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ABSTRACT 

The trivalent metallophthalocyanines, GaPc-Cl and InPc-CI, have been 

investigated with respect to: I) their possible application as gas-phase chemical 

sensor coatings for the detection of °2, NHs and N02; and 2) the development of a 

new class of molecular electronic materials based upon the epitaxial growth of 

these large organic molecules. UHV analyses of InPc-CI coated interdigitated 

array transducers have indicated that impurity phthalocyanines (such as FePc, 

MnPc and CuPc) have a dramatic impact upon the electrical nature and 

responsivity of these devices toward various gas analytes. Each of the different 

gas analytes examined, °2, NHs and N02• were found to possess at least two 

different types of chemisorption sites on the surface of these organic films. 

Chemical sensor devices prepared and characterized under vacuum (including 

quartz crystal microbalance. surface acoustic wave and interdigitated array 

transducer devices), were also examined within an atmospheric sensing chamber 

in order to assess their ultimate feasibility as chemical sensors. The simultaneous 

monitoring of both electrical and microgravimetric changes within these devices 

allowed for complimentary information to be obtained concerning the 

chemisorption events taking place on the surface of these materials. 

Photoelectrochemical metal modification of the surface of these phthalocyanines 

provided a means for further enhancing the response of the chemical sensors 

toward NHs• while a modification of the phthalocyanine surface with reducing 

agents such as polyvinyl ferrocene and MnPc provided an analogous enhancement 

in sensitivity to N02• The epitaxial growth of InPc-CI has been demonstrated on 
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both bulk SnS2(0001) and MBE grown SnS2 on muscovite. The optical absorbance 

and photoaction spectra obtained from these highly ordered phthalocyanine films 

ha ve, in some cases, been found to be as narrow as the solution absorption spectra 

for these materials (FWHM = 40-60 nm). The epitaxial growth of CuPc, perylene 

tetracarboxylic dianhydride, C60 and coronene were demonstrated on the 

MoS2(000l) surface, with specific models developed to explain the nature of these 

organic overgrowths on the metal dichalcogenide surface. The formation of 

highly ordered heterojunctions or bilayer films based upon various combinations 

of these organic semiconductor materials has also been investigated as a precursor 

to the development of organic superlattice structures. 



21 

CHAPTER 1. 

INTRODUCTION 

1.1 Molecular Electronic Materials 

The term molecular electronics covers a broad spectrum of organic 

macromolecular, polymeric and biological materials, whose electronic, magnetic 

and optical properties are considered to be complementary in many respects to the 

properties of inorganic semiconductor materials.1,2,3 While inorganic 

semiconductors are comprised of a covalent array of individual atoms, molecular 

organic semiconductors consist of weakly bound molecular subunits whose optical 

and electronic properties are dictated by the individual molecular structure and 

the large intermolecular separations evident within these materials. One 

particularly attractive feature of these materials is the ability to control the opto

electronic properties of a given material by altering or tailoring the molecular 

architecture. The conductivity of these organic thin films has been shown to vary 

from the metallic conductivity regime (ie. charge transfer complexes of 

TTF-TCNQ at 104 0-lcm-l), through the semiconducting regime (ie. doped 

polyacetylene at 10-3 0-lcm-l), to the insulating regime (ie. phthalocyanines at 

1O-14 o-1cm-1).1 Some of these molecular systems exhibit high light absorptivity as 

well, across the ultraviolet, the visible, and the infrared regions of the 

electromagnetic spectrum. The dimensions of individual units within typical 

molecular assemblies (10-100 A) are several orders of magnitude smaller than 

inorganic devices currently being manufactured by lithographic techniques, a 

quality that has exciting implications with respect to the development of true 
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"molecular logic" elements with unprecedented density and complexity.2 Other 

advantages include the potential low cost and relative ease of fabrication of these 

types of materials, as well as the recognized tendency of these materials to be 

thermally and chemically stable. 

The vast number of applications already seen for the use of these molecular 

electronic materials, has allowed for significant advances to be made in a variety 

of different technologies. Some of the more recent applications include: the dye 

sensitization of semiconductors4, organic electroluminescent diodes5, solar 

energy conversion6, photovoItaics7, electrophotography2, xerograph y8, laser 

printing9, photochromic display devices10, electrochromic display devicesll, 

erasable compact disks 12, memory devicess, field effect transistors (FET)l3, 

optical switching devices14, p-n heterojunctions15, quantum well/superlattice 

structures16, rechargeable batteries17, microphone and speaker transducers2, 

organic superconductors l , and chemical sensors18. The further advancement of 

these fields is dependent upon a detailed understanding of 1) the electronic and 

optical properties apparent within these materials, and 2) the relationship existing 

between the supramolecular structure and these same optical and electronic 

properties. 

Our research efforts have been directed primarily toward an examination of 

a particular class of molecular electronic materials made up of the 

metallophthalocyanines. Our interest in the phthalocyanines stems from a number 

of different factors. As can be seen in the diagram shown in Figure 1.1, the 

phthalocyanines are large macrocyclic compounds which are comprised of an 

extensively conjugated 11' system surrounding a central metal ion. The nature of 

the delocalization of these 11' electrons within the macrocyclic ring results in very 



PHTHALOCYANINE 

Figure 1.1 Metallophthalocyanine (MPc). 

large absorptivity coefficients, an attribute which is the basis for much of the 

solar energy conversion and photovoltaic research relating to this molecule.6•IS 

Recent measurements ha ve also indicated that the phthalocyanines possess 

significant third order non-linear optical properties, which may lead to 

applications in the development of optical switching devices.19 More than 70 

different metallophthalocyanines have been synthesized, and, while they differ 

only in the nature of the central metal ion, they exhibit a wide range of redox 

and photoactive properties.2o The photoconductivity of certain phthalocyanines 

have been reported to be as much as three orders of magnitude larger than the 

dark conductivity, with this characteristic being utilized in the xerography 

industry.s It has long been recognized that the phthalocyanines respond to the 
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chemisorption of electron-accepting or -donating molecular dopants with a change 

in the electrical properties of that material, and, as we shall see, this attribute can 

be applied to the development of a gas-phase chemical sensor.21 Finally, the 

large molecular weight and low vapor pressure of unsubstituted versions of these 

materials makes them completely vacuum compatible for the preparation of ultra

thin phthalocyanine films via sublimation.22 

The research presented in this dissertation is focussed primarily upon two 

specific trivalent metallophthalocyanines, GaPc-CI and InPc-CI, with the studies 

being effectively separated into two basic regions of interest: gas-phase chemical 

sensors and organic molecular epitaxy. The following sections will help provide 

some background into each of these general areas. 

1.2 Chemical Sensors 

Recent advances seen in the microelectronics industry with respect to the 

microfabrication and microlithography of various devices, have resulted in the 

rapid growth of a new field of analytical chemistry based upon microsensor 

research.18,23 The development of a compact, inexpensive chemical sensor would 

significantly benefit areas that include clinical chemistry, environmental 

monitoring, process control, and automobile emission control. We can effectively 

define a chemical microsensor as any microdevice which responds to a chemical 

stimulus with a reproducible electronic output signal. In all cases, these devices 

are dependent upon some chemically active substrate which will respond to the 

presence of a given analyte with a chemical or physical change that can be 

monitored by the appropriate microinstrumentation as the analytical signal. 

Chemical sensor research has expanded to include a number of different devices, 



including field effect transistors (CHEMFET)18, fiber optic24, optical 

waveguides25, metal insulator semiconductors (MIS)26, metal oxide 

semiconductors (MOS)21, quartz crystal microbalances (QCM)28, surface 

acoustic wave (SA W)29, and interdigitated array transducers (chemiresistor).2S 

Our investigations into the application of GaPc-CI and InPc-CI as gas-phase 

chemical sensors for °2, NHs and N02 have lead to the examination of three 

different microdevices to be discussed below: the chemiresistor, QCM, and SAW 

devices.SO,31,32 As we shall see, these devices can provide complementary 

2S 

informa tion concerning the chemisorption events occurring on the surface of the 

chemically active phthalocyanine film. 

1.2.1 Interdigitated Array Transducers (Chemiresistors) 

The interdigitated array transducer is a microdevice which consists of an 

interdigitated array of microelectrodes (ie. Au, AI, PtSix) lithographically etched 

onto an insulating substrate such as quartz or sapphire. The width and height of 

the electrodes are on the order of 3-6 Jjm, while the length is from 1-3 mm. A 

chemiresistor can be easily fabricated via the deposition of a thin layer of some 

chemically active material, such as the phthalocyanines, onto the surface of this 

microdevice (see Figure 1.2). Figure 1.3 contains SEM's of a blank Burr Brown 

interdigitated array microcircuit, and a closeup of a microcircuit with 400 A 

InPc-CI deposited onto the surface of this device. Because of the extremely large 

ratio of electrode perimeter to interelectrode distance, the application of a small 

bias (ie. 1-2 V) between the two alternate arrays of microelectrodes is manifested 

in a voltage gradient of ca. 104 V fcm that is sufficiently large to provide 

measurable currents within the insulating organic semiconductor materials. By 



Figure 1.2 Schematic of an interdigitated array transducer with a thin film 
of phthalocyanine deposited onto the surface. 
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measuring any resistivity or conductivity changes within the organic overlayer as 

a function of the chemisorption of gas-phase analytes within the near surface 

region of the film, the concentration of that analyte in the ambient atmosphere 

above the chemical sensor may be determined. Because of the extensive amount 

of literature on various chemiresistor applications, the following discussion will 

be confined to the application of phthalocyanines in chemiresistor formats for the 

detection of °2, NHs and N02• 

A number of different metallophthalocyanines have been incorporated into 

chemiresistors for the detection of 02 (including CuPc, CoPe, H2Pc, PbPc, FePc, 

NiPc, (AlPcF)n and ZnPc).SS,S4,S5,S6,S7,S8 It has beet:t widely recognized 



Figure 1.3 Scanning electron micrograph of a Burr Brown interdigitated 
array microcircuit, and a microcircuit with 400 A of InPc-Cl 
deposited onto the surface. 
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that the addition of 02 to MPc's r~sults in the formation of a weak charge 

transfer complex. [MPc+02 -], and, hence. an increase in the p-type conductivity of 

the organic phthalocyanine.21 There arc several reports in the literature which 

indicate a slightly different response. Collins and Mohammed have investigated 

the dark conductivity response of a freshly prepared Q-NiPc film upon initial 

exposure to zero-grade 02' and have found that the conductivity within this film 

initially decreases for several minutes prior to a linear rise in the conductivity 

that ultimately levels out at saturation.31 The authors explain that the initial 

decrease seen in the conductivity arises from either a relatively slow hole 

injection process or. alternatively, the slow diffusion of adsorbed 02 into the bulk 

of the phthalocyanine. Laurs and Heiland have noted a difference in the dark 

conductivity response of CoPe toward 02' which is dependent upon the extent of 

purification of the phthalocyanine.s8 While the exposure of 02 to the unpurified 

CoPe increased the p-type conductivity. the purified CoPe conductivity decreased 

to a minimum before increasing again. These results were explained by 

maintaining that the unpurified CoPc exhibited p-type conductivity, while the 

purified CoPe possesses n-type conductivity. Finally. Barger et al. have surveyed 

an entire series of metal-free and metal-substituted phthalocyanines to a number 

of different vapors.S5 The introduction of 1000 ppm air in He was found to 

increase the conductivity of H2Pc and NiPc, while decreasing the conductivity of 

PbPc, FePc, and CoPe. The variability seen in the response characteristics from 

group to group are likely related to the purity of the phthalocyanines being 

examined. 

The detection of NHs using phthalocyanine-based chemiresistors (ie. H2Pc, 

NiPc, PbPc, FePc, CuPc, CuPccp, Co Pc, and ZnPc) has also been examined by a 
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number of different workers.S5 ,S6,S1,S9,40 Ammonia is an electron donor which 

has been shown to decrease the overall conductivity of the organic 

phthalocyanines; it has been proposed that this arises from the catalytic 

displacement of 02 from the surface of the film and, hence, the removal of the 

p-type conductivity discussed above.s6 Barger et al. have noted that the extent of 

the conductivity decrease (to 100 ppm NHs in He) is strongly dependent upon the 

nature of the metal center, with CuPc giving rise to the most substantial decrease 

in conductivity, and PbPc being the least responsive.s5 An interesting study was 

done by Wohltjen et aI., in which the NHs results obtained from a sublimed CuPc 

thin film were compared with those obtained from a thin film of Copper 

tetracumylphenoxy phthalocyanine (CuPccp) deposited onto a planar 

mieroelectrode using the Langmuir Blodgett film transfer technique.4o The 

CuPccp was as much as three times as sensitive as the CuPc toward NHs, and 

actually responded with a conductivity increase. An explanation for this effect 

was not given. 

The measured conductivity of phthalocyanine chemiresistors are 

particularly sensitive to the chemisorption of the strongly oxidizing gas analyte, 

N02. While a number of different phthalocyanines have been examined (PbPc, 

CuPc, NiPc, ZnPc, (AIPcF)n' MnPc, CoPe, and H2Pc) for their possible application 

in the detection of N02, the vast majority of research has been done with 

PbPC.S4,41,42,43,44,45,46 In all cases, an increase in the conductivity is 

reported due to the formation of a [MPc+,N02-] charge transfer complex, and a 

significant increase in the concentration of collectable holes. Chadwick et al. 

maintain that PbPc responds much more rapidly than other metal phthalocyanines 

to the introduction of N02•41 ,42 This is explained by assuming that the response 
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time is ultimately determined by the rate of displacement of 02 from the 

phthalocyanine surface, with the weak charge transfer interaction believed to 

exist between PbPc and 02' allowing for the efficient displacement of 02 by the 

chemisorption of N02. It is important to bear in mind that these films require an 

overnight anneal at 155°C in order to activate the PbPc for N02 detection. This 

step is clearly not well understood, although it is proposed that the freshly

sublimed phthalocyanine requires this thermally-induced crystallization in order 

to develop the active sites necessary for adsorption. 

1.2.2 Quartz Crystal Microbalance 

Piezoelectricity is an effect by which a pressure imparted on a quartz 

crystal results in the formation of an electrical potential between the deformed 

surfaces, and vice versa, a voltage applied to a quartz crystal causes physical 

distortions in the lattice. Quartz crystal microbalances (QCM) take advantage of 

this effect, by placing a pair of electrodes (Au, Ag, Ni, or AI) on the opposite 

sides of an AT-cut quartz plate, and inducing the crystal to oscillate at its 

resonant frequency (typically 10 MHz) by the application of an oscillator circuit. 

The AT-cut quartz plates vibrate in a shear mode that is oriented parallel to the 

surface plane. These microbalances have been shown to be highly mass sensitive 

(0.4 Hz/ng for a 9 MHz crystal), with the detection limit estimated to be about one 

picograrn (10-12 g/cm2).28 

Coated piezoelectric quartz crystals have been reported in applications that 

range from detectors for gas and liquid chromatography, to the detection of 

mercury, water, CO, HCl, H 2S, S02' NHs and various other gas-phase analytes.47 

With respect to the particular type of adsorbent substrate used on the surface of 

--. 
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the QCM, there is only a single example by Kurosawa et al. for the use of 

phthalocyanines on a piezoelectric crystal for gas sorption.48 In this 

communication, plasma-polymerized films of various phthalocyanines were 

prepared on a 9 MHz QCM, with the response of this device examined to a variety 

of different organic chemicals. The plasma-polymerization was undertaken in 

order to avoid the problems inherent with the gradual loss of these organic film 

due to sublimation. Their results indicated that while a whole range of organic 

chemicals showed sorption to the phthalocyanine, the organic film exhibited a 

particular affinity toward planar molecules possessing conjugated double bonds 

and a polar substituting group (ie. vanillin, nitrobenzene, phenol, naphthalene and 

benzyl alcohol). Examinations were also conducted into the responses of a variety 

of different plasma-polymerized metallophthalocyanines (ie. M = Cu, Fe, Mn, Co, 

Pb, YO, H 2), and it was determined that the sensitivity to the various chemicals 

was strongly dependent upon the central metal atom of the phthalocyanine. 

1.2.3 Surface Acoustic Wave Del'ices (SAW) 

Surface acoustic wave devices were first reported as chemical microsensors 

by WohItjen and Dessy in 1979, and have since then seen a number of different 

applications.49 Basically, these microdevices consist of a piezoelectric substrate 

(ie. S-T quartz or lithium niobate) with an interdigitated array transducer 

lithographically etched onto the opposite sides of the substrate. The excitation of 

one of these interdigitated array transducers with a radiofrequency (rf) voltage 

of the appropriate frequency (as determined by the spacing between the 

interdigital electrodes and the piezoelectric material; typically 100-200 MHz) 

results in the formation of a synchronous mechanical wave within the 
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piezoelectric substrate. This Rayleigh surface acoustic wave propagates across the 

delay line of the microsensor until reaching the interdigitated array transducer on 

the opposite side of the substrate, whereupon the mechanical energy is converted 

back into an electrical rf voltage that serves as the analytical signal. These 

devices are easily converted into chemical sensors via the deposition of a 

chemically active material onto the delay line of the SAW device. In principal, 

any change in the mass, density, electrical conductivity, stiffness, dielectric 

constant, temperature, pressure or elastic properties of the chemical interface 

layer might affect the SAW phase velocity and, hence, the SAW frequency.5o 

Sensitivities as high as 330 Hz/ng for an ST-quartz SA W have been reported, 

indicating the advantage of SAW devices over their counterpart, bulk crystal 

wave devices.29 

An even more sensitive mode of operation is possible by using the device in 

the form of a delay line oscillator.5o Shown in Figure 1.4 is an example of a dual 

delay line SA W device, with each delay line serving as the feedback element of an 

rf amplifier. In this way, the resonant frequency of the device is amplified and 

monitored with respect to any modulations apparent within the organic film upon 

exposure to the gas phase analyte. By selectively coating only one of the delay 

lines with the chemically active organic film, the uncoated delay line can be used 

as a reference to account for any ambient temperature and/or pressure 

fluctuations. The frequencies obtained from each oscillator are mixed using a 

double balance mixer, with the output difference frequency being the analytical 

signal measured. 

There have been a number of applications of SA W microsensors for gas 

sensing.29 ,5o While the vast majority of SA W research has been devoted to an 
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Figure 1.4 Dual delay line surface acoustic wave device (SA W). 
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examination of the sensitivity and selectivity of various polymeric coatings, only 

a few researchers have studied phthalocyanine-based SA W devices. Ricco et al. 

were the first to investigate the detection of N02 using a thin film of PbPc 

deposited onto the delay line of a LiNbOs SA W device.51 The sensitivity of this 

device was demonstrated at levels of a few 'ppm of N02 in N2, although it was 

unclear whether the frequency change measured arose due to mass loading or 

conductivity changes within the PbPc thin film. A conductivity decoupling 

experiment was conducted which indicated that mass loading on the PbPc film is 

actually a negligible response, with the conductivity changes dominating the 

transduction mechanism. Barendsz et al., subsequently, did an extensive study of 



a number of different phthalocyanines (M = H 2Pc, Mg, Fe, Co, Ni, Cu, Pb) 

deposited onto ST-quartz SAW devices.52 They found that at 150°C, CoPc was 

optimum in terms of sensitivity and selectivity, although in terms of response 

time, CuPc was the best selection. The authors maintain that the transduction 

mechanism involved is actually a complicated combination of both mass and 

conductivity effects, although no real proof of this was offered. 

Ballantine and Wohltjen reported in a review article that, although the 

presence of a conducting film will influence the amplitude and fractional 

velocity of the surface wave, this phenomenon is only seen within a limited 

conductivity range that is dependent upon the electromechanical coupling 

coefficient of the piezoelectric.5o Because the electromechanical coupling 

34 

constant of the LiNbOa piezoelectric used by Ricco et a1. was compatible with the 

conductivity of PbPc, the SAW device responded predominantly to conductivity 

changes within the organic film. ST-quartz, on the other hand, is reported to be 

much less sensitive to conductivity changes within phthalocyanine films, due to 

the fact that the conductivities of phthalocyanines fall outside the conductivity 
. 

window determined by the electromechanical coupling coefficient of the 

ST -quartz su bstra teo (Note tha t the piezoelectric rna terial within the SAW devices 

discussed in this dissertation are ST -quartz.) The mass loading transduction 

mechanisms are not constrained to the same effect as the electric potential wave 

interactions. For this reason, the majority of SAW sensor applications measure 

mass uptake or density changes within the chemical film. Snow et a1. have 

simultaneously measured the electrical conductivity changes along with SAW 

(ST-quartz) frequency changes apparent within Langmuir-Blodgett 

tetrakis(cumylphenoxy)phthalocyanine thin films upon exposure to iodine.53 
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Their results support the contention that these SA W devices respond 

predominantly to mass loading. The introduction of iodine, for example, quickly 

reached a plateau in the conductivity measurements, while the SAW data reported 

a steady increase in the frequency change. In a separate experiment, the 

phthalocyanine film was purposely sprayed onto the substrate surfaces in order to 

give a film with a much looser packing and higher porosity. While the 

conductivity change upon exposure of this film to iodine was very similar to that 

of the LB film mentioned earlier, the SA W frequency data reported the 

chemisorption of more than 4 times as much iodine. This result is not surprising, 

considering the larger surface area and void volume present within this film. 

Finally, a linear relationship was obtained in a plot of M, the frequency change 

apparent in the film during iodine doping after the current has reached a plateau 

value versus the number of LB layers. This is the response expected if the SAW 

device is monitoring mass loading within the phthalocyanine film. 

1.3 Organic Molecular Epitaxy 

The epitaxial growth of organic molecular arrays is a relatively new area 

which has considerable technological promise for both electronic and optical 

devices. The disciplines most likely to benefit from the advancement of this 

technique include thin film optics, sensors and transducers, protective layers, 

patternable materials, chemically modified electrodes, and surface ~odification

ie. lubrication, adhesion, and wetting.54 Current interest has been focussed upon 

investigating and understanding the various macroscopic properties that differ 

between an epitaxially grown organic thin film and that of the bulk organic 

material. It is possible that new and unique properties may be discovered with 



respect to the mechanical, chemical, electrical and optical properties, as well as 

the morphology and structure. In order to further advance the molecular 

engineering and design changes necessary within this field, it is critical that the 

relationship between the structure of oriented molecular arrays and their 

collective properties be better understood. The second half of this dissertation 

explores the epitaxial growth of phthalocyanine thin films onto metal 

dichalcogenide crystal surfaces, in addition to addressing some of the unique 

electrical and optical properties these films provide.55,56,57,58,59 The 
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following section will specifically examine those techniques successfully used in 

the epitaxial growth of phthalocyanine molecular arrays. There are basically 

three different procedures which have been developed for the attachment of an 

ordered organic array to a solid substrate: self-assembly (SA), Langmuir-Blodgett 

(LB), and vacuum sublimation. Self-assembly is the term given to the spontaneous 

adsorption of a layer of multifunctional polar molecules from an aqueous or 

nonaqueous solvent at or near equilibrium conditions. This is a relatively new 

field of study, and because there have been no phthalocyanine applications 

reported to date, the subsequent discussion will emphasize those results obtained 

using LB and vacuum sublimation techniques. 

1.3.1 Langmuir-Blodgett Techniques 

Langmuir-Blodgett (LB) is the term given to the transfer of a well-defined 

monolayer of organic material from the surface of water to a solid substrate. 

Typically, amphiphillic molecules, or molecules consisting of a hydrophobic 

section (ie. a long hydrophobic chain) that terminates in a hydrophyllic group (ie. 

alcohol or carboxylic acid), are used to build LB films because of the ease with 
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which these molecules will form a highly ordered monolayer when spread onto a 

water surface and compressed. By slowly submerging the substrate through the 

organic film and into the water trough in a vertical up-down dipping technique 

while maintaining a constant surface pressure, monolayer assemblies can be built 

up sequentially layer by layer to many tens of layers thick. Film pressure versus 

area isotherm measurements provide some indication of the film thickness and 

orientation of the molecular assembly. 

Non-amphiphillic molecules such as the phthalocyanines may also be 

deposited by the LB technique, albeit the resultant assemblies are less highly 

ordered than those obtained using amphiphillic molecules.so In order to prepare 

a molecular monolayer of non-amphiphillic molecules on the water surface, a 

dilute spreading solution is typically prepared using a high vapor pressure organic 

solvent such as chloroform. Unfortunately, the low solubility of phthalocyanines 

in the majority of useful LB organic solvents makes the deposition of smooth 

unsubstituted phthalocyanine films difficult. Baker et al. have reported the 

successful preparation of a stable LB film of Li 2Pc onto aluminized glass and 

indium phosphide.so Li 2Pc is an unusual phthalocyanine, in that it is soluble in a 

number of organic solvents. The first spreading solution examined consisted of 

Li2Pc in acetone and chloroform, but the films formed on the water surface were 

found to be too rigid for successful transfer to the substrate surface. The low 

volatility solvent mesitylene was added to the spreading solution in order to 

lubricate the phthalocyanine sub-phase and to permit the transfer of this organic 

film to the substrate. Unfortunately, several problems were noted: I) the 

isotherms indicated multimolecular films on the water; 2) the absorptions spectra 

were red-shifted and assymetrically broadened, indicative of substantial disorder; 



and 3) true monolayer films were definitely not achieved. 

As a mea-ns of C,ltcumventing these problems, a number of different 

substituted phthalocyanines have been utilized in the preparation of LB films. 

Through the incorporation of various aliphatic, aryloxy, alkyl amide, ester and 

ether side chains onto the periphery of the basic phthalocyanine structure, the 

phthalocyanines become soluble in a variety of useful organic solvents, with the 

aliphatic side chains helping to lubricate the aqueous sub-phase and prevent the 

formation of a rigid monolayer.61 ,62,63 It has been shown that the 
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preparation of a 1:1 mixture of the phthalocyanine and stearyl alcohol for the 

spreading solution helps to generate higher quality films.olO Snow et al. have 

published a number of papers dealing with the LB preparation of 

tetracumylphenoxy phthalocyanines thin films.olO ,53,61,6ol As was mentioned 

earlier, the LB approach has been successfully applied to the deposition of 

phthalocyanine thin films onto interdigitated array transducers in the formation 

of highly sensitive chemiresistors.35 ,ol0,53 Based upon the pressure vs. area data for 

the LB tetracumylphenoxy phthalocyanine films, it is believed that a true 

monolayer is not achieved. Instead, there is likely significant aggregation on the 

water surface, such that stacks of phthalocyanines (8-10 individual molecules per 

stack) are deposited onto the substrate in a slipped stack cofacial packing 

geometry wherein the phthalocyanines are oriented nearly parallel to the 

substrate surface. This contention has been supported by resonance Raman data 

collected on cobalt tetracumylphenoxy phthalocyanine, which show that the first 

phthalocyanine within the stack is oriented parallel to the plane of the 

surface.65 Kovacs et al. have proposed a nearly ideal LB deposition of a single 

monolayer (:::: 17 A thick) of tetra t-butyl phthalocyanine onto a glass slide.66 In 



this case, it is believed that the stacking axis is oriented parallel to the substrate 

surface, with the phthalocyanines possessing a tilt angle of 52 0 and a 4.3 A shift 

between different molecules. This type of orientation would appear to be 

particularly suited for the use in chemiresistors, as the direction of conduction 

within these stacks is nearly perpendicular to the electrode faces. 

1.3.2 Vacuum Sublimation Techniques 

39 

The vapor deposition of highly ordered molecular organic overlayers is a 

simple process that is particularly well suited to the phthalocyanines. The high 

molecular weight and low vapor pressure of these organic semiconductors make 

them completely vacuum compatible for the carefully controlled sublimation of 

submonolayer to multilayer organic thin films while under UHV conditions. The 

source used for providing the molecular beam of phthalocyanine is a Knudsen 

cell, which basically consists of a boron nitride crucible housed within a 

molybdenum canister. The cell is resistively heated using thin tantalum wire, 

with the temperature of sublimation being carefully controlled using a 

temperature controller. The molecular beam size can be effectively controlled 

through the choice of the aperture size. The substrate surface is inverted and 

poised above the Knudsen cell source, with the temperature of the substrate being 

likewise carefully controlled. The thickness of the film grown can be monitored 

using a calibrated quartz crystal microbalance placed near the substrate position. 

The successful epitaxial growth of these large organic molecules is dependent 

upon a number of different factors: the nature of the substrate, the substrate 

temperature, deposition rate and film thickness, and contamination levels. Of 

particular importance, of course, is the choice of t'he substrate. The epitaxial 



growth of phthalocyanines have been successfully demonstrated on a number of 

different substrates, including mica67, graphite68, copper69, metal 

dichalcogenides70, and alkali halides71 - specific examples of the ordered 

organic overlayers obtained will be discussed below, with particular emphasis 

being given to those instances in which a parallel orientation of the 

phthalocyanine with respect to the substrate surface is predicted. 
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Somarjai and Buchholz were the first to recognize the epitaxial growth of 

H2Pc, FePc and CuPc onto the four-fold symmetric Cu(IOO) surface.69 Each of the 

different phthalocyanines were found to orient parallel to the surface in a set of 

two square lattice domains oriented at ± 22.5 0 with respect to the principal axes 

for the substrate. The size of the unit mesh in each case was determined to be 

13.7 A on a side, a value which is commensurate with the van der Waals diameter 

of these organic molecules. It was found that the epitaxial nature of these films 

could be maintained for film thicknesses ranging from several layers to as much 

as 1000 A. By monitoring the desorption of the phthalocyanines from the 

substrate with a mass spectrometer, it was determined that the molecules within 

the multilayer regime were weakly held together, while the first monolayer of 

material was apparently strongly bonded to the substrate surface. Because these 

results were obtained regardless of whether the phthalocyanine possessed a 

central metal atom, it was concluded that the dominant bonding to the Cu(lOO) 

substrate is via the ligand portion of the phthalocyanine molecule, as opposed to 

the central metal atom. Further indication of the strength of the interactions 

between the individual phthalocyanines and the Cu(IOO) substrate was obtained a 

number of years later when Lippel et al. successfully imaged isolated CuPc 

molecules on the Cu(lOO) surface.72 
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Over the past several years, the epitaxial orientation of the phthalocyanines 

have been extensively studied on alkali halide single crystals. Dann et a1. have 

investigated the epitaxial growth of (AIPcF)n on the four fold symmetric 

KBr(lOO) and KCl(lOO) surfaces.71 ,73 There results indicate that the lattice 

spacing of the substrate is critical in determining the orientation of the 

phthalocyanine overlayer with respect to the substrate. (AIPcF)n was proposed to 

orient parallel to the surface in a unidirectional (3 x 3) R 45 ° overlayer on KBr 

(unit lattice length, 13.992 A), and a bidirectional (jIO x jlO) R ± 27° overlayer 

on KCI (unit lattice length, 14.074 A). The authors explain that the growth 

process for this phthalocyanine on the alkali halides is largely influenced by the 

interaction between the electronegative aza-bridging nitrogens and the electron

attracting potassium atoms on the surface of the substrate. However, this theory 

was brought into question in a subsequent investigation by this same group, in 

which the growth of two different phthalocyanines, AIPc-CI and VOPc, were 

examined on the same alkali halide substrates of KBr(lOO) and KCl(IOO).74 

While the growth of each of the different phthalocyanines (AIPc-Cl, VOPc and 

(AIPcF)n) on KCI(lOO) gave the same bidirectional (jlo x jlO) R ± 27° overlayer, 

the epitaxial growth on KBr(lOO) was highly dependent upon the metal center of 

the phthalocyanine. The deposition of both (AIPcF)n and VOPc on the KBr(lOO) 

surface oriented as a unidirectional (3 x 3) R 45 0 overlayer, while interestingly 

enough, AIPc-CI orients in a (jIO x JIO) R ± 27 0 unit cell. It is not well 

understood why these two phthalocyanines should orient differently on the same 

substrate, although the authors suggest that the (jIO x jlO) type epitaxy is seen 

when the nitrogen atoms of the phthalocyanine ring fix the orientation of the 

molecules, and the (3 x 3) type epitaxy is seen whe'n the protruding atom of the 
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phthalocyanine dictates the orientation via an interaction with the potassium 

atoms on the substrate surface. Clearly, this is not a well understood phenomenon. 

Koma et al. have likewise investigated the epitaxial growth of VOPc onto 

alkali halides, but in this case onto the (001) faces of KBr and KCI.75 Once 

again, the results support the formation of a commensurate square lattice parallel 

to the substrate surface, with the specific orientation of the lattice being 

determined by the lattice spacing of the potassium atoms on the substrate. The 

deposition of VOPc on KBr(OOI) gave a unidirectional (3/2 J2 x 3/2 J2) R 45° 

overlayer (unit lattice length, 14.0 A), while the growth of VOPc on KCI(OOl) gave 

a bidirectional (jS x JS) R ± 26.6° overlayer (unit lattice length, 14.1 A). 

Interestingly enough, the growth of CuPc onto the alkali halides behaved in a 

much different manner, giving RHEED patterns consisting of ordered dot 

patterns indicative of the formation of islands of the a-type crystal. Ashida et al. 

have reported similar growth patterns in their investigations of the growth of 

CuPc onto the (001) face of the alkali halides.76 Koma et al. have proposed that 

their inability to grow an oriented overlayer of CuPc onto the alkali halides is an 

indication that it is the concave molecular structure of the VOPc which is critical 

to the formation of a smooth, heteroepitaxial film on the alkali halide substrate.75 

The epitaxial growth of phthalocyanines onto metal dichalcogenides has 

only recently been shown possible.55 ,56,57,58,59,70,77 Hara et al. have specifically 

examined the deposition of CuPc onto the hexagonally-symmetric MoS2(OOOl) 

single crysta1.70,77 They suggest that the CuPc orients parallel to the substrate in a 

triple-directional square lattice, whose dominant a-axes are parallel to the 

principal directions of the MoS2 lattice. 
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1.4 Organization of Dissertation 

As mentioned earlier, the research presented in this dissertation is organized 

into two general areas of interest: chemical sensors (Chapters 3-5) and organic 

molecular beam epitaxy (Chapters 6-7). Chapter 3 deals with a UHV examination 

of the effect of impurity phthalocyanines on the electrical properties and 

response characteristics of InPc-CI toward 02' The application and sensitivity 

enhancement of InPc-CI-based chemircsistors, SA W devices and QCM microsensors 

are examined in Chapters 4 and 5 for the detection of NHs and N02• In Chapter 

6, the MBE growth of InPc-CI and SnS2 are investigated, as well as the optical and 

electrical properties of these novel films. Finally, the possibilities inherent with 

the growth of organic/organic heteroepitaxial films are discussed in Chapter 7, as 

well as possible applications and future directions in Chapter 8. 



44 

CHAPTER 2. 

EXPERIMENT AL 

2.1 Molecular Organic Semiconductor Materials 

ChlorogalIium and chloroindium phthalocyanine (GaPc-CI and InPc-CI) 

were synthesized from the reaction of GaCls and InCls with o-phthalonitrile, 

according to procedures described by Kenney and Miller.78,79 These 

phthalocyanines were synthesized by previous group members, including Joel 

Pankow, Joe Ivanecky, and Tom Klofta. The various other phthalocyanines used 

in these studies (FePc, CuPc, and MnPc) were purchased from Eastman Kodak. 

The purification of these materials was done using a procedure described by 

Wagner.80 The crude phthalocyanine was first Soxhlet extracted for 48 hours 

using absolute ethanol, followed by successive washings in 1% ammonium 

hydroxide, 1.5% hydrochloric acid, and triply distilled water. The final product 

was allowed to dry, and then further purified by either entrainer sublimation in a 

flowing stream of ultrahigh purity argon, or by repeated sublimation at reduced 

pressures of ::::: I X 10-8 torr. 

3,4,9,lO-perylene tetracarboxylic dianhydride (PTCDA) and 

hexabenzobenzene (coronene) were purchased from Aldrich, and likewise purified 

by repeated sublimation. Special care was taken to avoid the formation of the 

common decomposition products, 3,4-perylene dicarboxylic anhydride and 

anthracene, respectively. Buckminsterfullerene, Cso' was obtained from Dr. 

Quintus Fernando with a purity of ::::: 99%. 
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2.2 Chemical Sensors 

2.2.1 Chemiresistor 

The interdigita ted array microcircuits used in these studies were provided 

by either Burr Brown, Inc. (Tucson, AZ), or Motorola, Inc. (Phoenix, AZ). The 

microcircuits supplied by Burr Brown consisted of 400 interdigitated platinum 

silicide (PtSix) fingers on a quartz substrate, each of which were 1000 A high, 4 or 

6 JLm wide, with a finger spacing of either 4 or 6 JLm, respectively. The active 

length of the array was 3 mm, thereby giving a geometric active area of 0.096 cm2 

(4 JLm microcircuit) and 0.14 cm2 (6 JLm microcircuit). An accurate determination 

of conductivities (0) or photoconductivities (oph) relies upon a measurement of 

the effective area, Aerr, which is calcula ted from the product of the perimeter 

length around each of the array fingers and the height of each finger. The 

effective area for the 4JLm microcircuit is 5.9 x 10-4 cm2, and 3.9 x 10-4 cm2 for 

the 6 JLm microcircuit. Shown in Figure 1.2 is a schematic of a Burr Brown 

microcircuit indicating the set of interdigitated fingers, and a thin 

phthalocyanine film being deposited onto the array. Figure 1.3 contains SEM's of 

a blank Burr Brown interdigitated microcircuit, and a close-up of a microcircuit 

with 400 A InPc-Cl deposited onto the surface connecting the fingers. It can be 

noted that the lithographic procedure for making these arrays provides very sharp 

edges with less than 10% deviation from 90° at all of the interfaces. 

The Motorola microcircuits consisted of a set of 59 gold or aluminum 

fingers (1000 A high) set on a quartz substrate. The finger width is 3.3 JLm and 

the finger spacing is also 3.3 JLm. The active length for these arrays is 1.3 mm 

which yields a geometric active area of 0.0049 cm2, and an effective area of 
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7.5 X 10-6 cm2• 

Prior to deposition, the microcircuits were closely examined with an optical 

microscope for any obvious imperfections. In addition, faulty microcircuits with 

shorts between the interdigitated fingers were identified by applying a 5 V bias 

between the alternate sets of fingers and examining the dark current with a 

picoammeter. The microcircuits were finally cleaned in a radio frequency plasma 

cleaner (Harrick Scientific, == 10-3 torr in air) to help eliminate any trace 

contaminants (fluorine and chlorine containing hydrocarbons) on the as-received 

circuits. 

2.2.2 Quartz Crystal Microbalance 

10 MHz AT-cut quartz crystal microbalances were used within the UHV 

deposition chambers to provide an estimate of the deposition rate. The QCM was 

calibrated for the organic matcrial in question, by way of a Beer's plot to 

determine the amount of the material that gives rise to a particular change in 

frequency. By assuming the molecules are growing in a closest packed, flat-lying 

arrangement, it was found that the sensitivity of the QCM to GaPc-CI was 

4.1 ng/Hz'cm2, or 0.064 monolayers/Hz.81 This value was used as an estimate for 

determining the coverages of all the phthalocyanines deposited in these studies. 

In the chemical sensor work, following the deposition of equal thicknesses 

of phthalocyanine onto both the microcircuit and the QCM, the QeM was then 

placed alongside the microcircuit within the atmospheric chemical sensor cell, in 

order to provide microgravimetric information concerning the chemisorption of 

gas-phase analytes. In some cases, the QCM was specifically deposited with equal 

amounts of material onto both sides of the quartz crystal, thereby eliminating any 



gas-phase interactions with the silver coating. 

2.2.3 Surface Acoustic Wave Device 

Shown in Figure 1.4 is a schematic of the 135 MHz dual surface acoustic 

wave delay lines used in the chemical sensor work. Each interdigitated array 

transducer consisted of a set of 50 lithographically etched aluminum electrodes 

deposited (1000 A) onto a polished S-T Quartz substrate (1.2 cm x 0.7 cm x 
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0.08 cm). Each electrode was 6 j.lm wide and spaced 6 j.lm from the next electrode, 

thereby giving a resonant operating frequency of 135 MHz and an effective 

bandwidth of 5.4 MHz. The rf impedance of the device was determined by the 

aperture width of 0.16 cm, and the delay time was dictated by the width between 

opposite interdigitated arrays of 0.8 cm. 

Generation of the resonant surface acoustic wave was achieved by having 

each delay line serve as the feedback element of an rf amplifier (Archer 70 Ch 

Cable Amplifier). One of the delay lines was specifically masked off during the 

deposition of the phthalocyanine film, in order to serve as a reference to account 

for any ambient temperature and/or pressure fluctuations. The frequencies 

obtained from each oscillator were then mixed using a double balance mixer 

(Mini Circuit Labs) to give the analytical difference frequency signal which was 

measured using an HP 5327C frequency counter. Special care was given to the 

construction of the housing for the SA W device to eliminate any rf crosstalk or 

interference. The atmospheric sensing cell was machined out of brass, and 

consisted of a top compartment to support the microcircuit, SAW device and the 

thermocouple, with connections being made to four separate cavities containing 

matching transformers and the necessary coaxial connections to the rf amplifiers 
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on the bottom of the case. 

