
Photoelectrochemical and solid state
characterization of the spectroscopic and

electronic properties of titanyl phthalocyanine

Item Type text; Thesis-Reproduction (electronic)

Authors Lee, Paul Anthony, 1961-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:17:43

Link to Item http://hdl.handle.net/10150/276853

http://hdl.handle.net/10150/276853


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ivll 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1SS5431 

Photoelectrochemical and solid state characterization of the 
spectroscopic and electronic properties of titanyl phthalocyanine 

Lee, Paul Anthony, M.S. 

The University of Arizona, 1988 

U M I  
SOON.ZeebRd. 
Ann Arbor, MI 48106 





PHOTOELECTROCHEMICAL AND SOLID STATE CHARACTERIZATION 

OF THE SPECTROSCOPIC AND ELECTRONIC PROPERTIES OF 

TITANYL PHTHALOCYANINE 

by 

Paul Anthony Lee 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 

For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  8  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 

requirements for an advanced degree at The University of Arizona and is 

deposited in the University Library to be made available to borrowers 

under rules of the Library. 

Brief quotations from this thesis are allowable without special 

permission, provided that accurate acknowledgement of the source is 

made. Requests for permission for extended quotation form or 
reproduction of this manuscript in whole or in part may be granted by 

the head of the major department or the Dean of the Graduate College 

when his or her judgement of the proposed use of the material is in the 

interests of scholarship. In all other instances, however, permission 

must be obtained from the author. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Neal R. 

Professor of Ch^ 



3 

ACKNOWLEDGEMENTS 

I would like to acknowledge my research director Neal R. 

Armstrong for his intellectual and financial support over the past four 

years. I also thank him for his patience and for his determination to 

extract this thesis from me. 

I would like to thank my family for their love and support I am 

ever indebted to them for the guidance they have given me as I was 

growing up. 

I also acknowledge the members of my research group, past and 

present, whose enlightened conversation, creativity and energy have 

given me inspiration. 

I am especially grateful for my wife Sheri whose unconditional 

love, support and faith in me have kept me driven towards my dreams. 



4 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 6 

LIST OF TABLES 12 

ABSTRACT 13 

1. INTRODUCTION 14 

Characterization of Pc's Using Interdigitated 

Microelectrode Arrays 23 

Formalisms in Solid State Conductivity 25 

Activation Energy 29 

Activation Energies of Photoconductivity 34 

Historical Aspects of Solid State 

Conductivities of Pc's 36 

2. EXPERIMENTAL 41 

Reagents 41 

Redox Couples and Electrolytes 41 

Preparation of Chlorogallium Phthalocyanine 

(GaPc-Cl) and Titanyl Phthalocyanine (TiOPc) 41 

Electrode Preparation 43 

Preparation of Au Foil and Au-MPOTE Substrates 43 

"Preparation of TiOPc Thin Film Photoelectrodes 43 

Preparation of TiOPc Coated Microelectrode Arrays 44 

Cleaning of Au and Al Microelectrode Arrays 44 

Pc Deposition on Microelectrode Arrays 47 

Electrochemistry 50 

Cyclic Voltammetry 50 

Photocurrent Action Spectroscopy 51 

AC Capacitance Method for the Determination 

of Mott-Schottky Data 52 

Electrical Measurements in Ultra High Vacuum 56 

Dark Current Measurements 56 

Photocurrent Action Spectroscopy-Microcircuits 

in UHV 58 

Temperature Dependent Current Measurements 58 

UHV Vapor Dosing of TiOPc 59 

Optical Absorption and Photoacoustic Techniques 59 

Optical Absorption Spectra 59 

Equivalent Monolayer (EQM) Method for the 

Determination of Film Thickness 60 



5 

TABLE OF CONTENTS--Continued 

Page 

Photoacoustlc (PA) Spectroscopic Methods 60 

Scanning Electron Microscopy 62 

Sample Preparation 62 

Surface Analysis 63 

X-Ray Photoelectron Spectroscopy 63 

3. PHYSICAL AND PHOTOELECTROCHEMICAL CHARACTERIZATION 

OF TlOPc 64 

Molecular Structure and Bonding 64 

Crystalline Structure 66 

Optical Properties 67 

Photoacoustlc Characterization of TiOPc 

Thin Film Photoelectrodes 80 

PAS of the Solid State 84 

Photoelectrochemlcal Characterization of TlOPc 89 

Differential Capacitance Data of EpB 98 

Photocurrent Action Spectroscopy 98 

Conclusions 103 

4. CHARACTERIZATION OF TlOPc USING INTERDIGITATED 

MICROELECTRODE ARRAYS 106 

Characterization of The Interdigitated 

Microelectrode Arrays 106 

UHV Preparation Characterization of TlOPc 117 

Temperature Depdendent Conductivity Studies in UHV 127 

XPS Studies of I2 Dosed TlOPc Films 137 

Discussion and Conclusions 146 

5. CONCLUSIONS 153 

Summary of Results 153 

Future Directions 156 

LIST OF REFERENCES 159 



6 

LIST OF ILLUSTRATIONS 

Page 

Figure 

1.1 Pc Molecule 17 

1.2 Absorption Spectra of TiOPc in 1) a Solution of 

1-Chloronaphthalene and 2) a Thin Solid Film 18 

1.3 Molecular Orbital Diagram for a Hjrpothetical Molecule. 

A) Descreet Molecule. B) Two Molecules and C) and 

an Infinite Number of Molecules 19 

1.4 Sandwich Cell Model Used to Calculate Conductivities 

Where A is the Area of the Electrode, L is the Electrode 
Spacing or Length of the Conductor, C is the Conductor 
Under Study, i is the Current, and Vg is the Bias 

Potential Applied Across L 27 

1.5 Reaction Coordinate Diagram Illustrating the Energy of 

Activation Required for a Chemical Reaction 30 

1.6 In vs. 1/T for a Semiconductor 33 

2.1 Interdigitated Microelectrode Array Similar to Those 

Supplied by Motorola 45 

2.2 Interdigitated Arrays Courtesy of Burr-Brown 46 

2.3 Ultra High Vacuum Deposition and Electrical Measurement 

System 48 

2.4 Pc Sublimation Source 49 

2.5 Impedance-Phase Relationship for Resistance and Capacitance 

as it Applies to the Electrochemical Cell Equivalent ... 54 

2.6 Interdigitated Array Mount and Heater Assembly 

for Use in UHV 57 

2.7 The Gas Microphone Photoacoustic Cell 61 

3.1 The Structure of TiOPc 65 

3.2 Phase 1 of TiOPc. A) Looking Down the A Axis and B) Looking 

Down the B Axis 69 



7 

LIST OF ILLUSTRATIONS - Continued 

Page 

Figure 

3.3 Phase 2 of TiOPc. A) Looking Down the B Axis, B) Looking 

at the 101 Plane 70 

3.4 Solution Absorbance Spectra for TiOPc Dissolved in 

A) 1-Chloronaphthalene and B) in Dimethylsulfoxide 

(DMSO) 72 

3.5 Absorption Spectra of A) TiOPc in a 1-Chloronaphthalene 

and B) A Thin Solid Film of Vacuum Deposited TiOPc 73 

3.6 Hjrpothetical Orbital Mixing in a Semiconductor 75 

3.7 Band Diagrams Showing the Difference Between A) A Metal, 

B) A Semiconductor and C) An Insulator 75 

3.8 Absorption Spectra of Vacuum Deposited Thin Films of TiOPc 

Prepared on Different Temperature Substrates. A) 80 °C 
B) -90 °C .77 78 

3.9 Absorption Spectrum for a Thin Film of TiOPc Made in Ultra 

High Vacuum at a Substrate Temperature of 35-40 °C 79 

3.10 SEM and Absorption Spectrum of Film PL 12 81 

3.11 SEM and Absorption Spectrum of Film PL 10 82 

3.12 Absorption Spectra of Thin Films of GaPc-Cl. A) Block 

Phase, B) Flatlet Phase and C) a Film Made at High 

Deposition Rate on a Hot Substrate (100 "C) 83 

3.13 Block Diagram of a Single-beam Photoacoustic 

Spectrometer 85 

3.14 The Acoustic Piston Model 87 

3.15 Photoacoustic Spectra of Thin Films of TiOPc 88 

3.16 Cyclic Voltammetric Behavior of a Typical p-type TiOPc 

Photoelectrode in A) .OOIM Equimolar Hydroquinone/ 

Benzoquinone, B) .OOIM Equimolar Potassium Ferrocyanide/ 

Ferricyanide and C) .OOIM Anthraquinone 90 



8 

LIST OF ILLUSTRATIONS - Continued 

Page 

Figure 

3.17 Cyclic Voltammetric Behavior of a Lightly-doped 

TiOPc Photoelectrode in A) .OOIM Equimolar Hydroquinone/ 

Benzoquinone, B) .OOlM Equimolar Potassium Ferrocyanide/ 

Ferricyanide and C) .OOIM Anthraquinone 92 

3.18 Possible Cathodic and Anodic Sites that could Result 

in Poor Voltammetric Behavior Displayed in 

Figure 3.17 B 93 

3.19 Photocurrent Reversal Determination of Platband Potentials 

of a TiOPc Film. A) Initial Sweep, B) After Poising the 

Electrode at +1V for 5 Minutes, and C) After Poising the 

Electrode at -3, V for 5 Minutes 95 

3.20 Photocurrent Reversal Determination of Platband Potentials 

of a GaPc-Cl Film. A) Initial Sweep, B) After Poising the 

Electrode at +1V for 5 Minutes, and C) After Poising the 

Electrode at -.3 V for 5 Minutes 97 

3.21 Mott-Schottky Determination of the Platband Potential 

and Dopant Density of Film PLIO 99 

3.22 Photocurrent Action Spectrum of a Lightly-doped TiOPc 

Film Under Cathodic Conditions 100 

3.23 Photocurrent Action Spectrvun of a p-type TiOPc Under 

Cathodic Conditions 102 

4.1 Solid State Sandwich Cell Configuration 107 

4.2 Interdigitated Microelectrode Array Supplied by Motorola 

with L - 3 /im 109 

4.3 Interdigitated Microelectrode Arrays Supplied by Burr-Brown 

Having Various Electrode Spacings. A) 3, B) 4, C) 5, 

D) 6, and E) 7 /im 110 

4.4 Pc Coated Array and Cross-section Ill 

4.5 Photocurrent Action Spectra of A) GaPc-Cl and B) TiOPc 

Coated Motorola Arrays Coated at High Substrate Temperatures 

and Measured in Ambient Atmosphere. Absorption Spectra are 

Shown for Comparison 112 



9 

LIST OF ILLUSTRATIONS - Continued 

Page 

Figure 

4.6 Photocurrent Action Spectra for A) GaPc-CI and B) TiOPc 

Photoelectrodes Hade at High Substrate Temperature and 

Measured in a .001 M Solution of H2Q/BQ Under Cathodic 

Conditions 113 

4.7 Photocurrent vs. Bias Potential for a TiOPc Coated Array 

in Ambient Atmosphere at 660 nm 114 

4.8 Photocurrent vs. Bias Potential for a GaPc-Cl Coated 

Array in Ambient Atmosphere at 632.8 nm 116 

4.9 Photocurrent vs. Bias Potential for TiOPc Coated Burr-

Brown Arrays Measured in Ambient Atmosphere Illuminated 

by an IR Filtered 450 W Xe-Arc Lamp. A) 3, B) 4, C) 5, 

D) 6, and E) 7 /im Spacings 118 

4.10 Photocurrent vs. Deposition Time for a TiOPc Film 

Prepared in UHV 119 

4.11 The Effect of Iodine Dosing on a TiOPc Coated Array Done 

in UHV 121 

4.12 l2'Uptake for the Adsorption of Iodine on a 

TiOPc Thin Film 122 

4.13 Photocurrent vs. Bias Potential for an Iodine Dosed 

Film Measured in Ambient Atmosphere 123 

4.14 Photocurrent vs. Bias Potential for TiOPc Coated Array 

UHV3 Before Annealing. Wavelength is 660 nm 124 

4.15 Dark Current vs. Bias Potential for TiOPc Coated Array 

UHV3 Before Annealing 125 

4.16 Photocurrent vs. Illumination Intensity for TiOPc Coated 

Array in UHV 126 

4.17 Photocurrent and Dark Current vs. Bias Potential for an 

Annealed Film Before I2 Dosing 128 

4.18 Photocurrent and Dark Current vs. Bias Potential for I2 

Dosed TiOPc Film 129 



LIST OF ILLUSTRATIONS - Continued 

Figure 

4.19 Photocurrent and Dark Current vs. Bias Potential for I2 

Dosed TiOPc Film After Heating to 130 °C in UHV 

4.20 Photocurrent Action Spectrum of TiOPc Coated Array UHV3 

Before Annealing. Absorption Spectrum for a Film Grown 
in UHV is Shown for Comparison 

4.21 Determination of Activation Energy for Dark Conductivity 

A) Before Heating and B) After Heating 

4.22 Determination of Activation Energy for Photoconductivity 

at A) 420 nm, B) 660 nm, C) 750 nm, D) 850 nm and 

E) 950 nm 

4.23 Photocurrent Action Spectrum of UHV3 After First 

Temperature Study ^ 

4.24 Photocurrent Action Spectrum of UHV3 After Second Temperature 

Study. Shown in the Inset is the Absorption Spectrum of a 

Film Made at High Substrate Temperature 136 

4.25 Dark Current vs. Bias Potential for UHV3 Before 

Annealing 138 

4.26 Dark Current vs. Bias Potential for UHV3 After 

Annealing 139 

4.27 XPS C(ls) Spectrum of a TiOPc Film 140 

4.28 XPS N(ls) Spectrum of a TiOPc Film 141 

4.29 XPS 0(ls) Spectrum of a TiOPc Film 142 

4.30 XPS Ti(2p) Spectrum of a TiOPc Film 143 

4.31 C(ls) Lineshape of a TiOPc Film fit to Three 

Gaussian Peaks 144 

4.32 Comparison of C(ls) Lineshapes for A) TiOPc and 

B) GaPc-Cl 145 

4.33 Spectrometer Geometry for A) Normal Incidence XPS. 

B) Grazing Takeoff Angle XPS 147 



11 

LIST OF ILLUSTRATIONS - Continued 

Page 
Figure 

4.34 XPS 0(ls) Spectrum at Grazing Takeoff Angle 148 

5.1 Schematic Diagram of an Apparatus for Studying the Chemical 

Sensitivity and Selectivity of Thin Film Semiconducting 

Materials 158 



12 

LIST OF TABLES 

Page 

Table 

1.1 Absorption Maxima for Some Organic 

Molecules 20 

1.2 Mobility and Conductivity of Various 

Semiconductors 28 

2.1 Elemental Analysis of 

TiOPc 42 

3.1 Bond Distances for TiOPc 68 

3.2 Crystal Parameters for Phase I and II of TiOPc 68 

3.3 Wavelength of Maximum Absorption for Some 

Unsaturated Hydrocarbons 74 

3.4 Observed Photopotentials for a p-type TiOPc 

Thin Film Photoelectrode 89 

3.5 Observed Photopotentials for a Lightly Doped TiOPc 

Thin Film Photoelectrode 91 

4.1 Conductivity Data for TiOPc Coated Aluminum Electrode 

Arrays Supplied by Burr-Brown 115 

4.2 Atomic Ratios for TiOPc at Normal and Grazing 

Take-Off Angles 149 



13 

ABSTRACT 

Various metal phthalocyanines, MPc's, have been used as dyes, 

catalysts, indicators, electrophotographic receptors and more recently 

as active elements in chemical sensors and photoconductive materials 

for solar energy conversion applications. Of the MPc's, VOPc, GaPc-Cl 

and TiOPc have shown promise for solar energy conversion devices. 

