the theory of conductivity in organic materials 

primarily because of the experimental difficulties in 

growing sufficiently large, pure crystals for X-ray 

structures and to which the necessary ohmic contacts can be 

made for measuring the anisotropy of conduction. Todays 

advanced microcircuit fabrication technologies should 

provide an answer to this latter problem. 

Organic semiconductors, have not enjoyed the 

attention paid to inorganic materials; but because ·of their 

low cost, very high absorbtivity in the visible region, the 

ease of thin film formation, and the results of this work, 

they may well be more suited to practical solar 

photoelectrolysis than their inorganic counterparts. 



APPENDIX A 

Interband Gap State Distribution 

As noted in Chpt. 2, Bulk Photoconductivity, from 

experimental data, specifically intensity versus photo

current data, it should be possible to find the distribution 

of IBG states as a function of energy. In this section, a 

rigorous treatment for this experiment is developed. 

Holes are assumed to be the majority carrier such 

that Eqn. 2.8 can be rewritten as: 

iph=pe/T r 

and the energy level of interest becomes Dp " 

It is convenient to define: 

Eqn. A.1 

Eqn. A.2 

where Efp is the steady state Fermi level (SSFL) for holes. 

This equation is very similar to Eqn. 2.2, but Ef has been 

replaced by Efp ; it allows the hole concentration, p, and 

therefore the current, i, ~o be related to an energy level 

within the band gap. 

The quantity n in Eqn. 2.22: 

Eqn. 2.22 

can be replaced by rearranging Eqn. 2.23 to give: 

Eqn. A.3 
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and substituting this into Eqn. 2.22 to give: 

exp{(Dp.-Ev)/kT}:pnr/NvPr 

Using Eqn. A.2 in Eqn. A.4 gives: 
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Eqn. A.4 

Eqn. A.5 

Because of the exponential factors, the term nr/P r will have 

little effect and can be set equal to one. Thus for mcst 

systems: 

Eqn. A.6 

This relationship allows the current to be related to the 

demarcation level between traps and recombination centers. 

The number of filled recombination sites can be found by 

summing all the sites lying between Ef and Dp or 

approximately the SSFL for holes, Efp ' Thus: 

USing Eqn. 2.23 and Eqn. A.1 gives: 

Taking the derivative evaluated at Efp gives: 

d(f/i){e/TrvS p }= nr(E fp ) dE fp 

Taking the derivative of Eqn. A.2 gives: 

but: 

Eqn. A.7 

Eqn. A.8 

Eqn. A.9 

Eqn. A.10 

Eqn. A.11 
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and substituting in Eqn. A.9 gives: 

or: 

di/d(f/i){T~vSpkT/e2NV}= 

1/nr(Efp)exp{(EfP-Ev)/kT} 

Eqn. A.12 

Eqn. A.13 

Eqn. A.13 is the general end result which can be 

applied to any system providing experimental photocurrent-

intensity data are available or an equation relating 

photocurrent to the intensity. Efp-Ev can be calcu~ated 

from the photocurrent using Eqns. A.1 and A.2j i and fare 

known to calculate di/d(f/i)j and the term {T~vSpkT/e2Nv} 

can be estimated. From these a plot of Efp-E v versus 

In the Results and Discussion chapter, a 

relationship was developed which related the intensity of 

illumination, I, and the applied voltage (E-E o . c .) to the 

photocurrent for a RDE. This relationship was: 

i=AC(E-E )1°.7 4 Eqn. A.14 O.c. 

where A is the electode area and C is a constant equal to: 

Eqn. A.15 

In essence, this equation summarizes the experimental 

results and will be used to calculate the necessary terms 

for Eqn. A.13. 
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The area of the electrode used was 0.33 cm2 with a 

thickness of 1x10-4cm2 , to give a volume of 3.3x10-5cm3 . 

These will be used to normalize such terms as f, i, Nv to 

the actual area or volume of the GaP~-Cl film. 

Eqn. A.14 must be expressed in terms of f rather 

than I. An average photon energy of 2.0 eV is assumed and 

the fraction of incident photons absorbed is 100%. The 

applied bias is assumed to be 500 mY. f is given by: 

f/A:1 C6.25x10 15 eV/mW sec) 112.0 eV 

f/A:1 C3.1x10 15 cm2/mW sec) 

f:1 C1.0x10 15 cm2/mW sec) 

Substituting this into Eqn. A.14 gives: 

i:ACCE-Eo . c .){f/AC3.1x10- 16 cm 2/mW sec)}0.7 4 

Eqn. A.16 

Eqn. A.17 

Eqn. A.18 

Eqn. A.19 

Substituting in values for A, 

collecting terms gives: 

c, and CE-Eo . c .) and 

i:5.8x10- 12 uACcm 2sec)0.7 4 {f/A}0.74 Eqn. A.20 

The term di/dCf/i) can be calculated from this as follows: 

i/iO.74:5.8x10-12 uACcm 2sec)0.74 {f/iA}0.7 4 Eqn. A.21 

taking the derivative with respect to ([Ii) gives: 

d{iO. 26 }/d{f/i}= Eqn. A.22 

5.8xiO- 12 uA(cm2sec)0.74 C1/~)0.74 0.74 {f/i}-0.26 

0.26i-0. 74 Cdi/d{[/i})= Eqn. A.23 

5.8x10- 12 uACcm2sec)0.74 C1/A)0.74 0.74 {f/i}-0.26 



(di/d{f/i})= 

5.8x10- 12 uA(cm2sec)0.74 (1/A)0.74 x 
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Eqn. A.24 

0.74/0.26 {f/i}-0.26 1/(i)-0.74 

Multiplying the right hand side by f/f and gathering terms 

gives: 