2.3 Organic Thin Film Ultra High Vacuum Deposition Chamber 

All of the UHV characterization of chemical sensors were done in a 

specially designed organic thin film deposition chamber, as seen in Figure 2.1 and 

as described earlier by Joel Pankow.81 The bottom flange of this chamber 

supports a set of four Knudsen cells, each of which is directed toward the center 

of the chamber. Each effusion source consists of a stainless steel canister that 

holds a boron nitride crucible (R.D. Mathis) filled with the desired organic 

material. A stainless steel cap secures the crucible in place and allows for the 

placement of an aperture to help control the organic beam diameter. Tantalum 

wire was used to resistively heat the sources, and a chromel-alumel thermocouple 

placed at the base of the crucible allowed for an accurate measure of the 

temperature to be supplied to an Omega CN31 0 temperature controller. In this 

way, sublimation temperatures could be controlled to within ± 2°C of the desired 

temperature. The sources are isolated from one another by a stainless steel cross 

divider, as well as from the substrate by way of a rotatable shield. This shield has 

two holes placed in such a fashion as to make it possible to (1) shutter the system 

completely off, or (2) allow for the deposition of either a single source, or two 

sources simultaneously in a codeposition. The codeposition of two organic 

materials was done by first calibrating the rate of growth for each source 

separately (usually::::: 8-10 min per equivalent monolayer), followed by a rotation 

of the shutter to allow for the codeposition to occur. 

Positioned at the center of the chamber is an aluminum substrate block, 

which was supported on a Varian 981-2523 XYZ manipulator. The substrate 
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Figure 2.1 Organic thin film ultra high vacuum deposition chamber. 

block was resistively heated using tantalum wire looped within the block, while a 

chromel-alumel thermocouple provided an accurate measure of the temperature. 

In this way, several conditions could be met: 1) the microcircuit could be held at 

120°C during the initial pumpdown and bakeout to prevent the condensation of 

any impurities onto the interdigitated array; 2) the microcircuit and QCM could 

be held at an annealing temperature of 90°C during the organic thin film 

deposition, in order to give a more uniform film; 3) and, finally, the temperature 

could be slowly ramped upward while monitoring the dark and photoconductivity 
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of an organic film grown, in order to determine the dark and photoactivation 

energies for that film. The following items are supported on the substrate block: 

the microcircuit, the QCM for deposition rate determinations, and either a piece 

of a glass microscope slide or a piece of gold metallized plastic optically 

transparent electrode (MPOTE). The deposition of phthalocyanine onto the latter 

allowed for optical characterization of the films grown using either a Cary 14 or 

a Hitachi U2000 uv/visible spectrometer. The QCM was made to oscillate at its 

resonant frequency (10 MHz) through the use of a driver circuit built by our 

electronics shop, with the oscillation frequency changes measured using a 

Hewlett-Packard 5384A frequency monitor. Variable bias potentials were applied 

to the microcircuit through the use of an ECO 551 potentiostat with a Kiethley 

485 picoammeter in series to measure the current. 

Attached to the chamber were two precision leak valves to allow for oxygen 

and ammonia dosing studies. Both gas tanks were purchased from Matheson at a 

purity of 99.99%, and were attached to the leak valves via a stainless steel gas 

manifold. 

A Vacuum Generators bellows translator was adapted so that an Oriel fiber 

optic cable attached to an H-I01R holographic grating monochromator, could be 

transferred to within one inch of the microcircuit for optical interrogation of the 

film. The light source used was a 600 W tungsten-halogen lamp (Sylvania), with 

the photon output being normalized with a calibrated thermopile to correct the 

photocurrent action spectra for variations in the lamp output with wavelength. 

2.4 Atmospheric Chemical Sensor Cell 

The atmospheric chemical sensor work for the NHs and N02 dosing studies 
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Figure 2.2 Atmospheric chemical sensor cell. 

were done in an experimental setup similar to that seen in Figure 2.2.30,31 Two 

different gas-sensing cells were constructed in order to accommodate the 

different chemical sensors. The second cell, as was described previously, ",as 

designed specifically to allow for the simultaneous monitoring of both the SA W 

and microcircuit responses to a particular gas phase analyte. The majority of 

chemical sensor work was done in the first gas-sensing cell, which was configured 

from a stainless steel UHV 2.75-inch conflat flange and nipple assembly, with gas-

entrance and exit ports, and a wide angle quartz window for illumination of the 

chemiresistor. The microcircuit and QCM were mounted on either a TO-99 socket 
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(Bakelite), or on brass supports, and the total inner volume of the cell was::::: 100 

cms. A chromel-alumel thermocouple was situated in close proximity to the 

chemical sensors to provide an indica tion of the temperature inside the cell; the 

temperature was controlled using heating tapes wrapped around the cell and 

connected to a Variac. The instrumentation for measurement of the QCM, 

microcircuit and SA W signals have been described previously, with the exception 

of an Omniscribe D5000 strip chart recorder (Houston Instrument) used to 

monitor the dark and photocurrent responses of the microcircuit. Unless 

otherwise stated, aJl studies pertaining to this section were done with a potential 

drop of 2 V between the interdigitated electrode arrays, and the photoresponse 

was monitored for 10 minutes foJlowing the addition of a particular 

concentration of analyte into the gas stream. 

A number of different light sources were used for illumination of the 

microcircuit, and a list of them follows: I) a 450 W xenon arc lamp or a 600 W 

tungsten-halogen lamp (Sylvania) monochromatized with a H-IOIR holographic 

grating monochromator; 2) a 5 mW HeNe laser (Hughes); 3) a 10 mW HeNe laser 

(Hughes); and, 4) a 25 mW HeNe laser (Spectra-Physics). The majority of the 

chemiresistor gas-sensing experiments were done using either the 5 or 10 mW 

HeNe laser defocused so as to i\luminate the entire microcircuit. In some cases, 

the laser was replaced by the tungsten white light source, with the full output of 

the lamp being directed through an IR filter and modulated at 10 Hz with a 

chopper. The output from the current-to-voltage convertor of the potentiostat 

was then demodulated using a lock-in-amplifier (EG&G 5209) 

Immediately following the UHV growth and characterization of the organic 

films grown on the chemical sensors, the devices were transferred directly to the 
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atmospheric gas-sensing cell and allowed to bake overnight at 90°C overnight in a 

flowing stream of nitrogen. In this way, the majority of adsorbed oxygen, water 

and/or other impurities can be desorbed from the surface of the phthalocyanine 

thin films. The concentration of the gas flowing through the sensing cell was 

controlled via the use of two flow meters, one of which controls the carrier gas 

flow rate (dry air or ultra high purity nitrogen), and the other the dopant gas flow 

rate (NHg, 02 or N02). In order to avoid any inhomogeneity effects from an 

insufficient mixing of the two gases, the carrier and analyte gases were 

thoroughly mixed in a coil prior to entering the sensing cell. The gases used for 

the chemical sensor work were either purchased from Matheson or from the 

University Gas Stores, and they included 99.99% purity N2, 99.95% purity 02' dry 

air, 99.99% purity anhydrous NH3, 1023 and 59 ppm NH3 in N 2, and 110 and 997 

ppm N02 in N 2. In order to further eliminate any possible impurity effects, the 

nitrogen was passed over heated copper turnings and molecular sieves prior to 

introduction to the sensing cell, while the dry air was passed over molecular 

sieves. 

2.5 Photoelectrochemical Metal Modification of Ammonia Chemical Sensors 

The photoelectrochemical deposition of submonolayer amounts of metal 

onto the surface of the phthalocyanine-based chemiresistors was done using an 

experimental setup similar to that shown in Figure 2.3. The microcircuit was 

supported on a TO-99 socket within a Faraday cage, so as to help reduce any 

electrical noise during the deposition. Also situated within the cage, were a 

reference electrode consisting of a silver-coated syringe, and a platinum wire 

counter electrode mounted very near the syringe. 'The syringe and platinum wire 
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Figure 2.3 Schematic of the experimental arrangement used for the 
photoelectrochemical metal modification of the Pc-coated 
microcircuit: RE, reference electrode; CE, counter electrode. 

were also mounted on an xyz translator, which allowed for a 1 ~l drop of 

electrolyte solution suspended from the end of the syringe, to be slowly lowered 

into position onto the microcircuit surface. Meanwhile, the chamber was 

continuously filled with UHP nitrogen saturated with triply distilled water, in 

S4 

order to avoid the problem of rapid evaporation of the solution drop. During the 

electrodeposition, the microcircuit was fully illuminated using a S mW HeNe laser 

defocused through a window in an upper part of the chamber. The aqueous 

solutions used were prepared using triply distilled water and the nitrate or 
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chloride salts of various metals (Ag, Au, Pt, Cu, Hg) at concentrations between 

10-4 and 10-6 M. Supporting electrolyte was specifically omitted from the 

preparation of these solutions, in order to prevent the deposition of these 

inorganic salts onto the phthalocyanine surface. The solutions were also degassed 

with nitrogen prior to the electrochemical experiment, thereby preventing the 

problems associated with dissolved oxygen. Following the placement of the 

solution onto the microcircuit, both sets of electrodes in the interdigitated array 

were poised at a potential where the reduction of metal ions onto the 

phthalocyanine surface would occur photoelectrochemically, and yet this 

reduction would not occur significantly in the dark. While monitoring the 

reducing current, the electrolysis was allowed to continue until the metal ion had 

been exhaustively reduced. Sufficiently dilute electrolyte solutions were chosen 

to ensure that the coverages ranged from 0.5 to 1.0 equivalent monolayers. 

Immediately after the deposition, the microcircuit was washed extensively with 

triply distilled water to eliminate any excess electrolyte, and then placed within 

the gas-sensing cell where it was heated overnight in a flowing stream of nitrogen 

at 90°C. The deposition described above was then repeated for the 

phthalocyanine-coated QCM, and likewise placed within the atmospheric sensing 

cell. 

2.6 Modification of Nitrogen Dioxide Chemical Sensors 

The enhancement of response for phthalocyanine-based chemiresistors 

toward the gas analyte, N02, were accomplished using either sublimation or liquid 

evaporation of various reducing materials onto the organic thin film surface. The 

codeposition of InPc-CI and either FePc or MnPc has been described earlier and 
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was done in the organic thin film UHV deposition chamber. Ferrocene was 

purchased from Eastman Kodak and was deposited onto the surface by taking 

advantage of the atmospheric sublimation properties of ferrocene. A small 

portion of ferrocene was spread evenly across a wa tchglass and then heated on a 

hot plate until a slight orange hue became evident on a glass slide positioned 

above the plate. The microcircuit with a previously deposited thin layer of 

InPc-CI was then held above the subliming ferrocene for a short period of time to 

give an estimate of the approximate coverage. Although the deposition was 

purely qualitative in nature, it did allow a determination of the effects of 

ferrocene on the chemiresistor's sensitivity to N02• Poly (vinyl ferrocene) and 

poly (vinyl carbazole) were purchased from Polysciences, and were deposited onto 

the phthalocyanine surface of the microcircuit by preparing dilute solutions of 

the polymers in toluene, and then allowing approximately 10 J.l1 of the solution to 

dry onto the surface of the phthalocyanine film. By taking into account the 

average molecular weight and density of the polymers, a rough estimate of the 

concentra tion necessary to give one equivalent monolayer was made. Following 

the evaporation of the solvent from the surface, the microcircuit was replaced 

within the gas-sensing cell and heated overnight in a flowing stream of nitrogen. 

2.7 Organic/Inorganic-Molecular Beam Epitaxy Ultra High Vacuum Chamber 

The majority of the organic/inorganic-molecular beam epitaxy work was 

done in a special custom made UHV chamber designed and built by Ken 

Nebesny.55 A schematic of this chamber is shown in Figure 2.4, and the 

experiments conducted here included the MBE growth of SnS2 on muscovite, and 

the subsequent epitaxial growth of various phthalocyanines onto these metal 
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Figure 2.4 Schematic of the organic/inorganic-molecular beam epitaxy 
ultra high vacuum chamber used for the deposition of SnS2 and 
InPc-CI onto freshly cleaved muscovite. 

dichalcogenide surfaces. At the base of the chamber is a six inch conflat flange 
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supporting four resistively heated Knudsen cell sources and a shutter assembly, as 

described earlier. The Knudsen cell producing the sulfur beam employed purified 

pyrite, FeS2, which decomposes to form FeS and principally diatomic sulfur (as 

demonstra ted by mass spectrometric ana lysis) when hea ted to :::: 550°C. In this 

way, many of the problems associated with using elemental sulfur (high vapor 

pressure, poor vacuum compatibility) were avoided. A second Knudsen cell was 

utilized for the Sn metal vapor beam, with the flux of metal to the substrate being 

determined by a QCM on a VG bellows transfer mechanism that allowed for the 

removal of the QCM from the center of the chamber following a determination of 
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the rate of deposition. An additional shutter (not shown) on a linear motion 

feed through, allowed the determination of the various rates while preventing the 

deposition of any materials onto the substrate. In order to ensure the formation 

of stoichiometric SnS2 films, the rate of Sn deposition was kept between::::: 2-S A 

per minute, while the sulfur flux was estimated by adjusting the sulfur partial 

pressure to ::::: S X 10-8 torr using a VG quadrupole mass spectrometer located in the 

rear of the chamber. Further corroboration of deposition rates could be made by 

examining the time necessary for the initial onset of the characteristic SnS2 

RHEED streaks which are indicative of the completion of a single monolayer. It 

was imperative that the substrate temperature be kept at :::: 400°C in order to 

grow epitaxial, stoichiometric films exhibiting good crystallinity. An organic 

phthalocyanine was placed in a third Knudsen cell for deposition onto either the 

melt or MBE grown SnS2, with the rate of deposition (:::: 3-6 equivalent 

monolayers/hour) being once again determined by both a previously calibrated 

QCM and the RHEED. The temperature of the substrate for the phthalocyanine 

depositions was kept at 90°C to ensure proper annealing of the film during 

growth. 

The substrate consisted of a molybdenum jacket with tantalum wires looped 

through to provide resistive heating, as well as an alumel-chromel thermocouple 

for temperature measurements. The substrate was supported on an XYZ 

manipulator with the added capability of rotating the sample stage 3600, as well 

as changing the angle with respect to the RHEED gun. Clips on the surface of the 

substrate stage allowed for freshly cleaved samples of either mica Or bulk melt

grown SnS2 to be firmly positioned on the stage. The mica used was of sufficient 

optical quality (Perfection Mica, V2 grade) to allow transmission optical 
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characteriza tion of the films grown. The bulk SnS2 crystal used for these 

experiments was grown at Dupont by Bruce Parkinson using a melt grown process 

that supplied us with a large crystal having a diameter of I to 1.5 cm,and a 

chlorine dopant level of :::: 1016 cm-s. 

Reflection high energy electron diffraction (RHEED) was conducted using 

a 500 I-'m diameter electron beam and a 12 KV power supply. The phosphor 

screen was constructed from a 4 inch diameter pyrex glass which was coated with 

conductive Sn02 and Type 139 phosphor (Sylvania, Towanda, PA.). All of the 

RHEED diffraction streak images presented were obtained using a CCD camera 

(Burle TC-651-EC) and a Data Translation 2853 Frame Grabber. Some post 

processing of the images have been done in order to enhance the contrast in the 

diffraction streaks. Because of the high sensitivity of the CCD camera, it was 

possible to use very low beam currents and avoid any possible damage to the 

organic overlayers. 

2.8 Photoelectrochemical Measurements 

A series of phthalocyanine films grown on the bulk SnS2 melt-grown crystal 

in the O/I-MBE UHV chamber, were subsequently removed and characterized in 

the photoelectrochemical cell depicted in Figure 2.5.59 The SnS2 crystal was 

mounted in a traditional one compartment three electrode spectroelectrochemical 

sandwich type cell, with the working electrode being connected to the backside of 

the crystal, and the reference and counter electrode consisting of a silver and 

platinum wire, respectively. The electrolyte solutions consisted of 0.2 M KHP, pH 

= 4, and 0.2 M hydroquinone, and were deoxygenated with UHP nitrogen prior to 

all electrochemical studies. The hydroquinone serves as a supersensitizer or 
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Figure 2.S Three electrode spectroelectrochemical sandwich cell. 

reducing agent for photogenerated holes within the phthalocyanine thin film; the 

absence of this supersensitizer would result in much lower photocurrent yields 

that would subsequently decay with time due to the degradation of the surface 

confined dye. Illumination of the phthalocyanine layer was possible through a 

window in the front of the electrochemical cell, using a 400 W tungsten-halogen 

lamp, modulated at 25 Hz and monochrornatized with a J-Y IR H-lO 

monochromator. As described earlier, the photon output from the lamp was 

calibrated at each wavelength using a calibrated thermopile. The SnS2 crystal was 

typically held at a potential of +0.5 V versus Ag/ AgCI for the photocurrent yield 

spectra, using a PAR 174 potentiostat with the output of the current-to-voltage 

convertor being demodulated with a lock-in-amplifier (Ortec-Brookdeal model 

9503). At these potentials, it was found that the photocurrent became nearly 
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independent of potential. 

2.9 Organic/Organic'-Molecular Beam Epitaxy Ultra High Vacuum Chamber 

All of the low energy electron diffraction (LEED) was done in a chamber 

specifically designed and constructed for conducting these experiments (see 

Figure 2.6).58 The deposition and characterization of the films grown were 

carried out in a two-chamber UHV system, allowing for the organic depositions 

and LEED analysis to occur in separate chambers. The samples used in this 

chamber consisted of a naturally occurring, highly conductive piece of MoS2, a 

bulk grown SnS2 single crystal, and a single crystal Cu (100) (Commercial 

Crystals). Prior to the introduction of the metal dichalcogenides into the 

deposition chamber, the surfaces were freshly cleaved to produce basal planes 

that appeared flawless over dimensions up to 0.5 cm. The deposition of the 

organic molecules made use of the previously described Knudsen cell sources and 

temperature controllers for the controlled sublimation of these materials. The 

rates of deposition were similarly controlled using a QCM on a VG bellows 

transfer mechanism to measure and control the rates of deposition to ::::: 3-6 

equivalent monolayers/hour. The samples were supported on a temperature 

controlled transfer rod (Vacuum Generators, OMNIAX translator), that allowed 

for the following conditions to be met: I) the crystals were brought to 3S0°C 

immediately following the clea ve and entry into the vacuum system,. in order to 

rid the surface of any impurities; 2) the copper (100) substrate was annealed and 

sputtered at 430°C in order to obtain a single crystal in which the oxygen and 

carbon Auger peaks were below the detection limits, and the LEED pattern 

exhibited a very strong light-to-dark contrast; and 3) the substrate could be 
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Figure 2.6 Schematic of the organic/organic'-molecular beam epitaxy ultra 
high vacuum chamber used for the construction of organic 
superla ttice structures. 

brought to the optimum annealing temperature of 90°C for the deposition of 

phthalocyanines. 
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The LEED analysis of these films was done in the second chamber, using the 

4-grid optics of an Omicron SPECT ALEEDj Auger system. A lanthanum 

hexaboride electron filament was used, with a 20 #lm diameter spot size. Typical 

beam energies used were z 50-60 eV for the MoS2, z 70-80 eV for the Cu (100), 

and z 10-20 eV for the large organic molecules. The beam currents to the surface 

were typically 10 #lA, which was low enough to minimize any damage from 

occurring to the surface. All of the LEED images presented were obtained using 

the CCD camera and frame grabber described previously. 
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The Ar ion sputter gun was designed specifically for use on the large copper 

single crystal (diameter::: 2 cm).82 A hemispherical molybdenum plate was 

poised at +500 V with respect to a tungsten filament that was held at ground with 

a 5.5 A filament current providing the necessary emission current to ionize the Ar 

(5.0 x 10-6 torr). The Ar ions are then accelerated toward the copper substrate 

held at ground, by the same 500 V accelerating potential. 

Although not discussed in this dissertation, this UHV chamber has also been 

equipped for doing 30 K V RHEED, reflection absorbance spectroscopy (RAS), in 

addition to thermal desorption mass spectrometry (TDS) using a 600 amu 

quadrupole mass spectrometer (VG SXP Elite). 

2.10 Surface Analysis 

2.10.1 X-ray Photoelectron and Reflection Electron Energy Loss Spectroscopy 

All XPS and REELS studies were conducted using a VG ESCALAB MKII 

spectrometer. The XPS spectra were collected using AIKa non-monochromatized 

radiation and a hemispherical analyzer in the constant analyzer energy mode with 

a pass energy of 20 eV. As described elsewhere, corrections were made for the 

inelastic background, photoionization cross section, escape depth and instrument 

transmission functions. 8s The REELS spectra were obtained with the sample in 

the same position as for XPS, with Ep = 200 eV. 

2.10.2 Scanning Tunneling and Atomic Force Microscopy 

The STM and AFM studies were conducted by Bruce Parkinson, formerly of 

Dupont, in an atmospheric Nanoscope II from Digital Instruments. The STM tips 



used were electrochemically etched Pt, W or Pt-Ir, as has been previously 

described.84 The different tips employed did not appear to impact upon the 

image obtained. 

2.10.3 Scanning Electron Microscopy 
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An lSI OS-130 scanning electron microscope operated at an electron gun 

voltage of 20 kV was used for obtaining various images of the microcircuits used 

and the phthalocyanine films grown. All of the samples examined were supported 

by double stick tape on a standard aluminum SEM stub, and were coated with = 

30 nm of a Au-Pd alloy to eliminate any sample charging effects. 

2.10.4 X-ray Fluorescence Spectroscopy 

In order to examine the InPc-CI powder for trace metal impurities, a small 

sample was submitted to Tim Lowe in Dr. Fernando's group for analysis by X-ray 

fluorescence spectroscopy. A TRACOR 5000 X-ray fluorescence spectrometer was 

used at 30 kV with a detector current of 0.09 rnA. 



CHAPTER 3. 

PHTHALOCY ANINE IMPURITY EFFECTS ON THE DARK AND 

PHOTOCONDUCTIVE PROPERTIES OF INPc-CI 

3.1 Introduction 
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The response of phthalocyanine-based gas phase chemical sensors is highly 

dependent upon the number and types of impurities distributed within the host 

phthalocyanine thin film. As will be demonstrated in the next three chapters, it is 

often times the interaction of the gas phase analyte with trace impurities within 

the film which have the most dramatic impact upon the electronic nature of the 

phthalocyanine thin film. Typical impurities within these films include trace 

metals (Fe, Cu), decomposed ph thalocyanines, phthalonitrile, metal salts, and 

transition metal phthalocyanines (FePc, CuPc, NiPc, CrPc). The effect of trace 

metal impurities on the performance of InPc-CI chemiresistors will be examined 

in detail in Chapter 4, while this chapter will emphasize the ultra high vacuum 

characterization of InPc-CI thin films which have been specifically doped with 

metal phthalocyanine impurities (FePc, MnPc, and CuPc). The discussions to 

follow will invoke a number of different models in order to explain the effects of 

various dopants upon a given film's electronic properties and response 

characteristics; therefore, a brief description of some of the most pertinent ideas 

within these models will be presented here, along with a list of references should 

a more complete description be desired. 

Phthalocyanines ha ve been termed molecular organic semiconducting 

materials due to the fact that they possess conducfivities that fall within the 
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range of semiconductors, and yet electrical transport within these solids is 

dictated by the existence of individual molecules separated by weak van der 

Waals forces. 21 The measured conductivities for these materials can be described 

by the following equation: 

q = zenp. 

where q is the conductivity (O-lcm-1), ze is the net charge of the carriers (C), n is 

the concentration of charge carriers (cm-s), and p. is the mobility of the free 

charge carriers (cm2y-1s-l).85 Carrier transport within these films is dependent 

upon the creation of free charge carriers and their ability to migrate within the 

molecular solid. Silinish and Lyons have proposed that the self-energy for 

conduction of free charge carriers within these crystals is based upon the 

stabilization of a free electron or hole by the polarization of 11' -orbital electrons 

in the surrounding aromatic organic molecules.86,81 Structural defect sites 

within crystals (ie. point defects, dislocations, stacking faults, terrace sites) may 

yield increased polarization energies in compressed regions of the crystal, thereby 

serving as charge carrier traps within the energy band gap. Several models have 

been proposed to explain the free charge carrier movement within organic solids, 

including a band model, a tunneling model, and a hopping mode1.85,88,89 The 

band model proposes the formation of a valence and conduction band for charge 

carrier transport, with these bands arising from the splitting of the discrete 

energy eigenvalues of the individual molecules due to exchange interactions 

within the solid. The tunneling model is based upon the assumption that an 

electron in a 11'. molecular orbital can tunnel through the potential barrier 
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between molecules, in order to reach a non-occupied state in the adjacent 

molecule. Finally, the hopping model applies to solids with broad intermolecular 

potential barriers that prohibit tunneling, and states that a carrier travels from 

one molecule to another via a hopping mechanism that involves "jumping" over 

intermolecular energy barriers via either thermal or oPtical excitation. 

Popovic has proposed several models for understanding the wavelength 

independent photoconductive properties of phthalocyanines.90.91.92.9S The 

model for intrinsic charge carrier generation theorizes that any wavelength of 

sufficient energy will promote an electron into an excited electronic state to form 

a bound e-/h+ pair (termed an exciton), whereupon internal conversion within the 

molecule will result in a loss of excess kinetic energy and a relaxation of the 

electron to the first vibrational level of the first singlet excited state.91•92 At this 

point, the electron may decay back to the ground state via either fluorescence or 

nonradiative decay, or by some probability, '7CT' proceed to form a charge 

transfer state via a thermalization of the electron hole pair away from each other 

by a distance roo Free charge carriers are not obtained until the electron-hole pair 

further thermalizes its charge carriers apart in overcoming the coulombic forces 

of attraction between them. Popovic has also proposed a model for extrinsic 

charge carrier generation, which is identical to the intrinsic model, with the 

exception that the exciton or charge transfer state may diffuse through the film 

and eventually encounter a negatively or positively charged impurity.93 These 

ionized impurities represent localized regions of extremely high electric fields 

which can facilitate the dissociation of the charge transfer state into two free 

charge carriers via a two-step process. The first step is fast and involves a 

neutralization of the ionized impurity by the charge carrier of opposite polarity, 
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while the remaining charge carrier is swept away by the applied electric field to 

be collected at the electrode. The second step is slow, resulting from a thermal 

regeneration of the ionized impurity, and the subsequent collection of the second 

free charge carrier at the electrode. The extrinsic model helps explain the high 

photoconductivities of films containing ionized impurities, due to an 

improvement in charge carrier generation efficiencies. 

An excellent discussion on the recombination of photogenerated charge 

carriers via recombination centers within the bandgap of the material has been 

presented by Rose and applied to both organic and inorganic 

photoconductors.94,95 The model maintains that it is the lifetime of a free 

carrier, T, that almost completely characterizes a photoconductor: 

T = 1/lIsl! 

where II is the thermal velocity of a free carrier (cm/sec), S is the capture cross 

section of the capturing center (cm2), and 11 is the number density of these centers 

(numbers/cm3). The lifetime of a free hole or electron, for example, is 

determined only by the time spent in the valence or conduction band, and not by 

any time spent in shallow or deep trapping centers within the forbidden region of 

the semiconductor. Shallow trapping centers are bound states near the conduction 

or valence band from which a temporarily trapped electron or hole is likely to be 

thermally re-excited to become a free charge carrier once again. Deep trapping 

centers, on the other hand, are bound states that are energetically farther from 

the valence or conduction band, such that a trapped charge carrier is more likely 

to recombine with a charge carrier of the opposite polarity, thereby resulting in 
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the loss of two previously mobile charges. A set of two demarcation lines can be 

defined which indicate the precise separation between shallow traps and 

recombination centers for both free holes and electrons. Ultimately, an exact 

determination of the energetic position of these demarcation lines is dependent 

upon the energy separation of the bound state from the band edge, the capture 

cross section of that sta te, the number of free and empty bound states, and the 

number of free electrons and holes within the semiconductor. Under normal dark 

conditions, the two demarcation lines essentially coincide with the normal 

thermal equilibrium of the Fermi-level, while under illumination, the two levels 

move apart toward the conduction and valence bands resulting in the existence of 

more and more bound states to lie between the two demarcation lines. 

Finally, in order to fully understand the organic photoconduction 

mechanism, it becomes extremely helpful to diagram the entire photoconduction 

process. Pankow has compiled a very complete examination of the 

photoconduction process in phthalocyanines, and Figure 3.1 illustrates the 

multistep nature of this process.S1 The electron photocurrent ultimately measured 

can be shown to depend upon the following equation: 

iphoto = ¢e"collection (N . ¢CTform .. ¢CTV + N . ¢CTform .. ¢CTimp· + kg[trap-]) 

where N is the number of absorbed photons per second, ¢e"collection is the electron 

collection efficiency, ¢CTform. is the charge transfer state efficiency of formation, 

¢CTV is the charge transfer state dissociation efficiency due to the bias potential, 

and ¢imp" is the charge transfer state dissociation efficiency at a negatively 

charged impurity. This equation and Figure 3.1 help summarize the majority of 
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Figure 3.1 Schematic of the organic photoconduction process in 

phthalocyanines. 
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concepts mentioned previously, and during the course of the discussions to follow, 

periodic reference will be made to these rate constants and efficiencies. 

In order to study the effect of impurity phthalocyanines on the electrical 

properties of the trivalent phthalocyanines, initial characterization studies were 

done on a "pure" film of InPc-CI film, as well as on a "pure" film of the most 

predominant impurity, FePc. Full characterization included dark and 

photoactivation energies of conduction, photocurrent action spectra, sensitivity of 

the photocurrent to changes in the light intensity b), and photo and dark 

conductivity changes upon exposure to oxygen. A series of three InPc-Cl films 

were subsequently studied, in which three different impurities, FePc, MnPc, and 



71 

CuPc, were intentionally codeposited within the surface region of the film. The 

electronic response characteristics for these three films are directly compared and 

contrasted with the "pure" InPc-CI film, in order to gain a better understanding 

for the impact various impurities have on the phthalocyanines. Finally, brief 

mention will be made of a series of perylene tetracarboxylic dianhydride 

(PTCDA)/GaPc-CI bilayer films grown and characterized on the interdigitated 

array microcircuits. Previous work done in this group has demonstrated that the 

formation of Pc/PTCDA bilayer films results in superior quantum efficiencies 

for charge collection within a photoelectrochemical cell;96 the experiments 

discussed here are complimentary to those studies, with the primary focus being 

in understanding the electronic interaction occurring at the interface between 

these two dissimilar molecular organic semiconductors, and the effect of this 

interface on the collection and/or creation of free charge carriers. 

3.2 UHV Characterization of a Pure InPc-CI Thin Film 

The results that follow pertain to a 400 A InPc-CI film grown and 

characterized in the organic thin film UHV deposition chamber on a Motorola 

microcircuit with Au interdigitated array electrodes. At room temperature, this 

film exhibited a very low dark current (2.4 pA at 5 V, or 5.1 x 10-12 a-1cm-1) as 

well as a high photo-to-dark contrast (1230:1 at 600 nm), both properties 

indicative of "pure" trivalent metal phthalocyanine thin films grown in this 

laboratory. Dark and photocurrent-voltage curves were also measured for this 

film and for the films discussed later on in this chapter, and were found to 

closely correspond to the following relationships: 
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and 

whereby, a plot of log i vs. log V allowed a determination of '7 from the slope of 

this relationship.85 Both dark and photocurrent were found to increase nearly 

linearly with voltage ('7 :::: 1.2), indicating that the film was following Ohm's law, 

and at these voltages (0-5 V), current production was not space charge limited. 

Results similar to these were found for all of the films grown, and unless 

otherwise stated, the microcircuits were kept at a 0.5 V bias to ensure ohmic 

currents and to allow for a means of comparison between the different films 

grown. It has been suggested that the presence of shallow traps within the organic 

film will result in the requirement of abnormally high bias potentials in order to 

reach space charge limited current.85 ,97 As we shall see in section 3.2.3, the 

photoactivation energy for this material certainly supports the possibility that 

this InPc-CI thin film has a large population of shallow traps. 

3.2.1 Photocurrent Action Spectrum for InPc-CI 

One effective tool for characterizing an organic thin film is to examine its 

relative photoconductivity as a function of wavelength. Shown in Figure 3.2 is a 

photocurrent action spectrum (electrons collected per incident photon) taken at 

room temperature for an InPc-C1 thin film. Also included in Figure 3.2 are two 

additional spectra: 1) the transmission optical absorbance spectrum for the 

InPc-CI film grown simultaneously next to the microcircuit on a piece of gold 

metallized plastic optically transparent electrode, and 2) the solution phase 

absorbance spectrum for a 4.5 x 1O-5M InPc-CI solution in pyridine. Several 

observations can be made concerning the structural and electronic properties of 
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Figure 3.2 Solution absorbance, solid absorbance and photoaction spectra 
for InPc-CI. 

the organic film. First of all, both the photocurrent action spectrum and the 

condensed phase absorbance spectrum exhibit an extensive broadening of the 

Q-band absorbance region, when compared to the solution phase spectrum. 

Although the condensed phase spectra arise from a complicated sum of the 

various interactions evident between the individual phthalocyanine molecules 

within these amorphous films, it is apparent that the InPc-CI film grown on the 

microcircuit consists of at least two types of polycrystalline structures that possess 
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blue and red shifted absorbance maxima relative to the monomer in solution. 

Cofacial, linear stacks of phthalocyanines in a head-to-tail arrangement of 

phthalocyanines have been noted in the literature to possess a blue shift with 

respect to the monomer in solution, as demonstrated by Dann et a!. in the growth 

of AIPc-F on freshly cleaved KCl crystals.73 Staggered or slip-stacked, cofacial 

phthalocyanines oriented in a head-to-head or tail-to-tail arrangement have been 

presumed to result in a red shifted spectra.98,99 In addition, phthalocyanine 

rings packed at oblique angles are expected to demonstrate both red and blue

shifted absorbance features. [See Section 6.3.2 for a much more complete 

investigation of these spectral features]. Despite the fact that the condensed 

phase absorbance spectrum and the photocurrent action spectrum arise from . 

InPc-Cl films grown on different substrates, it is still educational to compare 

these two spectra. The primary difference is tha t the peaks measured in terms of 

the number of electrons collected per incident photon are red and blue shifted 

from those areas of maximum absorbance. In other words, despite the fact that 

the InPc-CI film deposited on the microcircuit absorbs light most strongly at 640 

and 810 nm, the film is most efficient at dissociating excitons and collecting free 

charge carriers at 620 nm and 850 nm. The absorbance maxima for the InPc-CI 

thin film occur in regions of high photon flux (::::: 1.1 x 1015 photons/sec·cm2). The 

net result of this appears to be a dramatic increase in the concentration of Pc*, 

and free holes and electrons' within the film, a fact that causes the exciton-exciton 

annihilation (ks), geminate recombination (k7), and recombination via deep traps 

(k10) to become important factors in lowering (lICTform. and (lie-collection' The overall 

effect seen is that the quantum efficiency for the InPc-CI at that particular 

wavelength is lowered. The optimum quantum efficiency, then, is obtained at a 



75 

wavelength where the absorbance and photon flux are slightly lower, but the free 

charge carrier loss mechanisms are not as significant. 

3.2.2 Intensity Exponent Versus Wavelength for InPe-C. 

The photocurrent of an organic solid is related to the light intensity by the 

following relationship: 

where 'Y represents the exponential relationship between the photocurrent and the 

light intensity.85 In an ideal semiconductor, the relationship would be linear, 

indicative of a film completely devoid of any structural and or chemical 

impurities.94,95 Such an ideal situation is clearly not the case for phthalocyanines, 

as reported values for 'Y typically range somewhere between 0.5 and 1.0. Rose 

provides an explanation for this sub-linearity, and its based on the fact that the 

lifetime of a free carrier becomes shorter at higher light intensities.94 As was 

mentioned earlier, an increase in light intensity causes the two demarcation lines 

to pull apart from the thermal equilibrium position of the Fermi level, and 

approach the valence and conduction band edges. The net result is that more and 

more shallow traps become recombination centers as the light intensity increases. 

If there is an energetically uniform distribution of traps within the forbidden 

region of the film, the fractional power of the light intensity will be close to 

unity; if, on the other hand, there is an exponential distribution of traps that 

decreases rapidly with distance from the band edges, the intensity exponent will 

have a value between 0.5 and 1.0. Rose has proposed the following relationship: 



where T is the temperature and Tc is a parameter representative of how rapidly 

the distribution of trap sites decay away from the band edges.95 The steeper the 

exponential decay, the smaller Tc gets, until it is finally equal to the room 

temperature, T, and the.., is equal to 0.5. 
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Shown in Figure 3.3 are a set of intensity exponents determined every SO nm 

between 400 and 900 nm for the pure InPc-CI film. These values were used 

previously to normalize the photocurrent action spectrum by scaling up the 

photocurrent at each wavelength to the highest output of the lamp. An 



examination of the dependence of 'Y with wavelength can also provide some 

additional information concerning the electronic properties of the organic film. 

The intensity exponents can be seen to vary from 0.65 to 0.76, with the smallest 

values of 'Y evident for those wavelengths with the lowest photon flux 
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(::= 1.3 X 1013 photons/sec'cm2) from the tungsten source. Because of the nearly 

negligible dar·k current apparent for this film, the concentration of charged 

impurities is more than likely insignificant and the IZlCTimp- can be safely ignored 

(this will not be the case for the codeposition films discussed later). The 

concentration of structural and/or chemical impurity trap sites, on the other 

hand. is significant, and seems to be dictating the electronic behavior of this film. 

The tungsten lamp output is lowest from 400 to 550 nm (:::: 1.3 X 1013 

photons/sec·cm 2). indicating that these wavelengths are probing a set of deep traps 

very near the thermal equilibrium position of the Fermi level (:::: 1 V above and 

below the band edges for InPc-Cl). The low values for 'Yare indicative of the 

sharp exponential distribution of these recombination centers. Above 550 nm, the 

photon flux is significantly higher (:::: 1.1 X 1015 photons/sec'cm2) and the intensity 

exponents level off at:::: 0.75, indicating that these wavelengths are probing an 

energetic regime closer to the band edges which has a slightly lower exponential 

distribution of recombination centers (larger Tc)' 

3.2.3 Arrhenius Activation Energies of Dark and Photoconduction for 

InPc-CI 

The temperature dependence of dark and photoconductivity can be 

described by the following relationships: 



where io is the pre-exponential factor, Ea is the activation energy, k is the 

Boltzmann constant, and T is the temperature.85 A determination of the 

activation energies for conduction can be obtained from a plot of log i vs. liT, 

wherein the slope is equal to -Ea/2k for dark conduction, and -Ea/k for 

photoconduction. 
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There are a variety of processes which may result in an exponential 

temperature dependence in the dark conductivity.85 For an intrinsic conductor 

completely devoid of any traps or impurities, Ea becomes a direct measure of the 

bandgap or energy difference between the conduction (LUMO) and valence 

(HOMO) band edges. In the case of an extrinsic conductor, Ea pertains to the 

distance between donor level impurities and the conduction band (LUMO), or 

between acceptor level impurities and the valence band (HOMO). Finally, a film 

whose electronic properties are determined by the trapping of free charge 

carriers, Ea can be a measure of the energetic depth of these traps. In the case of 

the pure InPc-CI film grown here, a dark activation energy of 0.73 eV was 

measured. Because the bandgap energy for InPc-CI is ::= 2.0 eV, it is clear that 

dark conduction in the phthalocyanine film is not intrinsic in nature. Instead, the 

dark activation energy may be a measure of the average energy necessary for the 

thermal excitation of electrons from chemical donor impurities within this film 

(or holes from acceptors). 

The photoactivation energies for the pure InPc-CI film were found to range 

from 0.02 to 0.05 eV between 400 and 900 nm. There are several possible 

explanations to account for these small values. With reference to Popovic's model 
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for photocurrent generation, the photoactivation energy would be associated with 

the energy necessary for carrier production by excitons: this could be interpreted 

as either the energy required in the transfer of an exciton to a charge transfer 

state, or as the energy needed to dissociate a charge transfer state into its free 

charge carriers.92,93 Alternatively, the photoactivation energy of an organic solid 

has been attributed to the energy difference between the valence (HOMO) or 

conduction (LUMO) band and a shallow trapping center within the bandgap of 

the conductor.8s If we apply Rose's model for photoconduction, an increase in the 

temperature forces the demarcation lines for both the valence and conduction 

bands to converge toward the same energy as thermal energy is supplied to the 

materia1.94 This results from the fact that many of the trapped charge carriers 

now have the necessary thermal energy supplied to be re-excited into the 

conduction or valence band. The net result is an increase in the overall 

photocurrent, due to a decrease in the number of recombination centers within 

the organic film. 