GaPc-Cl has also shown promise as a chemical sensor. Up to this point 

in time, the focus of Pc research in this group has been in the 

direction of characterizing the photoelectrochemical properties of 

these materials. Recently, solid state studies of TiOPc have been done 

to determine the electronic properties of a tetravalent metal Pc, such 

as conductivity and photoconductivity. Such solid state measurements 

are facilitated by the use of interdigitated microelectrode arrays 

which are coated with thin films of various Pc's. 
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CHAPTER I 

INTRODUCTION 

Phthalocyanlnes (Pc's) and metal substituted phthalocyanines 

(MPc's) as a class have a wide range of commercial applications. The 

most familiar of these is the use of Pc's and MPc's as colorants in 

textiles, inks, paints and plastics. Other uses of Pc's include 

catalysis, dye lasers, medicine and photography (1-4). Still, other 

uses of Pc's and MPc's involve"their application as semiconductors or 

photoconductors. Due to their semiconductive behavior, Pc's such as 

H2PC and VOPc have been used as the photoreceptor material in 

photocopiers(5,66). More novel applications include their use in solar 

conversion devices, chemical sensors and non-linear optics (6-9). 

Presently, there exist a need for photoconductor materials that 

are inexpensive, efficient, stable and have a broad spectral 

sensitivity. Of particular interest are materials that can be used in 

the near infrared in conjunction with diode lasers. Various Pc's and 

MPc's, including TiOPc and GaPc-Cl, have shown promise in this regard. 

Also of interest is the ability of many organic semiconductors 

to absorb gases causing a change in the electronic and spectral charac

teristics of the material. This observation has led to the development 

of chemical sensors based on this class of materials. 

Historically, the discovery of phthalocyanine was an accident. 

The most recent rediscovery of Pc was in 1928 when Pc was observed in a 

reactor used for the preparation of phthalamide from phthalic 

anhydride with ammonia. The iron phthalocyanine that was observed was 



made as a result of a crack in the glass liner of the reactor. This 

material was patented in 1929, but its structure was not ellucidated 

until 1933 (10-12). 

Since it's last discovery, many patents for different 

metallated Pc's have been filed and the material has been marketed 

under a number of different tradenames such as Heliogen Blue (H2PC), 

Heliogen Green (H2PC • Clj^4.j^5), Arlovat Brilliant Blue (CoPc) , Congo 

B-4(CuPc, unstable form), Cyan Blue BNC (CuPc a form), Cyan Blue GT 

(ySCuPc), and others (13). 

Many different Pc's were synthesized and studied during the 

1930's, 40's, 50's, and 60's during which many of the properties were 

documented. Such properties include crystalline nature, absorption 

spectra, magnetic, catalytic, electrochemical, physical, photochemical 

and semiconductive properties, (13-16). Pc's and MPc's have generated 

much interest because of these properties and the wide range of 

applications and potential applications. Some of the more intriguing 

applications of Pc's and MPc's are their use as laser recording 

materials (13), electrophotographic receptors (17,18), chemical sensors 

(19) and thin film photoelectrode materials (20,21). These 

applications and potential applications arise, at least in part,because 

of the semiconductive properties of these Pc materials. 

New, current and developing technologies using Pc's and MPc's 

require a full understanding of both physical and chemical properties. 

In applications where these materials are used as semiconductors, a 

thorough understanding of the electronic properties such as n-



intrinsic-, or p-type behavior and conductivity is required. 

Complicating the determination of these properties is the fact that 

they are dependent upon the method of preparation of the material and 

the conditions under which the properties are measured. 

Phthalocyanines as a class are very highly colored compounds 

that appear green to blue in color (Fig. 1.1). They are thermally 

stable and chemically resistant. Unsubstituted MPc's are very 

insoluble in aqueous solvents but can be dissolved in concentrated 

H2SO4 or organic solvents such as pyridine or 1-chloronaphthalene. 

Single crystals of Pc's can be made from solvent recrystallization or 

by sublimation. Thin films may be made by sublimation in vacuum. 

The electronic absorption spectra for most Pc's show two 

regions of high absorptivity one in the visible and one in the near 

infrared. The higher energy transition has been determined to be tt-tt 

and is designated as the Soret band. The lower energy transition is 

also it-K* and is designated the Q-band. In solution, the bands are 

very narrow (usually <100 nm wide). In thin solid films and single 

crystals, the absorption spectrum is broadened and sometimes shifted 

(Fig. 1.2). Broadening is caused by the overlap of the molecular 

orbitals of adjacent molecules, which start to form a continuum of 

allowed energies as more molecules are added (Fig. 1.3). Each "band" 

is composed of a large number of energy states, very narrowly spaced 

such that the resulting excitation occurs over a larger spectral 

region. Redshifting of the absorption spectrum is observed in many 
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Figure 1.1 Pc Molecule 
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Figure 1.2 Absorption Spectrum of TiOPc in 1) a Solution of 

1-Chloronaphthalene and 2) a Thin Solid Film. 
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Table 1.1 Absorption Maxima for Some Organic Molecules. 

STRUCTURE ABSORBANCB MAXIMA ^ 

CH3-(CH2)2-CH=CH2 184 

CH2=XH-(CH2)2-CH=CH2 185 

CH2=CH-CH=CH2 217 

CH2~CH"CI^CH"^H?"CH2 250 

LICOPBNE _ 505 

BENZENB 260 

ST7RBNE 244 Q-r 

NAPHTHALENB ^ 280 

ANTHRACENB rJll 375 oco 
a 9  

PHENANTHRBNB 350 

NAPHTHACBNB 450 

PENTACEHB 575 occco 
CORONENB 400 



organic systems as the conjugation increases, as illustrated in Table 

1 . 1 .  

The broadening effects, as one goes from a discrete molecule to 

a solid, are specifically dependent on the intermolecular orbital 

overlaps which can vary with crystalline phase, due to the orientation 

of the molecules. Pc's are known to exist in a number of different 

crystallograpically distinct phases which have been confirmed by x-ray 

diffraction and IR spectroscopy. Most divalent MPc's exist in a or /5 

forms (13). Other phases include R, 5, 7, X, jt, and r forms (13) (15). 

Tri- and tetravalent MPc's such as VOPc and TiOPc exist in poljTnorphs 

known as phase I and phase II (22,23). These modifications have also 

been confirmed by x-ray diffraction (XRD), IR spectroscopy and, in the 

case of VOPc, by differential scanning calorimetry (DSC) (22). It has 

been reported that crystalline phase differences can be observed in the 

electronic absorption spectra of these materials (22,24,25). In VOPc, 

the observed spectral features were correlated with XRD, DSC, and IR 

( 2 2 ) .  

Semicondutive properties of Pc's have been evaluated using 

electrochemical, photoelectrochemical, and solid state methods (15). 

As semicondutors, they can be doped to change their conductive proper

ties. Inorganic semiconductors such as Si can be doped with boron or 

phosphorus at part-per-million concentrations to alter the conductivity 

and type of semiconductor (p- or n-tjrpe respectively). This change can 

also be seen in Pc's with dopants such as O2, H2, NH3, NO2, and I2. 

The addition of such dopants changes the conductivity of CuPc, PbPc and 



other MPc's (22,23,26-31). This property has been used to develop a 

sensor that responds to small quantities of vapor (32). In such appli

cations, it is necessary to study how such small molecules affect the 

energetics of the semiconductor. Such dopants also play a role in the 

electrochemistry and photoelectrochemistry of thin films of Pc. The 

electrochemistry and photoelectrochemistry of Pc-modified electrodes 

have attracted much interest as electrocatalysts, materials for solar 

energy conversion and electrophotography (13). In each of these cases, 

an understanding of how they function and what modification can be used 

to improve them is important. 

The electrochemistry of a number of main and transition metal 

Pc's has been studied to characterize the effects of the metal atom on 

ring oxidation and reduction potentials, and how it could be applied to 

design of catalysts (33,34). Electrochemistry on Pc-modified 

electrodes has also been studied (35-38). Sublimed Pc films on Au 

substrates show low dark activity for many redox couples with an Eq in 

the bandgap of the Pc, but reversible electrochemical behavior for 

those couples with Eg's that overlap the valence band of the Pc (39). 

In addition to such dark activities, some Pc's have a substantial 

photopotential which shows that some redox couples are easier to 

oxidize or reduce at the Pc-modified electrode under illiimination (39). 

The nature of this photoeffect has been addressed elsewhere, so the 

reader is referred to references 15 and 40 for an in depth review of 

photoelectrochemical principles at semiconductor modified electrodes. 

Photocurrent action spectroscopy of Pc thin films show that the 



photocurrent spectrum generally mimics the absorption spectrum (39-41). 

In the case of AlPc-OH, a change in both the absorbance and 

photocurrent spectra can be seen upon phase change in solution (24). 

Modification of the semiconductor properties of thin film 

photoelectrodes has also been studied. Such materials as I2, H2, O2 

have been used to dope these films (39,41), For example, GaPc-Cl thin 

films have been annealed under O2, N2 and H2 for 24 hours at lOO'C to 

cause significant changes in the flatband potential of the electrode 

(39). The process of gas absorption has also been shown to be slowly 

reversible (39). Such modifications change the conductivity and alter 

the observable photopotential. This is a step toward controlling and 

tailoring the semiconductor properties of Pc materials. 

Other materials that have been studied, such as VOPc and TiOPc 

have been shown to be very p-type in nature with very large 

photopotentials and good conductivities (39,42). TiOPc in particular 

is of interest, because it has given some of the largest observed 

photopotentials and some of the highest photoelectrochemlcal conversion 

efficiencies of photoelectrodes thus far examined (42). 

Characterization of TiOPc in the form of thin films photoelectrodes, is 

only the starting point in the characterization of the electronic 

properties. Other solid state measurements are needed to fully 

describe the properties of TiOPc. 

Characterization of Pc's Usln^ Interdigitated Microelectrode Arravs 

Prior characterization of many types of organic thin film 

semiconductors, including Pc's, have been done primarily by solid 



state, electrochemical and/or photoelectrochemical techniques in which 

one surface of the thin film was exposed to a metal or an electrolyte 

solution, while the other surface was in contact with another metal 

such as gold. These techniques are useful for determining the 

properties of the semiconductors after they have been exposed to 

atmosphere. This is an acceptable experiment if the ambient atmosphere 

does not alter the properties of the semiconductor, but many times this 

is not the case. For instance, PbPc is known to interact with I2 vapor 

resulting in an increase in dark conductivity (43). Upon exposure of 

the same film to H2 the dark conductivity returns to its original 

value. Similarly, CuPc is thought to be doped by atmospheric oxygen to 

change not only its conductivity, but also its photocurrent action 

spectrum (44,45). Recently, Armstrong and coworkers have shown that it 

is possible to change the apparent flatband potential of thin films of 

GaPc-Cl by annealing the film in atmospheric pressures of H2 or O2 gas 

at elevated temperatures. Hydrogen tended to make the film more n-tjrpe 

whereas the oxygen made the film take on a p-tjrpe character (41) . 

Other MPc's behave similarly (46). Due to the chemical reactivity of 

these types of M-Pc's, it is desirable to do these studies in a 

controlled environment, such as ultrahigh vacuum. 

Ultra-high vacuum (UHV) allows measurement of the electronic 

properties of organic semiconducting materials or other materials at 

pressures of -10"^® torr. UHV measurements preclude electrochemical 

and photoelectrochemical techniques in which a solution/Pc interface is 

required. In many cases, single crystals have been used with 



metallized contacts (44-45). Solid state sandwich cells have also been 

used in which the semiconductor layer is sandwiched between two 

conductive plates one of which is an optically transparent electrode 

(24). More recently, interdigitated microelectrode arrays have been 

used for solidstate measurements of electronic properties of MPc 's (43) 

(47). The advantage of using microelectrode arrays in solid state 

measurements is that both the deposition of these films and electronic 

measurements may be done in UHV without having to manipulate the 

sample. The electronic measurements may also be done during the 

deposition of the film. For this reason, interdigitated microelectrode 

arrays were used for many of the current studies. 

Formalisms in Solid State Conductivity 

Conductivity of materials in the solid state varies with the 

nature of the material and other parameters such as the electric field 

across the material and the geometric dimensions of the attached 

electrodes. For the interpretation of the current-voltage data, the 

following terms must be defined: 

L • Length of the conductor (cm) 

A • Area of the conductor/electrode (cm^) 

Vg • Bias potential (volts, V) 

i • Current through the conductor at a potential Vg 

R • Ohms law resistance of the conductor subject to geometric 

constraints and estimated by R - V/i 

E - Vg/L - Electric field (V/cm) 

j - i/A • Current density (A/cm^) 



p - RA/L • Resistivity of the conductor (fJ cm) 

a - 1/p • Conductivity (fl"^ cm"^) 

These parameters are illustrated in Figure 1.4. 

Using the above definitions, values for R, E, j, p and a may be 

calculated. L and A are determined from the geometric design of the 

conductor and its electrodes. L is the length of the conductor between 

the electrodes and A is the area of the electrodes. The length, L, in 

conjunction with the bias or voltage separation across the conductor, 

also determines the electric field or potential gradient. 

Conductivity, a, and resistivity, p, are inversly related. 

Both quantities are constant for the material between the electrodes, 

independent of geometry and thickness, a corresponds to the ability of 

the material to support charge transport across its thickness. Metals 

have very high conductivities 10^ cm"^) while insulators have 

conductivities in the range 10*^ - 10'^® cm"^. Semiconductors have 

conductivities between that of metals and insulators. 

The current density is a quantity that relates the amount of 

current passed through a conductor to the area of the electrodes. In 

this way, conductors of the same material but of differing dimensions 

can be compared. This assumes that the conductor surface area is that 

of the electrode or the same as the geometric area. 