(di/d{f/i})= Eqn. A.25 

5.8x10- 12 uA(cm2sec)0.74 (f/A)0.7 4 0.74/0.26 i/f 

The term 5.8x10- 12 uA(cm2sec)0.7 4 (f/A)O.74 is simply equal 

to i by Eqn. A.20 and thus: 

(di/d{f/i})=0.74/0.26 i2/f 

(di/d{f/i})=2.8 i2/f 

Eqn. A.26 

Eqn. A.27 

Rearrangement of Eqn. A.20 for 1/f gives: 

i1.35=(5.8x10-12)1.35 uA 1 .35(cm2 sec) (f/A) Eqn. A.28 

1/f=(5.8x10- 12 )1.35 uA1.35(e;m2sec)(i-1. 35 /A) Eqn. A.29 

Substituting in for the area, A, and gathering terms gives: 

1/f=(5.7x10- 15 ) uA1.35 sec (1-1.35) Eqn. A.30 

Subst~tuting in this term into Eqn. A.27 for 1/f gives: 

(di/d{f/i})=1.5x10- 14 uA1.35 sec (i0.65) Eqn. A.31 

The term {T~vSpkT/e2Nv} must be estimated and the 

following values were taken from Rose's text (26) except for 

u, which was taken from Gutmann and Lyons (29) 

multiplied by the volume to obtain an absolute value for 

this system. 

Nv=1x1019/cm3(3.3x10-5cm3)=3.3x1014 

Sp=1x10- 12cm2 

V=1x10 7cm/sec 

Eqn. A.32 

Eqn. A.33 

Eqn. A..34 



V:0.5 V 

e:1.6x10- 19 C 

kT:O.026 eV at 298°C 

Tr is given by: 

Tr :d 2/Vu:2x10- 8 

Using the above values then: 
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Eqn. 11..35 

Eqn. 11..36 

Eqn. 11..37 

Eqn. 11..38 

Eqn. 11..39 

Eqn. 11..40 

{T~vSpkT/e2Nv}:1.3X10-11cm3eV/uA2sec Eqn. A.ll1 

The terms {(Efp-Ev)/kT} and exp{(Efp-Ev)/kT} are required 

and obtained from Eqn. 11..2 as follows: 

p:Nvexp{(Efp-Ev)/kT} 

p/Nv:exp{(Efp-Ev)/kT} 

p can be related to the current by Eqn. 11..1 and: 

iTr/Nve:exp{(Efp-Ev)/kT} 

i(3.8x10-10/uA):exP{(EfP-Ev)/kT} 

kTln{i(3.8x10-10/uA)}:EfP-Ev 

0.026eV In{i(3.8x10-10IuA)}:EfP-Ev 

Eqn. A.ll2 

Eqn. 11..43 

Eqn. A.ll4 

Eqn. A.45 

Eqn. 11..46 

Eqn. 11..47 

Eqn. 11..13 is repeated for convenience. Eqns.A.31, 11..41 

and 11..44 can now be substituted into this to give the final 

result: 

di/d(f/i){T~vSpkT/e2NV} 

:1/nr(Efp)exp{(Efp-Ev)/kTl 

Eqn. 11..13 

1.5x10- 14 uA 1 .35 sec iO.651.3x10-11cm3eV/uA2sec: Eqn.A.47 

1/nr{i(3.8x10-10/uA)} 
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Rearranging to solve for nr(E fp ) and collecting terms gives: 

nrCEfP)=1.9X1015 i O. 35 1/{cm 3 eV uA O.35} Eqn. A.48 

Using this equation and Eqn. A.47 plots of Nr(E) and 

log Nr(E) versus -(Efp-E v) were made, Fig. A.1 and Fig. A.2 

respectively. The y-axis units are in eV above the valence 

band edge and the x-axis units are in (eV cm 3 )-1. The 

logrithmic plot shows clearly the exponential distribution 

of lEG states as predicted by Rose (26) for systems where 

the intensity dependence of photocurrent is (I)n and n is 

between 0.5 and 1.0. The points for the curves were 

calculated using photocurrents ranging from 1x10-4 to 1x10-

5 uA in increments of powers of 10. Note, however, the 

experimental data used to derive the photocurrent-intensity 

relationship, Eqn. A.14, was based on photocurrents ranging 

from 1 uA to 100 uA. This is indicated on each figure by two 

hash marks at these values with an arrow between them. 

Thus; the figures represent considerable extrapolation of 

the experimental data. In addition, the photocurrent data 

resulted from over a 2 order of magnitude intensity change 

(1.0-100 mW). In general, it will be very difficult to 

obtain data over the many orders on intensity magnitude 

required to determine the density of states in most of the 

band gap region. 

A number of assumtions were made in the values given 

in Eqns. A.32 throught A.39. While d, V, kT, and e are 

fairly well defined for this system, Nv ' v, and u are rough 
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approximations and may vary by an order of magnitude. Most 

significant, however, is the error in Sp. Rose (26) 

discusses in detail the various types of capture cross 

sections and method for approximating their values. These 

values range from 10- 12 to 10-20 cm 2 . The value used here 

was 10- 12 cm 2 , which is calculated from the Coulombic 

interactions of two oPPositely charged centers. From 

Eqn. 2.23, assuming f, p, and v are constant, a maximum 

value for Sp is reflected as a minimum value for nr . Thus, 

the density of state distribution in Figs. A.1 and A.2 

represent a minimum density and the actual density of states 

may be far greater. While significant error may be 

involved, the distribution is of about the right order of 

magnitude and could be improved on significantly if better 

estimates or measurements of the constants involved could be 

made. 
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