3.2.4 Dark and Photocurrent Changes of InPe-CI Upon Initial Exposure to 

Oxygen 

In terms of the development of a gas phase chemical sensor for atmospheric 

applications, the effect of 02 on the electronic properties of the organic solid 

becomes of paramount interest. By growing the InPc-CI film under UHV 

conditions, it was possible to examine the surface electronic changes within this 

film upon the initial introduction of 02 at very low exposure levels. Shown in 

Figure 3.4 are the dark and photocurrent changes (2 V, 700 nm) for this film as a 

function of exposure to 02 (where a Langmuir is an exposure of 1 x 10-6 torr for 
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one second); the bottom figure is simply a continuation of the 02 exposure to 

successively higher levels. Discussion will be divided up into an examination of 

the three different phases or responses observed: 1) region I exposure to 02 (zero 

to 2 x 105 Langmuirs) resulted in a +63.5% increase in the photocurrent (1.63 to 

2.66 nA, or 8.65 x 10-9 to 14.11 X 10-9 n-lcm-l), and a +1730% increase in the dark 

current (0.0009 to 0.0165 nA, or 5 x 10-12 to 8.75 x 10-11 n-lcm-l); 2) region II 

exposure to 02 (2 x 105 to 1.4 x 107 Langmuirs) resulted in a -72% decrease in the 

photocurrent (2.66 to 0.740 nA, or 1.41 x 10-8 to 3.92 x 10-9 n-lcm-l) and a -36% 

decrease in the dark current (0.0165 to 0.0105 nA, or 8.75 x 10-11 to 

5.57 x 10-11 n-lcm-l) from the previous region I exposure; 3) region III exposure to 

02 (1.4 X 107 to 4.0 X 107 Langmuirs) resulted in a +30% increase in the 

photocurrent (0.740 to 0.961 nA, or 3.92 x 10-9 to 5.10 x 10-9 O-lcm-l) and a +77% 

increase in the dark current (0.0105 to 0.0186 nA, or 5.57 x 10-11 to 

9.87 x IO-ll n-lcm-l) from the previous region II exposure. 

An examination of the literature on the oxygen exposure of various 

phthalocyanines, generally reports a single region of increases in the dark and 

photoconductivity that is comparable to the region III results mentioned 

above.lOO,10l Pankow has done an extensive set of experiments to determine 

the electronic effects of oxygen on another trivalent metal phthalocyanine, 

GaPc-C1.8l He reports two separate regimes for the dark and photoconductivity 

changes which closely resemble regions II and III as reported here for InPc-CI. 

The nonaqueous solution EOl values for the reduction of 02 and the 

oxidation of InPc-CI can provide some indication into the likelihood for a charge 

transfer reaction. The one-electron reduction potential for 02 to 02- is -0.75 V vs. 

SCE, while the one-electron oxidation of InPc-CI to [lnPc-CI]+ is + 0.84 V vs. 
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SCE.21 The net cell potential in this case is -1.59 V vs. SCE, and, therefore, charge 

transfer is highly unlikely to occur to any appreciable extent in the dark. 

Photogenerated electrons within individual InPc-CI molecules have a significantly 

enhanced reducing potential, that likely results in the formation of (Pc+02-) 

charge transfer complexes or even complete charge exchange. The dissociation of 

this complex results in the formation of an 02- ion and a Pc+ ion, with the hole 

being mobile under the applied electric field gradient and therefore leading to an 

increase in the measured dark current. Despite the abstraction of a 

photogenerated electron, the overall photocurrent may be further increased due to 

the formation of negatively charged impurities (02- anions) which serve as 

effective sites for exciton dissociation and directly increase the !2ICTimp- (Popovic 

model). 

While the region III 02 response is "due to a photoactivated interaction 

between 02 and the host phthalocyanine, InPc-CI, regions I and II are believed to 

result from a more energetically favorable interaction between 02 and trace 

chemical impurities within the thin film. In order to establish the nature of the 

impurity sites within the film, the InPc-CI powder was analyzed via X-ray 

fluorescence spectroscopy. The sample was found to contain trace amounts of 

copper (100 ppm), iron (10-50 ppm), and chromium and nickel (below 10 ppm). 

While extensive effort was made to purify the InPc-CI via both extraction and 

entrainer sublimation, some of the most difficult impurities to eliminate are trace 

phthalocyanines that are introduced during synthesis. Seen in Figure 3.S is a 

diagram of the HOMO and LUMO energy levels for various impurity 

phthalocyanines, and their energetic placement with respect to the bandgap of the 

host trivalent phthalocyanines, InPc-CI and GaPc-CI (as indicated by the dotted 
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lines).20 Although the determination of these energy levels is theoretical in nature 

and based entirely upon the redox potentials of the phthalocyanines, an 

examination of this figure certainly points out the vast variation in chemistry 

that exists between different phthalocyanines that differ only by the metal 

center. It was for this reason that a set of experiments were conducted to examine 

the exact role of impurity phthalocyanines within InPc-CI through a series of 

codepositions involving InPc-CI and the following impurities: FePc, MnPc and 

CuPc. These particular impurities were chosen on the basis of the x-ray 

fluorescence data, and by the fact that the HOMO levels for FePc and MnPe 

reside well within the bandgap of InPc-CI, while the HOMO level for CuPc lies 
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closer to the valence band edge. A more complete explanation of the region I and 

II 02 results for InPc-CI will be given in Section 3.4. 

3.3 UHV Characterization of a Pure FePc Thin Film 

Prior to the growth of the mixed composition phthalocyanine films, a 200 A 

FePc film was grown and characterized under UHV conditions, in order to 

delineate the difference between a pure FePc film and an InPc-CI film which has 

been purposely doped with FePc. Initial characterization of the FePc film grown 

exhibited a significantly higher dark current (0.0587 nA at 5 V, or 

2.49 x 10-10 O-lcm-1) and a much lower photo-to-dark conductivity contrast (2:1 at 

632.8 nm and 5 mW) when compared to the InPc-CI film described earlier. In fact, 

the photocurrent response of the film was so low as to make it impossible to 

record a photocurrent action spectrum with the relatively low light intensity 

output from the tungsten lamp. As a result, all photocurrent measurements made 

for this film were done using a 5 mW HeNe laser (632.8 nm). Some of the 

parameters measured include an intensity exponent of 0.54 at 632.8 nm, and the 

activation energies for dark and photoconduction of 0.70 and 0.13 eV, 

respectively. The FePc film grown was clearly not behaving as an intrinsic 

photoconductor, with the measured dark current and dark activation energy both 

indicating the presence of chemical impurities within the film. The identity of 

these impurity sites is likely the LUMO levels of various phthalocyanines which 

are energetically positioned within the bandgap for FePc (see Figure 3.5). 

Furthermore, the intensity exponent and photoactivation energy predict a film 

with a small Tc value and a rapid exponential decay of trapping centers that may 

partially explain the extremely low photocurrent yields realized. Another 



explanation for the low photocurrent may be that unlike InPc-CI, FePc does not 

have a significant electron mobility. 
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An examination of the dark and photocurrent changes of FePc upon initial 

exposure to 02 (see Figure 3.6), provide a stark contrast to those described earlier 

for InPc-CI. The region I and II 02 interactions are completely absent, with the 

dark and photocurrent responding to 02 with an immediate increase (~e. similar to 

region III for InPc-CI). This response is in complete agreement with the work 

done on FePc by various other authors.33,as Once again, it appears that the 

predominant reaction is a photoactivated charge transfer between the host FePc 

and 02 at the surface of this film. The generation of mobile holes within the film 



results in a significant increase in the dark current (+1100% after 4 x 106 

Langmuirs of 02)' as well as a much smaller increase in the photocurrent due to 

an enhancement in the I2SCTimp- by isola ted °2- ions a t the surface of the film 

(+200%' after 4 x 106 Langmuirs of 02)' 

3.4 UHV Characterization of InPc-CI Thin Films Modified with Thin 

Overlayers of MnPc, FePc and CuPc 
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The films to be characterized in this section were all grown using the exact 

same protocol, as discussed in the experimental section. Basically,:::: 350 A of pure 

host InPc-CI were grown onto a microcircuit, followed by a codeposition for 

:::: 50 A that involved equal rates of both InPc-CI and one of the following 

impurities: MnPc, FePc, or CuPc. The characteristic properties of these three 

films will now be discussed, with special emphasis being placed on a comparison 

with the results obtained for the "pure" InPc-Cl. 

3.4.1 Dark and Photocurrent Changes During Growth of Codeposition Films 

Changes in the dark and photoconductivity were first monitored while the 

codeposition was actually taking place. Although the original intent was to 

measure dark current changes only, it was impossible to completely shield the 

tantalum wires used to resistively heat the Knudsen cell sources; the net result, 

then, was that the chamber had a white light source that turned on and off in a 

constant current mode approximately every other minute, while attempting to 

maintain the temperature of the phthalocyanine Knudsen cell at the preset 

tempera ture. 

Shown in Figure 3.7a are the dark current changes as a function of 
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codeposition thickness for FePc and MnPc grown on 350 A InPc-Cl films. The 

dark current prior to the beginning of the codeposition was essentially constant, 

and in both cases, saw a dramatic increase in the dark current over the course of 

the final 50 A. [Note that the substrate temperature during the growth of all 

phthalocyanines was maintained at an annealing temperature of 95°C.] The 

MnPc resulted in as much as a + J x 105% change in the dark current, while the 

FePc was significantly less dramatic at +500%. Because of these rapid changes, it 

was difficult to discern the exact effect on the photocurrent during the 

codeposition. Referring to Figure 3.5 and the energetic location of the HOMO 

levels for MnPc and FePc within the bandgap of, InPc-CI, it appears that electrons 

from the HOMO levels of these impurities might have a higher probability for 

thermal excitation into a conduction band state (LUMO level) of the InPc-CI, 

when compared to the thermal excitation of electrons from the HOMO level of 

InPc-CI. The net result seen is an overall increase in the measured dark 

conductivity. A simple Boltzmann distribution analysis of the thermal 

contribution of electrons into the LUMO level of InPc-CI from the HOMO levels 

for InPc-CI (~E = 1.8 eV), FePc (~E = 0.91 eV) and MnPc (~E = 0.74 eV), revealed 

the following ratios for NINo at 95°C: 2.2 x 10-25 (InPc-CI), 3.4 x 10-13 (FePc), and 

7.3 x 10-11 (MnPc). There is clearly a significant increase evident in the 

percentage of electrons acquiring sufficient thermal energy to be excited into the 

conduction of InPc-CI by doping the material with MnPc and FePc. 

The effect of CuPc on the electronic properties of InPc-Cl appears to be the 

exact opposite of the situation described above. As seen in Figure 3.7b, the 

codeposition of CuPc and InPc-CI results in a -47% decrease in the dark current, 

as well as a -5 I % decrease in the photocurrent. Apparently, the CuPe is serving as 
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a trap site for free charge carriers within the InPc-CI thin film, and as will be 

discussed further in Section 3.4.5, it is believed that the origin of this trap is a 

HOMO acceptor level within the forbidden region of the InPc-CI for free hole 

charge carriers. 

3.4.2 Ph-otocurrent Action Spectra for the Codeposition Films 

89 

Following an overnight anneal (90°C) of these three films, the microcircuits 

were allowed to cool to room temperature and photocurrent action spectra were 

collected and compared to the incident light quantum efficiency for pure InPc-CI 

(see Figure 3.8). Several observations can be made concerning this figure. Firstly, 

all four of the films grown appear qualitatively similar in terms of the shape of 

the photocurrent action spectra. The introduction of anyone of the impurity 

phthalocyanines into InPc-Cl, however, resulted in an overall reduction in the 

incident light quantum efficiency when compared to the pure InPc-CI film. If 

photocurrent generation is presumed to predominate in the near surface region of 

the film, then one of the major effects for the reduction seen in the photocurrent 

yield may be a simple dilution of the number of InPc-CI centers. In the case of 

the codeposition of CuPc and InPc-Cl, CuPc has already been shown to likely 

serve as a trap for photogene rated carriers. The capture cross-section for CuPc in 

a film of InPc-CI is probably fairly large, as indicated by the dramatic reduction 

in the incident light quantum efficiency. Both FePc and MnPc have already been 

seen to serve as donor impurities within InPc-CI that result in an increase in the 

dark current; at room temperature, though, the majority of these donor impurities 

have their HOMO level in the ground state where it can act as a recombination 

center for photogencrated free hole carriers - the net result being a significant 
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decrease in the measured photocurrent. One final note, the codeposition of MnPc 

and InPc-CI gave the highest incident light Quantum efficiency of all of the 

codeposition films. The abnormally high dark current for this codeposition film 

(as discussed below) is indicative of the ease with which MnPc thermally excites 

an electron into the conduction band of the InPe-CI. This naturally results in a 

large concentration of positively charged impurities (as well as a decrease in the 
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number of hole traps), thereby opening up the extrinsic pathway for exciton 

dissociation and a enhancement in the ~CTimp+. 

3.4.3 Intensity Exponents Versus WaveleDath for the Codeposltlon Films 

Shown in Figure 3.9 is a compilation of the various intensity exponents as 

function of wavelength for each of the different eodeposition films, in addition 

to the pure InPe-CI case (as seen previously). In order to simplify the explanation, 
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Figure 3.9 Intensity exponents versus wavelength for the ·pure" InPe-CI, 
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the discussion will be separated into an analysis of those wavelength regions 

which are strongly absorbing arid see high photon fluxes (SSO to 8S0 nm, 1.1 x 1016 

photons/sec'cm2 at 680 nm), and the remaining wavelength regions which are 

weakly absorbing and see lower photon fluxes (400 to SSO nm, 1.3 x 1013 
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photons/sec'cm2 at 400 nm; and 900 to 950 nm, 7.6 x 1014 photons/sec'cm2 at 

950 nm). Furthermore, it will be helpful to keep in mind that the majority of 

chemical impurities are located in the uppermost 50 A of these 400 A codeposition 

films. Because of this fact, we can expect a difference to exist between the 

strongly absorbing wavelength regions and the weakly absorbing wavelength 

regions in terms of the percentage of absorbed photons within the entire film that 

are absorbed in the 50 A eodeposition layer. For weakly absorbed light 

(ie. 450 nm), the absorption coefficient is 3.0 x 103 em-1 for InPc-Cl and 12.7% of 

all the absorbed light will be absorbed in the codeposition layer (which is not 

surprising, considering that the codeposition layer is 12.5% of the entire 400 A 

film). For strongly absorbed light (ie 810 nm), on the other hand, the absorption 

coefficient is 1.4 x 106 cm-1 for InPc-CI and 21% of all the absorbed light will be 

absorbed in the codeposition layer. 

Focusing first on the strongly absorbing (and high photon flux) wavelength 

region between 550 and 850 nm, it is evident that the intensity exponents for each 

of the codeposition films are relatively constant between 0.70 and 0.73. These 

types of -y values are characteristic of a film with a small T c value and an 

exponential distribution of recombination centers within the bandgap of the 

InPc-C1.9s In all cases within the strongly absorbing wavelength region, the 

introduction of chemical impurities into the uppermost layer resulted in lower 

intensity exponents than were obtained for the "pure" InPe-CI film. A closer 

inspection of the intensity exponents for the MnPc/lnPc-CI eodeposition film 

show two minimum values at 650 and 850 nm. From the photocurrent action and 

solid thin film absorbance spectra found in Figure 3.2, we see that these two 

wavelength regions give rise to maxima in incident light absorbance and 
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photocurrent generation quantum efficiency. Within the MnPc/lnPc-CI 

codeposition layer, there is a large concentration of positively charged impurities, 

as indicated by the large dark conductivity of this film, wherein the enhancement 

in the IZSCTimp+ results in an improved incident light quantum efficiency. Those 

wavelength regions with the strongest absorbance will naturally produce the 

largest number of charge transfer states, and, therefore, the largest quantum 

efficiencies. A disproportionate amount of these free charge carriers are 

generated in the codeposition layer, such that as the incident light intensity is 

increas~d to an extremely high photon flux, the geminate recombination and 

recombination via recombination centers are enhanced, thereby giving rise to a 

minimum in the 1 values. 

For the weakly absorbing wavelengths at 450 and 950 nm, the situation is 

quite different, particularly for those films with a large concentration of charged 

impurities within the codeposition layer, ie. CuPc and MnPc. CuPc appears to 

have a high capture cross section for free charge carriers within InPc-CI that 

results in lowering the overall number of photogenerated free charge carriers, as 

well as increasing the number of charged impurities within the InPc-CI thin film. 

The effect of these ionized impurities on the intensity exponents for these weakly 

absorbing regions is most dramatically seen in the case of the MnPc/lnPe-CI 

codeposition film. At both 450 and 950 nm, there is an approximately linear 

increase in photocurrent with incident light intensity for this codeposition film. 

Because of the small number of charge transfer states created within the film due 

to a weakly absorbing wavelength of light and a low photon flux from the 

tungsten source, the geminate recombination and recombination via 

recombination centers are vastly overshadowed by the enhanced efficiency in the 
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dissociation of charge transfer states by the many ionized impurities dispersed 

throughout the codeposit ion layer. Charge transfer states are believed to diffuse 

randomly through the film before they are either dissocia ted by the applied 

electric field gradient, dissociated by an ionized impurity, or eliminated by a 

recombination of the charges.93 The mean free path for a charge transfer state 

created in the codeposition layer is so significantly reduced, that small increases 

in the incident light intensity at these low photon fluxes result in a high ¢CTimp

and a nearly linear increase in the photocurrent. The intensity exponents at 450 

and 950 nm for each of the codeposition films grown, steadily decrease according 

to the following order: MoPc > CuPc > FePc> pure InPc-CI. This is ascribed to 

the decrease in the concentration of charged impurities within this series of films, 

as well as a natural increase in the impact of recombination centers upon the 

lifetime of free charge carriers and on the ¢e-collection' 

3.4.4 Arrhenius Activation Energies of Dark and Photoconduction for the 

Codeposition Films 

The dark activation energies of conduction were calculated to be 0.91, 0.74 

and 0.35 eV for the FePc, MnPc and CuPc codeposition films, respectively. These 

values can be compared with the following room temperature dark current 

measurements made at 0.5 V for each of the different films: 6.0 pA or 

1.5 x 10-11 O-lcm-1 (FePc), 700 pA or 1.75 x 10-9 O-lcm-1 (MnPc), 7.2 pA or 

1.8 x 10-11 O-lcm-1 (CuPc), 1.3 pA or 2.76 x 10-11 O-lcm-1 (InPc-CI). Both FePc and 

MnPc have previously been identified as chemical donor impurities within 

InPc-CI. It appears that the FePc is energetically far enough removed from the 

conduction band (HOMO) of the InPc-CI, as to have little impact upon the dark 
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conductivity at room temperature. This is certainly not the case for MnPc, which 

gave the largest dark current of all the films grown. The situation for CuPc is 

slightly different, as we have already seen. If CuPc is serving as a trap for free 

charge carriers, we can expect that the dark activation energy is a measure of the 

depth of these traps from the valence or conduction band. 

The photoactivation energies calculated for the FePc and MnPc codeposition 

films were very similar to those found for the pure InPc-CI thin film, with values 

ranging from 0.04 to 0.07 eV between 400 and 900 nm. A likely explanation for 

these small values, are structural defect sites very near the conduction or valence 

band which are serving as shallow trap sites for photogenerated free charge 

carriers.86 These results provide further indication that the FePc and MnPc 

impurities primarily affect the dark conductivity, while having little or no 

impact upon the photoconductivity of the InPc-CI thin film. The CuPc 

codeposition film, by contrast, gave an entirely different set of photoactivation 

energies as a function of wa velength (see Figure 3.1 0). Once again, there exists a 

large contrast in the properties of this film, depending upon whether the 

wavelength of light is strongly or weakly absorbed. Between 600 and 800 nm, the 

photon flux is high (:::: I.I x 1015 photons/sec'cm2) and the organic film is strongly 

absorbing, which implies that for this region of the spectrum, the codeposition 

layer will absorb a disproportionate amount of the incident light intensity. The 

values determined for the photoactivation energy in this region are very large 

(0.32 to 0.46 eV), and are of the same magnitude as the dark activation energy 

calculated for this film (0.35). Apparently, as the temperature is increased, the 

CuPc trapping centers located within the 50 A codeposition layer are gradually 

converted from recombination trapping centers to shallow trap sites that have no 
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effect on the absolute photocurrent measured. The photoactivation energy. then, 

is a measure of the energetic depth of these CuPc trap sites within the 

codeposition layer. The situation is dynamically different for the weakly 

absorbing wavelengths (400-550 nm, 850-900 nm), with the photoactivation energy 

being comparable to that of a pure InPc-CI film. It seems that the increase in 

photocurrent with temperature in these wavelength regimes is dominated by the 

thermal release of carriers from shallow trap sites within the InPc-CI that make 

up the majority of this film. 



3.4.5 Dark and Photocurrent Changes for the Codeposition Films Upon 

Initial Introduction to 02 
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A comparison between the results obtained for the dark and photocurrent 

changes to 02 exposure for the "pure" InPc-CI (see Figure 3.4), with those results 

obtained for the codeposition films, can provide some valuable information 

concerning the electronic nature of impurity phthalocyanines within InPc-CI. 

Shown in Figure 3.11a are the photocurrent changes for the FePc and CuPc 

codeposition films upon exposure to 02 (the dark current values were negligible), 

while Figure 3.11 b shows the dark and photocurrent changes for the MnPc 

codeposition film (all measurements were taken at 2.5 V with 700 nm light). The 

FePc and MnPc codeposition films exhibit similar electronic behavior in terms of 

their interaction with 02' with both films exhibiting an immediate decrease in the 

dark and photoconductivities (region 11). This result, however, is in direct 

contrast with the response of the "pure" InPc-CI, which saw an immediate increase 

(region I) in the dark and photoconductivity upon initial exposure to 02 (see 

Figure 3.4a). For all of the codeposition films grown, sufficiently high 02 

exposures all resulted in a region III 02 increase in the conductivity of the film, 

although emphasis in this section will be on the initial response of the 

phthalocyanine films to 02 exposure. 

ESR studies by Wolberg and coworkers have demonstrated that the 

oxidation of FePc and MnPc is metal-centered, with the electron being removed 

from a metal d orbital.102 Furthermore, extended Huckel calculations have 

been carried out by Schaffer and coworkers for these two phthalocyanines, 

indicating that the HOMO level is a doubly degenerate e g orbital (dx,,' dy,,) on the 

central metal atom. IOS These two atomic orbitals (as well as the d2" orbital), are 
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the only metal orbitals directed above or below the plane of the phthalocyanine 

ring, and therefore are of primary interest in the complexation of an 02 

adsorbate. Various studies have indicated that 02 adsorbs to these 

phthalocyanines in an undissociated form directly above the central metal 

atom.IOO,I04 The lowest lying empty molecular orbital for 02 is a 'If"' orbital, 

which is also of eg symmetry, and might be expected to accept electronic charge 

from either of the two eg orbitals on the central metal atom. Sufficient overlap 

of these orbitals are obtained with either an "end-on" or "edge-on" configuration 

of the 02 bonded to the metal atom. IOO Oxygen is a weak electron acceptor, so we 

should expect. a charge transfer from the metal to the 'If"' orbital of the 02 in 

forming a [PC+02-] adsorbate complex. The energetic position of this hole within 

the forbidden region of the InPc-CI makes it highly unfavorable for its ultimate 

collection at the electrodes. Instead, the ionized charge transfer complexes 

effectively reduce the mobility of free charge carriers by acting as trap sites 

within the InPc-CI film. This is may be a two step process involving initially an 

elimination of a photogenerated free electron by the metal eg orbital, followed by 

an elimination of a free hole and the desorption of the neutral 02 molecule: 

Pc + 02(g) = [PC+02-] 

[PC+02-] + e- = [PC,02-] 

[Pc,02 -] + h + = Pc + 02(g) 

The CuPc codeposition film, by contrast, responds to the initial introduction 

of 02 with an immediate increase in the photoconductivity, just as was seen in the 

region I response for the "pure" InPc-CI. Unfortunately, because of the inability 
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to completely purify the InPc-CI, the assignment for the photocurrent 

enhancement cannot be definitively linked to the codeposition of CuPc within the 

InPc-CI thin film. The uppermost 50 A of this codeposition film, though. contains 

a considerable proportion of CuPc, and the addition of 02 results in a 134% 

increase in the photocurrent, more than twice that seen in the "pure" InPc-Cl film. 

In the oxidation of CuPc, an electron is removed first from the macrocyclic 

ring;102 extended Huckel calculations on CuPc, indicate that the HOMO for the 

phthalocyanine ring is the a 1u(1I') molecular orbital.10S Because of the energetic 

depth of this orbital, we can expect that chemisorption of 02 is a photoactivated 

process, as was mentioned earlier for InPc-CI. The 11' to 11'* excitation induced by 

the impinging light, is a transition between the a 1u and eg molecular orbitals of 

the phthalocyanine ring. Oxygen, once again, has been reported to bond 

specifically with the copper metal center of the phthalocyanine, in a fashion very 

similar to that described above.100,104 The final charge transfer complex formed, 

[Pc+02-], will have some charge transfer from the eg(lI'*) phthalocyanine orbital to 

the eg metal orbital. If we imagine that CuPc is a trap for photogenerated free 

holes due to the placement of its a 1u(1I') orbital:::: 0.35 eV above the valence band 

for InPc-CI, it can then be understood how the interaction of CuPc with O2 might 

result in the elimination of that hole trap and an overall increase in the 

collectable photocurrent. Following the photoactivated complexation with °2, the 

a 1u molecular orbital is no longer electron rich and capable of serving as a trap 

for photogenerated holes. The net result is an increase in the lifetime and/or 

mobility of the photogenerated holes within the valence band of the InPc-Cl, and, 

therefore, a region I increase in the collectable photocurrent. 
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3.S UHV Characterization of PTCDA/GaPc-CI Bilayer Films 

Clearly, the presence of impurity organic phthalocyanines within a host 

phthalocyanine such as InPc-CI, will have a dramatic effect upon the dark and 

photoconductivity, as weIl as on the electrical response characteristics of that film 

to various gas phase dopants. In many cases, it is often times the impurity itself 

which dictates the performance of the phthalocyanine-based chemical sensors. 

Efforts to analytically "tailor" the electronic properties of the phthalocyanines, 

relies upon a fundamental understanding of the energetic interactions occurring 

at the molecular level within these organic thin films. While the previous studies 

centered primarily upon impurity phthalocyanines, the incorporation of other 

molecular organic semiconductors within the trivalent metal phthalocyanines 

have also resulted in dynamic changes in the characteristic properties for that 

film. Danziger has reported that the photovoltaic and photoelectrochemical 

power conversion efficiencies for the trivalent metal phthalocyanine, VOPc, can 

be dramatically improved through the incorporation of the molecular organic 

semiconductor, perylene tetracarboxylic dianhydride (PTCDA).96 This result has 

significant implications toward the development of photodetector devices, 

photogenerator layers for xerography, chemical sensor applications, and multiple 

quantum well devices. In order to further examine the nature of the interaction 

between these two materials, a set of GaPc-Cl/PTCDA bilayer films were grown 

and characterized using the interdigitated array microcircuits as an electronic 

probe of the dark and photoconductivity. 

In contrast to the p-type electrochemical behavior of GaPc-CI, PTCDA has 

been shown to exhibit n-type behavior.96 From the UPS analysis of PTCDA and 

GaPc-CI done by Danziger and Klofta, we can draw an approximate energy 
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diagram to help describe the interface apparent within a PTCDA/GaPc-CI bilayer 

film that is very similar in nature to the model proposed by Danziger for the 

PTCDA/VOPc bilayer film (see Figure 3.12).96,105 PTCDA was found to have a 

higher ionization potential than GaPc~CI by as much as 0.6 to 1.0 eV, as well as a 

slightly higher electron affinity. Although an energy band diagram is not an 

entirely accurate view of an interface consisting of individual molecules, it is 

apparent that a charge transfer state will likely form, with the GaPc-CI serving as 

an electron donor and the PTCDA as an electron acceptor. By applying Popovic's 

model for extrinsic photocurrent generation, the high photoelectrochemical power 

conversion efficiencies seen within the PTCDA/VOPc bilayer films can be 
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directly attributed to the enhanced exciton dissociation efficiencies apparent at 

the interface between these two materials.93 It is of interest to note whether 

similar bilayer films will result in higher quantum efficiencies on the 

interdigitated array microcircuit devices. The following section will deal 

specifically with the growth and characterization of three different types of 

organic thin films: 1) pure PTCDA, 2) PTCDA/GaPc-Cl, and 3) GaPc-CI/PTCDA. 

3.5.1 Dark and Photocurrent Changes During Growth of Bilayer Films 

Danziger has previously attempted to grow a conducting layer of PTCDA on 

a microcircuit device, with little or no apparent success. The problem appears to 

be directly related to the deposition of PTCDA in a needle-like fashion upon both 

the quartz substrate and the interdigitated array of electrodes. Forrest has 

reported that the primary direction of conduction within these crystals is along 

the axis perpendicular to the substrate plane, due to the high degree of 

intermolecular 7f overlap apparent along the axis of needle growth.l06.107 

Bearing in mind that the microcircuit devices depend upon a lateral mode of 

charge collection between the interdigitated electrodes, the needle-like growth of 

PTCDA is incompatible with the microcircuit device. In order to overcome this 

limitation, the PTCDA films were grown more rapidly (one monolayer/minute) 

and thicker than those reported by Danziger. The dark conductivity of the 

PTCDA films were monitored continually during the deposition of t~ese films, 

and it was noted that electrical continuity between the interdigitated array of 

electrodes was not attained until approximately 500-550 A of material had been 

deposited. The dark conductivity proceeded to rise dramatically at this point, 

indicating that at this thickness, there finally exists at least a single pathway for 



the conduction of charge carriers in a direction parallel to the substrate. The 

deposition of PTCDA was typically ended shortly following the formation of a 

conducting layer, in order to avoid extremely high dark conductivity values 

within these organic films. 

Shown in Figure 3.13a are the dark and photocurrent changes seen in a 
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500 A PTCDA film during the deposition of two equivalent monolayers of 

GaPc-CI onto the surface. Over the course of the deposition, the dark current 

increased by as much as 300%, while the photocurrent increased by 67%. By 

itself, the deposition of two monolayers of GaPc-CI onto a microcircuit will not 

give these types of dark and photocurrent changes; the deposition of 400 A of 

pure GaPc-CI, for example, has shown a dark current on these devices as low as 

1.0 pA. These results can be directly attributed, though, to the heterojunction or 

charge transfer state formation at the interface between these two materials. The 

majority carrier within the PTCDA is believed to be free electrons which have 

been thermally excited from impurity sites into the conduction band for this 

rna terial (this has been corroborated by photoelectrochemistry, and by the oxygen 

dosing studies to be discussed in section 3.5.3).96 Examining Figure 3.12, we might 

expect that the deposition of GaPc-CI onto PTCDA will result in the formation of 

a small gradient for the majority electron carriers to be swept away from the 

interface and toward the interdigitated electrodes to be collected. As mentioned 

earlier, the charge transfer state formed at the interface will also serve as an 

effective site for exciton dissociation for either dark or photo-generated excitons 

that diffuse near the junction, with the free electron and hole being separated 

into the PTCDA and Pc layers, respectively. The photocurrent increase seen in 

Figure 3.13a is smaller than that seen for the dark current, though, due to the low 
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photoactivity apparent within the PTCDA, and also, because of the existence of a 

relatively large voltage gradient (due to the disparity in ionization potentials 

between PTCDA and GaPc-CI) that separates the Pc layer from the interdigitated 

electrodes for the collection of free holes. Ultimately, the increase seen in the 

photocurrent is likely a result of the enhanced dark conductivity pathways 

formed within the PTCDA film upon the deposition of a few monolayers of 

GaPc-CI. 

Figure 3.13b, on the other hand, shows the dark and photocurrent changes 

seen during the deposition of 400 A of PTCDA onto the surface of a previously 

grown 135 A GaPc-CI film. The initial dark and photocurrent values for the 

GaPc-CI thin film prior to the deposition of PTCDA were very smail at 1.0 pA 

each. Once again, the formation of an organic heterojunction results in an 

immediate and rapid increase in the dark current that continues throughout the 

deposition of PTCDA, ultimately leading to a 2.9xI04% enhancement in the 

conductivity. On a smaller scale, the photocurrent is also enhanced during the 

course of the deposition, although a peak in the photocurrent is evident after 

~ 280 A of PTCDA and a 3.1 x I 03% increase. The drama tic increase in the dark 

current can be attributed to the high dark conductivity apparent within the 

PTCDA, with the thermally generated free electrons having sufficient energy to 

hop over the small barrier (which is dictated by the small differences in electron 

affinity between these two materials) between the PTCDA and the Pc layers to be 

eventually collected at the electrodes. The charge transfer state formation at the 

interface is responsible for the photocurrent enhancement seen within this film, 

although it appears tha tat these low light intensities, the photocurrent reaches a 

maximum value and begins to decrease as the thickness of the PTCDA is brought 
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to the point that the majority of photons are absorbed in the near surface region 

that is now farther removed from the heterojunction than the exciton diffusion 

length within this organic film. 

3.5.2 Photocurrent Action Spectra for the Bilayer Films 

Follow"ing the growth of these organic systems, the films were allowed to 

anneal overnight at 90°C, and then photocurrent action spectra were collected. 
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Figure 3.14 Photocurrent action spectra for a pure sso A PTCDA film, and 

for a 500 A PTCDA film with a 2 ML GaPc-CI overlayer. 

Shown in Figure 3.14 is the incident Quantum efficiency as a function of 

wavelength for both a pure 550 A PTCDA film (measured at 0.5 V), and for a 

500 A film of PTCDA with two equivalent monolayers of GaPc-CI deposited onto 

the surface (measured at 2.0 V). In the case of the pure PTCDA film, the 
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photoactivity is centered in a complementary region of the visible wavelength 

spectrum when compared to the phthalocyanines. The absorbance spectrum 

recorded for the pure PTCDA film is very similar in appearance to the 

photocurrent action spectrum, although there is a primary peak evident in the 

absorbance spectrum at 482 nm, and a minor peak at 557 nm.9a The incident light 

quantum efficiency, though, reaches a maximum at 560 nm, and then faUs off 

rapidly at higher wa velengths. The deposition of as little as two monolayers of 

GaPc-CI onto the surface of a 500 A PTCDA film can be clearly seen with a peak 

in the photocurrent action spectrum at ::::: 700 nm. It is interesting to note the close 

proximity of this peak to the absorbance maximum of 687 nm found for the 

monomer of GaPc-CI in a dilute solution of pyridine. Based upon an 

extrapolation of the quantum efficiency measured a.t 700 nm for a 400 A InPc-CI 

film to that expected from a two monolayer GaPc-CI film, the formation of a 

PTCDA/Pc heterojunction results in an enhancement of the quantum efficiency 

for the GaPc-CI by as much as 3.3 times. In a similar fashion, the incident light 

quantum efficiency measured at 560 nm for this bilayer film is at least 1.9 times 

that expected from a pure PTCDA film. 

Shown in Figure 3.15 are the photocurrent action spectra taken at 2.0 V for 

two bilayer films of PTCDA and GaPc-CI, in which the organic materials were 

grown in opposite order onto the microcircuit, Examining first the film with the 

initial layer consisting of 135 A of GaPc-CI and a second layer of 400 A of 

PTCDA, it is evident that the GaPc-CI has deposited in a polycrystalline manner 

onto the microcircuit, wherein its photoactivity encompasses a large portion of 

the visible wavelength spectrum from 550 to 900 nm. The PTCDA is apparent in 

the spectrum with a small shoulder between 400 and 600 nm, although the 
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Figure 3.1S Photocurrent action spectra for a 750 A PTCDA / 500 A GaPc-Cl 
bilayer film and a J3S A GaPc-CI / 400 A PTCDA bilayer film. 

GaPc-CI has "a significantly higher incident light quantum efficiency (despite the 

large disparity in thicknesses of these two materials). We can likely attribute this 

result to the following reasons: 1) the GaPc-CI is in direct contact with the 

interdigitated electrodes. such that free charge carriers generated wit~in this 

layer will have a higher probability for collection; 2) the GaPc-CI has a much 

higher absorptivity than PTCDA; 3) the mobility of free charge carriers within 

PTCDA is likely much lower than for GaPc-CI. The second spectrum shown in 
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this figure was obtained from a film consisting of an initial layer of 750 A of 

PTCDA, followed by 500 A of GaPc-CI. For this film, the photoaction spectrum 

for the PTCDA layer is more easily distinguishable, which can likely be 

attributed to the fact that the PTCDA is now in direct contact with the collecting 

electrodes. Never the less, the photoactivity for the GaPc-CI seems relatively 

unperturbed by the fact that an organic layer of PTCDA separates it from the 

collecting electrodes. It is clear from these spectra, that the proper ratio of 

PTCDA and GaPc-CI will result in a film that exhibits constant photoactivity 

from 400 to 850 nm. 

3.5.3 Dark and Photocurrent Changes for PTCDA Upon Initial Introduction 

to 02 

In order to assess the electronic effect of 02 adsorption onto an organic thin 

film of PTCDA, the dark and photoconductivity (560 nm) for the 550 A PTCDA 

film were monitored during the exposure of the microcircuit to low levels of 02' 

As seen in Figure 3.16, the dark conductivity saw an immediate and rapid 

decrease in current by as much as -90% over 4x I 012 Langmuirs of 02' The 

photocurrent, on the other hand, underwent a comparatively minor decrease 

(-36%) over this same exposure. If we consider the majority carrier within 

PTCDA to be electrons thermally excited into the conduction band, it seems 

reasonable to propose that 02 will serve as an effective trap site for these free 

charge carriers. The decrease in the photocurrent is not as rapid, due to the 

formation of a charged impurity site which will serve as an extrinsic site for 

exciton dissociation. Each of the different bilayer films grown responded in a 

similar fashion to the introduction of 02' with the primary reduction occurring in 
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Figure 3.16 Response of a pure PTCDA film to 02 exposure. 

the dark conductivity, while the photoconductivity decreased in a more gradual 

manner. It seems that the interaction of 02 with PTCDA dictates the response of 

these films. 

3.6 Conclusion 

The primary objective of these studies was to understand the effect of 

impurity phthalocyanines on both the electronic properties of InPc-Cl and on the 

responsivity of the film to oxygen. Oxygen, of course, is of particular interest in 

the development of a gas phase chemical sensor, in that it makes up 20% of 

ambient air and must be continually dealt with in terms of the competition of 
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analytes for chemisorption sites onto the surface of a chemically active film. As a 

direct result of the wide variations in the electronic properties found for the 

different phthalocyanines, any impurities existing within a given host 

phthalocyanine will have a dramatic impact upon the conductivity of that film, 

and on that film's response to the adsorption of gas phase analytes. In fact, it is 

largely for this reason that there exists so much variability in chemical sensor 

performance from film to film, and as reported in the literature. Although this 

chapter has emphasized the specific interaction of InPc-CI with 02' Chapters 4 

and 5 will emphasize the competition that exists between either of the gas phase 

analytes, NHs or N02, with 02 for chemisorption to the surface of this film. 

Through the use of a variety of different characterization techniques, a 

much better description of the "pure" InPc-CI films grown can now be made. As 

x-ray fluorescence spectroscopy has indicated, the predominate impurities within 

the InPc-CI are trace amounts of Cu and Fe, which are more than likely in the 

form of sublimable phthalocyanines. CuPc serves as a trap for free hole carriers, 

due to the placement of its HOMO level"" 0.35 eV above the valence band for 

InPc-CI. FePc, on the other hand, has its HOMO level positioned"" 0.95 ev below 

the conduction band for InPc-CI, where it seems to serve as a minor donor 

impurity to the conduction band. The film also contains an exponential 

distribution of shallow structural trap sites that result in further losses in 

photoeurrent. 

The initial response seen following the addition of very low exposures of O2 

to InPe-CI, is an immediate increase in the photocurrent that can be attributed to 

the interaction of 02 with CuPe within the film. This is a photoactivated process, 

with the net result being an elimination of traps for free hole charge carriers, 
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and, therefore, a net increase in the collectable photocurrent. This effect, though, 

is followed by a decrease in the photocurrent that can be attributed to the 

adsorption of 02 onto trace FePc impurities within the film. These complexes 

become efficient traps for photogenerated electrons, and, hence, result in a 

dramatic decrease in the photocurrent. It is not until significantly high 02 

pressures are- applied to the film, that an interaction is seen with the host 

phthalocyanine, InPc-Cl. This is a photoactivated process, that results in the 

formation of mobile hole charge carriers and an increase in the overall dark and 

photocurrent. 