High conductivity in metals is due to the fact that unfilled 

orbitals of the conduction band lie very close in energy to the 

orbitals of the valence band, within a few kT. Insulators are very 

poor conductors due to the very large energy gap between the valence 
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Figure 1.4 Sandwich Cell Model Used to Calculate 

Conductivities Where; A is the Area of the 

Electrode, L is the Electrode Spacing or Length 

of the Conductor, C is the Conductor Under 

Study, i is the Current, and Vg is the Bias 

Potential Applied Across L. 



and conduction band edges. In contrast to metallic conductors, 

conductivities are on the order of 10"^ - 10"^® cm"^. Materials 

such as teflon or sapphire have conductivities of "10"^^ - 10"^® 0"^ 

cm"^. Semiconductors have energy gaps or bandgaps on the order of 

0.08-3.5 eV. These values for bandgap energies Egg are within the 

range of energies of UV visible or IR radiation. For such materials 

there is both a measurable photoconductivity as well as a dark or 

intrinsic conductivity. The dark conductivity can be calculated from 

equation 1.1: 

a - B'Ti'fi 1.1 

where e is the charge on the carrier, n is the concentration of charge 

carriers and n is the mobility of the carriers in cmVvolt-sec. Values 

for mobility and conductivity are given for various inorganic and 

organic semiconductors in Table 1.1. 

Table 1.2 Mobility (p) and Conductivity (a) of Various 

Semiconductors. 

Material /i(electron) 

Si 

GaAs 

CdS 

VOPc ̂  

CuPc ^ 

(holes) 

1900 cm^/vs 

8800 

400 

500 cm^/vs 

400 

3.5 

2.4 

30 

141.6 

6.4 

8 . 0  

6.4 

2.0x10 

2.5x10 

-15 

-11 

a - from CRC handbood of Chemistry 

and Physics. 
b - from Simon (15) 

assuming hole and electron concentrations of "lO^^/cm^ 



Pc's and MPc's have much lower conductivities than most inorganic 

semiconductors which would place them as a class closer to insulators. 

Absorption of a photon by semiconductors whose energy is 

greater than or equal to the bandgap of the material can excite an 

electron from the valence band to the conduction band. The resultant 

carriers, when placed in an electric field, can then migrate in the 

direction of the field to the electrode contacts causing current to 

flow. This is, of course, an oversimplified description of 

photoconductivity. In actuality, there are a number of processes that 

can and do occur. First, an excited state must be created by the 

absorption of radiation. The excited state can then undergo a number 

of deexcitation processes including luminescence, internal conversion, 

chemical work or charge transfer. The electronic properties depend 

upon the competition between these types of processes. Due to the 

space necessary for a complete discussion of photocurrent generation 

processes, the reader is referred to references (15) and (40) for a 

more detailed explanation. 

Activation Energy 

Activation energies, in terms of conduction and photoconduction 

in semiconductors, are much more complex than the simple Arrhenius 

behavior of a chemical reaction. The Arrhenius equation, equation 1.2, 

relates the rate of a reaction to some energy barrier which represents 

the energy required to achieve an activated complex en route to the 

product. This is illustrated in Figure 1.5: 
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REACTANTS 

PRODUCTS 

REACTION PROGRESS 

Figure 1.5 Reaction Coordinate Diagram Illustrating the 

Energy of Activation Required for a Chemical 
Reaction. 
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Ea 
k - A exp 1.2 

RT 

This type of equation can be applied to semiconductors in a 

different form as it relates to conductivity as shown in equation 1.3 

and 1.4. 

-Eg(dark) Dark 
a(dark) - CTQ(dark) exp conductivity 1.3 

2kT 

-Ea(light) 

a(light) - aQ(light) exp Photoconductivity 1.4 

kT 

The current, i, is proportional to a for a given electrode geometry and 

semiconductor thickness such that a plot of In CT VS 1/T(K) will give a 

straight line whose slope will give the activation energy. The 

physical meaning of this activation energy expression is complex and, 

to interpret E^, requires some knowledge of the factors that determine 

the conductivity. 

The activation energy for dark current E^ (dark) has two parts. 

The first is AE^^,, which is determined by the hopping mobility of the 

electron which is given in equation 1.5. This is based on the 

probability that charge will be transferred to a neighboring nucleus. 

Other factors involved are the molecular orbital overlap which 

determines the hopping frequency and aj, which is a lattice 

constant. 

f^h - Mho J "n expl 1 1.5 
kT kT ^ kT 
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A*h>^ho " mobility and intrinsic mobility of the charge 
carriers respectively 

k - Boltzman constant 

T - temperature (K) 

e - charge on an electron 

a^ - lattice constant 

~ hopping frequency 

The second part of the activation energy is given by which is the 

sum of several processes including the energy required to excite the 

carriers to a localized excited state and the energy required to 

generate the free carriers. 

The final conductivity equation is given by; 

ffi - en/i - eN expj J expj 1 1.6 
2kT kT 

where n is the concentration of charge carriers, N is the density of 

charge carriers and n is the mobility of charge carriers. Collecting 

constants results in the following: 

''io - 1-7 

^-AEcc"2AEac-« r"®a "v 

«^i - '^io ®*P( ] - "io ®*P( j 1-8 
^ 2kT ^ ^ 2kr 

For intrinsic semiconductors, E^ is taken to be the bandgap 

energy. In extrinsic or doped materials, there are three different 

temperature regions each having its own E^ as shown in Figure 1.6 (48). 



SLOPE = Eact./2K 

3 

1/T 

Figure 1.6 In i vs. 1/T for a Semiconductor. 



The low temperature region corresponds to a semiconductor that has 

acceptor or donor states that are partially filled. These donor or 

acceptor states are participating in the conduction process. The 

second region corresponds to temperatures in which the donor or 

acceptor states are being exhausted. Conductivity is becoming 

dominated by thermally excited carriers of energy Egg or shallow 

traps within kT are releasing carriers to cause conduction. The third 

temperature region corresponds to the intrinsic domain in which all 

carrier traps have been exhausted and conduction is occuring through 

excitation of carriers from the valence band to the conduction band. 

If there are two trap levels, the one of highest density will dominate 

leading to curve B, which indicates that the trap levels do not become 

vacant until the intrinsic limit is reached. 

Activation Energies of Photoconductivity 

There is also an activation energy for the photoconductivity of 

a photoconductive or semiconductive material. As in dark conductivity, 

it takes on the form (Eq. 1.9) 

r '^a -J 
'̂ hu - ''ohu e*P| 1-9 

^ kT 

A number of theories have been proposed to explain the temperature 

dependent conductivity, but the most applicable are those that deal 

with traps. 

Derivations by Rose and others (48-51) give the following 

function: 
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f "^t 
Iph « exp 1.10 

Nt(kT) ^ kT 

where Iph • photocurrent 

nj. - number of traps 

N(, • effective density of states in the conduction band 

Nt(kT) • density of traps of energy kT 

• energy difference between band edge and trap level 

This relationship assumes that there is no dependence of the mobility /i 

on the temperature. A plot of Inl(ph) vs. 1/T(K) will give a straight 

line which gives the depth of the traps. The presence of several 

groups of traps and/or temperature dependent mobility /i(T) will show up 

as breaks in the Arrhenius type plot. 

Exponentially distributed traps give a different dependency of 

Iph (eq. 1.11); 

T 

I p h « N v  1 . 1 1  
T+Tc 

where is the density of states in the valence band. T is the 

absolute temperature and Tg is an experimentally deteiniiined value that 

represents the temperature characteristic of the trap distribution (48) 

which are determined from space charge limited current (SCLC) 

experiments. A plot of log Ip^ vs T/T+T^, is a straight line with a 

slope of log N^. Combining the two trap models, the temperature 

dependent photoconductivity of many organic systems can be described. 



Historical Aspects of Solid State Conductivities of Pc's 

Organic materials as well as inorganic materials are known to 

crystallize in different crystalline structures. For example, Agl, 

Cul, CuBr and CuCl are found in two different crystalline 

modifications. Pc's are also known to have a number of different cell 

modifications including a, p, XorR, 6, JT, C, and 7. The polymorphism 

of MPc has been well documented, (13,22-24). It is thought that the 

crystal structure of the Pc's and MPc's determines the semiconductor 

properties of the material. Pressed pellets of a and /3 CuPc, ZnPc, 

NiPc and H2PC show a conductivity for the j3 phase that is 5-6 orders of 

magnitude higher than the a phase (64). Activation energies for the a 

phase, were found to be smaller than that for the p phase. It should 

be mentioned here that pressed pellets may not possess the same 

electronic properties as the single crystal or thin film. It has not 

been shown that pressing the pellet does not introduce a new cell 

structure. 

In the case of thin films of a and CuPc, Harrison and Ludewig 

propose that the change in Intemolecular overlap as o is converted to 

P phase, is too small to be of consequence, and that the a phase of 

CuPc is more conductive due to its ability to adsorb O2 (52). 

Studies of electronic properties of Pc's in vacuum show that 

for single crystal CuPc, photoconductivity in the visible region was 

smaller in 10"^ torr vacuum than it was after a two day exposure to 

oxygen. The same was observed for H2PC when exposed to air (45). It 

is thought that the oxygen acts as an electron trap with free radical 



defects of the crystal Increasing the number of holes. It Is not known 

which phase the crystal was in. 

Treatment of a CuPc films with H2 or O2 appears to alter the 

activation energy of conduction (52). The conductivity a is also seen 

to be higher by "5 orders of magnitude for the O2 treated material. 

From this work, it appears that the conductivity of Pc's and MPc can be 

altered with various adsorbed gases or molecules. 

0-Chloranil has been used to alter the electronic properties of 

H2PC. The addition of the dopant increased dark conductivity by 7 

orders of magnitude over that of the pure H2PC; photoconductivity was 

also found to increase by 5 orders of magnitude. ESR of H2PC before 

and after doping with o-chloranil showed an unpaired spin concentration 

that increased with dopant concentration. It was concluded that o-

chloranil acts as an electron acceptor to produce charge carriers in 

the dark, increase the quantum yield for photo-carrier generation and 

increased carrier lifetime (65). 

In addition to O2, H2, and o-chloranil, a number of other 

dopants have been used such as NO2, NH3, N2, I2. ethanol, benzene, H2O, 

dimethyl methylphosphonate and SO2, (26,29-32,43,47,53,54,63). X-ray 

Photoelectron Spectroscopy, XPS, and Ultraviolet Photoelectron 

Spectroscopy, UPS, have also been used to study the adsorption of 

pyridine, formic acid and water on MPc's (54). 

In most of the studies, single crystals or thin layer sandwich 

cells of the type (metal l)/Pc/(metal 2) have been used. Many times 

this required putting an evaporated metal layer on the Pc thin film. 



placing it between an optically transparent electrode or, in the case 

of single crystals, by applying conductive epoxy. More recently, 

interdigitated microelectrode arrays have been used (29,32,53). Such 

arrays have been used as chemiresistors, that is, as a sensor whose 

resistance changes with the adsorption of a gas or molecule. In one of 

the first studies of Pc's using microelectrode arrays, Langmuir-

Blodgett films (LB) were coated onto an array, and using the 

configuration in Figure 1.4 the effect of NH3 and NO2 could be measured 

at part-per-million concentrations (29). 

Other methods of using the interdigitated arrays are to use 

them for conductivity measurements and simultaneously as a Surface 

Acoustic Wave (SAW) microbalance (43). This allows mass measurement as 

well as conductivity measurements. This type of system was used to 

measurechanges in electrical conductivity and mass of an LB-Pc film as 

it was dosed with I2 vapor. Dark conductivity increased with I2 

uptake, photoconductivity was not measured. In this way microelectrode 

arrays are very useful, not only in the characterization of the Pc's 

and MPc's, but also in the study of dopant/Pc interactions and their 

effect on the dark conductivity and photoconductivity. 

Activation energy studies of Pc's and MPc's have been useful in 

determining dopant effects. Harrison and Ludewig have demonstrated 

that conductivity changes and dark activation energies can be altered 

by dopants, but that at higher temperatures, intrinsic conductivity 

behavior can be observed (52). The behavior shown in their data are 

similar to what would be predicted. Dark activation energies measured 



for ZnPc films using microelectrode arrays showed broken curves for Inl 

vs 1/T (47). Low temperature regions gave lower activation energies 

than high temperature regions. Different activation energies were 

measured for different atmospheric composites (ie. NH3, Ar, O2 etc.). 

The temperature range in the study was only "20 °C - 80 °C which 

probably measured only the extrinsic temperature domain. 

Pc's and MPc's represent an area of research that is still 

expanding, in terms of a basic understanding of the intrinsic chemical 

and physical processes as well as new applications oriented technology. 

The references cited here address mainly the Di-valent MPc's and are 

not directly applicable but they illustrate the type of experiments and 

results that may be observed for the tri- and tetra-valent MPc's. 

These references address the photoelectrochemical properties, solid 

state properties, polymorphic nature and chemical sensing properties of 

various Pc's and MPc's which are relevant to the characterization of 

TiOPc. The research presented here addresses the following: 

1) The physical, chemical, photoelectrochemical, electronic and 

photoelectronic properties of TiOPc. 

2) The polymorphic nature of TiOPc and its effect on physical, 

photoelectrochemical and electronic properties. 

3) Importance of environment on the electronic properties of 

TiOPc thin films using UHV conductivity measurements. 

These areas are important because the polymorphic nature as 

well as the ambient environment have an effect on all of the 
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properties. The goals of this research are to better understand the 

properties of TiOPc thin films and to develop methods to study them in 

a clean controlled environment. 



CHAPTER II 

EXPERIMENTAL 

Reapents 

Redox Couples and Electrolytes 

All solutions were prepared from deionlzed water doubly 

distilled from potassium permanganate. The pH-4 electrolyte was 

prepared from potassium hydrogen phthalate (KHP) as obtained from EM 

Science. Redox species used in the electrochemistry consisted of 

reagent grade potassium ferricyanide (Mallinckrodt), potassium 

ferrocyanide (Mallinckrodt), ethanol recrystallized hydroqui.none (HQ, 

Eastman-Kodak), sublimation purified p-benzoquinone (BQ, MCB), and 

anthroquinone-2-sulfonic acid, sodium salt monohydrate, (AQ, Aldrich). 

All solutions were deoxygenated under low vacuum ("10 - 100 millitorr). 

The solution was then transfered to the electrochemical cell under 

ultra high purity nitrogen (Alphagaz). 