As mentioned earlier, Pankow has done an extensive set of experiments into 

the electronic nature of another trivalent metal phthalocyanine, GaPc-Cl.S1 The 

exposure of oxygen to these films resulted in an immediate decrease in the dark 

and photocurrent (region II), followed by an eventual increase in the 

conductivities at significantly higher 02 exposures (region III). X-ray 

fluorescence spectroscopy was una ble to identify any impurities within the 

GaPc-CI powder used, at least within the limits of detection (ppm) of this 

technique.s1 In order to further examine the postulate that it is the CuPc that 

results in the spurious region I 02 increase in the photocurrent within InPc-CI, a 

codeposit ion film of CuPc and GaPc-CI was grown and characterized. 

Unfortunately, the CuPc/GaPc-CI film grown did not respond to the initial 

introduction of 02 with an increase in the conductivity, but, instead, saw an 

immediate decrease in both the dark and photoconductivity, just as was reported 

by Pankow for the "pure" GaPc-CI films grown. The most reasonable explanation 

for this is that the valence band edge (HOMO level) for GaPc-CI is significantly 

different from that of InPc-Cl. This point is further corroborated by the 
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photoactivation energies measured for this codeposition film of :::: 0.11 eV, as 

opposed to the photoactivation energies for the CuPc/lnPc-CI codeposition film 

which were as high as 0.45 eV. Clearly, the energetic positions of the CuPc 

HOMO and/or LUMO levels with respect to the GaPc-CI HOMO and LUMO levels 

are different enough to change the nature of this dopant for GaPc-CI. 

It seems apparent that the sensitivity of a InPc-CI thin film to the 

adsorption of 02 is significantly improved due to the presence of trace impurities 

within the film. Because of this fact, current efforts are being made to employ 

some of these impurity films in the development of sensitive O2 chemical sensors. 

Our interaction with Motorola, Inc. has brought to our attention the need in the 

semiconductor industry for an inexpensive, compact chemical sensor for the 

detection of trace amounts of O2 in a chemically inert atmosphere of argon. 

Oxygen levels that approach the part per trillion level can become a serious 

problem in the fabrication of various electronic materials. This is a situation 

ideally suited to the chemiresistors we've been developing, as the problem of 

selectivity is eliminated, and all that is required is a device which is highly 

sensitive to the presence of oxidizing molecules within an inert atmosphere. 
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CHAPTER 4. 

PHTHALOCY ANINE-BASED AMMONIA CHEMICAL SENSORS 

4.1 Introduction 

One of the most important characteristics of the phthalocyanines in terms of 

the development of a gas-phase chemical sensor, is that the electrical properties of 

these organic materials are highly sensitive to the chemisorption or incorporation 

of electron-accepting or -donating molecular dopants. 108,109,1l0 The 

deposition of very thin (200-400 A) layers of phthalocyanines onto a microcircuit 

interdigitated array transducer provides several advantages over other chemical 

sensor formats. The lithographically etched spacing between alternate electrodes 

(3-6 pm) on these devices allows for an extremely large applied electric field 

gradient (104 V fcm) to be easily applied for measuring the low level 

conductivities inherent with these materials. Furthermore, the use of ultra-thin 

layers of phthalocyanines helps emphasize the near-surface conductivity changes 

that are literally the basis for the use of these materials as chemical sensors. In 

direct contrast to the sandwich cells which have been commonly used to 

characterize the electrical properties of organic semiconductors, the chemiresistor 

is naturally in an open arrangement that allows for a study of the effects of 

chemisorbed molecules on the photoconductivity, as well as the dark,conductivity 

of these thin phthalocyanine films. We have shown, in fact, that the sensitivity of 

these sensors can be greatly enhanced by monitoring the photoconductivity 

changes in the near surface region upon gas analyte adsorption, as opposed to the 

commonly measured dark conductivity response.30 It is for this reason that we 
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have emphasized the use of the trivalent metal phthalocyanines (ie GaPc-CI and 

InPc-CI) in these studies. These phthalocyanines have demonstrated an extremely 

broad photoactive response across the entire visible wavelength spectrum, as well 

as a contrast between the photo- and dark conductivity that is as high as 

1000:1.81,98,99 These properties have allowed us to gain a more complete 

understanding of the influence of various gas phase analytes on the surface 

electronic nature of the phthalocyanines. 

In this chapter, particular focus will be placed upon understanding the 

interaction between NHs and the trivalent metal phthalocyanines, GaPc-Cl and 

InPc-CI. In addition, the competing role of 02 for chemisorption sites on the 

surface of these thin organic films will be examined in determining the ultimate 

performance of these chemiresistors in an atmospheric chemical sensing 

environment. By combining a phthalocyanine-coated quartz crystal microbalance 

and a chemiresistor within a common atmospheric sensor cell, it is possible to 

obtain complementary information concerning the chemisorption of 02 and NHs 

onto the phthalocyanine surface.so As one might expect, the presence of 

impurities within the phthalocyanine film are once again critical in determining 

the photoresponse to the adsorption of NHs. In order to enhance the sensitivity of 

InPc-CI to NHs' additional metal "impurity" sites were photoelectrochemically 

deposited onto the phthalocyanine surface (Au, Ag, Cu, Pt, Hg) in submonolayer 

amounts.S1 The preferential adsorption of NHs onto these metal adatom centers 

results in a significant enhancement in the sensitivity, and establishes once again 

the importance of impurities in ultimately dictating the performance of these 

phthalocyanine-based chemical sensors. 
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4.2 Response Characteristics of GaPc-CI and InPc-CI to NHs in Nz 

4.2.1 Dark and Photoconductivity Changes of InPc-CI Upon Initial Exposure 

to NUs in Nz 

Immediately following the UHV growth of the pure InPc-CI chemiresistors, 

the microcircuits were placed within an atmospheric chemical sensor flow-

. through cell for further characterization. The microcircuits were first heated 

overnight in an inert nitrogen atmosphere at 90°C to help eliminate any 

reversibly adsorbed region III 02 from the surface and bulk of the InPc-CI. It has 

been shown that the region I and II 02 chemisorbed to the film are more tightly 

bound to impurity sites within the host phthalocyanine, such that the majority of 

these 02 complexes will not dissociate at these temperatures.81 After allowing the 

chemiresistor to cool to room temperature in a flowing stream of nitrogen, Figure 

4.1 indicates a typical photocurrent response (633 nm, 5 mW HeNe laser) for 

InPc-CI upon the initial introduction of a very low concentration of NHs (4 parts

per-million). The immediate response seen in the majority of InPc-CI films 

examined was a slight decrease in the overall photoconductivity. The extent of 

this photocurrent decrease (region A) was varia ble from film to film, as was the 

region B increase in the photocurrent, which can be seen here to be slowly 

returning the photocurrent back to the original level. Analogous features were 

observed in the dark current response. Shown in Table 4.1 (see Section 4.4.2), are 

the small region B photocurrent increases seen prior to metal modification for a 

set of five different microcircuits grown under identical conditions. It is evident 

that at these concentration levels of NHs in N2, the InPc-CI is relatively 

unresponsive. Furthermore, no significant QCM frequency shifts (less than 1 Hz 
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in 10 MHz) were noted at these NHs concentrations, indicating that the amount of 

NHs chemisorbed onto the surface of these films corresponds to a fraction of a 

monolayer. 

Various authors have reported that the introduction of NHs to 

phthalocyanines results in the catalytic removal of 02 from the surface of the 

film, and, therefore, a dramatic reduction in the overall conductivity for that 

organic film (ie. region A).S5,S7,S9 The viability of this explanation can be even 

more vividly seen in Figure 4.9 (see Section 4.3.2), where the InPc-CI film has been 

allowed to equilibrate in a flowing stream of air, and the initial exposure of this 

film to NHs results in a 84% decrease in the photoconductivity. and a 97% 
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decrease in the dark conductivity (this figure will be discussed in greater detail in 

section 4.3.2). The initial region A decrease in the conductivity seen in Figure 4.1 

is presumably a result of the interaction between NHg and [Pc+02-] sites 

generated via residual 02 interacting with InPc-CI in a photoassisted charge 

transfer in the near sur~ace region of the organic film. The catalytic removal of 

02 by NHg would result in the elimination of a mobile hole carrier, Pc+, as well as 

an ionized impurity, 02-' that was effectively serving as a site for exciton 

dissocia tion: 

The natural impact on the film is a reduction in both the dark and 

photoconductivity. Further corroboration of this type of behavior has been found 

in the interaction of H2 and 02 with the phthalocyanines. ESR measurements on 

the GaPc-CI powder, demonstrate the existence of stable radicals 

(::= 1017 spins per cms) within the organic material, which can be increased in 

concentra tion by trea ting with 02' and decreased through the addition of 

reductants like H2•98,105 In addition, Klofta has done some photoelectrochemical 

analyses on GaPc-CI, and noted that the p-type photoelectrochemical behavior of 

an 02 doped film could be effectively removed via the treatment of the film with 

atmospheric pressures of H2.98 Once again, these effects are likely due to the 

catalytic removal of 02 by H2, perhaps in the form of H20 in this case. 

At substantially higher concentrations of NHs in N2 (parts-per-thousand, 

ppt, regime), both GaPc-CI and InPc-CI have been seen to respond with significant 

enhancements in the photoconductivity. The nature of this interaction (region B) 
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appears to be unique to the trivalent metal phthalocyanines, in that the majority 

of phthalocyanines studied respond to the addition of NHs with only the region A 

decrease in the conductivity as seen in Figure 4.] and 4.9.S5,S7,S9 With reference to 

Chapter 3, a similar anomaly was apparent for these trivalent metal 

phthalocyanines with respect to the region II reduction in the photocurrent 

reported following the initial introduction of 02 to these films. Through the 

growth of a series of phthalocyanine codeposition films involving InPc-CI, we 

have seen that the presence of impurities such as FePc can have a profound effect 

upon the response of InPc-CI to 02 exposure. In particular, FePc is believed to 

form a charge transfer complex with 02 that serves as a highly effective trap for 

photogenerated electrons within InPc-CI. In fact, more than 80% of the 

photocurrent was eliminated following the introduction of 02 to the FePc/lnPc-CI 

codeposition film. It is possible that at sufficiently high enough concentrations of 

NHs, the energetics of this [FePc,02J trap site can be perturbed enough that the 

average lifetime and mobility of electrons within the conduction band of the 

organic film are enhanced, and the photoconductivity is increased. The 

differences in the concentration levels of these impurities from film to film helps 

explain the variability evident in the response characteristics. This photocurrent 

enhancement occurs in an analytically uninteresting concentration regime, and it 

is for this reason that an alternate method of sensitivity enhancement for NHs 

will be discussed later in this chapter. 

As was noted earlier, we have found that the trivalent 

metallophthalocyanines (lnPc-CI and GaPc-Cl) possess a photo-to-dark contrast 

that is significantly larger than that of the divalent metallophthalocyanines 

(ie. FePc, MnPc and CuPc). It is believed that this discrepancy arises from the 
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fact that phthalocyanines such as InPc-Cl and GaPc-Cl exhibit both hole and 

electron conduction, while the majority of divalent metalIophthalocyanines 

possess predominantly hole-type conduction. It may be the additional 

concentration of mobile electron charge carriers within the InPc-Cl thin film 

which is ultimately responsible for the unique impact impurities have upon both 

the overalI photoconductivity of the film, as well as on its responsivity toward 

gas-phase analytes. 

4.2.2 Microgravimetric (QCM) and Microcircuit Responses of GaPe-C' to 

NHa in N2 

An effective way of obtaining complementary information concerning the 

chemisorption processes occurring at the surface of these phthalocyanine films, is 

to place both a microgravimctric device and an electronic-based· chemical sensor 

simultaneously within the same sensor cell. Shown in Figure 4.2a are the 

photocurrent (chemiresistor) and microgravimetric (quartz crystal microbalance) 

responses following the initial introduction of 1.6 part-per-thousand (ppt) NHs in 

a flowing stream of N2• Both of these devices had identical 100 A GaPc-Cl thin 

films previously vacuum deposited onto their active substrates, thereby allowing a 

direct comparison to be made between the two sets of responses. The light source 

in this case was a modula ted 633 nm, 5 mW HeNe laser, with the photocurrent 

response being later demodula ted using a lock-in-amplifier with a 30 second time 

constant. Immediately folIowing the introduction of NHs into the N2 carrier 

stream, the QCM responds with a simultaneous, monotonic uptake of NHs' which 

reaches a saturation, plateau level within 3-5 minutes. The surface electronic 

properties of the GaPc-Cl are apparently unaffected by the majority of NHs 
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adsorbing to the surface of this film. It isn't until the majority of the QCM 

uptake has occurred, that the microcircuit responds with a small initial decrease 

in the photoconductivity, that is subsequently followed by an overall increase in 

the photoconductivity that levels out after approximately fifteen minutes. Once 

again, the transient drop in the photoconductivity is only seen with the first 

introduction of any concentration of NHs, and is directly related to the removal 

of trace region III 02 chemisorbed to the surface of this GaPc-CI thin film. At 

these high NHs concentra tions, the large increase in the photocurrent is attributed 

to the interaction of NHs with [FePc,021 trapping centers and a subsequent 

"detrapping" of photogeriera ted electrons. It can be seen from this figure that 

there is definitely more than one type of NHs chemisorption site, with only a 

small minority of these sites actually modulating the population of 

photogenerated charge carriers within the organic film. 

Further corroboration of these observations were obtained by monitoring 

the electronic and microgravimetric changes that occurred following the removal 

of NHs from the flowing carrier stream of N2 (see Figure 4.2b). Prior to the start 

of this experiment, the NHs concentration was increased to 4.8 parts-per

thousand, and the microcircuit and QCM were given sufficient time to establish 

steady-state response characteristics. At time t = 0, the NHs flow into the N2 

carrier stream was stopped, and, as can be seen in the figure, within three minutes 

the vast majority of chemisorbed NHs had desorbed from the GaPe-CI film on the 

QCM. During this same time frame, though, there is little or no change in the 

photoelectronic properties of the GaPe-CIon the microcircuit. It is not until the 

slow release of a minority of the chemisorbed NHs that the photoconductivity 

begins a slow monotonic decline back towards the original baseline. We can once 
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again conclude that there is more than one type of chemisorption site for NHs on 

GaPc-CI, the majority of which is weakly adsorbed to the surface and has no 

effect upon the photoelectric properties of that film. 

Similar data to that in Figure 4.2 were obtained when the photocurrents 

were measured directly using a picoammeter with a significantly smaller time 

constant, indicating that the delay in the microcircuit response cannot be 

attributed to the time constant of the measurement circuitry. Corrections were 

necessary for the possible chemisorption of NHs to the silver-coated backside of 

the QCM which did not have a GaPc-Cllayer. A set of control experiments were 

conducted on an uncoated QCM over the identical range of NHs concentrations 

(0-6 parts-per-thousand), and it was found that the mass uptake of the QCM 

produced a frequency shift of ::::: 10Hz/side, with the adsorption and desorption 

rates being much faster (less than one minute to steady-state). It is safe to 

conclude, then, that the data presented here are representative of the response of 

the processes occurring on the GaPc-CI surface. In fact, after the appropriate 

corrections have been made on the frequency shifts observed in the Pc-coated 

QCM, the mass uptake can be converted to an effective surface coverage of NHs 

on the GaPc-CI surface. By taking into account the sensitivity and active area of 

the QCM, the steady-state response to 5.0 parts-per-thousand NHs in N2 was 

indicative of a change in population of chemisorbed molecules of 

::::: 4 X 10-9 mOI/cm2• Taking into account the surface roughness of the GaPc-CI 

film, it is reasonable to conclude that this surface coverage is representative of an 

equivalent monolayer of chemisorbed NHs or less. Of course, the majority of 

these adsorbed molecules have no impact, whatsoever, on the responsivity of the 

chemiresistor. 
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4.2.3 Sensitivity of GaPe-CI to NUl In Ns 

One of the initial driving forces for using the trivalent metal 

phthalocyanines in this chemical sensor work, was our discovery of the enhanced 

sensitivities apparent in monitoring the photoconductivity changes of these films, 

as opposed to the commonly measured dark conductivity changes. Figure 4.3 
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Figure 4.3 Dark and photocurrent steady state responses for a GaPc-CI film 
as a function of the concentration of NHs in N2• 

shows a plot of the dark and photocurrent (633 nm, S mW, HeNe laser) steady-

state responses for a GaPc-CI thin film as a function of the concentration of NHs 

in N2• Typically, the steady-state response is obtained after a ten minute exposure 

to a particular concentration (as seen in Figure 4.2a), whereupon the dark and 

photocurrent values are recorded. The responses for both dark and photocurrent 

are fully reversible (over a period of 35-40 minutes), reproducible, and linear in 
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NHs concentration. The relative sensitivities of these two plots are indicated by 

the slopes of these lines in units of picoamps/parts-per-thousand change in NHs 

concentration. By simply monitoring the photocurrent changes as opposed to the 

dark current changes within this GaPc-Cl film, we were able to enhance our 

sensitivity by as much as 40 times. If we define the detection limit for this 

chemical sensor as being that NHs concentration necessary to produce a change in 

the photocurrent that is twice the noise level (in this case 4 pA), we calculate a 

value of 340 parts-per-million for the detection limit of NHs in N2 for an 

unmodified GaPc-CI film. In terms of the commercial use of a photocurrent mode 

of detection within a chemiresistor, the actual measurement being recorded would 

be the photo + dark current, due primarily to the fact that it would be 

undesirable to shutter the light source off simply to determine the dark current 

value that would permit a calculation of the true photocurrent within the thin 

film. By monitoring the photo + dark current changes to the addition of NHs' the 

sensitivity actually becomes a combination of both the dark and photocurrent 

changes occurring within the organic film. 

The sensitivity involved with monitoring changes in the dark cur-rent is 

small due to the fact tha t the NHs interacts specifically with impurity sites 

within the film to eliminate traps forphotogenerated electrons. In the dark, the 

only free carriers available are those thermally generated from either acceptor or 

donor impurities tha t are energetically near the valence or conduction bands of 

the phthalocyanine, respectively. Because of the extremely low dark currents 

apparent in these materials (0-2 pA), it is clear that there are a relatively limited 

number of free electrons within the film that can ultimately be collected at the 

electrodes. As a free electron migrates through the film toward the collecting 
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electrode, it is likely a low probability event that this electron wHl even come into 

contact with a trap that has been removed through the adsorption of NH3 onto the 

surface of this film. Contrast this with the situation in which there is a light 

source that gives rise to a vast population of free charge carriers within the 

GaPc-CI thin film, each of which has a significantly improved probability of 

interacting with an impurity trap site. In other words, the removal of an 

impurity trap site by NH3 wHl affect a host of free charge carriers, and, 

therefore, result in a significant enhancement in sensitivity when compared to the 

dark case. 
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Figure 4.4 The photocurrent sensitivity of GaPc-CI toward NHs in N2 at 
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Shown in Figure 4.4 is a comparison of the sensitivities to NHa obtained for 

several different wavelengths. The peak sensitivities toward NHa are obtained at 

those wavelengths that have the highest quantum efficiency per incident photon 

(ie. SSO and 800 nm). Once again, it is those wavelengths that have the highest 

photoefficiency in terms of the dissociation of excitons into free charge carriers 

that will be affected the most by the chemisorption of NHa onto the surface of 

the organic film. Further corroboration of this argument was found in an 
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Figure 4.5 The photocurrent steady-state responses of GaPc-CI toward NHa 

in N2 at two different light intensities. 

examination of the change in sensitivity to NHa with increasing light intensity. 

At low light intensities, the sensitivity for all of the wavelengths examined 

increased linearly with light intensity. This effect eventually becomes nonlinear, 

as shown in Figure 4.S, where the increase from 8.3 to 2S mW in a pair of HeNe 
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Jasers produced only a sma)) (= 6%) increase in the sensitivity. Bearing in mind 

that a higher percentage of the photons are absorbed in the near surface region of 

this thin film, at the highest light intensities, the surface sites which interact with 

NH:s appear to have been saturated by the available photons and free charge 

carriers such that the sensitivity no longer is significantly enhanced by the 

increase in light intensity. The absolute magnitudes of the photocurrent, on the 

45.0 .. - 40.0 <C -• 
c:: 35.0 --.., 
c:: 30.0 
Q) 
L.. 
L.. 25.0 
:J 
0 20.0 

o 25C, 1 22pA/ppt 
• 98C, 64pA/ppt 

~ 
L.. 1 5.0 CU 
0 10.0 + 
0 .., 5.0 0 .,-

.c 
0.0 D-

O 10 20 30 40 50 60 

Concentration NH3 in N2 (ppt) 
Figure 4.6 The dark and photocurrent steady-state responses of GaPc-CI 

toward NHs in N2 at two different temperatures. 

other hand, are proportionalJy larger with increasing light intensity, due to the 

fact that a significant fraction of the photocurrent arises from the absorption and 

colJection of free charge carriers within the bulk of the GaPc-CI thin film. 

Figure 4.6 shows the effect of temperature on the sensitivity of a GaPc-CI 

thin film toward NHs in a carrier gas of N2• The two plots shown were collected 
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at room temperature and 98°C using a 830 nm diode laser operated as a CW 

source. As per the discussion in Chapter 3, the photoconductivity is related to 

temperature by an Arrhenius-type temperature dependence, whereby an increase 

in temperature causes the photocurrent response to increase.85 The nature of this 

increase is related to the energetic depth of trap sites within the GaPc-CI film for 

photogenerated charge carriers. At 98°C, the absolute values of the photocurrent 

are higher due to the fact that more of the trapped charge carriers now have the 

energy necessary to be thermally excited into the valence (HOMO) or conduction 

(LUMO) band of the GaPc-CI where they can be eventually collected. The 

sensitivity or photocurrent response of this film to the adsorption of NHs' though, 

is nearly half as sensitive as that obtained at room temperature. If we imagine 

that the increase in photocurrent is determined by the chemisorption of NHs onto 

trapping centers within the GaPc-CI film, then it seems reasonable to expect that 

at the higher temperatures, the removal of these "shallow" trap sites by adsorbed 

NHs will have less of an impact upon the photocurrent than they might at room 

temperature, when these same trap sites are considerably "deeper". Another point 

to consider is that the sticking coefficient for NHs is likely lower, as indicated by 

the more rapid rise and fall to steady-sta te responses seen at this temperature. 

In terms of the ultimate packaging of this type of chemical sensor for NHs 

detection, there are a number of parameters which can be optimized to give the 

best performance. Because of the importance of the chemisorption processes 

occurring at the gas-solid interface, the ideal chemiresistor would consist of an 

ultra-thin organic film spread across a large circuit area. For maximum 

sensitivity, a photocurrent mode of detection should be chosen with the light 

source being defocussed over the entire circuit area in order to maximize the 



131 

interaction between photogenerated free charge carriers and the chemisorbed NUs 

on the surface of the film. The light source chosen should, of course, be in a 

wavelength regime that provides the highest quantum efficiency per incident 

photon, and the light intensity should be as high as possible without causing 

damage to the organic film. While the lower temperatures do provide an 

enhancement in the photocurrent sensitivity, because of the interest in the rise 

and decay times for these chemical sensors, a compromise in the temperature 

would likely be necessary. 

4.3 Response Characteristics of GaPe-CI and InPc-CI to NUs in Air 

4.3.1 Dark and Photoconductil'ity Changes of InPe-CI Upon Initial Exposure 

to 02 

One of the primary concerns in the development of a chemical sensor for 

NUs, is the problem of competition between NUs and 02 for chemisorption sites 

on the surface of the film. As we have already seen in the UUV work done on 

InPc-CI, 02 will electronically interact with both the host phthalocyanine and any 

impurity phthalocyanines that make up the organic thin film. It was of particular 

interest to compare the response of a 1nPc-CI microcircuit upon the initial 

exposure to 02 while in a flowing carrier gas of N2 (following an overnight 

bakeout and purge in N2), to the UHV response seen in Chapter 3 following the 

initial exposure of these microcircuits to 02' Shown in Figure 4.7a is the room 

temperature response of a InPc-CI to the replacement of the carrier gas from N2 to 

a carrier gas of dry air. The immediate response noted is a decrease in the 

photoconductivity that is similar to the region II adsorption of 02 seen under 
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UHV conditions. Apparently, heating the microcircuit overnight in a stream of 

nitrogen removes some of the tightly bound 02 from region II impurity sites 

(e.g. FePc), thereby eliminating some of these electron trapping sites and giving a 

noticeably higher absolute photocurrent within the organic film. The extent of 

this region II interaction with 02 was highly variable from microcircuit to 

microcircuit. The region III interaction of 02 with the host phthalocyanine, 

InPc-CI, will eventually follow, with this reaction proceeding at a slow but steady 

rate at room temperature, as seen by the slight increase in the dark and 

photoconductivity. We can compare these results with those shown in Figure 4.7b. 

where the InPe-CI was held at 86°C, and the response was monitored while the 

carrier gas was changed from N2 to 02. Although a small decrease in the 

photocurrent is evident due to the chemisorption of region II °2, this response is 

quickly overshadowed by the region III interaction of 02 with InPc-CI. While this 

reaction is a photoactivated process, at the higher temperatures there is a greater 

probability for electrons to be thermally excited into the conduction band from 

either donor or trap sites within the film. It is for this reason that we see a much 

more rapid increase in the dark and photoconductivity, when compared to the 

room temperature case. 

Because of the response of InPe-CI toward °2, there is the possibility that 

InPc-CI chemiresistors may have some application as 02 chemical sensors. Figure 

4.8 shows the linear photoresponses (830 nm) at two different tempe~atures for a 

thin film of GaPc-CI upon the introduction of successively higher concentrations 

of 02 in a carrier stream of N2. We can see that at room temperature, these low 

concentrations of 02 act to essentially titrate away the region II impurity sites, 

thereby causing a net decrease in the overall photocurrent. At 98°C, on the other 
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at two different temperatures. 

hand, the interaction between 02 and GaPe-CI quickly dominates the electronic 

response at this temperature, and the photocurrent response now has a positive 

slope. It should be noted that the exposure of these films to 02 at these high 

temperatures does result in some irreversible changes in the nature of the film 

and its photoelectronic properties. This result was further corroborated by 

Klofta, who showed that doping GaPc-CI films at = JOO·C with O2 for over an 

hour, resulted in detectable and permanent changes in the photoeleetrochemical 

behavior of that film.98,105 At room temperature, similar changes were noted in 

the photoelectrochemical behavior, although these changes required as much as 

weeks to months of exposure to 02' 
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4.3.2 Dark and Photoconductivity Chanaes or InPc-C] Upon Initial Exposure 

to NHs in Air 

One of the most dramatic depictions of the competition that exists between 

NHs and 02 for common chemisorption sites, can be seen in Figure 4.9. In this 
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Figure 4.9 The dark and photocurrent response of a InPc-Ci film to the 

exposure of NHs in air. 

figure. tbe photocurrent for this InPc-CI thin film bas been given sufficient time 

to reach an equilibrium value in the presence of air, whereupon measurements 

were made on the dark and photocurrent changes tbat occurred following the 

initial exposure of this film to NHs in the carrier stream of air. The response of 

this film to 48 parts-per-millio'n NHs• saw an immediate (witbin one minute) 90% 

decrease in the photocurrent and a 97% decrease in the dark current. As was 

mentioned earlier, it is probable that the NHs competes very well for 
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chemisorption to mobile Pc+ sites generated within the film via a photoactivated 

reaction between the host phthalocyanine and 02' The net result of this 

interaction is the displacement of 02 and a reduction of the free hole carrier, 

whose elimination results in a drastic decrease in both the dark and 

photoconductivity. It can be seen that at a high enough concentration of NUs and 

following the displacement of the majority of chemisorbed region III 02 from the 

surface of the InPc-CI. the NUs will once again interact with impurity sites 

within the film to give rise to a small increase in the dark and photoconductivity 

as was seen when the carrier gas was N2• For the majority of films examined, this 

behavior was not observed until a concentration of at least 45 parts-per-thousand 

of NUs in air was reached. Following the exposure of the film to this 

concentration, though, increasing NUs concentrations were met with a linear 

increase in both the dark and photoconductivity. On the basis of the definition 

given previously and a noise level of 4 pA, a detection limit of 16 parts-per

thousand was calculated for NUs in air using these microcircuit assemblies. 

4.3.3 Microgra\'imetric (QCM) and Microcircuit Responses of GaPc-CI to 

NHs in Air 

Efforts were made to obtain simultaneous measurements of both 

microgravimetric and electronic changes for a GaPc-CI thin film upon exposure to 

NUs in a flowing stream of air. Figure 4.10a and 4.IOb represent the room 

temperature response to the introduction of 1.6 parts-per-thousand NUs in air, 

and the cessation of NHs flow from a concentration of 5.2 parts-per-thousand 

NUs in air. As mentioned earlier, the electronic properties of these 

phthalocyanines were variable from film to film, and were found to depend upon 
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such things as film history, age, crystalline structure, thickness, and impurity 

content. Examination of the small decrease in photocurrent upon the initial 

introduction of NHs in Figure 4.10a, indicates that, in contrast to the film shown 

in Figure 4.9, this GaPc-Cl has a limited number of region III 02 chemisorption 

sites on the surface of this film that can be displaced by the adsorption of NHs. 

The QCM responds to the introduction of NHs with a small, gradual decrease in 

the frequency of this sensor, which is indicative of the chemisorption of a 

submonolayer amount of NHs tha t appears to be have little or no electronic 

impact upon the GaPc-Cl film. After correction for NHs adsorption to the 

backside of the QCM, it is evident that the microgravimetric response is nearly 

half of that seen following the introduction of NHs in a carrier stream of N2, in 

addition to the fact that the initial rapid change found in Figure 4.2a is now 

absent. Further increases in the concentration of NHs (at least up to 5.2 parts-per

thousand) resulted in similar behavior for both the microcircuit and QCM devices. 

As might be expected, the cessation of NHs flow results in a slight increase in the 

photocurrent, as well as a fast desorption of NHs that is followed by a much 

slower loss. 

At higher operating temperatures, the concentration of region III 02 

chemisorbed to the surface of this organic film is significantly higher (see Figure 

4.7b), and the introduction of NHs gives rise to a more dramatic and immediate 

(within 3-4 minutes) decrease in the photoconductivity. Unfortunately, the QCM 

was difficult to stabilize at these temperatures, making it impossible to obtain 

simultaneous microgravimetric information. The cessation of the NHs flow, 

likewise, resulted in a return to the original steady-state conditions within 

4-5 minutes, indicative of the reactivity of 02 for available chemisorption sites on 
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the surface of this organic film. 

4.4 Photoelectrochemical Modification and Characterization of InPc-CI 

4.4.1 Photoelectrochemic:al Deposition of Metal Modifiers 

Because of the high detection limits evident for the detection of NHs in 

both N2 and air, efforts were concentrated upon modifying the near surface 

region of these trivalent metal phthalocyanines in order to enhance the 

sensitivity. The photoelectrochemical deposition of a submonolayer amount of 

metal ada tom sites onto the surface of this organic film, was undertaken in order 

to (a) provide chemisorption sites that were more sensitive and selective to 

electron donors such as NHs, and (b) alter the nature of the gas-solid interface so 

as to make the phthalocyanine film less responsive to weak electron acceptors 

such as 02' A direct comparison will be made between the sensitivity of these 

films both before and after the photoelectrochemical deposition of a 

submonolayer amount of metal chemisorption sites onto the surface of the InPc-CI 

thin film. 

The exact procedure followed for these photoelectrochemical metal 

depositions is discussed in the experimental section of Chapter 2. A =:: 1 JLL drop 

containing a 10-4 to 10-6 M concentration of the metal salts (Au, Ag, Pt, Cu, and 

Hg), was placed on the phthalocyanine active area, with both a silver-coated 

reference syringe and a platinum counter electrode being carefully supported 

within the drop. A small negative potential was poised on both sets of 

interdigitated electrodes on the microcircuit, such that extremely low currents 

were passed in the dark (5-10 nA), and the reduction of Mn+ to MO onto the 
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surface of the organic film was a photoactivated process. The dark current 

reduction that was measured was likely due to (a) exposed sites on either the wire 

bonds or bonding pads of the microcircuit, (b) pore sites in the phthalocyanine 

that permitted the aqueous solution to penetrate down to the interdigitated array 

of electrodes, or (c) the electrodeposition of trace amounts of metal onto 

phthalocyanine sites that are dark conductive. Previous work in this group has 

demonstrated the capability for photoelectrodepositing silver nuclei onto the 

surface of GaPc-CI films.99 Scanning electron microscopy of these films indicated 

that those films illuminated with 600-650 nm light exhibited principal decoration 

of the asperities of the block/prismatic phase of GaPc-CI with silver nuclei. This 

result is directly related to the fact that the block phase absorbs strongly in this 

region of the electromagnetic spectrum. Illumination of GaPc-CI films using 

800 nm light, on the other hand, resulted in the deposition of silver nuclei on both 

block phase and platelet phase asperities. While the platelet phase is known to be 

responsible for a large portion of the light absorbance in this wavelength region, 

it seems that the block phase is also somewhat photoactive at 800 nm. In the 

photoelectrochemical depositions discussed here, a 633 nm HeNe laser was used to 

illuminate the phthalocyanine surface, so we can expect that the metal deposition 

is occurring predominantly onto block phase crystallites. Furthermore, the metal 

nuclei are likely deposited onto those specific sites at the surface which have the 

highest photoactivity at this wavelength, and therefore, should also be the sites 

with the highest region III 02 concentration and/or defect density. This type of 

photoelectrochemical deposition, then, permits the selective deposition of metal 

chemisorption sites for NHs onto those specific areas which will have the most 

dramatic impact upon the photoelectric properties of the film, while at the same 
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time eliminating some of the region III 02 chemisorption sites from the surface of 

the phthalocyanine. 

An examination of the Fermi level positions for each of the various metals 

employed, indicates that these metal sites will likely serve as traps for 

photogenerated electrons within these trivalent metal phthalocyanines.21,111 

Following the deposition of submonolayer amounts of these metal modifiers, in 

fact, there is typically a 20-50% decrease in the photoconductivity which might be 

linked to the introduction of traps onto the surface of these organic films. 

During the electrolytic process itself, though, it is possible that some of the 

phthalocyanine sites are destroyed, or transformed in the near surface region. 

Dodelet and coworkers, for example, have shown that crystals of AIPc-CI can 

undergo morphological transformations following solution exposure that 

significantly changes the photocurrent action spectra.112 A blank solution 

(triply distilled water) was electrolyzed at a similar reducing potential on the 

phthalocyanine surface, and, although no sensitization of the chemical sensor 

toward NHg was observed, lower photoconductivities were noted. 

4.4.2 Sensitivity Enhancement for InPc-CI Films Modified With Metal 

Modifiers to NHa in N2 

Figure 4.11 shows the dramatic enhancement in sensitivity seen following 

the photoelectrochemical metal modification of a InPc-CI film with a 

submonolayer amount of silver. Prior to electrochemical modification, this film 

responded to the introduction of 48 parts-per-million NHg in N2 with little to no 

change in the photoactivity. This response can be contrasted with the exact same 

phthalocyanine film which now has a submonolayer amount of silver nuclei 
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Figure 4.11 Response of a InPc-Cl film to the exposure of NHs in N2 both 
(a) before and (b) after Ag metal modification of the surface. 

specifically deposited onto the block phase crystallites at the surface of this 
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organic film. The photocurrent now responds to the introduction of 31 parts-per-

million NHs in N2 with as much as a 66% increase in the conductivity. 

Comparable results have also been obtained after the photoelectrochemical metal 

modification of GaPc-Cl thin films. The phthalocyanine-coated QeM was also 

photoelectrochemically modified in an identical manner to the microcircuit in 

order to obtain simultaneous microgravimetric information. Unfortunately. no 

significant frequency shift or mass uptake (less than 1 Hz in a 10 MHz crystal) 

was observed when the cell was exposed to the low concentra tions of NHs 

employed. It appears that the metal modification of the microcircuits provides a 



significant amplification of response from the chemisorption of even 

submonolayer amounts of NUs. 
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Despite the sensitivity enhancement apparent following the silver metal 

modification of these phthalocyanine thin films, several problems plagued the 

response characteristics of these microcircuits. Following the initial introduction 

of NUs. even at the I parts-per-million level, subsequent exposures to higher 

concentrations resulted in significantly smaller photocurrent increases. Although 

plots of the log iph vs. log [NUs] were linear, the dynamic range of these devices 

were seriously impaired by the apparent saturation of the new chemisorption sites 

on the surface of these films. In a similar vein, the desorption kinetics for these 

silver-modified microcircuits were very poor, with as much as several hours 

needed following the cessation of NHs in order to completely restore the original 

photocurrent level. Furthermore. the microcircuits. typically had to be heated 

overnight in N2 in order to restore the initial properties, including the steplike 

response to NHs shown in Figure 4.11 b. 

As seen in Table 4.1, a series of different metals were attempted in order to 

realize the optimum performance for this chemiresistor. The different metals 

examined were chosen primarily on the basis of their ease of electrodeposition, 

and their known solution metal complexation with NHs. Tabulated in Table I are 

the percent changes in the photocurrent following the initial exposure of each of 

the different microcircuits before and after photoelectrodeposition of the various 

transition metals onto the surface of the InPc-CI thin films. In all cases, there was 

an enhancement in the NUs sensitivity for the metal modified films. With the 

exception of the Ug-modified films, each of the different microcircuits examined 

showed similar response characteristics to those discussed above for Ag, ie. the 



Table 4.1 Percent changes in the room temperature photocurrent after 
exposures of the Me assemblies to NH3 in N2 or air. 

[NHJ OARRIER GAS "CHANGE lot. METAL MODIFIER (PPM) 

48 Nz 0.9 NONE 
31 Nz 84 AI 

6 Nz 2 'NONE 
8.9 Nt 18 Au 

9.3 NI 4 NONE 
6 Nz 13 Cu 

8.9 N, 1 NONE 
8.2 N, 10 Pt 

10.2 Nz 0 NONE 
6 Nz 43 HII 
56000 AIR 2 NONE 
6000 AIR 26 HI . 
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initial introduction of NHs caused the largest increase in the photocurrent. and 

the desorption of NHs was a limiting factor. The Hg-modified microcircuit 

assembly. on the other hand, exhibited a steplike response with each successive 

increase in the NHs concentration in N2. The near saturation response that was 

seen immediately for the other metal modified phthalocyanine films was not seen 

until 85 parts-per-million. In addition, for NHa concentrations below the 

saturation level, the Hg-modified microcircuit assemblies showed reproducible 

and reversible photoresponses to NHa. Figure 4.12a shows the photocurrent 
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Figure 4.12 Photocurrent response of a Hg-modified InPc-CI microcircuit 

upon exposure to NHa in a) N2 and b) air. 

o 
.t: 
D. 

response upon the introduction' and cessation of 3.1 parts-per-thousand NHa in N2. 

Of particular interest here. is that the desorption time is relatively short. on the 

order of 15 minutes. It would seem that the strength of the chemisorption bond 



between the NHs and the Hg is much weaker than those seen for the other 

deposited metals. 
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Analytical response curves were obtained for the Hg-modified microcircuits 

toward NHs in a carrier stream of N2, and are shown in Figure 4.13. At the 

lowest concentrations tested (1.5-5.5 parts-per-million, Figure 4.13A), the 

photocurrent was found to respond linearly to the NHs concentration with a slope 

of 1.9 x 10-11 A/parts-per-million. With a noise level for these microcircuit 

assemblies corresponding to 3 pA, a detection limit of 300 parts-per-billion can be 

calculated for the detection of NHs in N2• This is more than three orders of 

magnitude better than the detection limit obtained for the unmodified InPc-CI 

thin film. The relationship between the photocurrent and the NHs concentration 

was logarithmic in nature from 5-85 parts-per-million (see Figure 4.13b), before 

returning to a linear relationship once again at NHs concentrations above 

:::: 4 parts-per-thousand. 

In order to improve the sensitivity and reversibility of these metal modified 

microcircuits, higher operational temperatures were attempted. At 50°C, for 

example, both the Hg and Ag-modified InPc-CI films exhibited increased 

photoresponses (up to 40% higher) to NHs concentrations between 700 parts-per

billion and 48 parts-per-million, but the saturation of the metal sites occurred at 

much lower NH3 concentrations. In fact, the Hg-modified microcircuit began 

showing a near saturation response following only the second addition of NHs. 

The higher temperatures may result in the desorption of surface adsorbed 

impurities from the surface of the metal nuclei, ie. 02' thereby rendering the site 

to be a more efficient and stronger chemisorption site for NHs. 
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4.4.3 Sensitivity Enhancement for Metal Modified InPc-CI Films to NHs in 

Air 

Because of the difficulty in using these trivalent metal phthalocyanines for 

the detection of NHs in atmosphere, particular interest was focused upon the 

possibilities inherent with using the Hg-modified microcircuit. Unfortunately, 

when the carrier gas was changed from N2 to air, the microcircuit responded 

electronically in a similar manner to that seen for the unmodified films. Because 

of the large concentration of Region III 02 still chemisorbed to the surface of the 

film, the initial introduction of NHs (parts-per-million level) resulted in a 

dramatic decrease in the dark and photoconductivity, just as the case was in 

Figure 4.9. A pretreatment concentration of 5.5 parts-per-thousand NHs was 

necessary in order to initiate the steplike increases in the photocurrent with each 

successive increase in the NHs concentration. Shown in Figure 4.12b is the 

photocurrent response seen following the introduction and cessation of 6.0 parts

per-thousand NHs in air. By direct comparison to the analytical response of the 

Hg-modified microcircuit to NHs in a carrier gas of N2 (Figure 4.12a), we can 

note several differences. Although the two time responses reached an equilibrium 

in approximately the same time period, the initial onset slope was much steeper 

when the carrier gas was N2. With the absence of 02 in the competition for 

chemisorption sites on the surface of the film, the photocurrent responds with a 

more immediate uptake. The opposite behavior was exhibited when the NHs flow 

was turned off, with the organic film in an atmosphere of air having its 

photocurrent return much more quickly to its initial value. Once again, if we 

assume that there exists a competition between 02 and NHs for chemisorption 

sites onto the surface of this film, then following the removal of NHs from the 



carrier stream, 02 will help to displace adsorbed NHs from the surface of the 

organic film. 
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Figure 4.14 Analytical response curve for a Hg-modified InPc-CI MC toward 
NHs in air. 

Following the initial pretreatment of the Hg-modified microcircuit in S.S 

parts-per-thousand NHs, it was possible to obtain an analytical response curve for 

the exposure of NHs in air. Shown in Figure 4.14 is a linear plot of the 

photoresponse versus the concentration of NHs in air, giving a sensitivity or slope 

of 7.8 x 10-12 A/parts-pcr-thousand. Based upon a noise level of 4 pA, a detection 

limit of 1.0 parts-per-thousand was obtained for the determination of NHs 

concentrations in air. The enhanced sensitivity for this microcircuit assembly is 
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directly attributed to the presence of the Hg metal modifier on the surface of the 

InPc-CI thin film. The various other metal modified systems were also examined 

for the detection of NHs in air, with the detection limits varying only slightly 

from circuit to circuit (1.6 to 3.2 parts-per-thousand). 

Further attempts to increase the sensitivity and reversibility of these metal 

modified microcircuits were made by evaluating their performance at higher 

operational temperatures. An examination of the Hg-modified microcircuit at a 

temperature of 50°C for the detection of NHs in air showed no notable gain in 

sensitivity or reversibility. Furthermore, the operation of the majority of these 

metal modified microcircuit assemblies at elevated temperatures resulted in a 

deactivation of the chemically active site on the surface of the film and an 

increase in the detection limits for NHs. Because of this effect, temperatures 

higher than 50°C were not attempted. The Au-modified microcircuit was the 

exception in these temperature studies, in exhibiting faster on and off response 

times, as well as no significant deactivation of the metal centers. 

4.4.4 Response of the Hg-Modified InPe-CI to White Light Illumination 

Throughout these chemical sensor studies, the light source of choice has 

been a 5 mW, 633 nm HeNe laser, chosen primarily because the trivalent metal 

phthalocyanines responded with a higher sensitivity in this wavelength regime, 

and because it was particularly easy to defocus and direct the laser upon the 

entire active area of the microcircuit. In terms of the ultimate application of a 

photoconductivity-based chemiresistor, it is reasonable to expect that the laser 

might be replaced by the much cheaper and higher power density polychromatic 

light sources, ie. a tungsten-halogen lamp. The advantages of these types of light 
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sources are that the high photon fluxes give rise to enhanced photoeffects, a 

property which has already been shown to provide enhanced sensitivities in these 

types of chemical sensors. In addition, the polychromatic nature of this lamp 

allows for the entire visible wavelength spectrum to be probed simultaneously, 

such that the chemisorption of NHs on different crystallite phases within the 

organic film can influence the overall photocurrent yield. 
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Figure 4.15 Photocurrent responses to the introduction and cessation of NHs 
in N2 for a Hg-modified InPc-CI MC using either a HeNe laser 
or a tungsten lamp. 

The results shown in Figure 4.15 are the photocurrent responses to the 

introduction and cessation of NHs in N2 for a Hg-modified microcircuit 

illuminated with either a 10 mW, 633 nm HeNe laser, or the full output of a 

tungsten-halogen light source. To avoid damage to the InPc-CI thin film, the 
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tungsten-halogen light source was chopped using a 10 Hz modulation, allowing the 

output of a current-to-voltage converter to be demodulated with a lock-in 

amplifier. Approximately identical NHs concentrations were used for both the 

HeNe laser and the white light source experiments, 3.6 and 4.4 parts-per-thousand 

respectively, and it is evident that a substantial increase in the total photocurrent 

response was obtained when the polychromatic light source was used. The 

sensitivity obtained for this mode of operation was a factor of 5 times the 

sensitivities noted for the HeNe laser light source. As was demonstrated earlier, 

we can expect the sensitivities to increase with the light intensity until saturation 

of the near surface region is attained. Probably more important than this, is that 

the polychromatic light is now taking advantage of the entire visible wavelength 

region from 600-800 nm, thereby, probing more efficiently the chemisorption of 

NHs onto both of the two major bulk crystalline phases within the trivalent metal 

phthalocyanines. Finally, the length of time necessary for a steady state 

photocurrent to be achieved following either the introduction or removal of NHs 

from the N2 carrier stream, was improved by as much as 25% when compared to 

those obtained using the HeNe laser light source. One possible explanation for 

this effect is that the high power density of the tungsten-halogen lamp results in a 

local heating of the InPc-CI thin film that gives rise to slightly better interaction 

kinetics. 

Figure 4.16 is shown to indicate the reversibility and reproducibility of 

these Hg-modified microcircuit assemblies while using the white light source. 

For each different concentration of NHs in N2, the microcircuit was allowed to 

reach a steady state photocurrent response during both the on and off cycles of 

this experiment. As long as the NHs concentration was kept below the saturation 
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Figure 4.16 Photocurrent response of a Hg-modified InPc-CI MC after 
introduction and removal of a sequence of NHs concentrations 
in N 2• 

levels described previously for this microcircuit, the response times were 

reasonably fast (less than 10 minutes), with a reproducibility in response for 

identical concentrations to within 10%. 

4.S Conclusion 

Phthalocyanine-coated chemiresistors have, in the past, been based upon 

dark conductivity changes in the near surface region of the organic film 

IS3 

following the chemisorption of either electron-accepting or -donating gas phase 

analytes.S5•41 ••• The simple introduction of a light source can allow for a dramatic 

impact upon the sensitivity of that film, by introducing photoconductivity 



154 

changes as well. It was found early on in these studies that the chemisorption of 

NHs onto impurity sites within the trivalent metal phthalocyanines has a 

substantial impact upon the photoconductivity of that organic thin film. It is for 

this reason that much effort has been extended toward understanding on a 

microscopic level, the chemistry occurring between NHs and 02 with both 

impurity sites and the host phthalocyanine in the near surface region of these 

organic films. 
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Figure 4.17 Schematic of the chemisorption process for NHs and 02 on the 
InPe-CI and GaPe-CI near surface region for the 
photoelectrochemically modified microcircuit assemblies. 

As a result of the work done in the past two chapters, we can now present a 

model of the electronic interactions occurring in the phthalocyanine near surface 

region of these chemiresistor devices. Figure 4.17 is a cross-sectional view of a 



very small section of the microcircuit, with a thin layer of phthalocyanine 

deposited onto the surface making the connection between two of the alternate 

electrodes within the interdigitated array. A summary of our findings follows: 

ISS 

(a) We have previously identified three different electronic interactions that 

can occur between 02 and the trivalent metal phtha10cyanines, and/or impurities 

within that film. 02 chemisorbed to the surface in regions II and III, as described 

in Chapter 3, plays the most important role in determining the dark and 

photoconductivity of these films with respect to the chemisorption of NHs. 

Shown in the upper righthand corner of this figure is an example of a tightly 

bound, region II 02 complex formed with an impurity within the film (e.g. FePc), 

with this complex serving as an efficient trap for photogenerated (and on a 

smaller scale, thermally generated) electrons. Adjacent to this is a schematic of 

the more weakly bound photoactivated complex formed between the host 

phthalocyanine and 02 (region III), with the charge transfer state formed 

generating a mobile hole for dark conduction, as well as a negatively charged 02-

ion that serves to dissociate excitons within the film and increase the overall 

photoconductivity. Despite our efforts to eliminate the 02 chemisorbed to the 

surface of these films via extensive heating in a carrier stream of N2, it is 

apparent that a vast majority of the region II 02 remains chemisorbed to the 

surface, as well as trace amounts of region III 02' When the carrier gas is 

switched to air, on the other hand, we can expect a significant population of 

chemisorbed region III 02 on the surface of these films (as well as region II), that 

results in a significant enhancement in both the dark and photoconductivity. 

(b) The initial introduction of NHs in a carrier gas of N2 to these trivalent 

metal phthalocyanines results in the formation of weakly adsorbed complexes that 
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have no apparent impact upon the electronic properties of that film. If trace 

amounts of region III 02 remain chemisorbed to the surface, the presence of NHs 

will result in a drop in the dark and photoconductivity as this 02 is displaced 

from the surface of the film. This effect is seen even more dramatically when the 

carrier gas is air and a displacement of the majority of chemisorbed 02 by NHs 

results in a drastic reduction in the conductivity. The competition that exists 

between these two dissimilar gas phase analytes, is what ultimately limits the 

performance of this chemical sensor, in that the effect of 02 on the dark and 

photoconductivity can only be overcome at high NHs concentrations and after 

pretrea tmen t. 

(c) Providing that the NHs is brought to sufficiently high enough 

concentrations, the photoconductivity will begin to increase, regardless of 

whether the carrier gas is N2 or air. In the case of the "pure" phthalocyanines, we 

can likely attribute this to the presence of trace impurities within the film. 

Bearing in mind that the strongly bound [FePc,02J complex is a very effective 

trap for photogenerated electrons, it is possible that at high enough concentrations 

of NHs' the energetics of this trap site may be perturbed enough that the average 

lifetime and mobility of electrons within the organic film are enhanced and the 

photoconductivity is increased. The chemisorbed 02 in this complex does not 

appear to be displaced as was the case for the region III °2, because of the fact 

that when the NHs flow is removed from the carrier stream of N2, the 

photocurrent slowly returns to the baseline level as NHs is desorbed and the trap 

site is returned to its original energy level. Another explanation for the 

photoconductivity enhancement in these films with NHs exposure may be that 

there are trace amounts of metal within the film arising from the decomposition 
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of phthalocyanines. These metal sites will serve as electron trapping centers 

within the organic film, in an identical fashion to the photoelectrochemically 

deposited metal nuclei, with the affinity of these sites for photogenerated 

electrons being strongly affected by the binding of a donor molecule such as NHs. 

(d) Also shown on the phthalocyanine thin film in Figure 4.17, are two metal 

nuclei photoelectrochemically deposited onto the surface. The main attraction of 

doing the metal deposition in this manner was that by proper choice of the 

illuminating wavelength, the metal modifiers could be deposited specifically onto 

those areas of highest phthalocyanine photoactivity. We can expect that a single 

electron trap or recombination center located in an area of high photoactivity will 

affect the collection of a number of free charge carriers in the near surface 

region. Likewise, the chemisorption of a donor molecule such as NHs onto this 

metal modifier will result in the "detrapping" of a number of charges, and, 

therefore, a significant amplification of response is possible with each analyte 

chemisorption event. 

Our ultimate goal in the development of these chemical sensors has been to 

employ ultra-pure phthalocyanine films, to which one can controllably introduce 

specific "impurities" that will provide a selective chemisorption site for the 

analyte molecule of interest. Because of the polycrystalline nature of the 

phthalocyanine thin films discussed in the last two chapters, attempts to 

understand the chemisorption events occurring in the near surface region are 

much more difficult. It is for this reason that a major focus of our research has 

been to grow a single phase of phthalocyanine in an epitaxial fashion. This type 



IS8 

of surface would be an ideal, model surface upon which to study and understand 

the interactions taking place. These results will be discussed in Chapters 6 and 7. 
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CHAPTER 5. 

PHTHALOCY ANINE-BASED NITROGEN DIOXIDE CHEMICAL SENSORS 

5.1 Introduction 

There is currently considerable interest in the development of an 

inexpensive, compact, sensitive and selective gas-phase chemical sensor for the 

analytical detection of N02. Because of the strongly oxidizing nature of N02 

(electron affinity of 3.6 eV), we might expect that the surface electronic 

properties of the phthalocyanines would be highly sensitive to the adsorption of 

N02 onto the surface of these organic films. In this chapter, the analytical 

interactions occurring between N02 and the trivalent metal phthalocyanine, 

InPc-CI, will be examined in detail, with comparisons being made directly to the 

NHs chemical sensor work done in the previous chapter. 

Because of the contrast in chemical reactivity that exists between NHs and 

N02, an analysis of the interactions occurring between N02 and InPc-CI is in 

many ways complementary to those results discussed in Chapter 4. In fact the 

model presented to explain the sensitization of InPc-CI toward NHs via the 

deposition of metal modifier sites, can be easily adapted to the situation existing 

for N02• In this way, a prediction can be made concerning the type of 

modification necessary for the sensitization of the InPc-CI chemiresistor response 

toward N02• Particular emphasis will once again be placed upon an 

understanding of the dark and photoconductivity changes occurring in the 

InPc-CI near surface region upon the adsorption of N02• Impurity sites apparent 

within the InPc-CI thin film appear to playa critical role in this respect. 
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Microgravimetric devices such as a Pc-coated quartz crystal microbalance (QCM) 

and a surface acoustic wave (SAW) device will also be used in direct conjunction 

with the chemiresistor, in order to further facilitate a mechanistic understanding 

of the electronic and/or non-electronic interactions occurring between N02 and 

InPc-CI. 

S.2 Response Characteristics of InPc-CI to NO, in N, 

S.2.1 Chemiresistor and Surface Acoustic Wave (SA W) Device Responses to 

N02 in N2 

The protocol used in the analysis of the InPc-CI films toward N02 was 

identical to that discussed previously for NHs. Typically, the chemiresistor and 

microgravimetric devices were prepared in tandem under UHV conditions via the 

deposition of InPc-CI onto the surface of both of these devices; immediately upon 

evacuation, the devices were transferred directly from the UHV chamber to the 

atmospheric chemical sensor.cell. While under a flowing carrier gas of N2, the 

cell was heated overnight at 90°C, in order to help rid the InPc-CI of any 

impurities that may have adsorbed to the surface. We can expect that despite this 

procedure, a small percentage of region III 02 will remain chemisorbed to the 

surface, in addition to any region I and II 02' which will be tightly chemisorbed 

to the trace phthalocyanine impurities within the InPc-CI film. Shown in Figure 

S.la is the dark response seen for both the SA W device and the microcircuit upon 

the initial introduc:tion and cessation of N02 (36 parts-per-million) in a carrier 

stream of N2 at room temperature. Several observations can be made concerning 

this experiment. First of all, the initial introduction of N02 into the chemical 
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Figure S.] Simultaneous measurement of both the InPc-CI-coated SAW and 
microcircuit devices upon exposure to N02 in N2 under (a) dark 
and (b) illuminated conditions. 
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sensor cell resulted in an immediate and rapid increase in the dark conductivity, 

as measured by the chemiresistor. After approximately four minutes, there is an 

inflection point in the electronic response, whereupon the chemiresistor responds 

electronically with a significantly smaller slope. The SAW device, on the other 

hand, exhibits little, if any response during the first ten minutes, and it isn't until 

nearly twenty minutes have passed that a change in the frequency becomes clearly 

evident as the SAW device responds in a nearly linear fashion. Even after sixty 

minutes of exposure to a constant concentration of N02, both the chemiresistor 

and SAW devices have failed to reach an equilibrium plateau value. Separate 

experiments have shown that at room temperature, exposure times as long as five 

hours still do not result in a constant analytical signal for these chemical sensors. 

Following the removal of N02 from the carrier stream of N 2, the chemiresistor 

responds with a significant decrease in the measured conductivity of the InPc-CI 

thin film, which is followed by a much more gradual decrease in the microcircuit 

response. In direct contrast, the SAW device responds with only a gradual decline 

in the analytical signal that appears very similar in nature to that seen in the 

latter part of the microcircuit's desorption response. 

In terms of the information derived from the SA W device, it has been 

proposed that changes occurring in the mass, electrical conductivity, piezoelectric, 

dielectric, and/or elastic properties of a chemically active substrate may alter the 

SA W phase velocity (and, hence, the SAW frequency) via a transduction 

mechanism.50 The analytical signal that is recorded is a change in the SAW 

frequency with respect to a relatively constant, reference delay line. The 

dominant transduction mechanisms within these SAW devices have been reported 

to be changes in either the mass or electrical conductivity.50,52 Ricco and 
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coworkers, for example, have reported that for PbPc deposited onto a LiNbOs -

based SAW device, the surface acoustic wave responds specifically to conductivity 

changes within the organic film due to the adsorption of N02•51 In direct contrast 

to these results, Nieuwenhuizen et al. report on the sensitivity to N02 of an entire 

series of metallophthalocyanines deposited onto quartz-based SAW devices, 

wherein it was concluded that the transduction mechanism was a combination of 

both mass and conductivity effects.52 

The SA W results presented here deal specifically with the interaction of 

N02 with a thin film of InPc-Cl deposited onto a quartz-based (ST cut) SAW 

device, and, as we shall see, the data strongly suggest that it is mass uptake which 

dominates the SAW analytical response. Examining the electronic response of the 

microcircuit in Figure 5.1 a, it seems reasonable to propose the existence of two 

types of chemisorption sites on the InPc-Cl film, based upon the· inflection points 

evident following both the introduction and cessation of N02 within the carrier 

stream of N2. The initial rapid increase in the dark conductivity within the first 

ten minutes results in a comparably insignificant mass uptake on the SAW device, 

indicating that it is a minority of chemisorption sites on the InPc-CI surface 

which give rise to the dramatic changes seen in the resistivity. The majority of 

mass uptake takes place after the first ten minutes of exposure, with the 

chemisorption of N02 onto these sites having less of an electronic impact upon the 

organic film. The removal of N02 from the N2 carrier stream provi~es further 

insight into the nature of the interactions that exist on the surface of this 

material. The immediate response seen following the cessation of N02 is a rapid 

decrease in the dark conductivity that, once again, takes place over the course of 

approximately ten minutes. During this same time period, there is little or no 
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apparent change in the SA W frequency, thereby, indicating that it is the N02 

adsorbed initially onto the InPc-CI film which is the first to desorb from the 

surface of this material. The microcircuit then proceeds to exhibit a slow and 

gradual decrease in the dark current which closely parallels the mass change 

apparent with the SAW device. It seems that at this temperature, the majority of 

chemisorbed N02 is tightly bound to the surface. Furthermore, we can 

effectively eliminate the possibility that the SAW device is responding to 

conductivity changes within the InPc-Cl film, due to the dynamic discrepancy 

apparent between the responses for the two devices during the desorption of N02• 

In order to examine the effect of light on the responsivity of InPc-Cl toward 

N02, a 5 mW (633 nm) HeNe laser was defocussed onto the active areas for both 

the chemiresistor and the SA W device, with the analytical response for both of 

these devices being subsequently measured during the initial introduction and 

cessation of 36 parts-per-million N02 in N2 (see Figure 5.1 b). In comparing and 

contrasting Figures 5.la and 5.1 b, several comments can be made. First of all, 

while the chemisorption of N02 onto the chemiresistor still exhibits two distinct 

chemisorption sites during the first hour of exposure, the removal of N02 from 

the N2 carrier stream does not result in a rapid decrease in the photoconductivity. 

Instead, both the SAW device and the chemiresistor approach their original 

baseline values very slowly, indicating that both types of N02 chemisorbed to the 

InPc-Cl are now relatively tightly bound to the surface. The chemiresistor can 

also be seen to respond with a much smalIer percent change in the photocurrent, 

when compared to the dark case of Figure 5.la (+4400% vs. 540%). In comparing 

the separate SA W microgravimetric responses obtained, it seems that the 

illumination of the InPc-CI thin film results in a more significant mass uptake 
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during the first ten minutes when compared to the dark case. The overall change 

in the frequency, though, is comparable to that seen in Figure S.la, indicating 

that at this given concentration of N02, a similar density of N02 chemisorbs to 

the surface of the film. 

Sadaoka et al. have studied the energetic nature of the interactions 

occurring between N02 and a series of phthalocyanines via thermal desorption 

mass spectroscopy, with their results being strongly supportive of the data 

presented here.88 The interaction of N02 with CoPe and FePc, for example, gave 

a set of two desorption peaks (at := 50-100oe and := 100-2S0°C), with the second 

peak being comprised of a significantly larger amount of adsorbed N02• It is the 

small amount of weakly adsorbed N02, though, that has the greatest impact upon 

the conductivity of these organic films. We might expect that the two 

chemisorption sites on the metallophthalocyanines are the central metal ion and 

the ligand 1r electron system surrounding it. Results for the thermal desorption of 

N02 from H2Pc provided further support of this contention, as only a single 

desorption peak was obtained (:= SO-100°C) from this phthalocyanine which lacks 

a central metal ion. Furthermore, it is reasonable to expect that the formation of 

a charge transfer complex between N02 and the ligand 1r-electron system of the 

phthalocyanine would have a dramatic impact upon the conductivity of the 

organic film via the creation of a free hole charge carrier. The data presented 

above in Figure 5.lb, suggest that the photo-excitation of an electron into the 

LUMO for InPc-CI will shift the equilibrium, N02(g) = N02(adl)' farther to the 

right, due to the increased reactivity of the resultant Pc· complex toward N02• A 

comparison between the dark and photoresponse of the chemiresistor clearly 

indicates that, in contrast to the NH8 chemical sensor, the interaction of N02 with 
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InPc-CI is predominantly a dark effect. The photoconductivity enhancements 

that do exist, are likely related to the extrinsic dissociation of excitons from the 

PC+N02- charge transfer complexes formed at the surface and/or the increased 

reactivity of the InPc-CI, as discussed above. 

5.2.2 Sensitivity of InPe-CI to NOz in Nz 

A room temperature examination of the dark and photocurrent response of 

InPc-CI to successively higher concentrations of N02 in N2 is shown in Figure 

5.2a. Since an equilibrium conductivity is not attained at room temperature even 

after several hours of exposure of the microcircuit to a particular N02 

concentra tion, a modified procedure was followed in order to determine the 

sensitivity of these chemiresistors to N02• Instead of waiting for the current to 

plateau following the introduction of a given concentration of N02, the dark and 

photocurrent values were measured immediately following the first fifteen 

minutes of exposure. This procedure was maintained throughout the entire range 

of N02 concentrations examined, with the concentration being successively 

increased at the conclusion of each fifteen minute period. Figure 5.2a clearly 

indicates the extent to which the response of InPc-CI can be deemed to be 

predominantly a "dark" event. The slope of the percent change in the dark 

current versus the concentration of N02 in N2 was calculated to be 525%/parts

per-billion N02, which can be seen to be as much as 70 times as large as the slope 

for the photocurrent measurements (7.1 %/parts-per-billion N02). Once again, this 

is directly related to the high reactivity of N02 with the host phthalocyanine, 

InPc-Cl. Based upon the definition of the detection limit as being that 

concentration of N02 necessary in order to see a change in the dark current that 
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is twice the noise level (in this case 5 pA on a 24 pA baseline dark current), we 

calculate a value of 79 parts-per-trillion for the detection limit of N02 in N2 at 

room temperature. 
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The response of this same chemiresistor was also examined at an elevated 

temperature of 100°C, with comparisons then being made directly to the room 

temperature response of InPc-CI to N02• Although the desorption time necessary 

to return the conductivity back to the original baseline value was markedly 

improved, the sensitivity of the film toward N02 was drastically reduced (see 

Figure 5.2b). Figure 5.2b is a plot of the percent change in current as a function 

of N02 concentration in N2 at 100°C, with the dark sensitivity (7.7%/parts-per

billion) now being as much as 68 times smaller than the sensitivity recorded 

earlier at room temperature. There are several possible explanations for this loss 

in sensitivity. As mentioned earlier, Sadaoka and coworkers have used TDMS and 

conductivity measurements to demonstrate that for each of the different 

phthalocyanines they examined, the N02 which desorbed in the first desorption 

peak from z 50-100°C had the most dramatic impact in reducing the conductivity 

of the organic film.ss We might expect, then, that by increasing the temperature 

of the microcircuit to 100°C, the number of electronically active chemisorption 

sites for N02 will be drastically reduced. It is also possible that the operation of 

these chemiresistors at elevated temperatures will result in the decomposition of 

individual InPc-CI molecules within the organic film. In fact, efforts to operate 

the microcircuit at 150°C, resulted in an abnormally large dark current and the 

complete loss of any detectable photocurrent within the organic film. Finally, the 

baseline dark current for a InPc-CI film held at 100°C is much higher than that 

seen at room temperature; the film, then, becomes much less sensitive to small 
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changes in the conductivity. Given a noise level of 5 pA on a baseline dark 

current of 108 pA, we can calculate a detection limit of 1.2 parts-per-billion NOz 

in N2 for this InPc-CI film at 100°C. 

5.3 Response Characteristics of InPc-CI to NOz in Air 

5.3.1 Chemiresistor and Quartz Crystal Microbalance Responses to NOz in Air 

From an analytical standpoint, it is of interest to assess the performance of 

InPc-CI for the detection of N02 within a carrier gas of air, as opposed to the 

chemically inert carrier gas of N2• As we might expect, the response of the 

chemiresistor toward N02 is modified in the presence of 02' due to the fact that 

the InPc-CI now has a significant concentration of region III 02 chemisorbed to 

the surface of this thin film (as demonstrated earlier in Chapter 3). Shown in 

Figure 5.3 is the simultaneous photo-response obtained from both a quartz crystal 

microbalance (QCM) and a chemiresistor upon the initial introduction and 

cessation of 8.8 parts-per-million N02 in a carrier gas of air. The QCM was 

prepared earlier by depositing an identical thickness of InPc-CI (400 A) onto both 

sides of the crystal, in order to prevent any interactions from occurring between 

the N02 and the silver pads on the quartz substrate. In comparison to the 

photocurrent change depicted in Figure 5.1 b, the initial introduction of N02 

within a carrier gas of 02 results in a more gradual enhancement of ,the 

photoconductivity within the InPc-CI thin film. If we suppose that the N02 must 

displace a high density of surface bound 02 in order to react with the InPc-CI, a 

slower rate of adsorption will follow due to the existence of a lower sticking 

probability for N02 on this type of surface. In addition, because of the fact that 
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the region III 02 chemisorbed to the surface of the InPc-CI interacts in such a way 

as to increase the overall dark and photoconductivity of the film, the removal or 

displacement of any region III O2 from the surface will result in a net decrease in 

the overall conductivity. This effect is likewise manifested in a slower electrical 

response for the chemiresistor following the initial introduction of N02• After 

the majority of 02 has been displaced from the surface of the InPc-CI, the 

increase in conductivity can be seen to be much more rapid. The 

microgravimetric response shown in Figure 5.3 may give some indication as to 
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which of the aforementioned explanations is more probable. The QCM exhibits a 

nearly linear mass uptake with time tha t is sustained throughout the initial 

exposure time. Because the microgravimetric response does not mimic the shape 

of the electronic response obtained from the chemiresistor, it is reasonable to 

presume that it is not a slow chemisorption step which results in the slow 

conductivity increase, but, instead, is the desorption of 02 from the InPc-Cl 

surface, and the resultant decrease in the overall conductivity. 

After 90 minutes of exposure, the flow of N02 was turned off, leaving a 

carrier stream of air across both the chemiresistor and the QeM. Over the course 

of the next ISO minutes, the photoconductivity of the chemiresistor decreased by 

as much as 60% of the peak conductivity, while the QCM exhibited only a 16% 

decrease in the total mass uptake. Once again, we can see evidence for the 

existence of more than one chemisorption site for N02 on the surface of this 

InPc-Cl film. Furthermore, it is actually a minority of relatively weakly 

chemisorbed N02 analytes that have the most dramatic impact upon the 

conductivity of this film. There appears to be a much larger percentage of N02 

on the surface of this film which is much more strongly chemisorbed, and yet has 

less of an electronic impact upon the organic film. This result may follow from 

the fact that if a strong coulombic attraction exists between the solid surface and 

these chemisorbed gas molecules, the mobility of the hole charge carrier created 

will be significantly reduced. As a final comment, the presence of 02 within the 

carrier stream seems to improve the desorption of N02 from the chemiresistor 

surface, possibly due to the competition of 02 for N02 chemisorption sites. 
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5.3.2 Sensitivity of InPe-CI Chemiresistors to N02 in Air 

Shown in Figure 5.4a is a room temperature plot of the percent changes seen 

in both the dark and the photocurrent upon the initial introduction and cessation 

of 4.4 parts-per-million N02 within a carrier stream of air. The general shape 

exhibited by each of these response curves is essentially identical, indicative of 

the fact that a similar mechanism is at play in terms of the effect of N02 upon 

both the dark and photoconductivity of the InPc-CI. It is important to bear in 

mind. though, that the dark current changes shown in Figures 5.4a and 5.4b were 

recorded simultaneously along with the photocurrent changes in one minute 

alternations between light and dark conditions. Although this procedure may not 

be an entirely accurate view of the dark current changes, it is the best method for 

examining the "true" photocurrent changes within these organic films. In any 

case, it is the dark current changes which dominate the response within these 

chemiresistors, with the percent change following 15 minutes of exposure to N02 

being nearly three times that of the photocurrent. Furthermore, just as was the 

case within a carrier gas of N2, an equilibrium value for the conductivity is not 

reached within the exposure time shown. This is a significant problem which will 

ultimately limit the use of these materials as chemical sensor devices at room 

temperature. 

A plot of the percent changes seen in the dark and photocurrent as a 

function of the concentration of N02 in air at this temperature, reveals a 

significant loss in the sensitivity (O.679%/parts-per-billion versus 52S0/0/parts-per

billion determined in Figure 5.2b) for these devices in the presence of large 

concentrations of 02 (see Figure 5.4b). In addition, we can see that the photo

response for this film is nearly four times less sensitive than that determined in 
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the dark. The detection limit for N02 within a carrier gas of air has been found 

to vary from film to film, lying somewhere between 0.3 and 2.0 parts-per-billion. 

Another major limitation in terms of the ultimate use of these materials in a 

chemical sensor format, is the desorption time necessary to return the 

conductivity to the original baseline value. Shown in Figure S.Sa is an example of 

the standardization of a InPc-CI chemiresistor at room temperature to the flow of 

N02 in air. For each different concentration of N02, a ten minute exposure time . 
was used, with the microcircuit being given sufficient time following the 

cessation of N02 flow, to allow for the complete electronic return of the 

conductivity to the original baseline value prior to the introduction of the next 

concentration of N02• It is evident that the desorption time necessary increases 

nearly linearly with increasing N02 concentration, with a desorption time of as 

much as 80 minutes necessary following a ten minute exposure of the film to 

8.1 parts-per-million N02 in air. Figure 5.5b is a subsequent plot of the 

calibration curve for this InPc-CI chemiresistor, which is based upon a plot of the 

peak photocurrent as a function of the N02 concentration in air. Although this 

plot is fairly linear, it is clear that the examination of N02 concentrations above 

10 parts-per-million will have unreasonable desorption time requirements. 

In order to examine the effect of temperature on the dark and photocurrent 

response of this same InPc-CI thin film, the chemiresistor was heated to 60°C, and 

the response of the microcircuit monitored to the introduction and cessation of a 

nearly identical concentration of 4.3 parts-per-million N02 within the carrier 

stream of air (see Figure 5.6a). It is clear now that the response of the dark 

current to the chemisorption of N02 vastly overshadows that of the photocurrent. 

In fact, at the conclusion of a fifteen minute exposure to N02, the percent change 
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in the dark response was as much as 17 times that of the photo-response. As was 

mentioned earlier, Klofta has studied the effect of 02 on the 

photoelectrochemical behavior of GaPc-Cl, noting that there are irreversible 

changes that result from prolonged exposure, with these changes being accelerated 

at elevated temperatures.98 In a similar fashion, we might expect that at 60 D C, a 

series of irreversible reactions take place between 02 and InPc-CI that result in 

the elimination of many photoactive sites within the near surface region. It is 

likely that the loss of these sites is manifested in the poor response of the InPc-CI 

toward N02. The dark current changes, on the other hand, are apparently 

unperturbed by any of these alterations. Following the cessation of N02 flow 

within the air stream, the return of the dark conductivity back to the original 

baseline value appears to be much slower than that seen for the room temperature 

case in Figure 5.4a. It is possible that at 60°C, the region III interaction of 02 

with InPc-CI is less energetically favorable, while the N02/lnPc-CI interaction 

remains strong. This would imply that the competition of 02 for N02 

chemisorption sites on the surface of this film would be drastically reduced, with 

the net result being a more gradual release of the electronically interactive N02 

sites. Figure 5.6b shows a plot of the photo and dark sensitivity of this same 

InPc-CI chemiresistor toward N02 at 60°C within a carrier stream of air. The 

photocurrent change with increasing N02 concentration is now literally 

nonexistent, indicating that at elevated temperatures it is pointless to employ a 

light source to enhance the sensitivity. The dark sensitivity is, in contrast, 

O.72%/parts-per-billion, which is slightly improved over the room temperature 

case presented in Figure 5.4b. This may be related to the fact that the surface has 

fewer region III 02 interactions with the InPe-CI, resulting in a slightly more 
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sensitive sensor toward N02 chemisorption. 

5.4 Modification Schemes for the Sensitivity Enhancement of InPc-Cl Toward 

N02 

In an effort to enhance the overall sensitivity of these chemiresistors toward 

N02, the surfaces of a series of InPc-Cl thin films were chemically modified 

through the use of various impurity phthalocyanines and polymeric materials. 

These studies were based upon a direct extension of the model presented in 

Chapter 4 for the sensitization of the InPc-CI chemiresistor toward NHs, and on 

the improved microscopic understanding of the N02/InPc-CI interactions taking 

place in the near surface region of these organic films. This section will be 

devoted to a discussion and examination of two alternate approaches attempted in 

the sensitization of these N02 chemical sensors. 

5.4.1 Sensitivity Enhancement of InPc-CI toward N02 Via the Introduction of 

Hole Traps 

As was demonstrated in the previous chapter, the photoelectrochemical 

deposition of submonolayer amounts of metal modifiers (ie. Ag or Hg) onto the 

surface of InPc-CI chemiresistors results in a dramatic increase in the sensitivity 

of these devices toward NH3.31 The model presented to explain these results was 

based upon the assumption that the metal sites were acting as efficient traps or 

recombination centers for photogenerated electron charge carriers within the near 

surface region of the InPc-CI film. As we might expect, the overall 

photoconductivity of these devices decreases following the photoelectrochemical 

modification of the InPc-CI surface. These metal modifiers, however, have been 
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shown to interact strongly with reducing molecules such as NHs• with the 

energetic properties of that trap site being altered in such a way as to become a 

more shallow trap site for photogenerated electrons. The net result is an overall 

increase in both the photoconductivity and the sensitivity of the chemical sensor. 

apparently due to an increase in the lifetime of the free electron charge carriers 

within the organic film. We can take this trapping/"detrapping" model one step 

further. by predicting the type of modification scheme necessary for the 

sensitization of a InPc-CI chemiresistor toward the gas analyte. N02• Because of 

the strongly oxidizing nature of N02 (which is in stark contrast to the reactivity 

of NHs seen earlier). we might expect that the surface of an organic film could be 

effectively modified with a material that is highly reducing with respect to 

InPc-CI. Once again. it would follow that the deposition of this type of material 

onto the surface of the phthalocyanine-coated chemiresistor would result in a 

natural decrease in both the dark and photoconductivity. due to an enhancement 

in the trapping efficiency for free hole charge carriers within the organic film. 

In an analogous fashion to that seen for the chemisorption of NHs onto the metal 

modifiers. an electronic interaction between N02 and an energetically deep hole 

trap within the InPc-CI. would be expected to result in a "detrapping" of a number 

of hole charge carriers within the film due to an energetic change in the depth of 

this trap site. Because the elimination of a single trap site or recombination 

center impacts a number of free charge carriers. this method of modification can 

have a profound effect upon the sensitivity of a film toward a particular gas 

analyte. 

As a preliminary experiment designed to establish the possibilities inherent 

with the specific introduction of hole traps into the near surface region of a 
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InPc-CI thin film, the organometallic molecule, ferrocene, was deposited in a thin 

layer onto a InPc-CI chemiresistor whose N02 response characteristics had been 

previously characterized. Ferrocene was chosen on the basis of its relatively 

positive electrochemical reduction potential (+0.307 V V,S. SCE in MeCN for 

CP2Fe+ + e- = CP2Fe) and its ability to be sublimed under atmospheric conditions. 

The deposition of a thin layer of ferrocene onto the chemiresistor surface was 

conducted in a Qualitative manner, by inverting the microcircuit for a short 

period of time over a hot plate with an evaporator dish containing ferrocene. The 
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sensitivity of these ferrocene modified chemical sensors was found to increase by 

as much as 3.6 times (1 3. I %/parts-per-billion vs. 3.7%/parts-per-billion) following 

a single deposition of ferrocene onto the InPc-CI surface (see Figure 5.7), although 

the effect was short-lived due to the high vapor pressure of this material. and its 

steady removal from the surface of this device. 
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In order to avoid the flee~ing nature of the ferrocene modification, 

polyvinyl ferrocene (PVF) and polyvinyl carbazole (PVK) were examined as 

possible hole traps within JnPc-CI. PVF and PVK were deposited onto the 
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surface of InPc-C1 chemiresistors by way of solvent evaporation from a drop 

(10 I'L) of toluene containing a small amount of these polymers. The 

concentration of this solution was specifically prepared on the basis of the 

average molecular weight and density of the polymer, such that a 10 I'L drop of 

this solution resulted in the deposition of an equivalent monolayer of the 

polymeric material. Of course, one of the primary problems evident with this sort 

of procedure, is that phthalocyanines are slightly soluble in toluene, and it is 

possible that some reorganization of the active InPc-CI surface may result. 

Bearing in mind that structural features can have a dramatic impact upon both 

the dark and photoconductivity of these films, it was critical to examine the 

effect of pure toluene itself upon the response characteristics of a InPc-CI 

chemiresistor. Shown in Figure 5.8 is the change in sensitivity toward N02 seen 

in a InPc-CI film following the evaporation of two successive 10 I'L drops of 

toluene from the surface of that microcircuit. The N02 response can be seen to 

decrease following the evaporation of each drop of toluene, indicating that any 

enhancement seen in the sensitivity following the polymeric modification, may be 

attributed to the deposition of that material onto the surface of the organic film. 

Prior to the modification of any InPc-CI film, the chemiresistor was first 

examined with respect to its response toward both 02 and N02, such that a direct 

comparison could be made following the modification. As we might expect, the 

initial introduction of 02 into the sensing cell within an inert carrier gas of N2, 

resulted in a response very similar to that shown in Figure 4.7a in Chapter 4, with 

the dark and photoconductivity experiencing an initial decline that is followed by 

a gradual return of these conductivity values. The measured sensitivity for this 

microcircuit towards N02 in air was calculated to be 6.9%/parts-per-billion. At 
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Figure 5.9 Dark and photocurrent responses of a PVF modified InPc-CI 
chemiresistor following exposure to 02 in N2• 

this point, the chemical sensor was removed from the chamber, and a 10 I'L drop 

of a dilute solution of PVF in toluene was placed onto the active area of the 

chemical sensor, with sufficient time given to allow the toluene to completely 

evaporate. Following the return of this device to the sensing cell, the sensor was 

heated overnight at a temperature of 90°C within an inert atmosphere of N2• 

Under identical conditions, the PVF modified chemiresistor saw a reduction in 

the photoconductivity when compared to the original InPc-CI film by 37 times 

(44.76 nA to 1.20 nA), in addition to a reduction in the dark conductivity by as 

much as 130 times (0.71 nA to 5 pA). Much of this change may be directly related 

to the introduction of efficient hole traps within the InPe-CI in the form of PVF. 
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For comparison purposes, the response of the PVF modified InPc-CI film was 

monitored during the initial introduction of 02 into the cell, and as can be seen in 

Figure 5.9, the response was vastly different from that seen prior to the 

modification. Instead of the region II 02 decrease normally seen in the overall 

conductivity, the film now responds to the chemisorption of 02 with an 

immediate increase in the dark (+80% from 5 pA to 9 pA) and photoconductivity 

(+37% from 1.20 nA to 1.64 nA). Although 02 is considered only a weak electron 

acceptor, any electronic interaction occurring between 02 and the modifier, PVF, 

might be expected to alter the energetic depth of the hole tra·p at that site. The 

chemisorption of 02 indirectly leads to an increase in the lifetime of free hole 

charge carriers generated within the near surface region of the InPc-CI thin film, 

thereby increasing the overall conductivity. Likewise, the interaction of the 

strong electron acceptor, N02, with PVF, might be expected to result in an even 

more dramatic effect upon the hole trapping efficiency. Shown in Figure 5.10, is 

a comparison of the room temperature sensitivity toward N02 obtained for the 

InPc-CI chemical sensor both before and after PVF modification, with the 

response of the film seen to increase by as much as 4 times to 27.4%/parts-per

billion. Based upon a noise level of 35 pA and a baseline photocurrent of 

3.623 nA, the detection limit was calculated to be 70 parts-per-trillion for this 

PVF modified chemical sensor. 