Preparation of Chlorogallium Phthalocyanine (GaPc-Cl) 

and Titanyl Phthalocyanine (TiOPc) 

GaPcCl was synthesized by Nanthakumar (55) by the reaction of 

phthalonitrile and gallium trichloride in a mixture of benzene and 

nitrobenzene. The gallium trichloride was refluxed in a 1:1 solution 

of benzene and nitrobenzene for approximately one hour before a 

solution of phthalonitrile in a 1:1 mixture of benzene/nitrobenzene was 

added drop by drop. This mixture was refluxed for 4 hours and then 

allowed to cool to room temperature. The product was then filtered and 

washed with nitrobenzene, benzene and ethanol. The washed product was 



then soxhlet extracted with absolute ethanol for seven days. After 

this extraction, the product was sublimed at 10"® torr onto glass and 

collected. The resulting product was then sublimed 2 more times before 

use. 

TiOPc was synthesized by Klofta (39) using a modification of 

the procedure used by Meloni (57). Approximately 4g of TiCl^ was 

weighed under nitrogen and placed in a round bottom flash containing 

15g of phthalonitrile in 200 ml of 1-chloronaphtholene, The mixture 

was refluxed at 250 °C for 24 hours and allowed to cool. The product, 

TiPcCl2 was then recovered by evaporating off the solvent. The product 

was then hydrolyzed by refluxing with 95% ethanol for 24 hours. The 

resulting solid was filtered and washed with benzene and ethanol, then 

dried. The crude TiOPc was soxhlet extracted for 3 days and purified 

by sublimation onto glass at 10"^ torr. Elemental analysis of TiOPc is 

given in Table 2.1 

Table 2.1 Elemental Analysis of TiOPc 

Element Calculated % Analyzed % 

C 66.7 51.2 

H 2.8 2.5 

N 19.4 14.2 
0 2.8 6.3 

Ti 8.3 17.1 

Fe --- .036 

Cu - -- .0060 

High amounts of Ti and 0 and trace amounts of Fe and Cu could 

constitute high impurity levels in films made of this compound. 



Electrode Preparation 

Preparation of Au foil and Au-MPOTE Substrates 

Au foil, 1cm X 1cm x 0.025cm thick (Puratronic) was used as the 

substrate for electron spectroscopic studies. These substrates were 

cleaned in ethanol and heated at *70 °C for 12 hours prior to use. 

These substrates were then mounted on sample stubs using conductive 

silver paste to prevent sample charging. 

All electrochemistry was done on Au Metallized Polyester 

Optically Transparent Electrodes (Au-MPOTE, Sierracin) which consisted 

of 300 A of Au sputtered onto a 0.25mm thick clear polyester backing. 

This material is used as the conductive substrate for Pc thin film 

photoelectrodes and is also used as a gold working electrode to check 

the activity of the redox couple, since it gives almost the same 

response as bulk Au, The Au-MPOTE was cleaned by first washing it in a 

detergent solution followed by a thorough rinsing in triple distilled 

water. The substrates were then washed with absolute ethanol and 

allowed to dry. 

Preparation of TiOPc Thin Film Photoelectrodes 

All of the TiOPc thin film photoelectrodes used for 

electrochemical and photoelectrochemical studies were prepared by 

vacuum sublimation of TiOPc or GaPcCl at a sublimation temperature of 

140 -180 "C in 10"^ - 10"® torr vacuum. The substrates are suspended 

over a small amount of Pc in a cylindrical chamber by laying them on 

top of an aluminum mask, (Au surface down), ca. 1.5 inches above the 



bottom of the chamber. The sublimation temperature Is controlled by a 

varlac powered heating mantle placed under the chamber. Film thickness 

can be controlled by adjusting sublimation temperature and time. Using 

a mask with seven aperatures allows seven electrodes having similar 

spectral and photoelectrochemical characteristics to be made at the 

same time. 

Preparation of TlOPc Coated Mlcroelectrode Arrays 

Cleaning of Au and Al Mlcroelectrode Arrays 

Interdigitated mlcroelectrode arrays, supplied by Motorola 

consist of 59 Au fingers, 1000 A thick x 3.2^m wide x "3mm long, and 58 

spacings of 3.2/im wide as Illustrated in Figure 2.1. The pattern is 

deposited on a sapphire block and mounted on a TO-5 integrated circuit 

header and wirebonded to the posts. These arrays were washed in 

absolute ethanol and dried in an oven for 1 hour at 70 "C. 

Aluminum arrays supplied by Burr-Brown consist of 5 different 

arrays with different spacings made of Al deposited on a Si substrate. 

Each of these patterns is shown in Figures 2.2a-e. This substrate is 

mounted in a TO-100 Integrated circuit header and wirebonded so that 

each pattern can be measured separately. Al forms an oxide under most 

conditions. This oxide foinns a junction barrier and it was necessary 

to etch each device in a low power Ar-RF plasma at 10"^ - 10'^ torr for 

1 hour prior to use. 



y 

1.3 mm 

Figure 2.1 Interdigitated Hlcroelectrode Array Similar to 

Those Supplied by Motorola. 
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Figure 2.2 Interdigltated Arrays (Courtesy of Burr-Brovm) 
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Pc Deposition on Microelectrode Arrays 
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Microelectrode arrays coated for use in laboratory atmosphere 

were prepared in the same manner as the thin film photoelectrodes by 

vacuum sublimation at "140-180 °C and 10'^ - 10"® torr. For samples 

studied under ambient conditions, no attempt was made to prevent 

dosing/doping by ambient gases. 

UHV grown Pc films over Au microelectrode arrays were made in a 

specially designed vacuum chamber pumped by a turbo molecular 

pump/rough pump combination (Balzers models TPU330 and UN0004A) 

regularly capable of attaining 5 x 10"^ torr base pressures. UHV 

electrical feedthroughs were used to supply connections for array 

leads, heating filaments and thermocouple leads as shown in Figure 2.3. 

The Pc source itself, shown in Figure 2.4, consists of an aluminum body 

that serves as a resistance heater and a thermal mass for heating the 

Pc to sublimation temperatures. The long path that the Pc vapor must 

travel allows the source to be outgassed while it is heating to 

sublimation temperatures. The source temperature is controlled by a 

variac and step-down transformer. The AC current was monitored with a 

digital multimeter (Keithley model 130) connected in series. 

Sublimation rates were determined from quartz crystal microbalance data 

and equivalent monolayer thickness determinations, such that at a 

sublimation source current of 3.33 Amps, the deposition rate was 0.07 

monolayers per second. During the heating of the source, the path to 

the array was blocked with an aluminum plate mounted on a magnetically 

coupled rod to avoid impurities adsorbing to the microelectrodes. The 
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Figure 2.3 Ultra-High Vacuum Deposition and Electrical 

Measurement System. 
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TANTALUM WIRE 

THERMOCOUPLE 

Figure 2.4 Pc Subliaatlon Source. 



temperature of the source is monitored with a chrome1-alumel 

thermocouple monitored with a millivolt meter (Keithley model 191). 

Films were then characterized in UHV or removed to atmosphere. 

Electrochemistry 

Cyclic Voltammetry 

Cyclic voltammetry measurements were done using a conventional 

three electrode potentiostat (PAR model 174 Polarographic Analyzer). A 

chart recorder (Houston Instrument model 2000) and a digital volt meter 

(Keithley model 178) were used for measuring bias potentials between 

the reference and working electrodes. A 450 W Xe-arc lamp (Oriel model 

6142 with an Electro Powerpacs power supply), with IR filter and 470 nm 

long pass filter were used for measurements of illuminated current-

voltage behavior. All electrode potentials were referenced to the 

Ag/AgCl electrode. E° values were approximated from the half wave 

potential Ej^^g which is the average of the anodic and cathodic peak 

potentials. The E^^g values were first measured on a Au-MPOTE working 

electrode mounted in a sandwich t3rpe photoelectrochemi-cal cell. This 

provided a measure of the voltammetric reponse of the redox couple on a 

Au electrode. Cyclic voltammograms were measured on Au-MPOTE, and Pc 

coated Au-MPOTE under dark, front side illumination (illumination of 

the Pc/electrolyte interface first), and backside illumination 

(illumination of the Au/Pc interface first) conditions. 



Photocurrent Action Spectroscopy 

Photocurrent action spectroscopy is the measurement of the 

wave-length dependent photocurrent generation efficiency of a 

photoconductor. To measure this, the Pc film was mounted in a 

photoelectrochemical cell and a potentiostat (ECO model 551) was used 

to bias the electrode to a region of high photocurrent generation. 

A xenon arc lamp was monochromatlzed by focusing the output on 

the input slit of an F/4.2 holographic grating monochromator (Jobin-

Yvon, model H-20) with the output falling on the photoelectrode. 

The intensity of the monochromatized radiation was square wave-

modulated by a mechanical chopper (EG&G PARC, model 192) at 5-13 Hz. 

The resulting current due to the modulation is converted to a 

proportional voltage by the built in current-voltage converter of the 

potentiostat. This output is connected to a storage oscilloscope 

(Tektronix model 5441), used to monitor the waveform, and also to the 

input of a Lock-In Amplifier (LIA, Ortec Brookdeal model 9503). The 

reference signal for the LIA is derived from the mechanical chopper. 

The LIA converts the modulated signal to a DC voltage measured on a 

Digital Volt Meter (DVM) proportional to the signal amplitude. The 

photocurrent is determined from Equation 2,1 where LIA* is the LIA 

sensitivity in volts, POT* is the potentiostat range in A/V, and DVM* 

is the output as read from the DVM. 

Ipl^ - (DVM*) (.194)(LIA*) (POT*) 2.1 

The photocurrent measurements were then normalized to the lamp 



monochromator spectral characteristics using a calibrated photodiode 

(Hamamatsu model S1226-8BK) for which efficiencies were known for 

wavelengths between 320-950nm. 

AC Capacitance Method for the Determination of 

Mott-Schottky Data 

Measurements of Impedance between a Pc thin film electrode and 

a Pt counterelectrode in a conventional electrochemical cell containing 

only electrolyte were used to derive values for the cell 

capacitance.These values can then be used to calculate the flatband 

potential, Vpg, and the acceptor dopant density of the Pc film. 

A lOmV peak-to-peak sinewave, of frequency ranging from 10 -

50,000 Hz, is superimposed on the DC bias potential applied to the 

electrochemical cell by connecting a waveform generator (Krohn-Hite 

model 5200) to the modulation input of the potentiostat (ECO model 

551). The current-to-voltage output of the potentiostat is connected 

to the signal input of the lock in amplifier (LIA, Ortec Brookdeal 

model 9503). The reference signal for the LIA is a 100 mV sinewave of 

the same frequency derived from the same waveform generator. The LIA 

output is recorded off a DVM (Keithly model 178). The phase setting on 

the LIA is set to a maximum using a metal film resistor to model the 

electrochemical cell. Modeling the electrochemical cell as pure 

capacitance shifts the maximum 90° out of phase with the resistance. 

After the phase is set, measurements of in-phase (Resistive) currents 

and out-of-phase (Capacitive) currents are recorded as the bias 

potential is varied. 



By changing the bias potential, the dimensions of the space 

charge layer are changed which results In changes In the space charge 

capacitance. As the bias potential approaches Vpg, the space charge 

capacitance goes to zero. The capacitance and resistance values were 

calculated from the real and Imaginary currents I(re) and I(lm), 

respectively. I(re) and I(lm) were calculated using Equation 2.2. 

I(re) or I(lm) - (.285)(LIA*)(POT*)(DVM*) 2.2 

where LIA* Is the LIA sensitivity, POT* Is the potentlostat range, and 

DVM* Is the LIA output as measured with the DVM, The actual Impedances 

are calculated from Equation 2.3 where Vac Is the superimposed AC peak-

peak voltage. 

Z(re) or Z(lm) - (Vac)(I(re) or I(lm))/(I(re)2 + I(lm)2) 2.3 

The resistance and capacitances can then be calculated from Equations 

2.4 and 2.5, respectively. 

R - Z(re) 2.4 

C - l/(2jr)(Z(re))(Freq.) 2.5 

The calculated capacitance Is a combination of the double layer capaci

tance and the space charge capacitance in series as shown in 

the electrochemical equivalent circuit of Fig. 2.5. The total 

capacitance can be calculated from Equation 2.6. 

1/r - Vr + Vr 2.6 
Ltot ^SC ^DL 
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The total capacitance Is dominated by the smallest series 

capacitance .Using a suitable cell design, It can be made such that CijiQcp 

is composed of primarily the space charge capacitance. 

The calculated values of Cg^ were fitted to the Mott-Schottky 

relationship given in Equation 2.7 

C-2 - (2/(qNk£:j,A2))(Vj4-VpB - (KT/q)) 2.7 

where q is the charge on the electron, N is the density of Immobile 

charge in the space charge region, k is the dielectric constant (3.4 

for Pc), Cq is the permittivity of free space, A is the area, is the 

applied bias, and KT/q is 0.0257 eV at room temperature. The X 

intercept of the linear portion of the plot of Csc'^ vs. is the 

flat potential Vpg ± 25mV. From the slope of this linear portion, the 

acceptor dopant density N can be calculated using Equation 2.8. 

N - (Slope)(qkeoAVZ) 2.8 

Determination of Vpg by the Current Reversal Chopping Method 

In addition to the Mott-Schottky treatment for the 

determination of Vpg, another method was also used to determine Vpg. 

The current reversal chopping method involves doing a potential sweep 

to potentials negative of the Vpg region and chopping the light 

impinging upon the cell as the voltage sweeps back. This method not 

only allows one to determine the photocurrent above dark current, but 

also gives the point at which the photocurrent changes sign. At this 

point, the current will go from mainly reductions to mainly oxidations. 



The bias voltage at which the current changes is Vpg. This method is 

used to detennine Vpg ± 50mV. 

Electrical Measurements in Ultra Hi ph Vflr-iitun 

Dark Current Measurements 

Electrical measurements in ultra high vacuum (UHV) were done at 

5 X 10"^ torr in a stainless steel chamber pumped by a turbomolecular 

pump (Balzers model TPU330) backed by a direct drive rough pump 

(Balzers model UN0004A). The pressure was measured with a nude ion 

gauge and controller (Perkin-Elmer Ultek model 605-0006). Electrical 

contacts for thermocouples, array, array heater and Pc source were made 

using UHV electrical feedthroughs and copper wire. The array was 

mounted in a Teflon IC socket which was press fit to the copper wire 

leads. The array heater consisted of a tantalum wire covered with 

ceramic insulators wrapped around the array header. The chrome1-alumel 

thermocouple was encapsulated in a glass capillary and placed in 

intimate contact with the top surface of the array header (Fig. 2.6). 

Dark currents were measured using a potentiostat (ECO model 

551) as a voltage supply by shorting the reference and counter 

electrode leads together to one side of the array and the working lead 

to the other. A picoammeter (Kiethley model 417) was wired in series 

with the array and current-voltage characteristics were recorded from 

the meter or on an x-y recorder (Houston instruments model 2000) over a 

voltage range from 0 - 1.5 V. 

Photocurrents were measured using a synchronous demodulation 

method which involves modulating the light source with a mechanical 
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chopper (EGG PARC model 192) while the array is biased using the poten-

tiostat (ECO model 551). The current-voltage output is demodulated by 

the lock-in amplifier (Ortec Brookdeal model 9503) and the signal is 

output to a DVM (Kiethley model 178). 

Photocurrent Action Spectroscopy - Microcircuits in UHV 

Photocurrent action spectroscopy was accomplished by 

illuminating the array through a 2.75 inch viewpoint with a homemade 

projection system. This system consists of a tungsten filament projec

tion bulb controlled by a variac and cooled by fans, focussed through 

heat absorbing glass and narrow band interference filters (Oriel 

model)and again refocussed with a long focal length lens through the 

viewportand onto the array. The photocurrent measurements at each 

wavelength were made using the method outlined above and normalized to 

output characteristics of the lamp/filter combination as measured with 

a calibrated photodiode (Hamamatsu model S1226-8BK) which was placed in 

front of the final focussing lens. 

Temperature Dependent Current Measurements 

Photocurrent and dark current was measured as a function of 

temperature by maintaining the array at higher temperatures with an 

electric resistance heater in UHV. The resistance heater consists of a 

ceramic insulated tantalum wire wrapped around the base of the IC 

header. The current through the heater is controlled by a variac 

driven stepdown transforaer. 



The current-temperature relationship Is shown In Equation 2.9 

and 2.10 where Is the activation energy. K is the Boltzman constant 

and T is the absolute temperature. Iq is the current at T - 0. 

I - IQ exp(-Ea/2kT) (Dark) 2.9 

I - lo exp(-Ea/kT) (Light) 2.10 

UHV Vapor Dosing of TiOPc 

The TlOPc film generated in vacuum and the Au mlcroelectrode 

array were exposed to I2 vapor at "1 x 10"^ for various amounts of time 

to determine the sensitivity of conductivity to adsorbed gases. This 

was accomplished by leaking I2 vapor through a leak valve while moni

toring the total pressure with a nude ion gauge. The I2 was purified 

before use by heating to sublimation temperature in vacuum to free 

gaseous impurities and then freezing the I2 back out with an 

alcohol/dry ice bath and evacuating the Impurities. This was done a 

number of times to ensure purity. The effect of the I2 on the 

photoconductlve properties were measured at 632.8nm using a He-Ne laser 

and the synchronous demodulation method outlined above and normalized 

to fluctuations in lamp Intensity during the study. 

Optical Absorption and Photoacoustic Techniques 

Optical Absorption Spectra 

All optical absorption spectra were recorded on a Shlmadzu 

model 210UV UV-Vlslble spectrophotometer with a spectral range of 990nm 

tol90nm maximum using a 5nm band-width from 900 with a 2nm band-width. 



Thin film samples on Au-MPOTE were mounted on masks that only allowed 

an area the size of the film to be illuminated. Clean Au-MPOTE was 

used as the reference. Solution spectra of TiOPc in 1-

chloronaphthalene were obtained using quartz cuvettes with 1-

chloronaphthalene in the reference cuvette. 

Equivalent Monolayer (EQM) Method for the Determination 

of Film Thickness 

Approximate film thickness measurements were made using the EQM 

method. The films were dissolved off the substrates using 10ml of the 

appropriate solvent, chloronaphthalene for TiOPc, and the absorbance of 

the solution was measured at the wavelength of maximum absorbance. 

A calibration curve was made for serial dilutions of Pc in solution and 

unknown concentrations were determined from this. The amount of Pc was 

determined for each film and the EQM thickness was determined assuming 

a value for density in g/cm^ as taken from X-ray crystallography data. 

Dividing by the area of the film gave an approximate value for the 

monolayer thickness. This assumes a certain crystal phase, other 

phases will have different densities. 

Photoacoustic (PA) Spectroscopic Methods 

Photoacoustic spectra were recorded using a homemade single 

beam PA spectrophotometer. This consists of a plexiglass cell 

outfitted with a sensitive microphone and preamplifier (B&K model 

4176). The cell is shown in Figure 2.7 with a 1 in. fused silica 

window and 1 in. pyrex sample mounts. Samples were affixed to the 

pyrex mounts with double sided tape. A 450 W Xe-arc lamp was used as 
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the illumination source. The lamp output was IR filtered with a water 

filter and condensed through a variable speed mechanical chopper (EGG 

PARC model 192) and passed through narrow band bandpass interference 

filters to select the wavelength. The modulated light source gives 

rise to a modulated microphone signal which can be measured with a 

phase sensitive synchronous demodulation technique. The microphone was 

connected to the input of a lock-in-amplifier (Ortec Brookdeal model 

9502), and the external signal from the chopper was used as the LIA 

reference. The phase setting was then adjusted to give maximum output 

which was read-off of a digital voltmeter (Kiethley model 178). The PA 

spectrum was then normalized to account for spectral characteristics of 

the illumination system using the PA response for carbon black or 

using a calibrated photodiode (Hamamatsu model S1226-8BK). 

Photoacoustic spectra were recorded at different chopping frequencies. 

Scanning Electron Microscopy (SEM) 

Sample Preparation 

Thin Pc films used for scanning electron microscopy (SEM) were 

mounted on a SEM sample stub with double sided tape and sputter-coated 

with Au-Pb in an argon plasma covering the surface with 300 - 400 A of 

metal to prevent surface charging of the sample. Copper paste was used 

to make electrical contact to the stub. 

Scanning electron micrographs were all recorded on a ISI DS-130 

dual stage scanning electron microscopy using a beam current of 100 A 

and an acceleration voltage of 10 KV. 
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Surface Analysis 

X-ray Photoelectron Spectroscopy 

All surface analysis was done on a Vacuum Generators (VG) MKII 

ESCALAB. The Pc sublimation chamber was connected to the spectrometer 

sample preparation chamber so that samples could be transferred back 

and forth in UHV using a magnetically coupled manipulator. 

X-ray photoelectron spectroscopy was done on thin films of 

TiOPc on Au foils that had been previously sputtered clean with an Ar"*" 

ion gun and analyzed for impurities. The TiOPc film was deposited in 

5 X 10"® torr vacuum to a coverage of ca. 168 monolayers. All spectra 

were recorded using Mg Ka radiation. C(ls), N(ls), 0(ls), 0(A), 

Au(4F), Ti(2p) spectra were recorded, as well as a survey spectrum in 

the 1 to 1000 eV binding energy range. After all windows were 

recorded, the film was moved back to the sample preparation chamber and 

dosed with various amounts of I2 vapor. The film was then analyzed in 

all aforementioned windows and also in the l(3p) and l(Auger) regions. 

Spectra were taken at two different takeoff angles, the first at normal 

takeoff angle, and another at low takeoff angle to get a more surface 

sensitive spectrum. 
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CHAPTER III 

PHYSICAL AND PHOTOELECTROCHEMICAL CHARACTERIZATION OF TiOPc 

Little is known of the properties of many trl-and tetravalent 

metal phthalocyanlnes and TiOPc is no exception. TiOPc is used mainly 

as a colorant in plastics, but has only been characterized in terms of 

crystalline structure and conductivity (23). The material used in this 

study was made by Klofta (39) using the method outlined by Meloni (51) 

for TiPc-OH and modifying it to give the TiOPc product. This material 

was also found to contain traces of Fe and Cu at less than ICQ ppm 

concentration (39). Klofta described the photoelectrochemistry (from 

preliminary studies) as being similar to VOPc at thicknesses of less 

than 1 m (39), but did not fully characterize its photoelectrochemical 

properties. Presented in this chapter is a compilation of what little 

is known of the TiOPc system in the literature and the results of 

studies of spectroscopic, physical, and photoelectrochemical 

characterizations of TiOPc. 

Molecular Structure and Bonding 

The structure of TiOPc is shown in Figure 3.1. It shares the 

same structure as other tetravalent and trivalent metal substituted 

phthalocyanlnes such as GaPcCl and VOPc. TiOPc is most similar to 

VOPc, which differs by only the central metal atom. The macrocyclic 

ligand has a formal valence of -2 and has an extended pi electron 

structure. TiO has a foirmal valence of +2 and is bonded to the ring 



Figure 3.1 The Structure of TiOPc. 



through two of the pyrrole nitrogens. The Ti atom itself sits 0.855 A 

above ring plane. The two unbonded pyrrole nitrogens each donate 

electron density toward the metal resulting in coordinate covalent 

bonds. Approximate bond distances for VOPc and TiOPc are given in 

Table 3,1. The symmetry of both VOPc and TiOPc is Group theory 

representations give bonding atomic orbitals for the metal as being a 

combination of s,p and d, or p and d orbitals. The corresponding 

hybrid orbitals of Ti are given as sp^d or pd^. The oxygen-titanium a 

bond is made by the overlap of the oxygen 2s or 2p or a combination of 

both, with the Ti Spg or 4s orbitals. The w bond is composed of the 

2px orbital of the oxygen and the Sp^ or Sdj^^ orbitals of titanium. 

Fensky-Hall molecular orbital calculations for TiOPc predict the 

valence band edge or highest occupied molecular orbital (HOMO) to have 

almost entirely carbon 2p2 character. The bottom of the conduction 

band edge was also found to consist of carbon 2p2 orbitals also. 

Crvntalline Structure 

TiOPc is thought to exist in the same or similar crystalline 

modifications as VOPc, of which three phases are hypothesized to exist. 

Strahle and Hanock have identified two crystal phases of TiOPc using X-

ray crystallography (23). Three phases of VOPc have been inferred by 

Griffiths using a combination of differential scanning calorimetry 

(DSC), visible absorption spectroscopy, infrared absorption 

spectroscopy and x-ray diffraction. Only one phase of VOPc has been 

characterized by single crystal x-ray crystallographic techniques (22). 



Lattice parameters for phase I and II of TiOPc and phase II of VOPc are 

shown in Table 3.2. 

The two phases of TiOPc are both made at low substrate tem

perature at pressures of 0.1 Pa (7.5 x lO"'^ torr) by sublimation of the 

TiOPc at 723 K. Shown in Figure 3.2 is phase I TiOPc from various 

angles, generated from the lattice coordinates of reference 1 on a 

graphics terminal. 

The distortion of the macrocycle is evident in both phase I and 

II. Stacking and overlap of phase II is shown in Figure 3.3. Phase I 

is made at a temperature of 170 K while the phase II crystallite is 

made at 298 K. Phase I of TiOPc can be described as cofacially stacked 

with stacking along the c axis of the crystal. Phase II can be 

described as the slipped stack configuration where the stacking axis is 

the diagonal of the a-c plane. 

In comparison with VOPc, both phase II of TiOPc and phase II of 

VOPc share the same space group. Phase I of VOPc is also grown on cold 

substrates which when heated form phase II. A third phase of VOPc has 

been postulated by Griffiths but has not been characterized by single 

crystal methods (22). This phase III VOPc is foraed at "620 "C under 

atmospheric conditions. It is possible that this phase also exists for 

TiOPc. Though phase I of VOPc has not been characterized yet, phase I 

of TiOPc is thought to crystallize similarly. 

Optical Properties 

The optical properties of MPc's are of interest as they are 

related to the energetics of the molecule. In solution, the UV-Vis 
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Table 3,1 Bond Distances for TiOPc 

Bond Approx. Bond Distance 

Ti-0 1.63 A 

Tl-N 2.06 

N-C (pyrrole) 1.37 

N-C (Bridging) 1.33 

Table 3.2 Crystal Parameters for Phase I and II of TiOPc 

Phase I Phase II VOPc Phase II 

a 13.411 A 12.166 A 12.027 A 

b 13.230 A 12.584 A 12.571 A 

c 13.810 A 8.641 A 8.690 A 

a 90.0" 96.28° 96.04" 

103.72" 95.03" 94.80" 

1 90.0" 67.86" 68.20" 

P 1.608g/cm^ 1.574g/cm^ 1.588g/cm^ 

Group P2i/c pI pI 



Figure 3.2 Phase 1 of TiOFc. A) Looking Down the A Axis 

and B) Looking Down the B Axis. 



Figure 3.3 Phase 2 of TlOPc. A) Looking Down the B Axis 
and B) Looking at the 101 Plane. 



absorption spectrum exhibits two regions of intense absorption. Both 

absorption regions have been determined to be jr-w* transitions with the 

higher energy region, -300-400nm, being the Soret band and the lower 

energy, "600-900nm, region being the Q band. The solid state 

absorptivity maximum in both regions for most Pc's is approximately 10^ 

cm"^ (15). 

TiOFc in 1-chloronaphthalene exhibits a Soret band region at 

•350nm and a Q band region from 600 to 750nm as shown in Figure 3.4a. 

The very narrow peaks in the solution spectra result from the molecules 

having little interaction with each other. Changing the solvent to 

DMSO, in which the TiOPc is not as soluble, the peaks In the Q band 

start to broaden due to agglomeration or aggregation of the TiOPc as 

shown in Figure 3.4b. Going to thin solid films of TiOPc, the Q band 

becomes extremely broad, showing three peaks under this envelope from 

-600-900nm as shown in Figure 3.5. Shown also is the absorption 

spectrum for TiOPc in 1-chloronaphthalene for comparison. These 

broadened features are important as they represent the specific types 

of interaction between molecules in the solid. 

Red shifting of the electronic energy levels of the molecule 

can be explained most simply by looking at a number of model compounds 

and looking at the observed wavelength of maximum (•^niax^ absorption as 

the bonding is changed from an unconjugated form to a conjugated form 

(Table 3.3). Unsaturated molecules have approximately the same Amax, 

but with conjugated molecules, the shifts to lower energies or 

higher wavelengths with increasing conjugation. This explains the 
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Table 3.3 Wavelength of maximum absorption for some 

unsaturated hydrocarbons 

CH3CH2CH2CH-CH2 

CH2-CHCH2CH2CH-CH2 

CH2-CHCH-CH2 

CH2-CHCH-CHCH-CH2 

217nm 

250nm 

184nm 

185nm 

absorption of visible light by the Pc molecule, but in going to the 

solid state where Pc molecules are grouped together, there is another 

process occurring. For example, a simple molecule with 2 states repre

senting the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) can be put with another of the same 

tjrpe of molecule. As the molecules come together, the molecular orbi-

tals of each mix leading to a splitting as shown in Figure 3.6. As 

more molecules interact, the new orbitals formed become a band. In a 

metal, the" unfilled bands are within a few kT of the filled orbitals. 