Similar data were obtained for a InPc-CI film modified with the highly 

reducing polymer, PVK. A comparison of the room temperature sensitivities 

obtained both before and after the polymeric modification, indicate an 

enhancement resulting from the presence of PVK by as much as 10.5 times 

(85.8%/parts-per-billion vs. 8.2%/parts-per-billion). The detection limit for this 
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Figure S.10 Analytical response curves for a pure InPc-CI film and a PVF 
modified InPc-CI microcircuit toward N02 in air. 

PVK modified chemiresistor was calculated to be 22 parts-per-trillion, on the 

basis of a 200 pA noise level and a 21.60 nA baseline photoconductivity. In 

addition, the ability to operate these chemically modified microcircuits at 

elevated temperatures was demonstrated in Figure 5.11a, with the photocurrent 

being monitored at 133°C for the introduction and cessation of various 

concentrations of N02 within a carrier gas of air. At this temperature, it is 
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evident that the desorption time nec~ssary for the return of the photoconductivity 
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to its original baseline value is now much more efficient (15 minutes) when 

compared to that seen in Figure 5.5a for the room temperature response of a pure 

InPc-CI film. Finally, a linear plot of the photocurrent maxima obtained from 

Figure 5.11 a is shown in Figure 5.11 b. 

5.4.2 Sensitivity Enhancement of InPc-CI Toward NOz Via the Codeposit ion of 

MnPc or FePc 

As was demonstrated previously in Chapter 3, trace impurities such as either 

MnPc or FePc within a InPc-CI film will interact readily with 02 within the 

carrier stream, and in so doing, form a [MPc,021 complex that is an efficient trap 

for free electron charge carriers within the film. Consequently, a 400 A InPc-CI 

film which has MnPc or FePc codeposited along with InPc-CI in the final SO A 

(ie. a film identical to the codeposition films grown in Chapter 3), will have a 

depressed dark and photoconductivity due to the presence of these electron 

trapping sites that result from the chemisorption of 02 onto the impurity 

phthalocyanines. Providing that the interaction of N02 with these same 

chemisorption sites is strong enough, we might expect that the displacement of 02 

from a [MPc,02] complex would amplify the sensor's response toward N02, due to 

the elimination of an electron trapping or recombination center within the 

organic film that naturally impacts the collection of a number of free charge 

carriers from this single event. The [MPc+N02-] complex that remai~s will also 

act as an extrinsic impurity for exciton dissociation within the film, which will 

likewise lead to an increase in the monitored conductivity. Note that the hole 

created within this complex will be immobile due to its energetic position within 

the forbidden region of the host InPc-CI film. The interaction of N02 with the 



impurity phthalocyanines will not result in the formation of an electron trap 

similar to that formed with °2, due to the fact that N02 is a much stronger 

electron acceptor which will form a localized charge transfer complex that 

inhibits the subsequent trapping of a free electron within the (MPc+N02-] 

complex. In this section, the response of the FePc and MnPc codeposition films 
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examined under UHV conditions in Chapter 3, will be discussed with particular 

reference to their possible use as chemical sensor materials for the detection of 

N02 in air. 
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Figure 5.12 Photocurrent time response curves for a MnPc/lnPc-CI 
codeposition film upon exposure to N02 in air. 

• • 
80 

Figure 5.12 is an example of the photocurrent changes evident at room 

temperature within the MnPc codeposition film following the introduction and 
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cessation of a number of different concentrations of N02 in air. The sensitivity 

is markedly improved (6.6 times or 24.6%/parts-per-billion) over those responses 

presented for a typical pure InPc-CI film (ie. Figure 5.7), presumably due to the 

elimination of [MnPc,02J electron trapping sites by the chemisorption of N02. 

Based upon a noise level of 2 pA and a baseline photoconductivity of 0.1276 nA, a 

detection limit of 127 parts-per-trillion was calculated for the MnPc codeposition 

film. Following the cessation of N02 flow, there was a much more pronounced 

initial decrease in the photoconductivity. This can likely be ascribed to the 

competition of 02 for chemisorption to the impurity phthalocyanines located 

within the near surface region of this organic film. The return of the [MPC,02J 

electron trapping sites results in a more rapid decrease in the conductivity, due to 

the effect of these recombination centers upon a number of the collectable free 

charge carriers. Similar results were obtained for the FePc codeposition film, 

with a sensitivity enhancement of as much as 7.0 times seen over a typical InPc-Cl 

film (26.1 %/parts-per-billion), as well as a detection limi t of 68 parts-per-trillion 

(200 pA noise level and a 22.42 nA baseline value). Because of limitations in the 

dilution of the N02 across a wide concentration regime, it was not possible to 

seriously examine the dynamic range of any of these devices. Figure 5.13, though 

does show that the MnPe codeposition film responds with a nearly linear increase 

in the photoconductivity up to 40 parts-per-million N02 in air. The operation of 

these codeposition films at elevated temperatures (> 60°) resulted in a loss of the 

sensitivity enhancement resulting from the presence of the impurity 

phthalocyanines within the near surface region of these films. It is possible that 

the high temperatures cause irreversible interactions between either 02 (or N02) 

and the impurity phthalocyanines, such tha t many of the chemisorption sites for 
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02 and N02 that electronically impact the film's conductivity are effectively 

removed. 

S.S Conclusion 

The ultimate use of the trivalent metal phthalocyanines (ie. GaPc-CI and 

190 

InPc-Cl) for the analytical detection of the gas phase analyte, N02, is limited by 

several factors. The ideal chemical sensor would be one which is sensitive and 

selective toward the analyte of interest over a wide dynamic range, with the time 
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response necessary to attain equilibrium conditions on both the onset and offset 

of the analyte being as rapid as possible. By gaining a better understanding of 

the charge carrier mechanisms occurring within these films, as well as the modes 

for collection of free charge carriers within the near surface region of these 

phthalocyanines, we have demonstrated the possibilities inherent with the 

sensitization-of these organic films toward N02• These efforts have been in many 

ways complementary to the NHs chemical sensor work, with the specific 

incorporation of trap sites onto these organic films resulting in a substantial 

enhancement in the sensitivity toward N02• One of the biggest problems facing 

the InPc-Cl chemical sensor, however, is that of selectivity. The last several 

chapters have demonstrated that the phthalocyanines will respond electronically 

to the adsorption of either electron accepting or donating gas phase analytes, 

including 02' NHs and N02, for example. Current efforts are underway to 

prepare a chemical sensor package which will incorporate three complementary 

probes of the gas-solid interactions taking place: I) a surface acoustic wave 

microgravimetric device; 2) an electronic chemiresistor; and 3) an optical 

waveguide device. This final format will hopefully allow us to measure three 

separate responses simultaneously and begin to introduce some selectivity into the 

detection of these gas phase analytes through the incorporation of pattern 

selectivity. Another limiting factor for these types of chemical sensors is the time 

response necessary for these films following the introduction or cessation of a 

particular concentration of N02• Although higher operating temperatures are an 

effective means of modifying these constraints, this does introduce problems in 

terms of the lifetime and/or sensitivity of these devices. 

Shown in Figure 5.14 is a schematic of the near surface region of a InPc-CI 
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Figure 5.14 Schematic of the chemisorption processes for N02 and 02 in the 
near surface region of the polymeric and impurity 
phthalocyanine modified InPc-Cl MC assemblies. 

chemiresistor that hclps summarize the majority of interactions taking place at 
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the gas-solid interface. On a pure InPc-CI thin film, there appears to be two types 

of chemisorption sites, one of which is in the minority and has a large impact 

upon the conductivity of the film, while the majority of chemisorbed N02 has a 

much smaller effect upon the conductivity. As was mentioned earlier, this may be 

related to the chemisorption of N02 onto either the metal center or the 

surrounding 1f network of the phthalocyanine molecule. We would expect that the 

formation of a charge transfer complex with the benzenoid portion of the 

phthalocyanine molecule might have the most dramatic impact upon both the dark 

and photoconductivity. This is shown in the figure with the interaction of N02 
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with the phthalocyanine forming a Pc+ hole which is mobile and attracted to the 

negative electrode for collection. This is primarily a dark effect, although the 

interaction of a photogenerated exciton with this charge transfer complex will 

increase the photoconductivity due to an increased efficiency in the dissociation 

of these bound sites. The modification of the InPc-CI film via the incorporation 

of hole trap sites or recombination centers is indicated on the left side of the 

figure with a thin film of PVF. If we imagine that the highly reducing nature of 

this film results in a pronounced decrease in the mobility of free hole charge 

carriers in the near surface region of the film, the overall dark and 

photoconductivity will be naturally reduced following the deposition of this 

polymeric modifier. The subsequent chemisorption of N02 onto this polymeric 

material causes a modification in the energetic depth of this trap, and a resultant 

release of a number of trapped hole charge carriers and an increase in the 

measured dark and photoconductivity. On the other hand, if there are impurity 

phthalocyanines such as FePc or MnPc at the surface of this film, their 

interaction with 02 will result in the formation of a [MPC,02J complex which is an 

efficient trap for free electron carriers. The competition of N02 for 

chemisorption to this site, may result in the displacement of 02 and the 

elimination of a trapping center for free electron charge carriers. Bearing in 

mind that the elimina tion of a single trap site will impact the collection of a 

number of free charge carriers, this type of sensitization can have a ,Profound 

effect upon the sensitivity of the film toward N02. 



CHAPTER 6. 

ORGANIC/INORGANIC-MOLECULAR BEAM EPITAXY: 

FORMATION OF AN ORDERED 

PHTHALOCY ANINE/SnS2 HETEROJUNCTION 

6.1 Introduction 
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Much of the development and future modification of the phthalocyanine

based chemical sensors depends upon a more complete and microscopic 

understanding of the interactions occurring between the gas phase analytes of 

interest and the host phthalocyanine. One of the primary obstacles that must be 

overcome in order to gain a more accurate view of the gas-solid interface within 

these systems, is the polycrystalline and amorphous nature of the phthalocyanines 

being examined. The irreproducible quality of the multiphase phthalocyanine 

films grown on both the microcircuit and various other amorphous substrates 

(ie. metallized gold on plastic, quartz microscope slide), only complicates the issue 

at hand. Considerable interest has been directed toward the development of a 

method for the growth of highly ordered thin films of these organic dyes.64 In 

addition to creating an ideal surface upon which to study these gas phase 

chemical sensors, the formation of an epitaxially grown phthalocyanine thin film 

would have potential applications in electrophotography, photoelectrochemistry, 

optical data storage, optical logic devices, and solar energy conversion via dye 

sensi tiza ti on. 8,19,113,114 

Because of the relatively large dimension of these organic dye molecules 

(:::: 14 A diameter for the phthalocyanines), it was necessary to choose a substrate 
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whose interaction with the dye layer would be weak enough to eliminate the need 

for a commensurate underlying substrate. The metal dichalcogenides, ie. MoS2 

and SnS2' are of particular interest in this respect, in that the uppermost layer of 

these materials consist of a planar hexagonal array of chalcogenide atoms which 

are completely bonded to metal atoms in the layer below; by virtue of the fact 

that the sulfur valency is satisfied, the surfaces of these materials lack dangling 

bonds.ll.,115,116,117 These materials have been termed van der Waals solids 

because the only interaction occurring between layers arise from weak dispersion 

forces. The deposition of phthalocyanines and other vacuum compatible organic 

dyes (coronene, perylene tetracarboxylic dianhydride, and Buckminster fullerene 

will be discussed in Chapter 7) onto the surface of the metal dichalcogenides 

results in a form of "self-epitaxy", in which the crystallization of the organic 

layer is predominantly driven by intermolecular forces. Further analysis, though, 

has demonstrated the importance of structural defect sites (ie. point defects, edge 

sites, terrace sites) on the surface of these materials in serving as templates for the 

ordered growth of these large organic molecules. 

In the next three chapters, data obtained from reflection high energy 

electron diffraction (RHEED) and low energy electron diffraction (LEED) will be 

discussed extensively in the analysis of the nature of the thin films grown. A 

brief introduction into the basics of these techniques follows. RHEED was found 

to be a very effective surface analytical tool for the on-line monitoring of the 

epitaxial growth of SnS2 on mica, and/or for the ordered growth of InPc-CI on 

SnS2. In RHEED, a high energy electron beam (JO-30 kV) strikes the sample at a 

near grazing incidence (== 1°), and on a well-ordered surface, the elastically 

reflected electrons form a diffraction pattern on a phosphorescent screen that 
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Figure 6.1 Scattering of a plane wave at a one-dimensional periodic lattice. 

consists of bright spots and/or streaks.118•119 The surface positions of the 

a toms in a perfect crystalline sample essentia]]y constitute a two-dimensional 

diffraction grating, whose periodicity can be defined by two real lattice vectors, 

81 and 8 2, Consider the scattering of an incident beam of electrons from a one 

dimensional array of scatterers, where a is the separation between scatterers, and 

So and 5' are unit vectors for the incident and emergent beams (see Figure 

6.1).120 Maxima in the intensity of the diffracted beam are determined by the 

von Laue diffraction condition, given as fo]]ows: 
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a • (5' - so> = IIA 

where It is the integral order and A is the wavelength.us Constructive 

interference is dependent upon the vector change (5' - 50>, which is in turn given 

by integral multiples of the basic reciprocal unit (A/a). It follows that the 

observed diffraction pattern will ultimately be determined by a reciprocal lattice 

net constructed from the basis vectors 8 -I and 8 -2' and defined by the following 

relations: 

• • 
8 1 . a 1 = 82 ·8 2 = 1 

al . a-2 = a -I . a2 = 0 

In other words, a \ is perpendicular to a2' and 8 -2 is perpendicular to 81.120,121 

Shown in Figure 6.2a is a cross sectional view of the plane of incidence in 

the RHEED experiment, including a graphical method for determining the 

directions of diffracted intensity maxima from an elastically scattered beam of 

electrons.us First of all, note the magnitude and direction of the incident beam 

of electrons, as denoted by so' impinging upon the sample's surface at the grazing 

angle, ¢. As mentioned above, the vector change (so - 5') defines the conditions 

necessary for constructive interference, with this difference being indicated in 

the figure as an Ewald sphere of radius 1/ A (as determined by the incident beam 

energy) about the tip of so. Reciprocal lattice rods are defined as lines or rods 

that are perpendicular to the surface and pass through a reciprocal net point on 

the crystalline sample surface. us The intersection point of anyone of the 

reciprocal lattice points with the Ewald sphere determines the (so - 5') vector, and, 
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therefore, the direction of the emergent beam (s') from the origin and the 

ultimate location of the diffraction spot on the phosphor screen. Figure 6.2b is a 

top view of the RHEED experiment showing the relationship between a single 

row of reciprocal lattice rods that possess a lateral spacing of a·, and the resulting 

set of diffraction spots apparent on the RHEED screen, with a measured width of 

W.U8 Just as an example, the s' vector is shown connecting the intersection point 

of the (2,0) rod with the center of the Ewald sphere, thereby determining the 

direction of the (2,0) diffraction spot from the origin on the sample to its location 

on the phosphor screen. From the diffraction spot spacing, W, and the distance 

from the point of incidence on the sample surface to the screen, L, the reciprocal 

la ttice spacing, a" can be determined:1l8 

a*=27rW/>'L 

By simply rotating the sample about its axis, it then becomes possible to calculate 

the real lattice vectors, 81 and 8 2, 

From the discussion above, we should ideally expect to see a ring or arc of 

sharp spots, and not the diffraction streaks which are so frequently observed in 

the presentation of RHEED data. These streaks are a natural result of oon

idealities resulting from either instrumental or sample broadening. U8,U9 

Instrumental broadening arises from the fact that the electron beam has a certain 

width, divergence and spread in kinetic energy that makes the Ewald sphere have 

a characteristic thickness. In most cases, though, the RHEED streaks result from 

sample broadening of the diffraction spots due to the interaction of the incident 

electron beam with a surface exhibiting some form of disorder. In particular, a 
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stepped surface or a surface with various terrace sites will naturally give rise to 

reciprocal lattice rods that have a finite thickness associated with them. The 

intersection of these rods with the Ewald sphere helps explain diffraction streaks 

seen on the screen. As the surface morphology changes to include three 

dimensional islands that rise above the surface, the RHEED pattern becomes very 

spotty in nature due to the transmission of electrons through the crystal. If, on 

the other hand, the film being grown is made up of a number of different 

domains, the RHEED streaks will give way to a pattern of semi-circles. Finally, 

as the film becomes completely amorphous, the semi-circles will fade to leave a 

diffuse screen. 

Following the epitaxial growth of these organic thin films, some of the 

samples were transferred into an alternate chamber for examination by LEED. A 

diagram of the LEED experiment is shown in Figure 6.3, with the sample held at 

ground and positioned perpendicular to the electron gun.120,121 Because of the 

fact that the collection of LEED data cannot be done during the actual growth of 

the film, as was the case for RHEED, the diffraction images must be acquired at 

intermittent intervals between deposition runs. Using a system of lenses and 

focussing elements, the electrons are collimated and accelerated toward the 

sample surface with the energy of the impinging electrons being variable from 

0-1000 eV (although the majority of our analyses have been done from 0-100 eV). 

Once again, the surface atoms on a perfectly crystalline sample will behave in a 

similar fashion to a two-dimensional diffraction grating, with the constructive 

interference from the elastically scattered electron waves giving rise to 

diffraction spots evident on the phosphorescent screen. The backscattered 

electrons from the sample surface encounter a system of four hemispherical 
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Figure 6.3 Diagram of the LEED experiment. 
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concentric grids prior to their acceleration by a positive 7 kV potential poised on 

the phosphorescent screen. The first and fourth grids are grounded to allow for a 

field free region between the sample and the first grid that excludes the 

possibility of electrostatically deflected electrons. The second and third grids are 

held at a potential slightly more negative than the primary electron energy, so as 

to repel any inelastically scattered electrons. Finally, the electrons are 

accelerated onto the LEED screen, whereupon the diffraction image can be 

captured using a CCD camera and a frame grabber from the backside. 

Much of the theory presented in the discussion for RHEED is directly 
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applicable to an interpretation of the LEED resuIts.120,121,122 Once again, the 

periodicity of the crystalline sample can be completely defined by two real lattice 

vectors, al and a2t wherein the maxima in the intensity from the emergent 

electrons elastically scattered from the sample surface are determined by the von 

Laue condition. The diffraction pattern obtained is actually a representation of 

the reciprocal lattice net, which can be completely defined by the two reciprocal 

la ttice vectors defined previously, a \ and a· 2' 120 Shown in Figure 6.4a is the 

construction of an Ewald sphere to aid in the understanding of the diffraction 

process from a one dimensional array of scatterers in the LEED experiment. 

Extending out perpendicularly from the sample surface are a row of reciprocal 

lattice rods that intersect the Ewald sphere at points where the Laue condition 

and the conservation of beam energy are satisfied simultaneously .. The incident 

electron beam is designated by a vector, so' from the center of the Ewald sphere to 

a reciprocal lattice point on one of the rods, with the length of this vector being 

equal to 1/ A, and the angle with respect to the normal (which should be close to 

zero degrees) being represented by !2So' Because the scattered beams are elastically 

scattered from the surface, the emergent beam vector,s', will also have a length of 

I/A, which means that the Ewald sphere will necessarily have a radius equal to 

1/>.. The intersection of the Ewald sphere with the reciprocal lattice rods gives 

an indication of the direction of the diffraction spots to be seen on the 

phosphorescent screen. As the beam energy is increased, the sphere radius will 

likewise increase, with the net result being an increase in the number of 

diffraction spots and a decrease in the angle between these spots; ie. as the beam 

energy is increased, the diffraction pattern will appear to condense towards the 

specular beam. In contrast, the deposition of an epitaxial film of phthalocyanine 
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onto SnS2' results in a much more narrow width, a·, between the reciprocal lattice 

rods, due to the larger size of the organic dye. The net result of this is that a 

significantly lower beam energy must be employed in order to observe the 

phthalocyanine reciprocal lattice. Figure 6.4b is a two dimensional example of 

the reciprocal lattice diffraction pattern obtained from a rectangular real 

lattice.121 Note the reciprocal nature of the diffraction pattern obtained, with a-I 

perpendicular to a2> and a ·2 perpendicular to ai' and the rectangle seemingly 

tilted on its side as a result.· 

In this chapter, the epitaxial growth of InPc-CI will be examined on two 

different types of substrates. The majority of work was done on ultra-thin films 

of SnS2 grown under vacuum onto optically transparent pieces of mica by way of 

a system of Knudsen cell sources and molecular beam epitaxy (MBE).55,56,57,58 The 

deposition of phthalocyanines onto these substrates benefitted from the fact that 

the films could be optically characterized following their removal from the 

vacuum chamber, thereby giving complementary information concerning the 

extent and nature of the ordering of these epitaxial thin films.us The bandgap 

energy of SnS2 (2.2 eV) is large enough that these semiconductors are basically 

transparent across much of the Q-band absorbance region for the phthalocyanines. 

Because of the difficulty inherent with doping the MBE grown SnS2 thin films, all 

of the photoelectrochemistry, scanning tunnelling microscopy (STM) and LEED 

were done on films grown on conductive substrates of either bulk, melt grown 

SnS2 (chlorine dopant level of ::::: 1016 cm-S), or naturally occurring, highly 

conductive samples of MoS2. Discussions will be divided up according to the type 

of substrate used. 
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6.2 Characterization of Bulk and MBE Grown SnSz 

Shown in Figure 6.5a is a computer simulation of the metal dichalcogenide, 

SnS2, upon which we have studied the epitaxial growth of InPc-CI. The surface of 

this material consists of a hexagonal array of sulfur atoms with a lattice spacing 
-

of 3.65 A and possessing three principal axes ([2110], [1120], and [1210]) that are 

rotationally identical and separated by 60° rotations (see Figure 6.5b).115,117 

Below the surface plane and sandwiched in between two hexagonal layers of 

sulfur atoms is a hexagonal layer of tin cations which sit in an octahedral 

environment of sulfur atoms. For MoS2 the basal plane is hcp sulfur (lattice 

spacing, 3.16 A) and the metal cations are in a trigonal prismatic orientation.115,1l7 

Each anion-cation-anion layer within the metal dichalcogenides is held to the 

next layer by weak van der Waals forces. It is this characteristic which is 

believed to allow large organic molecules such as the ph thalocyanines to grow 

epitaxially onto a surface latt!ce that is incommensurate with the phthalocyanine 

lattice. Furthermore, the bulk samples of these metal dichalcogenides are highly 

vacuum compatible, with an atomically clean, chemically inert, crystalline surface 

being obtained by simply cleaving the semiconductor with a piece of adhesive 

tape prior to its introduction into the vacuum chamber. 

6.2.1 Reflection High Energy Electron Diffraction (RHEED) and Low 

Energy Electron Diffraction (LEED) 

The bulk, melt grown samples of SnS2 exhibited excellent crystallinity, as 

indicated by the RHEED diffraction patterns obtained (see Figure 6.6). Figure 

6.6a shows the diffraction spots obtained with the electron gun aligned along the 

[1120] direction of the (0001) face of SnS2• The presence of these fairly sharp 
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Figure 6.5 a) Computer simulation of the SnS2(000l) surface with point and 
terrace site defects. 
b) Schema tic represen ta tion of SnS2(000 1). 
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spots, as opposed to streaks which were evident in the MBE grown SnS2, is an 

immediate indication of the highly crystalline nature of the surface of this 

material.US,U9 The reciprocal lattice spacing of these spots corresponds to the 

lattice spacing of 3.65 A for 2H-SnS2.
U5 Because of the six-fold symmetry of 
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sulfur atoms on the SnS2 surface, an identical diffraction pattern was obtained 

with every 60° rotation from the principal direction shown in Figure 6.6a. Shown 

in Figure 6.6b is a sample diffraction pattern obtained for a 30° rotation from 

the [1120] direction. The streak spacing is now J3 times larger than the previous 

pattern, which is characteristic of a surface with a hexagonal lattice structure.U8 

Examination of the naturally grown, bulk crystals of MoS2, resulted in RHEED 

diffraction data that differed from the SnS2 only in the fact that the reciprocal 

lattice spacing was enlarged by 13% to take into account the smaller lattice 

spacing of 3.16 A for this material.1l5 LEED diffraction patterns were obtained 

for bulk samples of both MoS2 and SnS2, with the LEED patterns being identical 

in appearance except for the reciprocal lattice spacing. Figure 6.15a (see Section 

6.3.1) is a typical LEED pattern obtained for SnS2 at a beam energy of 64 eV. At 
. 

this energy, only the first Laue zone is observed, and we can now clearly note the 

hexagonal symmetry of the sulfur atoms on the surface of these materials. 

For the discussion of the MBE growth of SnS2 on mica that follows, frequent 

reference will be made to the surface diffraction patterns presented above for the 

bulk, melt grown SnS2 sample. The substrate chosen for the deposition of this 

metal dichalcogenide was an air-cleaved piece of mica (muscovite, 

KAI 2(OHMSisAIO lO». The reason for choosing mica was severalfold: 1) the 

optical quality of the mica was such that transmission absorbance measurements 

could be made on the thin films grown; 2) mica has a similar layered structure as 
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Figure 6.7 Schematic representation of the muscovite surface atomic 

structure. 

the metal dichalcogenides, thereby permitting simple clea vage of the substrate to 

expose an atomically clean van der Waals surface that is devoid of any dangling 

bonds prior to its insertion within the vacuum chamber; 3) mica is commercially 

available, fairly inexpensive, and stable up to 700°C; 4) mica has a 

pseudohexagonal lattice that should simplify the interpretation of the growth of 

the hcp SnS2 lattice onto this substrate. Muscovite, however, does have a 

significantly different surface atomic structure than that of SnS2 (see Figure 6.7), 

with unit triangles of three oxygen atoms arranged to have six·fold symmetry, 



while half of the potassium atom sites are unoccupied following the cleave.12S 

In addition, the lattice constant for the a axis of mica is as much as 30% larger 

than the SnS2, although, as we shall see, this does not appear to affect the 

epitaxial growth of these van der Waals solids. 

The heteroepitaxial growth of metal dichalcogenides by MBE has been 

demonstrated by several workers.124.125.126.127 In particular, the 

heteroepitaxial growth of the metal dichalcogenides, MoSe2 and NbSe2' has 

previously been demonstrated to be possible onto freshly cleaved pieces of 

mica.128.129 The sequence of pa tterns shown in Figure 6.8 and 6.9 represent 
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the growth of SnS2 onto mica. Figure 6.8a is a RHEED pattern obtained for mica 

while looking along the [100] azimuthal direction. The diffraction streak spacing 

is consistent with the lattice spacing of 5.19 A for mica. With a shutter assembly 

blocking the tin and sulfur sources from the mica substrate, the tin and sulfur 

fluxes were adjusted according to those parameters mentioned in the experimental 

section, while the substrate was maintained at an annealing temperature of 

400°C. Figure 6.8b is the RHEED diffraction pattern obtained following the 

removal of the shutter assembly, and the growth of approximately 0.5 equivalent 

monolayers of SnS2 onto the mica surface. Note the extra pair of lines growing in 

with the larger reciprocal lattice spacing, which is indicative of the smaller real 

lattice spacing of 3.65 A for 2H-SnS2• It is interesting to note that even at 

submonolayer coverages, the lattice spacing for the SnS2 is consistent with those 

determined for the bulk semiconductor material. The appearance of this new set 

of diffraction streaks occurs along the [100] direction of the mica, indicating that 

the [1120] direction of the SnS2 is likewise oriented along this direction. It should 

be noted that epitaxial growth of this metal dichalcogenide occurs despite a 
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lattice mismatch with the mica substrate as high as 30%. It is possible that terrace 

sites on the mica surface may actually "guide" the initial nucleation and growth 

of the SnS2 along the primary axes. The process of cleaving the mica substrate 

prior to introduction into the vacuum chamber, however, results in the random 

removal of one half of the potassium atoms from the surface of this material;123 

this is certain to complicate the epitaxial growth of SnS2 onto this surface. 

If the deposition is allowed to continue to an equivalent monolayer of SnS2 

and above, the new set of RHEED diffraction streaks from the SnS2 lattice 

intensify, while the mica streaks completely fade away (see Figure 6.9a). Upon 

closer examination of this diffraction pattern, it is evident that there are two 

additional faint diffraction streaks which have grown in on opposite sides of the 

RHEED screen. As a result, the outermost diffraction streaks on each side appear 

to be a doublet (see the arrows on the line scan). The extra lines that have grown 

in are J3 times as large as the normal diffraction width for this figure, which is 

indicative of the enlarged diffraction streak width obtained following a 30 0 

rotation of the bulk SnS2 from a principal axis (see Figure 6.6b). In other words, 

an additional domain of SnS2 exists on the mica substrate, whose [1120] direction 

is oriented at 30 0 with respect to the [100] direction of the mica. If this film is 

now rotated by 30 0 away from the [100] direction of the mica, a diffraction 

pattern is obtained that appears identical to Figure 6.6b for the bulk SnS2 (ie. the 

diffraction streak width has increased by J3 times), with the exception that 

another set of low intensity diffraction lines (up to 30% of the intensity of the 

major diffraction lines) are apparent. As we might expect, these additional lines 

have the same diffraction streak width as were found for the major lines in 

Figure 6.8b along the [100] direction of the mica. Further investigation reveals 
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Figure 6.9 a) RHEED diffraction pattern for one equivalent monolayer of 
SnS2 on mica. 
b) RHEED diffraction pattern for a~ annealed SnS2/mica film. 
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that if the RHEED diffraction pattern is continually observed while the sample is 

slowly rotated 30° away from the [100] direction of the mica, the diffraction 

pattern shown in Figure 6.9a for the [1120] direction of the SnS2 can be seen to 

fade in intensity, although it never completely disappears from view as one might 

expect. Koma and coworkers have reported similar RHEED results in the 

deposition of MoSe2 and NbSe2 onto cleaved pieces of mica.128,129 These results 

indicate that, while the majority of SnS2 orients and grows along the [100] 

direction of mica, a small percentage of the surface is textured in nature with 

several different azimuthal orientations of the crystal. The absence of ringing in 

the diffraction pattern is an indication that these regions are not polycrystalline 

in nature. 

The experimental conditions for the growth of SnS2 had a major impact 

upon the epitaxial quality of the films. For example, if a poor quality mica 

substrate was used (as judged by the number of visual imperfections and by the 

sharpness of the RHEED diffraction spots), the SnS2 film grown would show 

nearly equal RHEED intensities for the two separate domains seen in the 30° 

rotation. The sulfur and tin flux rates, as well as the annealing temperature of 

the substrate also playa critical role in determining the crystalline nature of the 

SnS2 film grown. Shown in Figure 6.9b, for example, is a SnS2 film grown with 

the tin deposition ra te slowed, the su Ifur background pressure raised to :::: 10-7 torr 

(versus 10-8 torr for Figure 6.9a), and the annealing temperature maintained at 

400°C for 12 hours in UHV after preparation. The important thing to note is that 

the spurious, additional diffraction streaks seen in both the 0° and 30° rotations 

are now absent, suggesting that the majority domain seen in Figure 6.9b is the 

thermodynamically stable form. It is possible that even after annealing, there 
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may be a small percentage of the less sta ble form of SnS2 that is below the 

detection limits for RHEED. One final note that can be made concerning the 

RHEED patterns obtained for the epitaxial growth of SnS2 onto mica, is that the 

surfaces of these films likely ha ve a large percentage of terrace sites and other 

step-like features. These types of features result in sample broadening that is 

manifested in the appearance of diffraction streaks (as opposed to diffraction 

spots) during the MBE growth of SnS2. Efforts to grow epitaxial films of SnS2 on 

mica thicker than 30 monolayers were unsuccessful, with the RHEED diffraction 

streaks giving way to a pattern of rings. This sort of behavior is indicative of a 

film with a number of different domains, and it is likely that the epitaxial 

growth of these films is ultimately limited by the surface disorder apparent with 

the first equivalent monolayer. 

6.2.2 X-ray Photoelectron Spectroscopy (XPS) and Electron Energy Loss 

Spectroscopy (EELS) 

In order to corroborate that the thin films grown in the previous section 

were stoichiometric in tin and sulfur, a series of XPS studies were conducted on 

monolayer to multila yer coverages of SnS2 on mica, with direct comparison being 

made to the surface analysis of the bulk SnS2 sample. Spectra similar to those 

shown in Figure 6.10 for the Sn(3d) and S(2p) regions were obtained for all of the 

coverages examined (submonolayer regime up to multilayer coverages). The 

binding energy for the Sn(3ds/2) and the S(2PS/2) were determined to be 487.1 eV 

and 162.1 eV, respectively, which leads to a t.B.E. [Sn(3d s/2)-S(2Ps/2)] equal to 

325.0 eV. These binding energies are consistent with the t.B.E. determined for the 

freshly cleaved bulk SnS2 of 324.8 eV. The stoichiometry of these SnS2 thin films 
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was confirmed by computing the relative atomic ratio, NS/NSn' from the Sn(3d) 

and S(2p) peak areas, with corrections being made using the bulk SnS2 as a 

standard. The NS/NSn ratio was found to be equal to 2.04 ± 0.10. 

If the annealing temperature, tin flux, and/or sulfur flux were not kept at 

the optimum opera ting parameters discussed in the experimental section, the XPS 

data indicated the formation of substoichiometric films, with the NS/NSn ratio 

calculated to be as low as :::: 1.7. Furthermore, these films exhibited a distinct 

splitting of the Sn(3d) and S(2p) peaks, with the additional peaks being present at 

::::: 1.0-1.5 eV higher binding energies than those seen for the stoichiometric 

material, and representing as much as 20% of the total peak intensity. These 

results have been attributed to the existence of sites of mixed SnS/SnS2 material 

within the thin film which cause local work function differences that result in 

photoemission peak splitting. The presence of SnS in those films with a lower 

NS/NSn ratio, is further corroborated by the brownish tint of these thin films (as 

opposed to the yellowish color of the stoichiometric SnS2 thin films) and the 

conductivity enhancement apparent in these films (SnS2 is essentially an insulator 

unless it is specifically doped). Although the inclusion of SnS is a negative result 

as far as the forma tion of SnS2, these results do open up the possibility of doping 

the SnS2 thin film with substoichiometric sites in order to enhance the 

conductivity of the metal dichalcogenide via careful control of the metal and 

chalcogenide fluxes. 

In order to characterize the electronic structure of the MBE grown metal 

dichalcogenide thin films, a series of REELS data were collected (Ep = 200 eV) 

and compared to the bulk SnS2 crystal. Shown in Figure 6.l1d are the typical 

REELS data obtained for a freshly cleaved bulk SnS2 crystal, showing several 
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Figure 6.11 REELS data obtained on: a) freshly cleaved mica; b) 
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inelastic loss peaks at 4.1, 6.5, 9.1, 19.4 and 29.9 e V (the • peaks in this figure). 

This spectrum can be directly compared to the series of spectra shown in Figure 

6.1 la-c. The REELS data for a freshly cleaved piece of mica are shown in Figure 

6.1 la, with the primary plasmon loss peak apparent at 21.2 eV. A submonolayer 

coverage of SnS2 on mica gives a REELS spectrum (see Figure 6.11 b) in which the 

inelastic loss· peaks of the bulk SnS2 are just beginning to appear. By the time the 

coverage of SnS2 on the mica substrate approaches two equivalent monolayers (see 

Figure 6.11c), the prominent plasmon loss peak (19.4 eV), as well as the other 

features associated with the principal inelastic energy losses seen for pure bulk 

SnS2, have become fully developed. These results suggest that the electronic 

structure of the MBE grown SnS2 thin films is close to that of the bulk SnS2 

crystal. 

6.2.3 Optical Properties 

In an effort to determine the particular polytype of SnS2 grown on the mica 

substrate, relatively thick films (200-400 A) were grown specifically to allow for 

the collection of an absorption spectrum. Powell has shown that it is possible to 

distinguish between the 2H and 4H polytypcs of SnS2 (ABAB versus ABCABC 

stacking) by determining the characteristic absorption edges for these 

semiconductor materials.130,131 A plot of JOf.hv versus photon energy 

(where Of. is absorption coefficient and hv is the photon energy) gives an 

inflection point near the onset of absorption that allows for a determination of 

the band gap energy. The MBE SnS2 films grown on mica exhibited a band gap 

energy of 

2.27 ± 0.10 eV, which is consistent with the 2.29 eV indirect gap for the 2H 
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polytype (the 4H polytype has an indirect gap of 2.15 eV). The direct optical 

transitions for the 2H and 4H polytypes of SnS2 are seen at slightly higher optical 

energies of 2.44 and 2.34 eV, respectively. Because of the size of the bandgap in 

these materials, phthalocyanines deposited onto the surface of these 

semiconductors will absorb in a complementary region of the electromagnetic 

spectrum. 

6.2.4 Scanning Tunneling Microscopy (STM) 

Shown in Figures 6.12a and 6.12b are STM images of the basal plane regions 

for the (000 I) face of bulk MoS2 and SnS2• The regions of highest tunneling 

current (the brightest regions within the picture) are indicative of the 

chalcogenide atoms at the surface of these crystals. Each of these materials 

exhibited highly ordered hexagonal arrays across regions as large as 

100 A x 100 A, with the calculated lattice spacings agreeing favorably with the 

accepted values of 3.65 A (SnS2) and 3.16 A (MoS2). As the STM tip was scanned 

across the basal planes of these crystal surfaces, occasional atomic defects were 

seen in the hexagonal lattice in which one or two sulfur atoms were apparently 

missing from their lattice sites. Examples of this are shown in each of the images 

displayed in Figure 6.12. These defect sites have been found with regularity in 

the naturally occurring MoS2 samples, while they have been seen with 

significantly lower surface densities in the bulk, melt grown SnS2 crystals. There 

seems to be direct correlation between etching of the surface by the STM or AFM 

tip, and the preponderance of these basal plane defect sites.84 This property has 

made it very difficult to image some of these metal dichalcogenide surfaces. 

The point defect site in the SnS2 surface shown in Figure 6.l2b, exhibits a 
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circular region of lower tunneling current, which can be attributed to a tin atom 

below the plane and exposed by the missing sulfur atom. Closer inspection of 

these sulfur vacancy defect sites reveals a reproducible rhombus shaped pattern 

of extra tunneling current that surrounds these point defect sites in SnS2. It is 

possible that the loss of a S2- from the bulk lattice is compensated for by an 

electronic rearrangement that results in a concentration of electron density in 

neighboring tin sites. Alternatively, this result may arise from a lattice distortion 

which pushes some atoms closer to the tip in those regions surrounding the defect 

site. The point defect site shown in Figure 6.12a for MoS2 is slightly different, in 

that there appears to be two adjacent sulfur atoms missing from the crystal 

lattice, no metal atom below the sulfur plane, and no change in the tunneling 

current for the surrounding atoms. This result could be attributed to the loss of 

an entire MoS2 unit, with both sulfur atoms coming from the exposed surface of 

the MoS2 crystal. 