(Fig. 3.7a). In an insulator the separation of filled and unfilled 

states is > 4eV (Fig, 3.7c). In a semiconductor, the energy gap is 

typically on the order of 0.1 - 3.5eV such that electrons can be 

excited into the unfilled orbitals or conduction band by optical 

excitation (Fig. 3.7b). The lowest energy transition is taken as the 

bandgap and is a measure of the energy gap between the bands. The 

simple model used here assumes certain molecular orbital overlaps, but 

different molecular orientations could easily alter the bandgap energy. 

Thus, the absorbance spectrum of the solid should give some idea of the 

energy gap of the TiOPc photoconducting thin films. There is a real 
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possibility with all of the tri- and tetravalent MPc's that different 

crystalline aggregates constitute completely different semiconductors 

which may or may not communicate electronically with each other. Each 

absorbance band in the Q band region may represent a distinct organic 

semiconductor phase. Interestingly, TiOPc thin films show different 

absorbance properties depending on how they were made. 

TiOPc films grown at different substrate temperatures show much 

different absorption spectra as shown in Figure 3.8a and b. If the 

film is made very quickly at substrate temperatures of 90 °G, the film 

exhibits a very red shifted absorption spectrum with the absorption 

maximum at ~820nm. If the film is made at a substrate temperature of 

82 °C, the absorption spectra shows a maxima at -720nm and only a 

shoulder at 820nm. Films made in ultra high vacuum on substrates at 

< 45 °C give absorption spectra shown in Figure 3,9 with no shoulder at 

820 nm. This can be taken to be caused by a difference in crystalline 

phases. 

As mentioned previously, VOPc is known to change phase with 

temperature as determined by Differential Scanning Calorimetry, X-ray 

diffraction, UV-Visible absorption spectroscopy and IR-spectroscopy 

(3). Griffiths has identified the two lower temperature phases in UV-

Vis spectrum by a red shifting and broadening of the Q-band as the thin 

film was heated. These shifts resemble that of the TiOPc films of 

Figure 3.8b. The shifts in the absorption spectra are thought to be 

caused by changes in the overlap of adjacent Pc molecules. 
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From scanning electron micrographs (SEM) of both types of. 

films, it is hard to determine if the films are composed of two phases. 

The surface of each type of film appears to take on two different 

morphologies. Thin films (<0.8-1 /xm thick) grown at very high 

deposition rates have very small crystallites of 0.1-0.2 /im in size 

(Fig. 3.10). Other films seem to have a large number of platelets at 

the surface (Fig. 3.11). Shown with Figure 3.10 and 3.11 are the 

absorbance spectra of the thin films showing very little difference in 

the absorption maxima. For this reason, it is very difficult to infer 

anything from the SEMs. In comparison with GaPc-Cl, the same shifts 

are seen in films made at high deposition rates as shown in Figure 3.12 

(25,39). 

Photoacoustic Characterization of TlOPc Thin Film Photoelectrodes 

Photoacoustic spectroscopy (PAS) has been shown to be a 

valuable tool for measuring the absorption spectra of samples that 

cannot be analyzed by transmission methods. When a material absorbs 

radiation, the energy transferred to the sample results in the creation 

of an excited state in the material. Relaxation of the excited states 

in the material results in luminescence or heat generation via non 

radiative deexcitation processes. In the latter case, the heat 

generated diffuses to a surface, resulting in a heating of the 

interfacial region. Modulating the incident radiation sinusoidally 

results in the surface temperature being modulated in the same fashion. 

At a gas-solid interface, the temperature change causes localized 
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pressure changes. If this layer of gas is constrained to a small 

enough volume, it can act as an acoustic piston whose pressure can be 

detected with a sensitive microphone. Shown in Figure 3.13 is a 

diagram of a single beam photoacoustic spectrometer. Phase locked 

detection is used to convert the photoacoustic signal to a DC level. 

The reader is referred to references (58,59) for reviews of PAS of 

gases and liquids. Rosencwaig-Gersho (R-G) theory is the most commonly 

applied theory, and in most cases, is in general agreement with 

results. The major criticism of R-G theory is that it is developed for 

a sinusoidally modulated source, which can lead to deviations in low 

frequency measurements but is still applicable in most instances. The 

reader is directed to Ref. (59) for a critical review of photoacoustic 

theory. 

PAS of The Solid State 

To" talk about any t3rpe of photothermal spectroscopy, one must 

start with the generation of the photothermal signal. As mentioned 

before, the photothermal signal is created by the absorption of 

radiation by the sample. This results in the generation of heat in the 

sample. The heat generation term for the photothermal signal is given 

by: 

ij)8Ioe^*(l+cosa)t) 

H(T) - [ j 3.2 

2 

where tj • efficiency at which radiation of wavelength A is converted 

to heat (usually 1 for solids). 

0 m optical absorption coefflcience at wavelength A (cm"^) 
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Iq " incident light fltix in W/cm^ 

X • point inside the solid according to the geometry of 
Figure 3.14 

w • angular frequency in radians/s 

This is given for a sinusoidally modulated source intensity. 

To describe the amount of heat that can diffuse to the surface, 

the following parameters are defined: 

K • thermal conductivity (cal/cm sec^) 

p " density (g/cm^) 

G • specific heat (cal/g "G) 

K , 
a - • thermal diffusivity (cmvsec) 

pC 
1/2 1 

a - (u)/2a) • thermal dif. coef. (cm" ) 

H - 1/a thermal diffusion length (cm) 

The significance of these parameters is that only a certain 

amount of heat can diffuse to the surface that is dictated by the 

physical properties of the sample and the modulation frequency of the 

radiation source, such that fi is the depth the thermal information 

comes from. In short, if the thermal properties are known, a sampling 

depth can be determined (58). 

Photoacoustic spectra of TiOPc are shown for film PL 9 which 

was grown for 2 hours at a Pc sublimation temperature of 195 °C and 1 

hour at 226 "C, spectra taken at 50 and 800 Hz (Fig. 3.15). Comparison 

of the transmission spectrum of the same film with the photoacoustic 

spectrum suggests that the more red shifted phase is closer to the 

surface of the film. The Increased redshifted response at 800 Hz 
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Figure 3,15 Photoacoustic Spectra of Thin Filas of TiOPc. 



versus 50 Hz, is consistent with a more red-absorbing phase lying 

closer to the surface. These data, although only qualitative, can be 

interpreted as evidence for two different crystallites growing one on 

top of the other in a layered fashion. 

Photoelectrochemical Characterization of TiOPc 

Cyclic voltammetry was used to characterize TiOPc thin films in 

terms of their photoconductive properties. From voltammetry, the 

photoelectrochemical properties such as the approximate flatband 

potential and current-voltage characteristics were determined. Shown 

in Figure 3.16 is the cyclic voltammetric behavior of a TiOPc thin film 

photoelectrode in three different redox couples. The typical TiOPc 

thin film photoelectrode is very p-tjrpe as shown by only positive 

photopotentials. The photopotentials in the three redox couples are 

listed in Table 3.4. 

Table 3.4 Observed Photopotentials for a p-Tjrpe TiOPc Thin . 

Film Photoelectrode 

Photopotential 

Redox Couple FrontsIde Backside 

3- 4-
Fe(CN)6/Fe(CN)6 0.02 V 0.03 V 

H2Q/BQ 0.21 0.21 

AQ 0.41 0.41 

A more lightly-doped film was made by slower deposition of the 

TiOPc during the vacuum sublimation process. Lightly doped Pc's 

sandwiched between a metal and an electrolyte can produce both positive 

and negative photopotentials (39). Shown in Fig. 3.17 is the cyclic 
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voltammetry associated with film PL 9 in the same three redox solutions 

previously used. The approximate photopotentials are given in Table 

3.5. 

Table 3,5 Observed Photopotentials for a Lightly Doped 

TiOPc Thin Film Photoelectrode 

Fhotopotential 
R/0 Fronts tde Backside 

Fe(CN)67Fe(CN)6' -0.16 V -0.27 V 

H2Q/BQ -0.12 -0.19 

AQ +0.41 +0.23 

It should be noted that this was one of the thickest films used ("5 

/im) , and from the differences in the front and backside 

photopotentials, it seems that two different environments exist at each 

of the interfaces. The backside illumination direction gave the most 

negative photopotentials while frontside illumination gave more 

positive photopotentials. With such a thick film, it is possible to 

have bi-layered films with perhaps two different phases growing in one 

on the top of the other. 

Another feature in the cyclic voltammetry is that, in 

Fe(CN)g"^/Fe(CN)g'^, the kinetics of the electron transfer on the 

electrode appear to be quite low and the currents seem to be dominated 

by thin film resistance. One explanation for this is that, within the 

potential region, there are two photoelectroactive sites which act as 

separate cathodic and anodic sites, as shown in Fig. 3.18. As 

reduction occurs at one site, reoxidation occurs either on the metal 
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substrate, which is at a sufficiently positive potential, or at 

specific sites which serve as photooxldatlve sites. This again may be 

due to the bilayered or pol3rmorphlc nature of the electrode. 

Current densities for the films appear to be comparable to that 

on uncoated Au-MPOTE if only geometric area is taken into account. 

Both the typical p-type and lightly doped TiOPc films show dark anodic 

current activity. This is thought to occur through surface active 

sites or defect sites within the bandgap region of the TiOPc 

semiconducting electrode. These sites may amount to phase or grain 

boundaries, dangling lattice edges, and/or lattice dislocations within 

the bulk of the film. Evidence for the existence of these sites is 

shown in Figure 3.19. Shown are the modulated light current reversal 

voltammetric scans. These were done primarily to get an initial value 

of the flatband potential without resorting to differential capacitance 

methods. In this method, the modulated photocurrent is measured as the 

potential is swept from values negative of Epg to values positive of 

Epg. The point at which the photocurrent changes sign is taken to be 

Epg. Although this method can be in error by as much as 100 mV, it is 

useful as an initial estimate of Epg. It was found that Ep^ seemed to 

change in different R/0 couples. A change in Epg can only be caused by 

a change in the number of charge carriers in the film since Epg depends 

on the number and energy distribution of such carriers. In AQ, the 

initial Epg was +0.400 volts vs. Ag/AgCl and 0.340 volts vs. Ag/AgCl 

for FS and BS, respectively. By holding it at -0.400 volts vs. Ag/AgCl 

for "5 minutes under illumination, Epg appears to have shifted to 0.470 
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and 0.440 volts vs. Ag/AgCl for FS and BS lllvunlnation respectively, 

which is a shift of .070 volts vs. Ag/AgCl for FS and .100 volts vs. 

Ag/AgCl for BS illvunination. Another feature worth noting is the 

increase in the anodic photocurrent. This has also been shown to occur 

in GaPc-Cl by Klofta (29), where it was found that by sweeping to 

sufficiently negative potentials in the light and reversing in the 

dark, the anodic activity was reduced and only when it was poised 

sufficiently positive in the light did this activity return. This is 

an indication that certain sites participating in the anodic process 

are photoelectro-chemically accessible. These observations infer that 

there is a high number of surface states. Shown in Figure 3.20 is the 

modulated light photocurrent reversal sweep for a GaPc-Cl film. 

Initially the film was shown to have a Epg of +.215 volts, using this 

method. After holding the potential at +.800 volts for 5 minutes, Epg 

shifted to +.260 volts, a difference of .045 volts. After holding the 

s£ime film at -.230 volts for 5 minutes, Epg was shown to shift to +.120 

volts. Such results indicate that for both TiOPc and GaPc-Cl there is 

an electrochemically active surface state concentration. Another 

feature of film PL 10 that could be shown from these modulated 

photocurrent reversal plots is that after ~2 months, Epg changed by 

"+.100 volts from +.450 to +.550 volts. This could be due to the 

adsorption of atmospheric contaminants, since thse films were stored in 

ambient. Films of VOPc exhibiting optical absorption spectra similar to 

PL 10 have also been found to be p-tjrpe and behave similarly 
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photoelectrochemically (29). Lightly doped VOPc films have not been 

made as of yet. 

Differential Capacitance Data of Epg 

Differential capacitance data was used to calculate Epg and the 

acceptor dopant density using the Mott-Schottky relationship (Eq. 3.1). 

Shown in Fig. 3.21 is a plot of C"^ vs. The slope of the 

steepest part of the line is given by Eq. 3.1. 

C-2^ - (2/(qNk£oA2))(Vji-VpB - (KT/q)) 3.1 

1.41x10^0 
Slope - 3.2 

kNo 

The intercept of this line with the x-axis gives the Eyg. Dopant den

sities found for the p-type TiOPc films give Np -1.3 x 10^^/cm^. Nj) 

for the more lightly doped film PL 9 was -1 x 10^^. The p-type film PL 

10 with Njj - 1.3 X 10^places the Fermi level less than 0.1 eV of 

the valence band edge (Fermi-Dirac eqn.) which is indicative of a 

degenerate semiconductor. In comparison to previously explored VOPc 

films, TiOPc films have a higher acceptor dopant density. Dopant 

densities for VOPc were found to be on the order of 10^® cm'^ which is 

approximately one order of magnitude lower than TiOPc (29). 

Photocurrent Action Spectroscopy 

Photocurrent action spectroscopy was used to measure the wave

length dependent photocurrent yield in the spectral region 400-850 nm. 

Shown in Fig. 3.22 are the photocurrent action spectra for film PL 9 
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under anodic and cathodlc conditions for frontslde and backside 

Illumination in a solution of 10H2Q/10'^M BQ. Figure 3.23 shows 

the same spectra for film PL 10. Inserts in both Figures show the thin 

film absorption spectra. 

It has been shown by Klofta that thin films of TiOPc on the 

order of 0.06 - 0.4 pm thickness show photocurrent action spectra that 

mimic the absorption spectra under the right conditions (29) but show 

differences between frontslde and backside illumination. Films used in 

this study have also shown different behaviors in frontslde and 

backside illuminated photocurrent action spectra. Film PL 9, a "5 /im 

thick film exhibiting intrinsic behavior, exhibits a BS photocurrent 

action spectrum resembling the absorption spectrum of the film, with a 

maximum at ~650 nm. Frontslde illumination on the other hand, has a 

maximum in the region 690-800 nm. This occurs at both cathodlc and 

anodic potentials. Film PL 10, a 0.8 /^m thick film with very p-type 

character, exhibits photocurrent action spectra with maxima between 

750-850 fim. For this film, both frontslde and backside photocurrent 

action spectra exhibited the same behavior. The maxima were always in 

the range of 700-850 nm for this film. This is not surprising, since 

the absorbance spectrum has a maximum at 820 nm. 

Film PL 9 is thought to be a two layer film with crystallites 

absorbing mainly in the red forming a layer at the Pc/MPOTE Interface, 

and another layer of crystallites absorbing in the near IR forming at 

the solutlon/Pc Interface. In this situation, backside illumination 

would produce a photocurrent action spectrvun with a maximum in the red, 
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since the light must pass through the Pc/MPOTE interface first. TiOPc 

in both phases has an absorptivity of ca. 1 x 10^ cm"^ at the for 

each crystallite type (29). In such instances, the photon penetration 

depth Is small and most of the light is effectively absorbed at the 

incident interface. The thickness of PL 9 allows separation of the 

photoelectrochemical behavior at the two interfaces. 

PL 10 is a typical p-tjrpe film which is made under fast growth 

conditions at slightly higher substrate temperatures. Since there is 

no drastic change in the photocurrent action spectrum between front and 

backside illumination, it has been assumed that this type of film con

sists primarily of one phase of TiOPc, that being the phase responsible 

for the most red-shifted absorbance. 

In comparison with VOPc thin films VOPc, TiOPc is better 

behaved. Klofta has recorded VOPc photocurrent action spectra and 

absorbed photocurrent generation in regions of minimum absorbance for 

the photoreduction of methyl viologen (29). He noted that this is due 

to bulk absorption in the film such that very few carriers are 

generated away from regions of high absorptivity, which are necessary 

for current to flow. In regions of low absorption, carriers are 

generated throughout the film resulting in photocurrent maxima 

appearing in these wavelength regions. TiOPc films used here were in 

most cases thin enough to allow carrier generation throughout the film. 

Conclusion 

From this study of the physical and photoelectrochemical 
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properties of thin film TiOPc photoelectrodes, the following points can 

be made: 

1) There exist at least two or three crystalline structures of 

TiOPc, each exhibiting different electronic spectra and 

photoelectrochemical properties. 

a) TiOPc films exhibiting absorption spectra similar to 

that of PL 10 are highly p-type. 

b) Lightly-doped TiOPc films exhibit maximum 

absorption in the region 660-690 ran. 

2) p-t3rpe TiOPc films cannot be doped readily. 

3) Lightly-doped films can get more p-t)rpe over time if 
left exposed to the ambient. 

4) Both tjTies of films have a large number of surface 

states that are photoelectrochemically active and can be 

oxidized and reduced, altering the flatband potential. 

Although there is no direct evidence that the films used were 

poljnnorphic, it has been shown elsewhere that other MPc's exhibit the 

same ty^je of change in the electronic spectrum with a change in phase 

(22,24,25). By comparison of TiOPc with the VOPc system, numerous 

similarities between structure and electronic properties are apparent. 

Photoelectrochemical properties are also similar in the case of the p-

tjrpe materials. The lightly-doped type TiOPc is an anomaly. As of 

this writing, only p-type VOPc photoelectrodes have been made. It is 

clear that the LD material is different from the p-tjrpe material, if 

not in chemical composition, then by crystalline phase. It is also 

clear that the lightly-doped material can be doped by the ambient, and 

though it is not known why a change in crystalline phase changes the 

ability to modify the electronic properties of the system, different 
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packing densities for each phase may lead to different gas diffusion 

properties. 

In addition to the well behaved photoelectrochemistry, it has 

also become evident that a distribution of surface states exist and are 

photoelectrochemically and electrochemically accessible. The presence 

of such surface states is not surprising, especially in polycrystalline 

films. The surface sites allow some dark conductivity as shown in the 

cyclic voltammetry, but in terms of the flatband potential and the 

Fermi level, these surface states can cause changes in Vpg on the order 

of ± 100 mV due to oxidation and/or reduction of these sites. 
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CHAPTER IV 

CHARACTERIZATION OF TiOPc USING INTERDIGITATED 

MICROELECTRODE ARRAYS 

Photoelectrochemical techniques can give information about the 

energy structure, but other parameters such as dark and photoconduc

tivity conductivity and are better measured in solid state 

configurations. Studies of Pc's and other molecular semiconductors 

have been performed using sandwich cells in the configuration of that 

in Figure 4.1. More recently, studies have been done using 

interdlgltated microelectrode arrays coated with the organic film. In 

this study, these electrode arrays have been used for studying the 

conductivity and photoelectric conductivity of thin TiOPc films in both 

ambient atmosphere and ultra high vacuum. 

Characterization of The Interdlgltated Microelectrode Arravs 

Six different microelectrode arrays were evaluated for the 

conductivity studies of TiOPc. The gold interdlgltated arrays supplied 

by Motorola consist of two interdlgltated electrodes with an electrode 

area of 7.5 x 10*^ cm^ per electrode. Each electrode had 1.3mm fingers 

of 1000 A thickness with an interelectrode distance of 3.2/im. The 

arrays provided by Burr-Brown consist of a 60 A thick aluminum 

electrode pattern on a passivated silicon substrate. The effective 

electrode area was determined to be "5 x 10"^ cm^. Five arrays with 

spacings of 3, 4, 5, 6 and Itim were fabricated on a substrate "3 x 4mm 

and mounted on an integrated circuit header such that all of the array 

could be accessed Individually. 
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The small dimensions of the Burr-Brown arrays limited the 

current density that could be drawn across the coated device. The Al 

electrodes presented another problem In that the formation of surface 

oxides gave rise to blocking contacts. SEMs of the arrays also show 

rougher surfaces than the Au device. Examples of both devices are 

shown in Figures 4.2 and 4.3. 

Initial experiments were done in ambient atmosphere using TiOPc 

and GaPc-Cl coated microelectrode arrays in the configuration shown in 

Figure 4.4. This was done to determine photocurrent-voltage 

characteristics and to compare the photocurrent action spectra for the 

Pc's with that of the thin film photoelectrodes and the absorption 

spectra of the thin film. Shown in Figure 4.5 are the photocurrent 

action spectra of TlOPc and GaPc-Cl coated microelectrode arrays with 

the thin film absorption spectra for comparison. Shown in Figure 4.6 

are the photocurrent action spectra for TiOPc and GaPc-Cl thin film 

photoelectrodes. The same or similar photocurrent action profiles are 

seen with both. 

The photocurrent-voltage characteristics of a TlOPc coated 

array, are shown in Figure 4.7. Dark current measurements with a 

picoammeter gave a current of 1.4 x 10"® A at IV bias. This 

corresponds to a conductivity of 5.9 x 10"^ cm'^. The 

photoelectric conductivity of this film was determined to be 8.6 x 10"® 

cm~^ at 632.8 nm using a 25 mW HeNe laser. The current generation 

efficiencies from the photocurrent action spectra were on the order of 

.01 - .5%. 
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Figure 4.3 Interdigitated Microelectrode Arrays Supplied 

by Burr-Brown Having Various Electrode Spacings. 

A) 3, B) 4, C) 5, D 6, and E) 7 fjoa. 
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Figure 4.4 Pc Coated Array and Cross-section. 
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Figure 4.5 Fhotocurrent Action Spectra of A) GaPc-Cl and 

B) TlOFc Coated Motorola Arrays Coated at High 

Substrate Temperatures and Measured in Ambient 

Atmosphere. Thin Film Absorption Spectra of Films 
Made Under Similar Conditions are Shown for 

Comparison. 
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Figure 4.6 Fhotocurrent Action Spectra for A) GaPc-Cl and 

B) TiOPc Photoelectrodes Made at High Temperature 

and Measured in a .OOIM Solution of Hydroquinine and 

Benzoquinone Under Cathodic Conditions. 
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Coated Array in Ambient Atmosphere at 660 nm 
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In comparison with the thin film photoelectrodes, the 

photocurrent generation efficiencies are slightly better for the TiOPc 

coated array. Another feature that is interesting is the fact that 

there is a moderate amount of photocurrent generated at "950 nm. The 

origin of this peak has not been determined. The conductivity of this 

TiOPc film is slightly higher than the value of 5 x 10"^® cm'^ 

deteirmined by Strahle and Hiller (23). No values have been reported 

for the photoconductivity of this material. 

Thin films of GaPcCl on a Au array have the photocurrent-

voltage curve shown in Figure 4.8. This curve differs from the curve 

for TiOPc in that the curve saturates. It appears that maximum 

photocurrent is being extracted under these conditions. 

Photocurrent measurements of TiOPc coated Burr-Brown arrays 

using broadband illumination yielded some interesting results. Even 

though the electrode areas were approximately the same, the currents 

did not correlate with electrode spacing. The results are tabulated in 

Table 4.1. 

Table 4.1 Conductivity Data For TiOPc Coated A1 Electrode . 

Arrays Supplied By Burr-Brown 

Electrode Spacing(/im) Photocurrent(pA)* 

<7 (Apparent) 

(0'^ cm"^) E 

3 1552 1.55x10-10 6667V/cm 

4 931 1.86x10-10 5000 

5 1020 5.1x10-10 4000 

6 943 5.6x10*10 3333 

7 2716 1.9x10"® 2857 
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Figure 4.8 Photocurrent vs. Bias Potential for a GaPc-Cl 

Coated Array in Ambient Atmosphere at 632.8 nm. 
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Photocurrent was measured using a 450W Xe arc lamp focussed 

through a 470nm long pass filter. Due to the small electrode area of 

these arrays and the small photocurrents generated, very few 

conclusions can be drawn from the results. The differences in the 

observed conductivities may be the result of differing electrode areas 

caused by defects in the microlithography. 

Shown in Figure 4.9 are the photocurrent voltage 

characteristics for the aluminum arrays using the same broadband 

illumination. Due to the lower photocurrents generated on these 

arrays, photocurrent action spectra could not be measured. 

UHV Preparation and Characterization of TlOPc 

UHV prepared TiOPc thin films and coated microelectrode arrays 

were studied in ultrahigh vacuum. UHV allows a high degree of 

environmental control and allows films to be made that are free of 

atmospheric contaminants. Prior to making TiOPc films for study, the 

UHV deposition system was calibrated with a quartz crystal microbalance 

(QCM) to determine the Pc deposition rate at "10"® torr. The 

deposition rate was determined to be 0.07 - 0.08 monolayers/second. 

The photocurrent vs deposition time was recorded for the 

deposition of TiOPc on a Au array (Figure 4.10). The illumination 

source was a 25mW HeNe laser at 632.8nm modulated at 13 Hz. The signal 

was demodulated using lock-in amplification. The bias potential was 

held at IV. The photocurrent-voltage curves for the TiOPc film in 

vacuum and in air are both similar, but no direct correlation could be 

made because of the different thicknesses of TiOPc used. 
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Figure 4.9 Photocurrent vs. Bias Potential for TlOPc coated 

Burr-Brown Arrays Measured In Ambient Atmosphere 

Illuminated by an IR Filtered 450 W Xe-Arc Lamp. 

A) 3, B) 4. C) 5. D) 6. E) 7 /m 

Spaclngs. 
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Figure 4.10 Photocurrent vs. Deposition Time for a TiOPc 

Film Prepared in UHV. 
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Dosing of the mlcroelectrode array with I2 vapor at "10*® -10"^ 

torr causes a decrease in the photoconductivity. The dark conductivity 

could not be measured at the time. Photoelectric conductivity changed 

from "6.3 x 10*® n*^ cm'^ to 1.68 x 10"® fl*^ cm*^. Shown in Figure 

4.11 is a plot of photocurrent vs. time as measured with "25mV 632.8nm 

HeNe laser radiation. Adsorption is rather fast (ca. 2 minutes) to 

saturate the response. Desorption of I2 in vacuum over a period of 

days recovered "80% of the original photocurrent. Although there is no 

model for the I2 adsorption and its effect on the photocurrent, the 

adsorption and photocurrent can be fit to a Langmuir isotherm model as 

shown in Figure 4.12 

The photocurrent-voltage curve for the I2 dosed TiOPc film is 

shown in Figure 4.13. The cuirve appears much broader compared to that 

of an unclosed TiOPc film. This means that at low electric fields, 

mobile charges are not being generated as efficiently, but the 

photocurrent increases sharply once a high enough electric field is 

attained. This effect may be due to electrons being trapped by the 

adsorbed I2 and these electrons are only released at higher fields. 

Current-voltage curves for a clean TiOPc film, UHV3, are shown 

in Figure 4.14 and 4.15. Both the dark and light response are non

linear with voltage indicating non-ohmic behavior. The dependence of 

the photocurrent on the light intensity at 620 nm is shown in Figure 

4.16 and is approximately linear. Using a power series regression, the 

photocurrent Ipjj a -92 ^-o was obtained using intensities 

of less than ImW/cm^. 
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Figure 4.11 The Effect of Iodine Dosing of a TiOPc Coated 

Array Done in UHV. 
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Figure 4.12 The Effect of Iodine Adsorption on the Photocurrent 

Plotted M a Langmulr Type Isotherm. 
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Figure 4.15 Dark Current vs. Bias Potential for TiOPc 

Coated Array UHV3 Before Annealing. 
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Figure 4.16 Photocurrent vs. Illumination Intensity for 

a TiOPc Coated Array in UHV at 660 nm. 

Also Shown is the Source Intensity. 
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Other studies of I2 absorption carried out under UHV conditions 

on an unannealed TiOPc films also indicate a decrease in 

photoconductivity and dark conductivity as shovm in Figures 4.17, 4.18, 

4.19. The profile of this TiOPc film is almost like that of the GaPc-

C1 film before I2 dosing. Subsequent dosing and heating gives a dark 

conductivity and photoconductivity ca. one order of magnitude lower 

than the original, but the current/voltage curve now has an exponential 

shape to it. 

Temperature Dependent Conductivity Studies in UHV 

A TiOPc coated Au microelectrode array was fabricated in UHV 

mounted on a heating stage that would allow temperature dependent 

conductivity measurements as well as dark and photoelectric 

conductivity measurements at "10"^ torr pressures. 

A photocurrent action spectrum of TiOPc deposited on a Au 

microelectrode array was recorded at room temperature ("23 °C) and is 

shown in Figure 4.20 using a IV bias and a 150W tungsten Illumination 

source focussed through a series of lOnm bandpass filters. The TiOPc 

coated array exhibits a maximum photocurrent yield at -750nm and no 

detectable photocurrent past 900nm. Compared to the TiOPc coated array 

measured in atmosphere, the UHV prepared film is more blue shifted in 

its spectral response, and the film does not seem to have any 

absorption passed 900nm. Comparison of the UHV prepared film with the 

absorption spectrum of a TiOPc film on Au-MPOTE shows similarities in 

the region 750-950nm. 
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Figure 4.17 Fhotocurrent and Dark Current vs. Bias 

Potential for an Annealed Film Before I2 

Dosing. 
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Figure 4,18 Photocurrent and Dark Current vs. Bias 

Potential for an Annealed Film After I2 

Dosing. 
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Figure 4.20 Photocurrent Action Spectrum of TiOPc Coated 

Array UHV3 Before Annealing. The Absorption 

Spectrum for a Film Grown in UHV is Shown for 
Comparison. 
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The temperature dependence of the dark current and photocurrent 

was measured to determine activation energies for conduction. The 

photocurrent was measured at a number of different wavelengths. The 

results for dark conductivity are shown in Figures 4.21 and 4.22. 