STM has also identified edge sites and other small basal plane terminations 

on the surface of these metal dichalcogenides.132 These terrace sites are 

generally the height (along the c axis) of one sulfur-metal-sulfur unit cell 

(:::: 5.9 A), and extend la terally across the crystal for several tens of Angstroms in 

some cases. Since these types of defect sites are basically the termination of a 

basal plane, it is not surprising that they appear to be uniformly distributed 

across the surface of these metal dichalcogenides, oriented at 60 0 angles with 

respect to one another and aligned along the [2110], [1120], and [1210] directions 

for these crystals. It remains unclear whether the basal plane termination for 

these terrace sites leaves tin cations or chalcogenide atoms exposed at the edge 

site. AFM studies conducted on the three different types of metal dichalcogenide 
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films used in this work, reveal that the MBE grown SnS2 has a significantly 

higher density of terrace defect sites than either the bulk MoS2 or bulk SnS2 

crystals. This result is likely a direct consequence of the growth mechanism for 

the MBE SnS2• At the onset of growth for these materials, the reaction between 

the tin and sulfur vapor phases on the mica substrate result in the nucleation and 

growth of a SnS2 layer across the surface. Prior to the completion of a complete 

monolayer, though, it appears that a second layer of SnS2 nucleates and initiates 

growth on top of this island. AFM images indicate that the islands formed have 

dimensions from 500-1000 A, with each island consisting of at least 2-3 unit layers 

of SnS2• This type of growth pattern is in contrast to the ideal situation, in which 

a layer-by-Iayer growth mode is followed and an atomically smooth surface is 

obtained. The existence of streaks as opposed to diffraction spots is further 

confirmation of the AFM observation of a highly stepped surface. 

6.3 Characterization of Ordered InPe-CI O,'erlayers on Bulk or MBE SnS2 

The previous section demonstrated the feasibility of growing epitaxial films 

of SnS2 onto cleaved pieces of mica, despite a lattice mismatch between these two 

crystals that was as high as 30%. This phenomenon has been attributed to the van 

der Waals nature of the interaction at the interface between these two materials. 

Our efforts to grow highly ordered overlayers of phthalocyanines, have lead to an 

examination of the deposition of these large organic molecules onto the surface of 

these metal dichalcogenides. The results presented in this section demonstrate the 

epitaxial growth of InPc-CI onto both the bulk and MBE grown SnS2 thin films. 
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6.3.1 Reflection High Energy Electron Diffraction and Low Energy Electron 

Diffraction 

Following the epitaxial growth of a thin film of SnS2 on mica (typically 

10 monolayers), the film was allowed to anneal overnight at 400 DC, with the film 

properties closely matching those shown in Figure 6.9b. Shown in Figure 6.13a, is 

the RHEED diffraction pattern obtained while looking down the [1120] direction 

of the SnS2 crystal, following the deposition of ::::: 0.5 equivalent monolayers of 

InPc-CI onto the surface of this material. Because of the relatively large van der 

Waals diameter of these organic molecules (::::: 13.7 A) in comparison to the lattice 

spacing of SnS2 (:::: 3.65 A), the reciprocal lattice net for an ordered overlayer of 

InPc-CI results in a set of tightly spaced streaks evident between the streaks for 

the SnS2 lattice. As the deposition of InPc-CI continues to a single equivalent 

monolayer and above, the SnS2 diffraction streaks fade away while the new set of 

lines at the center of the phosphor screen increase in intensity (see Figure 6.13b). 

The new set of diffraction lines are sharp and narrow, consistent with 

growth of the InPc-Cllayer in a flat-lying molecular plane that is parallel with 

the substrate surface. The lattice constant for this InPc-CI layer has been 

calculated from the reciprocal lattice spacing of this diffraction pattern to be 

representative of the molecular diameter for InPc-CI, at 14.2 ± 0.5 A.1SS,1S4 

Because of the four-fold symmetry of the phthalocyanine molecule, it is 

reasonable to expect that the InPc-CI orients in a square lattice on the surface of 

the metal dichalcogenide. We would expect that a 45 0 rotation of the substrate 

should give a diffraction pattern with a .[2 times larger spacing of the diffraction 

streaks. Hara and coworkers, for example, have presented RHEED diffraction 

data for the heteroepitaxial growth of CuPc onto a natural crystal of MoS2• and 
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Figure 6.13 RHEED diffraction patterns obtained along the [100] direction 
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they have found that the phthalocyanine orients in a triple-directional square 

lattice whose dominant a-axes are parallel to the principal axes for the MoSZ•70,77 

They report that the diffraction streaks for the 15° and 45° rotations of the 

crystal are J2 times larger than the spacings found at either OOor 30°. In other 

words, CuPc grows in :t set of three separate domains on the MOSz single cry~tal, 

with the real lattice vector, 81' oriented parallel to the [2110], [1120], and [1210] 

directions of the chalcogenide. The real lattice vector, 82' is positioned at a 90° 

angle with respect to these primary directions, which explains why the 

diffraction pattern remains unchanged following a 30° (or a 60° + 30° = 90°) 

rotation of the substrate. The 45° and 15° (60° - 45° = 15°) rotations within 

such a surface lattice, will both show identical diffraction patterns with the 

diffraction streaks spaced at a .[2 times larger width. 

The InPc-CI films grown on the MBE SnS2 substrates, on the other hand, 

exhibited the exact same diffraction pattern shown in Figure 6.13b, in almost 

every azimuthal direction. An explanation for this anomaly lies in the fact that 

the substrate is no longer a single crystal of SnS2• It has been shown that a small 

percentage of the surface is actually textured in nature, with several different 

domains of the SnS2 apparent. It seems, then, that there are, likewise, several 

orientations of the InPc-CI square lattice which have their primary axes aligned 

with the principal directions for these different SnS2 domains that exist on the 

surface of the MBE SnS2 surface. The net result is that as the substrate is rotated 

between 0 and 60 degrees, the diffraction pattern remains unchanged. Because 

these diffraction streaks are so closely spaced, it is difficult to determine whether 

there exists any additional diffraction streaks at a .[2 times larger width, that 

would represent a 45 ° rotation of one of the phthalocyanine domains. 



Figure 6.14 RHEED diffraction pattern for a InPc-C! film on an MBE 
SnS2/mica substrate, indicating the loss of epitaxial growth. 
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As the deposition thickness continues beyond an equivalent monolayer of 

InPc-CI on these MBE grown SnS2 substrates, the diffraction pattern shown in 

Figure 6.13b persists, suggesting that the InPc-CI orients in a two dimensional, 

layer-by-Iayer film, with no apparent change in the structure of the 

phthalocyanine overlayer. The large scattering background apparent within this 

RHEED dat~ is an indication that the epitaxial growth is not uniform and there 

are regions of amorphous growth on the crystal surface.us.u9 Just as was the case 

in the MBE growth of SnS2 onto mica, many of the growth parameters are critical 

in determining the epitaxial quality of the organic thin film. In particular, if the 

InPc-CI deposition rate was too high (~:::: 10 monolayers per hour), the SnS2 

substrate temperature was too low « 80°C), the SnS2 crystal was of poor quality 

(as judged by the RHEED diffraction pattern), and/or the organic film was 

grown too thick (> 50 monolayers), RHEED data such as that seen in Figure 6.14 

were obtained. The narrow, sharp diffraction streaks of Figure 6.l3b are replaced 

by much broader diffraction streaks and a set of symmetrically placed 

diffraction spots that are consistent with transmi,ssion electron diffraction 

through surface features exhibiting some three dimensional character. This sort 

of diffraction pattern is associated with the loss of the molecularly flat, 

layer-by-Iayer growth mode, and the introduction of islands and other asperities 

which project above the surface plane, ie. a textured surface.us.u9 As a final 

note, the growth of InPc-CI beyond several equivalent monolayers onto a bulk, 

melt grown crystal of SnS2 with an extremely low basal plane defect density 

(as revealed by STM analysis), resulted in a spotty diffraction pattern similar to 

that shown in Figure 6.14. As will be discussed in more detail later, the existence 

of defect sites appear to playa critical role in the epitaxial growth of these 
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organic overlayers. 

In order to obtain complementary information concerning the nature of the 

epitaxial growth of phthalocyanines onto these metal dichalcogenides, LEED 

diffraction patterns were obtained for the deposition of InPc-CI onto the bulk 

SnS2 single crystal. Unfortunately. LEED analysis of the InPc-CI thin films 

grown on the MBE SnS2 were unsuccessful due to an excessive amount of charging 

arising from the insulating properties of these films. The epitaxial growth of 

InPc-CI onto the SnS2 bulk crystal was found to be somewhat dependent upon the 

nature of the cleave. with more often than not, the LEED exhibiting a diffuse. 

continuous ring indicative of the existence of multiple domains possessing random 

orientations with respect to the chalcogenide surface. Figure 6.1 Sa is a typical 

LEED pattern of the SnS2(0001) surface obtained following an overnight bake at 

350°C. The beam energy used in this case was 64.3 eV. and the hexagonal 

reciprocal lattice obtained is indicative of a SnS2 lattice with real lattice 

constants of a 1 = a2 = 3.65 A. 

Because of the large size of the phthalocyanines, the LEED analysis of these 

organic overlayers was limited to beam energies from 10-15 eV. This constraint 

naturally prevents the acquisition of LEED images which contain diffraction 

spots from both the SnS2 underlayer and the organic overlayer. In fact. the use of 

incident beam energies greater than:::: 20 eV on an ordered phthalocyanine 

multilayer resulted in a diffuse background, presumably due to space charge 

effects. Subsequent lowering of the incident beam energy below 20 eV would 

permit the observation of the diffraction spots. once again. indicating that no 

apparent damage had occurred by this voltage excursion. 

Shown in Figure 6.15b is the LEED pattern obtained following the 



A 

.. 
'~'. 

B 
Cray Level Profi Ie 
255-----------------
191-----------------
127 
6~;-- 4'::;::; .. - , 

e 8.9917.9826.9735.96 
Pixel 

o 35.96 

Cray L~vel Profile 
255-----------------
191----------------
127 
6~ t= :;uo.f;\ j:- 51; 

o 13.9226.0439.9652.98 
Pixel 

:52.08 

230 

Cray L.v.1 Prof" II. 

~----------------191------~J ""'4-------
127------""':r~\.------
63------~I~~~----
e~i--_Ti-L~.~~i-_' 

e 13.~ 27.' 41.25 S5 
Plnl 

e 
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deposition of four equivalent monolayers of InPc-CI onto the SnS2(0001) surface. 

As we shall explain shortly, this pattern arises from a set of six equivalent square 

lattice domains lying parallel to the chalcogenide surface, although the origin of 

these six domains is still debated. Figure 6.16a is a schematic of the LEED 

pattern shown in Figure 6.15b, and is representative of the reciprocal lattice mesh 

expected from the unit cell model proposed in Figure 6.17a. The epitaxial growth 

of four-fold symmetric phthalocyanines onto a six-fold symmetric array of 

chalcogenide atoms, will result in the direct formation of three equivalent square 

lattice domains, each of which is rotated by 60° with respect to the other. A 

schematic of the reciprocal lattice expected from three phthalocyanine domains is 

depicted in Figure 6.16b. A geometrical analysis of the LEED images shown in 

Figure 6.15, indicated that the InPc-CI domains are oriented at an angle of, 

¢ = == 4 0, away from the principal axes of the SnS2• The net effect of this 

rotation is that, by symmetry, we can expect the formation of six equivalent 

domains on the chalcogenide surface, with three equivalent domains arising from 

the + 4 ° rotation, and an additional three domains arising from the -4 ° rotation. 

It is now evident that the LEED pattern shown in Figure 6.16a can be obtained by 

taking the reciprocal lattice net of Figure 6.16b, and overlaying an identical 

la ttice net tha t is rota ted by <= 8 0. 

By taking into account the size and molecular orientation of this organic 

overlayer, it is possible to derive a 3 x 2 coincident superstructure which is 

rotated by ¢ = ± 4 ° with respect to the SnS2 principal axes (see Figure 6.17a). The 

following dimensions describe this unit cell: b1 = 4al - 1/3a2, b2 = -2al + 9/2a2-

r = 90°, and ¢ = ± 4°. This can be further notated in the following manner: 
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Note that the proposed packing geometry in Figure 6.17a has the four benzyl lobes 

for each individual phthalocyanine interleaved with each adjacent 

phthalocyanine, as opposed to having the phthalocyanines arranged in a perfect 

corner-to-corner square lattice. This configuration of phthalocyanines produces a 

center-to-center spacing along both the x and y axis of :::: 13.7 A, which is identical 

to the dimensions for the corner-to-corner packing geometry. Although LEED is 

unable to differentiate between these two types of square lattice orientations,121 

it can be seen in Figure 6.17a that an interwoven orientation of phthalocyanines 

may result in a lower energy orientation due to a relaxation of the coulombic 

repulsion between the aromatic hydrogens on the lobes. This type of orientation 

is also supported by the high resolution electron microscopy obtained for epitaxial 

overlayers of vanadylnaphthalocyanine and lead phthalocyanine.1S5,lS6 

Throughout this chapter, we have alluded to the importance of defect sites 

on the chalcogenide surface in determining the Quality and nature of the 

epitaxial film grown. STM and AFM imaging have indicated that the bulk crystal 

metal dichalcogenides have a relatively large density of both point defects 

(ie. sulfur vacancies) and terrace site defects.84,lS2 It is possible that the partial 

positive charge associated with a point defect site on the substrate, may be just 

the added interaction energy necessary to chemisorb a InPc-CI molecule via the 

insertion of the electronegative halide ligand into the vacancy defect site. It is 

from this sort of chemisorption site that the 3 x 2 coincident superstructure may 
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arise as sequential growth extends outward across the substrate. An additional 

nucleation site to be considered are the terrace sites, defects which have been 

shown to be specifically oriented along the principal directions of the metal 

dichalcogenides,as well as extending over several tens of Angstroms in length (this 

model will be discussed in more detail in Chapter 7. with respect to the growth of 

CuPc on MoS2). Those molecules adsorbed to the surface of the substrate which 

have sufficient diffusion mobility, may be able to orient themselves in a more 

energetically favorable position against an edge site. The subsequent growth of 

phthalocyanines would then extend away from this nucleation site, with the 

formation of a single square lattice domain that was perfectly aligned with a 

principal axis of the chalcogcnide. Although the LEED data for the deposition of 

InPc-CI on the bulk SnS2 crystal suggest the formation of square lattice domains 

which are rotated by ± 4°, we cannot rule out the possibility that this terrace site 

nucleation mechanism plays an active part in epitaxial growth seen on the MBE 

grown SnS2 films. 

6.3.2 Optical and Photoelectrochemical Characterization 

The optical transmission and photoelectrochemical characterization of these 

ordered InPc-CI overlayers were found to provide additional insights into the 

nature of the epitaxial growth of these organic molecules. As we shall see, an 

extension of Kasha's molecular exciton model can be extrapolated to interpret 

optical spectra in terms of the proposed crystal structures for these lamellar 

arrays.lS7,lS8,lS9 The shape and position of the Q-band region for these 

ultrathin films of InPc-CI can be used to obtain complementary information, with 

respect to the electron diffraction techniques, concerning the three dimensional 
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crystalline structure. 

Shown in Figure 6.18 is an example of the transmission absorbance spectrum 

of a disordered InPc-CI thin film (::::: 480 A) that gave a RHEED diffraction 

pattern such as that seen in Figure 6.14. The nature of this deposition was 
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Figure 6.18 Transmission absorbance spectrum for a disordered InPc-CI film 
grown on MBE SnS2/mica. 

essentially predetermined by the quality of the SnS2 thin film grown, with the 

RHEED pattern for this surface prior to the organic dye deposition 'lacking the 

sharp diffraction lines seen in Figure 6.9b. This absorbance spectrum is also 

typical of those seen for polycrystalline InPc-CI films, where at least two 

different crystalline morphologies coexist and the absorbance has a FWHM of 250 



237 

nm. We have previously seen [nPc-CI films with these same absorbance and 

photocurrent quantum efficiency properties in the organic thin films grown on 

the chemiresistors and discussed in Chapter 3.30,31 Figure 6.1ge, on the other 
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Figure 6.19 Absorbance spectra obtained for a set of highly ordered [nPc-CI 

films grown on MBE SnS2/mica. 

hand, is the absorbance spectrum obtained for a highly ordered [nPc-CI thin film 

(= 170 A) that gave sharp diffraction streaks such as those seen in Figure 6.13b. 

The FWHM is now extremely narrow (60 nm), versus the extensive broadening of 

the absorbance spectrum normally associated with condensed films of 

phthalocyanines. In addition, the absorptivities for the two films discussed here 

were calculated to be significantly different. The absolute coverage of [nPc-CI on 

each of these samples was determined by dissolving the phthalocyanine films into 

a known volume of pyridine, and using a Beer's Law calibration plot to determine 
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the absolute number of moles per unit area. The highly ordered InPc-CI film of 

Figure 6.1ge had an A160nm of 0.282 and a rInPc-Cl of ::::: 4.5 x 10-9 moles/cm2, while 

the polycrystalline InPc-CI film of Figure 6.18 had an A160nm of 0.230 and a 

rInPc-Cl of ::::: 1.3 X 10-8 moles/cm2
• The actual thickness of each film was 

approximated by assuming that the phthalocyanines were oriented in a set of 

closest packed, flat lying organic layers. The highly ordered InPc-CI film was 

ultimately calculated to have an absorptivity (fJ = 3.9 X 105 em-I) as much as 3.5 

times as large as that calculated for the disordered InPc-CI film 

(fJ = 1.1 X 105 em-I). 

Shown in Figure 6.19b through 6.1ge are the absorbance spectra obtained for 

highly ordered overlayers of InPc-CI on MBE SnS2 (as judged by the RHEED 

diffraction pattern), with the phthalocyanine thickness varying from 

ca. I - 47 equivalent monolayers.59,140 For comparison purposes, the solution 

absorbance spectrum for a dilute concentration of InPc-CI in pyridine 

(l0-5M, Amax = 687 nm) is also provided in Figure 6.19a. The deposition of a single 

equivalent monolayer of InPc-CI exhibits a red-shift in the Amax of the 

absorbance spectrum to 739 nm (with respect to the Amax found for the monomer 

of InPc-Cl in solution). The Q-band region for this film also has a shoulder 

evident at 705 nm, which is in direct correspondence with the model to be 

presented. As the deposition thickness is increased up to 3 and 9 equivalent 

monolayers in Figures 6.19c and 6.19d, respectively, the Amax continues to red

shift from 748 nm to 

758 nm. However, the continued epitaxial growth of InPc-Cl no longer resulted in 

a red-shift in the spectrum, as indicated by the 47 equivalent monolayer film 

shown in Figure 6.1ge at 760 nm. As coverages of InPc-CI extend beyond this 
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point and the RHEED diffraction data begin to look similar to that shown in 

Figure 6.14, the shoulder at ca. 660 nm becomes more and more pronounced, until 

the absorbance spectrum is similar to that shown in Figure 6.18 . 
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Figure 6.20 Photocurrent yield spectra obtained from highly ordered InPc-Cl 
films grown on bulk SnS2 single crystals. 

Before discussing the model to explain the above absorption spectra, the 

results obtained from the photoelectrochemical characterization of these highly 

ordered InPc-CI thin films grown on bulk, melt grown SnS2 crystals will be 

presented in Figure 6.20, due to their similarity in appearance to Figure 6.19.59.140 

Once again, Figure 6.20a is a reference absorption spectra obtained for a dilute 
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solution of InPc-CI in pyridine (lO-5M, >'max = 687 nm). Figure 6.20b shows the 

photocurrent yield spectrum (electrons/incident photon) measured for an 

equivalent monolayer of InPc-CI, with the Q-band >'max centered at 70S nm and a 

quantum yield per absorbed photon (QYAP) of :::: 12%. The QYAP values were 

determined by calculating the absorbance per monolayer (A = 0.013) for these 

highly ordered InPc-CI samples from the absorptivity value determined previously 

(f3 = 3.9 X 105 em-I). Figure 6.20c represents the photocurrent yield spectrum 

obtained from an :::: 0.2 equivalent monolayer film which exhibited RHEED 

diffraction data such as that seen in Figure 6.l3b. In this case, the Amax was 

centered at 710 nm, with a shoulder in the spectrum apparent from == 740-760 nm. 

The QYAP for this film was calculated to be :::: 16%. The high efficiencies 

apparent within these ultrathin films are believed to be directly related to both 

the ordered growth of these organic molecules, and the naturally low 

concentration of structural defect or trap sites. Finally. Figure 6.20d represents 

the photocurrent yield spectrum for a 5 equivalent monolayer film of InPc-CI 

(QY AP = 3.3%), with the Q-band region being fully red-shifted to 760nm; the 

examination of coverages beyond 5-6 monolayers had no additional impact upon 

the >'max' 

We have found the molecular exciton model, as developed by Kasha, to be 

an effective tool for understanding the optical spectroscopy of these lamellar 

arrays of phthalocyanines.137,138,139 Kasha presents a simple vector model for 

explaining the excited state resonance interactions in weakly coupled electronic 

systems. that enables correlations to be made between the Q-band peak position 

and the molecular crystal structure. In the simplest case, we can examine the 

effective exciton splitting and spectroscopic absorption shifts apparent following 



241 

PARALLEL HEAD-TO-TAIL OBUQUE 

mm E"" 
E3~1 

_._.E
ft t @~E' J:1:> 

E E i E i 

~ ..... 
, 

E' t .. E'1I ! E' ~ 

I t M' 

EG --'----'---'- E G --'----'---'- E G --'----'---'-

MONOMER DIMER MONOMER DIMER MONOMER DIMER 

BLUE-SHIFT RED-SHIFT BAND-SPUTTING 

Figure 6.21 Exciton splitting evident in dimers of various geometries. 

the transition from an individual molecular monomer to a van der Waals 

molecular dimer.137,138 Shown in Figure 6.21 are a set of energy diagrams 

indicating the allowed optical transitions for various dimer geometries:137,138 In 

the case of a monomer, a single optical transition is expected, with EG and E 

representing the energy of the ground state and excited state, respectively. The 

exciton state splitting of the excited state energy level, E, for the dimer may be 

deduced from a vector diagram of the interaction between the transition moment 

dipoles for each individual molecule. For the parallel dimer case, for example, 

the two transition moment dipoles are either in phase or out of phase, En or E', 

with E" being raised in energy due to an electrostatic repulsion, while E' is 

lowered in energy as a result of an attractive interaction. The electric dipole 
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selection rules indicate that the absorption spectrum should appear blue-shifted 

from the monomer case, because of the fact that the vector sum of the transition 

moments for E' is zero, and the only allowable optical transition is to E", where 

the vector sum is some finite value. Similar arguments can be applied to the 

head-to-tail dimer case, with optical excitation now being allowed only in the 

transition to the lower energy, E' state; this effectively results in a red-shift 

apparent in the absorbance spectrum. In the oblique dimer geometry, both exciton 

states, E' and E", become allowed, with the intensities strongly dependent upon 

the angle between the two transition moment dipoles. 

We can further apply this exciton vector model to the case of a single 

monolayer of molecules oriented in a simple square planar lattice, wherein each 

molecule possesses an in-plane transition moment dipole (ie. similar to the case in 

point for InPc-CI on SnS2).139 The interaction of transition dipoles between 

molecules results in a perturbation of the electronic states within each individual 

molecule, with an aggregate of N molecules resulting in a splitting of an excited 

electronic state into an exciton band of N levels. The vast majority of these levels 

will be optically forbidden, as there are only as many allowed transitions as there 

are molecules per unit cell in the lattice. For this reason, a single monolayer of 

molecules in a square planar lattice would be expected to possess a single optical 

electronic transition. Take, for example, the case of a square planar array of 

in-plane transition dipoles that are all completely in phase; this arra~gement will 

naturally give rise to a non-zero vector sum and the single allowed exciton level. 

From a qualitative point of view, along one axis the transition dipoles are 

oriented in the attractive head-to-tail fashion, while along the perpendicular axis, 

the transition dipoles are oriented in a repulsive parallel fashion. The nature of 
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the dipole-dipole interactions are such that the attractive force is two times that 

of the repulsive force; the result is an overall attractive force and a lowering in 

energy of this exciton energy level with respect to the electronic excited state in 

the individual molecule. Optically. this is manifested in the observation of a 

single. red-shifted absorption peak. In the case of InPc-Cl. the situation is slightly 

more complex. as there actually exists a set of two perpendicular. in-plane. 

degenerate transition moment dipoles within each four-fold symmetric molecule. 

Chau has performed some theoretical calculations on the InPc-CI system. which 

predict that a monolayer coverage of InPc-Cl oriented in a square planar lattice 

should give a narrow absorption peak red-shifted to 707 nm.1",o This value is in 

close agreement with the single monolayer InPc-CI film examined 

photoelectrochemically in Figure 6.20b. that exhibited a Amax at 70S nm. 

At this point. it would be helpful to examine the proposed packing geometry 

for these highly ordered InPc-Cl thin films. and the extensions in the molec\llar 

exciton model necessary in order to assess the optical absorption spectra obtained 

for these materials. Wynne has carried out single crystal X-ray diffraction 

analyses on GaPc-Cl and AIPc-CI. and found them both to crystallize in the 
-

triclinic space group. pl.133,134 We have extrapolated this crystal structure to 

describe the deposition of InPc-CI onto the metal dichalcogenides. Figure 6.17b is 

a cross-sectional view of the layer-by-layer stacking that is expected to occur 

within these ultra thin phthalocyanine films. Assuming the first layer deposits in 

a planar square la ttice onto the metal dichalcogenide with the halides pointing uP. 

it is reasonable to expect that the second layer will orient in an identical square 

lattice with the halides pointing down and each molecular unit shifted by ca. 1/2 

molecular diameter in both the x and y directions. Subsequent layers continue to 
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orient in an AB/A'B' stacking pattern that approximates the PI space group. The 

interleaved nature of the proposed square lattice for these oriented 

phthalocyanines can be seen to more easily accommodate the second layer of 

phthalocyanines with their metal-halide facing down. The layer-by-layer 

slip-stacked nature of these square lattice domains will have no apparent affect 

upon either the RHEEO or LEEO, as these diffraction techniques are highly 

surface sensitive probes of the uppermost 1-2 monolayers of the deposited 

material and wiII primarily indicate the lateral surface structure of these thin 

films.119.122 

The deposition of subsequent layers of InPc-CI onto the square planar 

lattice in the packing geometry described above, results in immediate 

perturbations of the transition moment dipoles, that manifests itself in a 

progressive red-shift in the Amax. As the layer-by-layer growth extends into three 

dimensions, the various transition dipole interactions can be summed, pair by 

pair, in order to determine the energy displacement as a function of deposition 

thickness. Cha u has extended the theoretical calculations for the InPc-CI system 

to include each successi ve la yer up to a deposition thickness of 16 monolayers.140 

The results indica te tha t the Q-band maximum red-shifts as the coverage in 

monolayers increases, reaching an approximately constant Amax after six 

monolayers of 757 nm (the calculated ).max after 16 monolayer is 755 nm). These 

calculations are corroborated in the experimental results presented here. For 

example, in the absorbance spectra shown in Figure 6.19b through 6.19d, the 

InPc-CI thickness increases from one to nine monolayers, with the ).max increasing 

from 739 to 758 nm. Likewise, an increase in the deposition thickness from 0.2 to 

5 equivalent monolayers resulted in a photoelectrochemical red-shift of the Q-
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band from 70S nm to 760nm (see Figure 6.20b to 6.20d). Note that the 

47 monolayer InPc-CI film in Figure 6.1ge maintained a Q-band maximum at 

758 nm, as would be expected. It was stated earlier, that a single monolayer of 

InPc-CI oriented in a square lattice would be expected to result in a red-shifted 

>'max at 70S nm. This of course, was not the case for the single monolayer 

deposited in Figure 6.19b (739 nm), nor for the 0.2 equivalent monolayer deposited 

in Figure 6.19c (710 nm). These anomalies are likely linked to the nucleation and 

growth of a second layer of InPc-CI prior to the completion of the first 

monolayer, as has been noted in the AFM studies of the MBE grown SnS2. It is 

interesting to note the shoulder in the spectrum of Figure 6.19b, which is centered 

at 70S nm and is indicative of a small percentage of monomeric material. The 

InPc-CI film grown on the bulk SnS2 crystal (Figure 6.20c), on the other hand, 

appears to have oriented more closely into a single monolayer, although the 

spectrum does exhibit a shoulder on the red side of the Q-band which can be 

attributed to a small percentage of the second layer perturbing the system. 

Examination of the thicker films, such as those shown in Figure 6.19d and 6.Ige, 

exhibit an additional band on the blue-side of the absorbance spectrum which is 

closer spaced to the main peak than the vibronic side band seen for the solution or 

gas-phase monomers. The exact origin of this shoulder remains unclear, although 

it is likely that it represents some disorder in these films that manifests itself in 

additional exciton band levels being allowed. 

It is important to note that any alteration in the extent of shifting between 

phthalocyanine rings, or in the rotation of the layers with respect to each other, 

will result in significant broadening of the Q-band absorbance spectra.1S7,lS8 This 

is, in fact, the situation found in polycrystalline films of InPe-CI (ie. Figure 6.18). 
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Furthermore, the optical absorptivity of these epitaxially grown organic films, 

provides a complementary probe for understanding the packing geometry 

apparent within these organic systems. For example, while the RHEED and 

LEED analysis of the epitaxially grown InPc-CI thin films indicate a square 

lattice net, these techniques are not capable of indicating whether the subsequent 

layers are orienting in a slip stacked or cofacial, linear packing geometry. The 

trivalent metallophthalocyanine, AIPc-F, for example, has demonstrated a strong 

tendency to orient in a linear cofacial stacking arrangement, presumably due to 

the strong dipole-dipole interactions occurring between the metal-halide bonds. 

Recent reports have shown that highly ordered, epitaxial films of (AIPc-F)n 

grown on single crystal salts (e.g. KBr), exhibit extremely narrow Q-band spectra 

that are blue-shifted to "" 635 nm.78 This is in stark contrast to the slip-stacked 

geometry reported here for InPc-CI, for which we have only seen red-shifted 

spectra. Preliminary results within our laboratory have confirmed that ordered 

deposits of AIPc-F grown on SnS2 show a photocurrent yield band and an 

absorbance peak near this blue-shifted wavelength. Application of Kasha's 

molecular exciton model, likewise predicts a blue-shifted ~max near 635 nm, due 

to the cofacial, linear stacking within the AIPc-F that can be approximated by the 

parallel dimer case shown in Figure 6.2l.140 It can be seen that the absorbance 

and/or reflection absorbance spectra of these ultrathin organic films can be an 

additional and effective probe for monitoring the order and structural nature of 

these epitaxially grown films. 

6.3.3 Scanning Tunneling Microscopy 

Individual phthalocyanine molecules have been successfully imaged by STM 
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Figure 6.22 STM image of 1-1.5 ML of InPc-Cl deposited onto a bulk 
MoS2(OOO 1) single crystal. 

247 



248 

by a number of different workers.72,141,142,148 As an additional 

characterization tool for the epitaxial growth of phthalocyanines on these metal 

dichalcogenides, STM images were collected on a MoS2 crystal with 1-1.5 

equivalent monolayers of InPc-CI deposited on the surface (see Figure 6.22). The 

RHEED diffraction pattern obtained for this crystal indicated the growth of a 

flat-lying, highly ordered organic overlayer (ie. Figure 6.13b). As was mentioned 

earlier and will be discussed more extensively in Chapter 7, the phthalocyanines 

are believed to nucleate and initiate growth alongside a terrace site on the MoS2 

surface. For this reason, images of the InPc-CI were obtained by initially 

searching for a terrace site at low resolution, and then searching along the basal 

plane regions adjacent to these sites in order to obtain the high resolution images. 

Careful inspection of the STM image shown in Figure 6.22 indicates an object 

with a four-fold symmetric set of lobes that exhibit higher tunneling currents, 

and a diameter across that is ca. 13-14 A. In addition, this four-fold symmetric 

object is aligned along a primary axis for the MoS2 crystal, just as was predicted 

from the LEED and RHEED diffraction data. Examinations of defect sites on 

the pure MoS2 surface were always found to posses either three or six-fold 

symmetry.84,182 Therefore, it is reasonable to propose that the regions of higher 

tunneling current on this image arise from the benzenoid portion of a 

phthalocyanine ring. These types of objects were imaged regularly across the 

substrate, although it is not clear why the majority of deposited phthalocyanines 

are not visible. It is possible that the STM tip literally shifts many of the 

phthalocyanines across the surface of the substrate, thereby, preventing their 

imaging due to the weak van der Waals forces that exist between each of the 

molecules and the chalcogenide surface. A small percentage of the deposited 
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Figure 6.23 Computer simulated image of a InPc-CI array grown on the SnS2 
surface, wherein one of the molecules is sitting in a halide down 
configuration, with the chlorine atom inserted within a point 
defect site. 
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phthalocyanines are likely oriented upon defect sites apparent in the metal 

dichalcogenide surface region, which effectively anchor the organic molecule 

more securely in place. The point defects imaged by STM in Figure 6.12, for 

example, may serve as specific sites for the adsorption of InPc-CI in a "halide 

down" configuration (see Figure 6.23). This sort of chemisorption site may also 

help explain the high QY AP values found photoelectrochemically for these 

systems, due to the effective elimination of a basal plane defect site, in addition 

to formation of a direct electronic bridge for free charge carriers into the bulk of 

the semiconductor.59 The energy of adsorption for the phthalocyanines is likely 

stronger in these particular sites, and it is from this initial nucleation site that 

growth extends outward (see Chapter 7). Current efforts are being made to utilize 

AFM for imaging the phthalocyanines deposited on the MBE grown SnS2 on mica 

(a nonconductive substrate), as a means of further confirming some of the growth 

mechanisms suggested in this dissertation. 

6.4 Conclusion 

The epitaxial growth of InPc-CI has been shown to be possible on a variety 

of different metal dichalcogenide substrates. On the bulk SnS2 single crystal, the 

InPc-CI orients in a set of six equivalent square lattice domains that are oriented 

at ± 4 0 with respect to the primary axes on the hexagonal surface of chalcogenide 

atoms. A 3 x 2 coincident superstructure helps explain the nature of this 

orientation. It is believed that terrace and point defect sites within the near 

surface region of the metal dichalcogenide will playa pivotal role in determining 

the epitaxial growth of these organic overlayers. The MBE grown SnS2 on mica 

provided an altogether different type of substrate surface upon which to deposit 



Figure 6.24 Computer simulated image of the 3 x 2 IoPc-CI superstructure 
rotated by 4° 00 the SoS2(0001) surface. 
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the InPc-CI. Instead of the single domain of SnS2 that is apparent in the bulk 

crystals, the tin and sulfur beam react at the mica surface to form a number of 

different domains, although the majority of SnS2 is aligned preferentially along 

the primary axes for the mica. In addition, AFM studies indicate that the 

concentration of terrace sites on the surface of these films are significantly 

higher, despite prolonged efforts to anneal the substrate. This type of surface was 

found to facilitate the epitaxial growth of InPe-CI, as exhibited by the electron 

diffraction and optical characterization of these films, although the RHEED 

diffraction patterns obtained indicate that the organic overlayer is oriented in a 

number of different domains. This is likely the ultimately limiting factor in 

extending the epitaxial growth beyond::::: 50 monolayers. This is one of the 

reasons that we have begun efforts to epitaxially grow phthalocyanines on the 

four fold symmetric surface of a Cu(IOO) single crystal. 

Optical transmission absorbance spectra of these highly ordered InPc-Cl 

arrays provided a complementary probe into understanding the three dimensional 

packing geometry of these ultrathin films. Extensions in the molecular exciton 

model, as developed by Kasha, have enabled an explanation for the narrow. 

red-shifted Q-band spectra evident within these epitaxial films. The data suggest 

that InPc-Cl deposits in an AB/ A'B' stacking geometry (P I space group), with 

each subsequent layer slip-stacked 1/2 a molecular diameter in both the x and y 

directions. These films were found to exhibit very narrow excitonic lineshapes, 

as well as large absorptivity coefficients and high efficiencies for charge 

transfer. Films of strongly absorbing dyes with properties such as these, enable a 

number of different possibilities to be explored. Current efforts have been 

directed at determining the nonlinear optical properties of these films and their 
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possible application in the development of fast optical switches. Of course, the 

high QY AP for these films is an exciting new development in terms of 

xerography, organic photoelectrodes, and the dye sensitization of semiconductors. 

Furthermore, we have begun to pursue the possibilities inherent with the 

controlled growth of organic quantum well structures, and area which will be 

discussed in Chapter 7. Finally, these highly ordered phthalocyanine films are 

the perfect substrate upon which to study the gas-phase adsorption of various 

species to the surface, in an effort to understand and more effectively guide the 

development of chemical sensor devices that employ these materials. 



254 

CHAPTER 7. 

Organic/Organic' Molecular Beam Epitaxy 

7.1 Introduction 

The recent success seen in the heteroepitaxial growth of ultrathin films of 

molecular organic semiconductors has generated a renewed interest into the 

incorporation of these ordered organic overlayers into various electronic and 

optical device applications. As was discussed previously in Chapter I, the 

preparation of ordered organic thin films via organic/inorganic and 

organic/organic' molecular beam epitaxy (O/I-MBE and O/O'-MBE) has exciting 

possibilities in a number of different areas, including the dye sensitization of 

semiconductors,4.113.114 xerography,8 optical switching or logic devices,19 organic 

photoelectrodes, quantum well structures,16 and fundamental chemical sensor 

studies.53 Previous work in this area has demonstrated the epitaxial growth of 

some large organic molecules, including: n-paraffins and cyclohexane on Pt 

(111);144 benzene, naphthalene, and pyridine on Pt(ll 1) and Pt(lOO);145 

-
ethane on graphite;146 benzene on Zn(lOIO);147 perylene tetracarboxylic 

dianhydride (PTCDA) on graphite(OOO I };148 coronene and 

hexa-peri-benzocoronene on MoS2(OOOI} and graphite(OOOI);149 and several 

phthalocyanines on Cu(lOO),69 Cu(ll 1),69 inorganic halide salts,71.75 MOS270.77 and 

SnS2.57.58 In this chapter, we will initially present the results obtained in the 

heteroepitaxial growth of CuPc onto the MoS2(OOOI) surface, with these results 

then being compared directly to those presented previously for the growth of 

InPc-CI on SnS2(OOOI) (see Chapter 6). This discussion will be followed by a 
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specific examination into the structure and epitaxy of three different molecular 

organic semiconductors, PTCDA, coronene, and Ceo (see Figure 7.1), onto the 

MoS2(OOO1) surface via O/I-MBE. Finally, we will discuss the subsequent 

orientation and growth of CuPc onto each of these different organic overlayers, 

as a precursor to the formation of superlattice structures comprised of these 

organic materials (ie. O/O'-MBE). 

Our particular interest in PTCDA stems from a number of different factors. 

The photoconductive properties of PTCDA, for example, make it an interesting 

molecule with possible applications in molecular electronic devices.150,151 
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Previous work in our group has demonstrated that high quantum efficiencies for 

photoconductivity are possible with the formation of Pc/PTCDA bilayer 

structures, due to the heterojunction formed at the interface.96 Furthermore, the 

strong absorbance of this material in the blue region of the visible 

electromagnetic spectrum, makes it complementary in nature to the 

phthalocyanines, which have been shown to absorb strongly in the red.96 Because 

of the large molecular weight of PTCDA, the vapor pressure is low, making 

PTCDA vacuum compatible for carefully controlled depositions. The bulk crystal 

structure of PTCDA is comprised of either the monoclinic Q- or monoclinic 

,8-modifications, both of which consist of quasi-hexagonal lattice nets that lie flat 

within the (102) plane of these crystals.152 We might expect that the hexagonal 

array of chalcogenide atoms on the MoS2 surface will promote the epitaxial 

growth of PTCDA in an orientation that is parallel to the substrate surface. 

Previous examinations into the epitaxial growth of InPc-CI onto the metal 

dichalcogenides have shown that there is a progressive loss of epitaxial growth 

within these thin films beyond ::::20-50 monolayers.58 This is presumably due to 

the problems inherent with growing a four-fold symmetric molecule onto a 

six-fold symmetric substrate, wherein the dislocations evident between domains 

ultimately leads to polycrystalline growth. Additionally. the adsorbate-substrate 

interactions become weaker and weaker with increasing thickness, such that the 

bulk crystalline form begins to dominate. In order to extend the thickness of 

these organic films while maintaining their single phase growth, we have 

examined the possibilities inherent with depositing a monolayer of a particular 

"spacer" molecule onto an ultrathin phthalocyanine film, thereby forming a new 

surface upon which to grow an additional thin layer of phthalocyanine. This type 
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of ABAB organic thin film deposition may allow for the formation of organic 

superlattices with significantly higher optical densities, while still maintaining 

the narrow excitonic lineshape in the visible absorbance that is associated with 

the epitaxial growth of these organic molecules. In addition to PTCDA, two other 

spacer molecules will be examined: coronene and Cso. Coronene is a six-fold 

symmetric aromatic molecule which might be expected to orient in a hexagonal 

lattice net on the MoS2 surface, while C60 possesses a spherical shape that has been 

shown to consistently orient in a hexagonal closest packed fashion on various 

substrates.15S,154,155,156,157 Both of these materials exhibit low 

absorptivity in those wavelengths encompassing the Q-band of phthalocyanines, 

and their vacuum compatibility makes the deposition of ultrathin films possible 

by sublimation techniques. 