Curve A was interesting in that it was linear from "25 "C to 95 "C 

giving an activation energy E^CA) of 1.89 eV. A second temperature 

study done on the same film yielded a different dependence on T (Figure 

4.21B). The activation energy calculated from this curve was found to 

be 1.38 eV. A third temperature study yielded approximately the same 

value. It appears from this data, that the thermal treatment has 

introduced new molecular states in the semiconductor that facilitate 

dark conduction. 

Arrhenius plots for the photoconductivity are shown in Figure 

4.22. From the data shown, the photoconductivity has three different 

temperature dependent regions, each having different activation 

energies which are tabulated for four of the five wavelengths used. 

The highest temperature region gives approximately the same for all 

wavelengths even though the conductivities are not the same, 

Photocurrent action spectra recorded after the first and second 

temperature studies given in Figures 4.23 and 4.24, show a higher 

photoconductivity and the appearance of a peak at 850nm. After the 

second temperature study, the peak at 850nm becomes more pronounced. 

From the observations of TiOPc thin films on MPOTE and the absorption 

spectra of these films, another crystalline phase is believed to be 
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Figure 4.21 Determination of Activation Energy for Dark 
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Figure 4.23 Fhotocurrent Action Spectrum of UHV3 After the 

First Temperature Study. 
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Figure 4.24 Photocurrent Action Spectrum of UHV3 after a Second 
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formed that is of higher conductivity than the phase that initially 

was deposited. 

Current-voltage curves measured before and after the 

temperature study are shown in Figures 4.25 and 4.26. They both have 

approximately the same shape, but the conductivity has increased by two 

orders of magnitude. This correlates well with what is seen in the 

photocurrent action spectra and the lowering of the activation energy 

caused by heating in vacuum. Thermal treatment of TiOPc thin films, 

seem to result in an increase in both dark and photoconductivity. 

XPS Studies of lo Dosed TiOPc Films 

In order to get a better understanding of the adsorption of I2 

on TiOPc, X-ray photoelectron spectroscopy was used to look at thin Pc 

films with and without I2. Shown in Figure 4.27 through 4.30 are the 

XPS spectra of C(ls), N(ls), 0(ls), and Ti (2p) windows before and 

after I2 dbping. It should be noted that the C(ls) lineshape is broad 

and ass3rmmetric. This is an indication that more than one form of 

carbon is present. The lineshape was curvefit to three Gaussians using 

the DFIT routine of Maschhoff (67) (Fig. 4.31). These extra forms of 

carbon may be due to impurities, decomposition products, or partially 

oxidized Pc. This may explain the p-t3rpe behavior of TiOPc by 

incorporation of impurities or a self doping mechanism. Fig. 4.32 is a 

comparison of the GaPc-Cl C(ls) and TiOPc C(ls) lineshapes. In 

phthalocyanine there are nominally two forms of carbon, carbon bonded 

to carbon and carbons bonded to nitrogens. The presence of other forms 

of carbon may be a decomposition product or partially oxidized 



138 

0.5 1.0 
BIAS POTENTIAL (V) 

Figure 4.25 Dark Currenc vs. Bias Potential for UHV3 Before 

Annealing. 
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Figure 4.29 XFS 0(la) Spectrum of a TlOPc Flla. 
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Figure 4.31 C(ls) linshape of a UHV Prepared TiOPc Film 

FiC to Three Gaussian Peaks. 
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phthalocyanine. The fact that it is present in both, lightly doped 

GaPc-Cl and p-type TiOPc films indicate the possibility of doping by 

this other form of carbon. There was no change in the lineshape of C, 

N, 0, or Ti after I2 doping. 

Grazing takeoff angle XPS was done to try to determine any 

difference in bulk and surface concentrations of C, N, 0, Ti and I. In 

grazing angle XPS, the sample is tilted such that the sample to 

analysis angle is small. Electrons coming out of the sample at energy 

E^, which is the characteristic binding enerf;y of the electron using a 

MgKa source, originate from a depth much closer to the surface than 

normal incidence as illustrated in Figure 4,33. Results of the grazing 

incidence spectra indicate another form of oxygen in the near surface 

region as shown by the shoulder appearing on the high binding energy 

side in the 0(ls) spectra (Fig. 4.34). 

Atomic ratios were dec-ermined from the background subtracted 

spectra using a sigmoidal background correction. The values, 

normalized to the titanium intensity are given for TiOPc, TiOPc/l2 

normal take off angle and the grazing take off angle in Table 4.2. 

Discussion and Conclusions 

From the photocurrent action spectra of TiOPc coated arrays and 

the absorption spectra of thin films of TiOPc in atmosphere and UHV, 

three conclusions can be made. First, tha films made in UHV are 

deposited in such a manner that the temperature of the array/substrate 

remained at "35-40 °C. The phase that forms is the more blue absorbing 

phase which can be thermally converted to the more red absorbing phase. 
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Figure 4,33 Spectrometer Geometry for A) Normal Takeoff angle 
XPS and B) Grazing Takeoff Angle XFS. 
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Figure 4.34 XPS 0(ls) Spectrum at Grazing Takeoff angle. 
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Table 4.2 Elemental Compositions Calculated From 
XPS data. 

Atomic Ratio (Normalized to T1(2D) 

glgn>?nt/Ti Theoretical Normal Takeoff Grazing takeoff 

Ti 1 1 1 

0 1 .8 1.2 

C 32 37.4 48 

N 8 6.7 7.8 

I - .04 .2 



150 

Second, the more red absorbing phase, formed upon annealing, appears 

more conductive and photoconductive which may be caused by the phase 

change or by some sort of "self-doping" process. Quantitative XPS 

measurements show a higher than expected ratio of carbon to titanium. 

The expected value for C/Ti is 32, the observed value is 43. Oxygen is 

also present at higher than normal concentrations. The expected oxygen 

to titanium ratio is 1, the observed is 1.2. This implies the possibi

lity of partial decomposition or demetallation of the TlOPc and the 

possible presence of TlOj^ which may dope the material. Grazing angle 

XPS results indicate a low concentration of T1 in the near surface 

region. Finally, absorption spectra and photocurrent action spectra of 

TiOPc films and coated arrays in atmosphere and in vacuum, indicate 

that in atmosphere, a small to moderate absorption starts to appear in 

the photocurrent action spectrum and absorbance spectrum that is not 

apparent in the photocurrent action spectrum measured in UHV. This 

absorption may be a charge transfer complex formed by the adsorption of 

ambient gases, most likely oxygen. Behavior of this type has been seen 

in the near infrared absorption spectra for CuPc (60). 

From the XPS results, it is still inconclusive how the I2 

interacts with the Pc. The only evidence of interaction of I2 with 

TlOPc is the change in the 0(ls) XPS llneshape in the grazing angle 

spectra. This could be explained in two ways. First, O2 may be 

adsorbed during the I2 exposure but only at very low partial pressures. 

Second, the new form of oxygen may be caused by Intercalation of I2 

into the film changing the chemical environment in the vicinity of 
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bound oxygen. I2 doped Pc's have been made with the I2 molecules in 

stacks colinear with the Pc stack (61). A structure such as this can 

be responsible for the new form of oxygen in the near surface region. 

The activation energies for dark and photoelectric conductivity 

give some interesting results. The for dark conductivity decreased 

upon heating. This correlates well with the change in conductivity 

throughout the whole photocurrent action spectrum. Plots of In U vs 

1/T are very linear, indicating that either that this is in the 

intrinsic region or, in the temperature region used, the is 

dependent upon dopant levels in the bandgap. Noirmally the E^ for dark 

conductivity has three sections which indicate conductivity due to some 

of the dopant levels, all of the dopant levels and finally due to 

thermal creation of carriers across the intrinsic bandgap. The most 

reasonable assvimption is that the E^ is indicative of the doped region. 

The E^ found after annealing may indicate a higher doping level. 

Intrinsic bandgaps for most Pc's are on the order of 2-2.5 eV, The 

energy of the lowest energy absorption gives a bandgap of "1.5 eV, for 

the most redshifted phase and "1.7 eV for the phase made in UHV. From 

E^ calculation from dark conductivities, they are 1.38 and 1.89 eV 

respectively. Activation energies of the photoelectric conductivity 

are inconclusive at this point due to the limited understanding of this 

phenomenon. What can be inferred from the Arrhenius plots is that 

there are most likely a large number of trapping levels within the film 

that modulate the photoconductive behavior. The slopes of the curves 

in each of the three regions may be due to individual trapping levels 



and/or a dependence of the carrier mobility on temperature; these 

possibilities cannot be distinguished. SCLC measurements could not be 

used due to the potential range and temperature range used. In order 

to keep from damaging the film, a maximum 2V bias was used in all 

measurements. Potentials used for SCLC measurements are on the order 

of 5 - lOV (50). Activation energies for photoconduction are normally 

on the order of 0.1 - 0.6 eV. The values found are well within this 

range and can be taken to be due to different trapping levels within 

the bandgap. 
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CONCLUSIONS 

Photoelectrochemical and solid state techniques serve as 

complementary methods in the study of thin film photoconductors, which 

is in this case TlOFc. This thesis represents 1) a compilation of what 

is known and what has been learned about TiOPc from the literature and 

from the present study and 2) the development of UHV techniques for the 

study of the electronic properties of TiOPc and other semiconductive 

materials in the form of thin films. This chapter is a summary of the 

results of these studies and a projection of future directions using 

these techniques. 

Summarv of Results 

Results of both the photoelectrochemical and solid state 

studies on TiOPc indicate that either 1) the material that was used is 

heavily doped, 2) the procedure used to grow the films leads to doping 

or 3) the material is intrinsically doped. From the photo

electrochemical data, a set of films was made having only a lightly 

doped character which over time reverted to p-tjrpe. These film also 

had an absorption maximum more red-shifted than the heavily doped p-

type films. This film was made under different conditions than the 

more p-type films which means that the p-type doping is probably a 

consequence of the fabrication procedure. In terms of the photocurrent 

generation efficiency, these materials are in the range of 0.01 to 

0.5%. Observed photopotentials in anthraquinone solutions are about 



0.23 - 0.41V, Current densities are on the order of 20-50 pA/cm^ for 

the typical TiOPc films. The flat band potential Epg is somewhat 

arbitrary for both TiOPc and GaPc-Cl due to what are believed to be 

electrochemically reactive surface states. 

The fact that reversible electrochemistry is observed in the 

light may be attributed to these surface states. Dark anodic activity 

may also be caused by the presence of surface states but will also 

occur if the reduced form of the redox couple has a density of states 

that energetically overlaps the valence band density of states or the 

hole concentration is sufficiently high. In either case, it has been 

shown that such surface states exist and most likely determine the 

position of Epg. 

In terms of the electronic properties of the material, TiOPc 

can be characterized as having fairly high photoconductivity ("10"® ^ 

^cm"^) as far as organic semiconductors go. The conductivity and 

photoconductivity is non-ohmic, but the shape of the current voltage 

curve is most likely dependent upon the deposition technique and 

treatment subsequent to the measurement. TiOPc has been shown to form 

essentially two modifications on microelectrode arrays. The first 

modification is the as-deposited film on a cool substrate "35 "C and 

exhibits an absorption maximum at 750nm. This film type undergoes a 

thermal phase transition which shifts the absorption maximum to 820 nm. 

Although these phases have not been confirmed by x-ray techniques or 

IR, the photocurrent action spectra, in general, mimic the absorption 

spectrum. The phase transition occurs at UHV pressures and 
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temperatures of <100 "C. Evidence for this tjrpe of transition has been 

seen before In VOPc, GaPc-Cl, AlPcOH, and AlPcCl (22,24,25.62). 

The. activation energy Is also dependent upon the deposition 

conditions and subsequent treatment of the film. The activation energy 

for the dark conductivity was found to decrease upon annealing, meaning 

that either 1) the heating has caused a change in phase to one that has 

a lower bandgap or 2) heating has Introduced a number of defect states 

acting as dopants. It cannot be determined at this time which case it 

is. Activation energies for photoconductivities indicate a number of 

different regions with slightly different activation energies 

indicating the possibility of a distribution of defect states in the 

as-deposited film. Annealing the film causes the activation energy to 

decrease across the range of temperatures to give a single activation 

energy. This, again, may be due to a phase change in which 

rearrangement or re-ordering of the film removes certain defect sites. 

Both the dark and photoelectric conductivity changes are seen in dark 

current-voltage curves and increase in the photocurrent yield in the 

photocurrent action spectra. The effect of I2 has been shown to 

decrease the photocurrent and dark current contradictory to the finding 

of Strahle and Hanock (23). 

In summary, this thesis presents a more complete description of 

the physical, chemical and photoelectrochemlcal properties of TlOPc 

than has been presented before. This work also demonstrates the use of 

Interdigltated microelectrode arrays in the characterization of thin Pc 

film. 
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Future Directions 

Mlcroelectrode arrays have made It possible to move the 

characterization process Into a very clean, very controlled UHV 

environment and allows measurements to be made as the deposition Is 

occurlng and before it can be dosed by ambient atmospheric 

containments. This type of characterization can be extended to other 

Pc's and even other semiconductor materials. The interdigltated-

electrode array can also be easily adapted to chemical sensors such as 

chemlreslstors where vapors like NH3, CI2, H2, O2 may be detected by 

how they effect the conductivity of the sensor material. Experiments 

of this type would involve an apparatus as illustrated In Fig. 5.1 

where various gases may be used. Potential materials for the sensor 

include TiOPc and GaPc-Cl. The best results are expected for GaPc-Cl 

as it has been shown to easily be doped using O2 and H2. 

Other experiments involve using a mlcroelectrode array having 

two different metals for each electrode to produce a photovoltaic cell. 

Metals such as Au and Cu which have work functions of 5.1 and 4.65 eV, 

respectively would give a photovoltaic with an output of 0.45 V when 

coated with a semiconductor film. Pt and Cu (5.65 and 4.65 eV) would 

give a theoretical value of 1 V. 

Other experiments include the possibility of actually doing 

photoelectrochemistry in a specially designed vacuum chamber similar to 

the system used by Burrell to do electrochemistry on thin metal films. 

The experiments mentioned here will hopefully give a better 
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Figure 5.1 Schenatic Diagram of an Apparatus for Studying the 
Chemical Sensitivity and Selectivity of Thin Film 
Semiconducting Materials. 
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The experiments mentioned here will hopefully give a better 

understanding of Pc's as well as lead to advances In the development of 

technical applications of Pc. 
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