7.2 Organic/Inorganic Molecular Beam Epitaxy 

Prior to an examination of the various Pc/spacer molecule superJattice 

structures, studies were conducted to understand the nature of the organic growth 

for each of the different molecular systems on the MoS2(OOOl) surface. By 

incorporating the LEED diffraction data, the symmetry of the organic molecules, 

and the x-ray crystallographic data found in the literature, it was possible to 

predict the structure and epitaxy of the different organic overlayers. 

7.2.1 FePc/Cu(100), CuPc/MoSz(OOOI) and InPc-CI/MoSz(OOOI) 

As a prelude into the discussion of the heteroepitaxial growth of CuPc onto 

the MoS2(OOOl) surface, an examination of the results obtained in the growth of 

CuPc and FePc onto the surface of a Cu(lOO) single crystal will be presented. An 
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earlier report by Somarjai et a1. demonstrated the ability to grow commensurate 

organic overlayers of CuPc, FePc and H2Pc onto the Cu(100) surface, and our 

results support their findings.69 There are two primary reasons for our interest in 

this particular substrate. First of all, the Cu(IOO) surface consists of a four-fold 

symmetric array of copper atoms, which should greatly simplify the epitaxial 

growth of the four-fold symmetric phthalocyanines. In addition, Somarjai 

demonstrated that the first monolayer of phthalocyanine deposited onto the 

Cu(lOO) substrate is tightly bound to the surface (apparently via the ligand rather 

than the central metal atom), a characteristic which may aid in the extended 

growth and lifetime of these ordered organic overlayers.69 Shown in Figure 7.2a 

is a LEED diffraction pattern taken at 80 eV for the clean, Cu(100) substrate, 

indicating the reciprocal square net indicative of the real lattice constants, 

a1 = a 2 = 2.55 A. Figure 7.2b was the LEED image obtained at 15.5 eV following 

the deposition and overnight anneal of 1.1 equivalent monolayers of FePc at 

140°C onto the Cu(100) surface (identical results were obtained for the deposition 

of CuPc). The temperature of the substrate during the actual deposition was 

90°C, and the LEED image obtained prior to the overnight anneal at the higher 

temperature lacked much of the clarity of that shown in Figure 7.2b. The 

formation of highly ordered layers of phthalocyanine on Cu(100) appears to be a 

thermally activated process, with the deposited molecules requiring the necessary 

diffusion mobility in order to attain those optimum lattice positions. The 

overnight anneal may also be a necessary step in order to clean the copper 

substrate of any carbon residue remaining on the surface following the organic 

deposition, and to allow the subsequent orientation of any displaced 

phthalocyanine molecules onto the Cu(IOO) surface. 
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Figure 7.2 a) LEED diffraction pattern for Cu(lOO) at 80 eV. 
b) LEED diffraction pattern for 1.1 ML FePc on Cu(lOO) at 
15.5 eV. 



260 

o • 0 
• 0 

• • • 
0 0 0 0 0 

• • • • 
0 • 0 • 0 • 0 

• • • • 
0 0 0 0 0 

• • • 
o • 0 .0 

Figure 7.3 Schematic of the LEED diffraction pattern shown in Figure 7.2b 
for the epitaxial growth of FePc on Cu(lOO). 

The electron diffraction results indicate that the FePc orients parallel to the 

substrate in a set of two, square lattice domains, with both domains rotated by 

¢ = ± 21.8 0 from a primary axis of the Cu(lOO). A schematic of Figure 7.2b is 

shown in Figure 7.3, with the solid and open circles representative of the two 

separate square lattice domains rotated by::::: 44 0 from one another. It remains 

unclear why the second Laue zone is absent from the LEED image collected in 

Figure 7.2b, particularly since these diffraction spots are apparent in the work 

presented by Somarjai et al.69 Both CuPc and FePc are believed to form a 

commensurate set of two square lattice domains, as described by the following 

notation: 
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Cu(100)-p(j29 x J29) R ± 21.8°-FePc 

and shown in Figure 7.4. The various parameters determined for the FePc unit 

cell are summarized here: bl = Sal - 2a2' b: = 2al + Sa2' b1 = b2 = J29 x a1 = 13.7 A, 

r = 90°, fZl = ± 21.8°, and the area of the unit cell, F == 188 A2. 

'82' 

: L. 
, . ,8t 

Figure 7,4 Model' f~r thd c'u(ioO)-p(j29 x' Ji9)'R'±'21:S':.FeP'c unit cell. 

While examining the diagram shown in Figure 7.4 (as well as each of the 

organic models to follow), it is important to recognize that without using 

dynamical diffraction theory, LEED will not provide information concerning the 

particular adsorption sites for the molecules on the substrate, nor will it give any 

indication of the azimuthal orientations of these molecules relative to the 

surface,I21,122 For clarity, the phthalocyanines have been positioned with the 

metal center directly over a copper atom, although" we cannot rule out the 
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possibility that the unit cell is actually translationally shifted across the substrate 

in order to maximize any adsorbate-substrate interactions taking place. As was 

mentioned earlier, Somarjai has demonstrated that the phthalocyanines are tightly 

bound to the Cu(lOO) surface, regardless of whether the molecule has a metal 

center or not (ie. H2Pc vs. CuPc).69 We can, therefore, conclude that the benzenoid 

portion of the phthalocyanines plays an active role in dictating the exact location 

of the unit cell on the substrate. The specific azimuthal orientation of the 

molecules depicted in Figure 7.4 was arrived at by taking into account the van der 

Waals radii of the molecules, the dimensions and symmetry of the unit cell as 

determined from the LEED data, and the intermolecular repulsions expected from 

the possible orientations. We propose a unit cell in which the phthalocyanines are 

interleaved in order to relieve some of the hydrogen-hydrogen repulsion expected 

from a corner-to-corner or end-on unit cell. It is reasonable to assume that the 

four bridging nitrogens on the phthalocyanines, in particular, wiII interact the 

most strongly with the copper substrate. Note that for the configuration shown in 

Figure 7.4, the bridging nitrogens are nearly oriented atop a copper atom for each 

of the different phthalocyanines. As an aside, Rodriguez has examined the 

bonding of pyrazine onto the surface of a Cu(100) single crystal using MO-SCF 

calculations, with the semi-empirical data suggesting that the adsorbed pyrazine 

acts as both a u-donor and a 1I'-acceptor of electrons.1SS The occupied orbitals 

of pyrazine mix with the 4s, 4p and 3d orbitals of the copper, while the 11' back 

donation involves an interaction between the electrons in the copper 4s and 4p 

orbitals and the LUMO 11' molecular orbital of the pyrazine. Interestingly enough, 

it was reported that the strongest bond was found to be in the bridge sites 

(as opposed to the a-top sites), because of a better overlap with respect to the 11' 
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back donation bond. Although the adsorption of phthalocyanines onto the 

Cu(lOO) surface is an exceedingly more complex situation, it is clear that the 

surface of the copper substrate will playa much more active role in binding the 

initial organic monolayer than will be the case for the deposition of 

phthalocyanines onto the van der Waals surface of the metal dichalcogenides. 

In order for the metal dichalcogenides to be considered effective substrates 

in the growth of organic superlattice structures, it would be desirable for the 

adsorbate/substrate interactions to be strong enough to promote and maintain the 

heteroepitaxial growth of these large organic molecules. Let us now examine the 

case that exists for the epitaxial growth of CuPc onto the MoS2(OOO 1) surface. 

Figure 7.5a is a typical LEED pattern of the MoS2(0001) surface obtained 

following an overnight bake at 350°C. The beam energy used in this case was 

50.9 eV, and the hexagonal reciprocal la ttice obtained is indicative of a MoS2 

lattice with real lattice constants of a 1 = a2 = 3.16 A. The LEED diffraction 

pattern observed for one equivalent monolayer of CuPc on MoS2 at an incident 

beam energy of 15.3 eV, is shown in Figure 7.sb, along with a schematic 

indicating the reciprocal lattice unit mesh (Figure 7.6). As can be seen in the 

schematic, the four-fold symmetric CuPc orients in a square lattice net on the 

six-fold symmetric array of chalcogenide atoms on the surface of the MoS2; the 

symmetry of the substrate results in the formation of three separate domains, each 

rotated by 60 ° with respect to one another. Occasionally, small regions on the 

crystal surface were found which gave a LEED pattern that exhibited only a 

single square lattice domain (ie. only the dark spots, for example, in the 

schematic), thereby, providing further proof that the phthalocyanines orient in a 

square lattice net on the surface of these metal dichalcogenides. Further analysis 
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Figure 7.5 a) LEED diffraction pattern for a bulk MoS2(OOOl) single crystal 
at SI eV. 
b) .LEED diffraction pattern for 1.0 ML of CuPc on MoS2 
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Figure 7.6 Schematic of the LEED diffraction pattern shown in Figure 7.Sb 
for the epitaxial growth of CuPc on MoS2(0001). 

of the diffraction patterns obtained in Figures 7'sa and 7.5b, indicates that each 

of the square lattice domains are aligned preferentially along one of the principal 

axes of the metal dichalcogenide, fZj::::: 0°, and that the molecules are oriented 

parallel to the MoS2 surface. 

Similar results were obtained in the epitaxial growth of the trivalent 

metallophthalocyanine, InPc-CI, onto the surface of MoS2(0001). Shown in Figure 

7.7a is the LEED diffraction pattern obtained for a freshly cleaved MoS2(OOOI) 

substrate taken at 53.9 eV, with the deposition of two equivalent monolayers of 

InPc-Cl giving the diffraction pattern shown in Figure 7.7b (14.1 eV). It is 

evident that the orientation of InPc-Cl is identical in appearance to that shown in 
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Figure 7.7 a) LEED diffraction pattern for a bulk MoS2(OOOI) single crystal 
at 53.9 eV. 
b) LEED pattern for 2.0 ML of InPc-CI on MOSz at 14.1 eV. 
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Figure 7.Sb and 7.6 for the growth of CuPc onto MoS2• 

Two separate models may be proposed to explain the epitaxial growth of 

CuPc and InPc-CI onto the MoS2(0001) surface. The first model is dependent upon 

Figure 7.8 Model of a 3 x 2 coincident superstructure for the epitaxial 
growth of CuPc onto MoS2(OOOl). 

the existence of an interaction between the phthalocyanine and the chalcogenide 

which is strong enough to bring about the formation of a coincident lattice, while 

the second model is based upon the nucleation and growth of the phthalocyanines 

against metal dichalcogenide terrace sites. The former case is diagrammed in 

Figure'7.8, and is based upon the following dimensions: b1 = 13/381' 

bz = -5/281 + S8z, bl = b2 = 13.7 A, r = 90 0
, I2S = 0°. and the area of the unit cell, 

F = 188 A. A single domain of the CuPc on ~OS2 is proposed to be a 3 x 2 

superstructure, consisting of a: 
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. b/3 01 
MoS2(0001)- tS/ 2 5 rCUPC 

unit cell. Once again, the phthalocyanines are shown to stack in an interleaved 

fashion, in order to relieve some of the interatomic repulsion expected from an 

end-on configuration. It is interesting to note that the 3 x 2 superstructure 

formed is identical to that predicted in the growth of InPc-CI on SnS2, with the 

slight exception that the three square lattice domains for CuPc and InPc-CI on 

MoS2 are aligned along the principal axes for the dichalcogenide, as opposed to 

being oriented off-axis (fZS = ± 4°) in the case of InPc-CI on SnS2• This may be 

directly related to the smaller lattice spacing of the MoS2 with respect to the SnS2 

lattice, a characteristic which may ultimately dictate the orientation seen. 

Apparently, the dimensions of the two phthalocyanines, CuPc and InPc-CI, are 

similar enough to allow them to deposit in an identical fashion on the MoS2 

surface. It would be of interest to study the epitaxial growth of CuPc onto the 

SnS2(0001) surface, in order to examine whether a 4° rotation of each individual 

square lattice domain is obtained. Previous attempts at growing ordered films of 

CuPc onto the bulk SnS2(0001) substrate, though, have shown that the 

phthalocyanine does not grow parallel to the substrate surface. 

As mentioned in the previous chapter, defect sites on the metal 

dichalcogenide surface are believed to playa very important role in the epitaxial 

growth of these phthalocyanine films. STM analyses of SnS2 and MoS2 crystals 

have provided direct evidence for the existence of both point defects and terrace 

sites on the surface of these materials.s.,lS2 These terrace sites are oriented 



Figure 7.9 Model for the epitaxial growth of CuPc against a MoS2 terrace 
site. 
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randomly along each of the three principal axes of the metal dichalcogenide, and, 

in some cases, may extend over several tens of Angstroms in length. Figure 7.9 is 

an illustration of how this type of defect site can serve as a "template" for the 

growth of a single domain of the phthalocyanine along a principal axis of the 

metal dichalcogenide. It is possible that the initial molecules deposited onto the 

cbalcogenide surface interact with only weak van der Waals forces with the 

surface, and, therefore, have sufficient energy to diffuse short distances across 

the substrate in order to attain a more energetically favorable position at an edge 

site. Following the initial templating of the individual phtha]ocyanine molecules 

against these defect sites, continued deposition results in the sequential 



270 

completion of an ordered organic overlayer. In fact, we have noted that without 

bringing the substrate up to a temperature of 90-1S0°C, poor quality films were 

grown. The combination of this terrace edge nucleation effect occurring along 

each of the three principal axes of the metal dichalcogenide results in the LEED 

diffraction pattern shown in Figure 7.Sb. It is possible that the epitaxial growth 

of CuPc on MoS2 is actually dependent upon a combination of effects, including 

various interactions between the adsorbate and coincident substrate lattice sites, 

as well as nucleation and growth extending outward from terrace site defects on 

the chalcogenide surface. 

7.2.2 PTCDA/MoSz(OOOl) 

The deposition of 1.7 equivalent monolayers of PTCDA onto the MoS2(0001) 

surface gave a LEED pattern such as that seen in Figure 7.10 (14.7 eV). The 

schematic in Figure 7.lla is a geometrical calculation of the LEED pattern 

expected from the structural model proposed in Figure 7.12. The solid and 

hatched circles in Figure 7.lla are each representative of three equivalent 

domains evident on the surface of the chalcogenide, while the open circles are 

indicative of missing beams due to the existence of a glide symmetry in the 

packing geometry (as will be discussed below). In order to simplify the discussion, 

the reciprocal lattice net expected from three domains of PTCDA (rotated by 60° 

with respect to each other) is also shown schematically in Figure 7.11 b. From the 

LEED data and the known MoS2 1attice parameters, the following dimensions 

were obtained for a single domain of PTCDA on MoS2(0001): bl = 9/2al - la2t 

bl = 12.9 A, bz = -S/281 + IS/282' b2 = 20.9 A, r = 89°, fZS = -12.2°, and the area of 

the unit cell, F = 270 A2. The diagram shown in Figure 7.12 is a coincident 2 x 2 
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Figure 7.10 LEED diffraction pattern for 1.7 ML of PTCDA on the 
MoS2(OOOI) surface at 14.7 eV. 
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Figure 7.11 a) Schematic of the LEED pattern shown in Figure 7.10 for 

PTCDA on MoS2(OOOl). 
b) Reciprocal lattice net for three domains of PTCDA. 
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Figure 7.12 Model of the coincident 2 x 2 superstructure for the epitaxial 
growth of PTCDA on MoS2(OOOI). 

superstructure oriented parallel to the MoS2 substrate, and consisting of a: 

r9/2 -I} 
MOS2(OOOI)-t5/2 15/2 PTCDA 

unit cell. In other words, at an angle, ¢ = -12.20, of the PTCDA over layer with 
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respect to the MoS2(OOO 1) surface, every other PTCDA molecule in both the bl and 

b2 direction, is coincident with a translationally equivalent chalcogenide site. 

Shown as a lightly shaded line in Figure 7.12 is the quasi-hexagonal 
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symmetry of the PTCDA overlayer. The ratio of the lattice constants, b2/b1, 

should be j3 = 1.732 for an ideal hexagon, with the LEED data collected for 

PTCDA giving a ratio of 1.65, and suggesting that we can expect the formation of 

six equivalent domains on the hexagonal MoS2 surface. Two of the domains are 

oriented at plus and minus 12.2 ° with respect to a principal axis for the 

chalcogenide, with the six-fold symmetry of the chalcogenide atoms giving rise to 

the remaining four domains. Ignoring for the moment that certain spots will not 

be visible because of the glide symmetry apparent with this packing geometry, the 

reciprocal lattice net shown in Figure 7.11b is the calculated pattern obtained 

from three equivalent domains of PTCDA separated by 60° rotations, each of 

which is oriented at +12.2° with respect to a principal axis of the MoS2• Note that 

the ring of spots bordering the image are substantially less intense than those 

LEED spots apparent within the inner ring. Upon careful examination of the 

reciprocal diffraction pattern in Figure 7.11 b, we can see that the inner ring of 

diffraction spots arises from the overlap of reflections from each of the three 

equivalent domains, while the outermost ring of spots has intensity contributions 

from only a single domain. An explanation for the absence of certain LEED spots 

(open circles) can be explained by the existence of two orthogonal sets of glide 

symmetry planes within the PTCDA unit cell (notated by the dashed lines in 

Figure 7.12). A glide symmetry involves a translation across the glide plane, 

followed by a reflection through that glide plane. When the electron beam is 

incident perpendicular to the substrate, the glide plane parallel to the bl and bz 

axes result in the extinction of all (h,O) and (O,k) reflections, where hand k are 

odd integers.169,160,161 Although previous workers have demonstrated the 

validity of this model by examining the appearance of symmetry forbidden spots 
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when the LEED is performed off-axis, attempts here failed to note a change in 

the diffraction pattern with the angle of incidence.11i9 This is likely attributable 

to the three-dimensional nature of the MOSz surface (ie. roughness factor and/or 

exfoliated domains), which results in several PTCDA domains being oriented 

parallel to the MoSz surface as well as at different angles with respect to the 

electron gun. Finally, if we now take the reciprocal lattice net of Figure 7.11 b 

and overlay an identical lattice net that is rotated by 24.4 O(or an additional set of 

three domains each oriented at -12.2° with respect to a principal axis of the 

MOSz), we obtain the diffraction pattern shown in Figure 7.l1a, which is identical 

to the LEED pattern shown in Figure 7.10. 

While adhering strictly to the parameters obtained from a geometrical 

analysis of the LEED diffraction images, the presence of two glide plane 

symmetries, and the requirement of a closest packed array of organic molecules, 

there is only a small amount of variation available in terms of the azimuthal 

orientation of the PTCDA molecules within this unit cell. Shown in Figure 7.12 is 

what appears to be the optimum packing configuration based upon those 

guidelines set above. Note that in this proposed configuration, the hydrogen 

atoms are interleaved with the hydrogen atoms from adjacent PTCDA molecules, 

and the carboxylate oxygens are directed away toward the open pockets, thereby 

optimizing the packing of this closest packed array. A similar structural model 

has been presented by Ludwig et al. for the ordering of PTCDA onto graphite 

(0001), although they propose the formation of a 3 x 1 superstructure with the 

domains oriented at f2S = ± 4 ° with respect to the principal axis for the graphite.148 

Once again, it seems that it is the substrate lattice spacing which plays the most 

critical role in determining the orientation and type of organic superstructure 
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formed. 

7.2.3 Coronene/MoS~OOOl) 

The LEED pattern at 15.2 eV for::::: 4 equivalent monolayers of coronene 

deposited onto MoS2 can be seen in Figure 7.13a, along with a schematic 

representation of the reciprocal lattice unit mesh (Figure 7.13b). Our studies 

confirm the results presented by Zimmerman et aI., who also examined the growth 

of coronene on MOS2.1.9 Our data suggest the existence of two hexagonal lattice 

domains oriented parallel to the surface, each of which is rotated by an angle 

~ = ± 13.9° with respect to the unit cell of the substrate. Based upon geometrical 

diffraction theory, coronene is believed to form a commensurate, hexagonal 

MoS2(000 I )-p(J13 X j13) R ± 13.9 O-coronene 

superstructure (see Figure 7.15). The calculated real lattice vectors, 

b1 = b2 = j13 x a1 = 11.4 A, are consistent with the van der Waals center-to-center 

spacing of a hexagonally closest packed array of coronene molecules. 

In a similar manner to that discussed previously, the specific azimuthal 

orientation for each individual coronene molecule was arrived at on the basis of 

that configuration which would relieve as much of the hydrogen interatomic 

repulsions as possible, and yet maintain the symmetry and dimensions necessary 

for this organic unit cell. The epitaxial growth of coronene proposed in Figure 

7.15 is substantially different from that of the coronene bulk crystal structure, 

which consists of a bimolecular monoclinic unit cell with cell parameters 

a = 16.119 A, b = 4.702 A, c = 10.102 A, /3 = 110.9° and space group 
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Figure 7.13 (a) LEED pattern obtained for 4 ML coronene on MoS2• 

(b) Schematic representation of (a). . 
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Figure 7.15 Model of a commensurate, hexagonal MoS2(OOOl)-p(j13 x j13) 
R ± 13.9°-coronene unit cell. 

P21/a.162,163 This would seem to indicate that the interaction between 

coronene and MoS2 in the monolayer regime, is strong enough to promote the 

formation of a commensurate, hexagonal unit cell. Zimmerman et al. have 

demonstrated that as the deposition of coronene continues to multilayer 

thicknesses, there is a significant amount of island growth which can be 

attributed to the successive loss of that energy stabilization arising from 

adsorbate-substrate interactions, and a gradual return to the coronene bulk 

structure as the intermolecular effects begin to dominate.149 
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Figure 7.16 (a) LEED pattern obtained for 0.7 ML of Coo on MoS2(OOOI) at 
IS.7 eV. 
(b) LEED pattern for 1.0 ML InPc-CI on the C6o/MoS2 surface in 
(a). 
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7.2.4 CoolMoSz(OOOI) 

Recently, it has been shown by several workers that Ceo will preferentially 

orient in a hexagonal closest packed (hcp) configuration onto mica,153 

Si(1l1),164.i64 Au(lll),166 GaAs(l10)166 and alkali halides.167 Figure 7.16a shows 

the hcp array obtained following the deposition of 0.7 equivalent monolayers of 

Ceo onto the MoS2(0001) surface (15.7 eV). It is important to note that the 

fullerenes are perfectly aligned with the principal axes of the chalcogenide, 

¢ = 0 0, in forming a single domain whose real lattice constants were calculated to 

be, bi = b2 = 9.52 A. This value is consistent with the reported diameter of this 

• 

• 

Figure 7.17 Model of a MoS2(0001)-p(3 x 3) R ± OO-C60 unit cell. 

molecule of 7.0 A, in combination with an additional van der Waals diameter of 

==:: 2.5 A in a closest packed configuration. The Ceo is believed to form a 

commensurate, hexagonal I x I superstructure on the MoS2(OOOI) surface, as 
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depicted in Figure 7.17 and notated below: 

Shown in Figure 7.1'8 is an alternate schematic for the epitaxial growth of 

Ceo onto a MoS2 surface, based upon its orientation against a chalcogenide terrace 

site. The unique, soccer ball structure of this molecule allows for its hexagonal 

Figure 7.18 Model for the epitaxial growth of a hexagonal lattice of C60 
against a MoS2 terrace site. 

closest packed geometry, which can be seen in the LEED pattern in Figure 7.l6a. 

The MoS2 terrace site may serve as a reasonable starting position for the epitaxial 

growth of this molecule, confining the direction to match those of the MoS2 
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principal axes. Weaver et al. has reported similar effects in the growth of Coo onto 

GaAs(lIO), with STM imaging of these surfaces indicating that the presence of 

step sites enhances the molecular sticking, with growth extending outward from 

these nucleation sites.les Several attempts have been made to image the 

Ceo/MoS2 thin films using both STM and AFM, with the failure being attribute to 

the fact that the fullerenes are weakly bound to the chalcogenide surface. 

7.3 Organic/Organie'-Moleeular Beam Epitaxy 

The heteroepitaxial growth of organic super lattice structures is entirely 

dependent upon the ability to grow highly ordered overlayers of these various 

organic molecules onto both the MoS2 inorganic substrate, as well as the different 

organic layers described previously. The section that follows describes our 

preliminary investigations into the ordered growth of various organic bilayers. 

7.3.1 Coo/CuPe/MoS, and InPc-CI/Ceo/MoS, 

The ease with which the epitaxial growth of a hexagonal, commensurate 

p(l x 1) lattice net for Ceo on MoS2 was achieved, generated particular interest in 

the use of Ceo as an effective spacer molecule to be coupled with the organic 

phthalocyanines in the formation of organic superlattice structures. Initial 

experiments were conducted to examine the growth of Ceo onto a previously 

grown, epitaxial film of CuPc on MoS2• The LEED pattern obtained at 15.0 eV 

for one equivalent monolayer of CuPc on MoS2 is shown in Figure 7.19a, with the 

dimensions and structure being identical to those discussed earlier with respect to 

Figure 7.Sb. The subsequent deposition of 0.8 equivalent monolayers of Coo onto 

this epitaxial organic film gave a single, hexagonal domain of diffraction spots 
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that were perfectly aligned with the MoS2 principal axes, f2j = 0°, with the real 

lattice constants calculated to be Cl = c2 = 9.13 ± 0.5 A (see Figure 7.19b, 13.5 eV). 

The above result is a bit perplexing, as it indicates that the epitaxial growth 

of Ceo onto the phthalocyanine organic overlayer is not actually being determined 

by the CuPc film. It was mentioned earlier that the CuPc orients in a set of three 

square lattice domains lying parallel to the surface, each of which is 

preferentially aligned along a principal axis of the MoS2• If the Coo were to form 

a coincident lattice with respect to the underlying CuPc layer, we would expect 

(by symmetry) the formation of at least two hexagonal domains separated by 90°.' 

The existence of a single, hexagonal CaD domain oriented preferentially along the 

principal axes of the MoS2, leads us to believe that it is the MoS2 itself, in this 

case, which is dicta ting the epitaxial growth of the CaD thin film. One possibility 

is that the CuPcjMoS2 interactions are weak enough that the CuPc does not grow 

in a layer-by-Iayer fashion on the chalcogenide surface, but, instead, undergoes a 

significant amount of island formation due to various aggregation effects. This 

contention. has been supported by AFM analyses of these organic superstructures, 

as well as examinations of the Auger CjS ratio as a function of CuPc thickness. 

If we assume that an equivalent monolayer of CuPc leaves patches of MoS2 

exposed, we might expect that the deposition of CaD onto this surface will nucleate 

on the chalcogenide surface, eventually extending across the CuPc overlayer 

while maintaining the epitaxial orientation determined by the MoS2 lattice net. 

Another situation to consider is the likelihood that the MoS2 terrace sites are 

higher than a single atomic step in height. Just as was described earlier in Figure 

7.18, the CaD may preferentially orient against these step sites, with the resultant 

organic overlayer comprised of a hexagonally closest packed array oriented along 



286 

the principal directions of the chalcogenide. 

In terms of the opposite order of growth on the chalcogenide surface, 

several attempts were made to grow a 0/0' heterostructure involving the growth 

of CuPc onto an epitaxially grown C60/MoS2 film, with the LEED patterns 

repeatedly giving a diffuse background due to amorphous growth. Immediate 

success, though, was found when the metallophthalocyanine, InPc-CI, was 

deposited onto an epitaxial film of C60/MoS2. Shown in figure 7.16b is the LEED 

diffraction pattern obtained (13.0 eV) following the deposition of three 

equivalent monolayers of InPc-CI onto the C60 film shown in Figure 7.16a. As can 

be seen in the figure, the Pc grows in an identical fashion to that seen in Figure 

7.Sb, with each of the three square lattice domains growing along a principal axis 

of both the chalcogenide and the C60 epitaxial film, ¢ = 0°. The real lattice 

constants for this InPc-CI film were calculated to be Cl = c2 = 15.0 A. 

Once again, several possibilities exist to explain the success seen in the 

epitaxial growth of InPc-CI onto the C6o/MoS2 thin film. First of all, the axial 

chloride ligand of the InPc-CI molecule may actually serve as an effective anchor 
. 

for the molecule in the gaps apparent between the spherical fullerenes, with the 

subsequent growth extending away from this nucleation site in a square lattice 

net. [A similar effect was reported earlier in Chapter 6 for the epitaxial growth 

of InPc-CI on the MBE grown SnS2' with sulfur vacancies in the chalcogenide 

substrate proposed to be possible nucleation sites for the insertion of the chloride 

ligand.] By symmetry, we should expect the four-fold symmetric InPc-CI molecule 

to form a set of three domains on the six-fold symmetric Cao lattice, thereby, 

giving a reciprocal lattice pattern identical to that seen earlier for CuPc/MoS2. 

Based upon a 2 x 7 superstructure for the InPc-CI coincident with the Ceo p(l x I) 
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lattice net, the following notation describes the possible unit cell: 

r3/2 0 1 
C60 - t6/7 12/7 r1npC-C1 

where CI = 3/2bl , c1 = 14.2 A, C2 = -6/7b1 + 12/7b2> Cz = 14.1 A, r = 90 0
, fZ' = 0 0

, and 

F = 200 AZ. 

Alternate explanations remain, however, including the possibility that it is 

either exposed portions of the MoS2 lattice or MoS2 terrace sites (higher than a 

single atomic step) which initiate the nucleation of the three domains of InPc-CI 

seen in the LEED diffraction pattern. Finally, just as we can envision an 

inorganic terrace site in the MoS2, it may be possible that on a microscopic scale, 

the e60 itself may grow in such a fashion that various organic terrace sites are 

formed, which by the symmetry of the overlayer, are oriented along each of the 

principal axes of the MoS2• The subsequent growth of InPc-CI along these Coo 

terrace sites, then, would also result in a reciprocal lattice pattern identical to 

that discussed above. 

7.3.2 CuPc/Coronene/MoSz 

In order to examine the feasibility of using coronene as a spacer molecule in 

the formation of 0/0' heterostructures, one equivalent monolayer of CuPc was 

deposited onto the coronene/MoS2 overlayer whose LEED diffraction pattern was 

shown in Figure 7.13a. As can be seen in Figure 7.14a, the LEED pattern (14.6 eV) 

at this coverage is representative of both the CuPc overlayer and the coronene 
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substrate. The outer ring of diffraction spots remains unchanged from that seen 

in Figure 7.13a, while the additional inner ring arises from the epitaxial growth 

of CuPc onto the coronene overlayer. Following the continued deposition of CuPc 

to give a total of three equivalent monolayers, the LEED pattern (see Figure 

7.14b, 14.5 eV) obtained was now almost entirely representative of the CuPc 

overlayer, with the reciprocal lattice appearing nearly identical to that shown in 

Figure 7.5b, with the exception that the pattern has been rotated by, (6= 14D. The 

real lattice constants for this CuPc overlayer were calculated to be, 

c l = c2 = 13.8 A, which is in excellent agreement with the van der Waals diameter 

of this molecule. 

Because the coronene was found to orient at (6 = ± 14 D in a set of two 

commensurate, hexagonal domains with respect to the MoS2(0001) surface, we 

would expect that a CuPc superstructure formed on this overlayer would result in 

the formation of six equivalent square lattice domains (or three CuPc domains 

oriented on each coronene domain). It is evident in Figure 7.14b, though, that 

instead of obtaining an inner ring of 24 spots which would be expected from a set 

of six square lattice domains, a ring of only 12 diffraction spots are 

distinguishable from one another. Bearing in mind that the two coronene domains 

are separated by approximately 300. we might expect that the three square lattice 

domains formed on the + 14 D hexagonal coronene domain will nearly superimpose 

with the three square lattice domains formed on the -14 D hexagonal coronene 

domain. Within the accuracy of our LEED apparatus, then, only 12 diffraction 

spots are evident. The unit cell for this CuPc overlayer can be described by the 

following 5 x 10 superstructure on the coronene/MoS2 substrate: 
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r 6/5 0 1 
Corollelle- t7/ 10 7/5 -CuPc 

which can be further described by the following dimensions: cl = 6/5b1• 

c1 = 13.7 A. c2 = -7/IObl + 7/5b2t c2 = 13.8 A. r = 90 D• ¢:::: OD (versus the coronene 

principal axes). and F = 189 A2. In a similar fashion to that proposed for the 

epitaxial growth of InPc-CI on C6o/MoS2, the CuPc deposited initially onto the 

coronene/MoS2 film may actually nucleate along organic coronene terraces sites 

that naturally exist in the direction of the primary axes for the coronene 

overlayer. Because of the apparent alignment of the CuPc square lattice domains 

with the coronene lattice net, as opposed to the MoS2, we can safely rule out the 

possibility that it is the MoS2 substrate which dictates the epitaxial growth of the 

CuPc overlayer (ie. as described earlier for the C6o/CuPc/MoS2 system). 

7.3.3 PTCDA/CuPc/MoS2 

The formation of a PTCDA/CuPc/MoS2 0/0' heterojunction was examined, 

with the LEED diffraction patterns obtained shown in Figure 7.20. The initial 

deposition of one equivalent monolayer of CuPc onto the MoS2(0001) surface gave 

a reciprocal lattice with similar dimensions to those presented earlier (see Figure 

7.20a, 14.3 eV). The subsequent epitaxial growth of two equivalent monolayers of 

PTCDA onto this CuPc/MoS2 film gave the LEED pattern shown in Figure 7.20b 

at 11.4 eV. This image is identical to that shown in Figure 7.10, with the 

dimensions of the unit cell, in this case, calculated to be c1 = 13.07 A, C2 = 21.56 A, 

r = 90 D, ¢ = ± 12.20. By symmetry considera tions alone, it is apparent that the 
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Figure 7.20 (a) LEED pattern for 1.0 ML of CuPe on MoS2(0001) at 14.3 eV. 
(b) LEED pattern for 2.0 ML of PTCDA onto the CuPe/MoS2 
film in (a). 
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PTCDA is not forming a coincident lattice with the CuPc/MoS2 film. The 

similarities in appearance that exist between the images obtained in Figure 7.20b 

and Figure 7.10, seem to indicate that the epitaxy of the PTCDA over layer is 

being determined by the MoS2 substrate. As mentioned earlier, this is likely 

attributable to the presence of exposed MoS2 sites, and/or MoS2 terrace sites 

which are several atomic layers deep. 

7.4 Conclusion 

We have successfully shown in this chapter the ability to grow a number of 

highly ordered films of molecular organic semiconductors onto both organic and 

inorganic substrates. In considering the epitaxial growth of these large organic 

molecules with respect to the formation of sharp, heterojunctions within various 

organic/organic' superlattice structures, there are a number of parameters which 

play an active role in defining the nature of the organic overlayers grown; the 

following section will summarize some of the more important criteria, with 

specific examples being given from the LEED experiments discussed previously in 

this chapter: 

(1) The choice of the substrate surface is, of course, critical in determining --- ' 

the nature and likelihood for ordered organic growth. Three facets are of 

particular importance in this respect, and they include the symmetry, the lattice 

dimensions, and the reactivity of the substrate surface. Our interest in the metal 

dichalcogenides has stemmed primarily from the ease with which a highly 

reproducible, atomically clean, cleavage plane can be obtained in these crystals, 

with the exposed chalcogenide surface being a highly unreactive substrate upon 

which to deposit these large organic molecules. In' our examinations of the growth 
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of phthalocyanines onto the metal. dichalcogenides, though, we have noted slightly 

different growth behavior depending upon the lattice constants of the 

chalcogenide. The growth of InPc-CI on SnS2 (al = a2 = 3.65 A), for example, 

resulted in the formation of a set of six equivalent square lattice domains in a 

3 x 2 superstructure that was rotated by rzj = ± 4 0 with respect to the principal 

axes for the SnS2. Contrast this with the growth of another phthalocyanine, CuPc, 

onto MoS2 (a1 = a2 = 3.16 A), which exhibited three equivalent square lattice 

domains in a 3 x 2 superstructure that was perfectly aligned along the MoS2 

primary axes. An increase in the lattice constant of the chalcogenide surface by 

0.49 A appears to have resulted in a rotation of this 3 x 2 phthalocyanine 

superstructure by "" 4 o. Although some workers have coined the term "van der 

Waal's epitaxy" for this type of organic growth, it is clear that the adsorbate

substrate interactions do playa pivotal role in determining the nature and quality 

of the epitaxial film grown. The importance of the symmetry of the substrate can 

be recognized by examining the change in the epitaxial growth seen for CuPc, 

depending upon whether the substrate was the four-fold symmetric Cu(lOO) 

surface, or the 

six-fold symmetric metal dichalcogenides. It is apparent that the formation of a 

commensurate, square lattice domain for CuPc on Cu(lOO) will result in a 

significant stabilization of the monolayer film. It would be desirable to grow the 

organic superlattice structures on a substrate whose symmetry matches that of the 

organic semiconductor materials being utilized, due to the additional stabilization 

energy involved. For this reason, we have recently begun to pursue the epitaxial 

growth of the phthalocyanines and various phthalocyanine 0/0' heterostructures 

on the Cu(lOO) su bstra teo 
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(2) In a parallel fashion, the symmetry and molecular size of the organic 

molecule itself, will play an active role in dictating the type of growth seen on the 

surface of the substrate. The van der Waals diameter of the organic molecule, for 

example, will ultimately determine the orientation and size of the coincident 

superstructure on a given substrate. Clearly, we can expect the epitaxial growth 

of an organic overlayer to be much more facile on a surface which supports a 

much smaller coincident superstructure. It should be theoretically possible to 

choose a molecule of the proper size and symmetry which would be expected to 

form a commensurate I x I overlayer. The deposition of C60 onto MoS2 is the 

perfect example of a molecule with the correct symmetry and size with respect to 

the chalcogenide substrate to bring about the formation of a single hexagonal 

domain that aligns perfectly with the principal axes of the MoS2 crystal. For 

heterostructures based upon the use of the six-fold symmetric metal 

dichalcogenides, therefore, it would be desirable to take advantage of the 

simplicity of the Ceo/MoS2 heterostructure. 

(3) The final packing configuration seen on the surface of the substrate can 

be ultimately related to a sum of all the interactions and repulsions taking place 

on the microscopic level between each individual adsorbed molecule and the 

surface atomic lattice sites associated with that molecule. Although each of these 

individual effects may be considered to be extremely weak, the total sum of these 

effects when extended across an entire epitaxial monolayer, will likely have a 

substantial impact upon the nature of the organic overlayer. Coronene is an 

example of a molecule which deposits onto the surface of MoS2(OOOI} in an 

orientation which is substantially different from that of its bulk crystal structure. 

This can likely be attributed to the nature of the interactions taking place 



294 

between the individual coronene molecules and the MoS2 substrate, with the net 

total of these forces being sufficient to overcome the intermolecular forces. If 

the coronene deposition is continued beyond a monolayer into the multilayer 

regime, we might expect that the successive removal of the adsorbate-substrate 

interactions will result in a the eventual return of the crystallinity to that of the 

bulk coronene crystal structure. 

(4) The intermolecular and interatomic attractions and repulsions within a 

molecular organic film will also impact the azimuthal orientation and 

crystallinity of a deposited overlayer. In the growth of PTCDA on MoS2(OOOI), 

for example, while a geometrical analysis of the LEED data provided the lattice 

dimensions and rotational orientation of this superstructure, the specific packing 

configuration was predicted from a combination of the van der Waals diameter of 

this molecule, and an awareness of the various interactions and repulsions taking 

place between the individual molecules. The final configuration has the PTCDA 

molecules in a closest packed array, with the attractive polar side groups arranged 

laterally, and the hydrogen atoms interleaved to relieve the repulsive interactions. 

(5) Aggregation effects or island growth within these organic systems go 

hand in hand with the two effects mentioned above. This type of growth will 

ultimately be a primary limitation to the growth of organic/organic' 

heterostructures, further pointing out the need to choose a molecular system with 

sufficient interactions evident between alternating organic layers. 

(6) The epitaxial growth seen for the majority of organic molecules 

discussed in this chapter, have been thermally activated processes, with the 

temperature of the substrate playing a critical role in dictating the nature of the 

organic overlayer. In order for these large organic molecules to grow in an 
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epitaxial fashion, sufficient energy must be provided by the substrate to permit 

sufficient diffusion and mobility across the surface. In this way, individual 

organic molecules might be expected to more effectively locate the most stable 

chemisorption sites. We have noticed in our studies that without using the proper 

annealing temperature, epitaxial growth will not be achieved. 

(7) Defect sites are unavoidable on these substrate materials, and, therefore, 

are important factors to consider in understanding the ability of these large 

organic molecules to orient on these crystalline substrates. Point defect sites such 

as sulfur vacancies have been proposed to be possible sites for the preferential 

chemisorption of InPc-CI onto the SnS2(OOOI) surface via the insertion of the 

halide into a region of the chalcogenide possessing a partial positive charge. 

Terrace sites are an additional defect site which are likely candidates for 

initiating the ordered growth of some of these organic molecule, providing the 

substrate imparts the necessary diffusion mobility for the molecules to reach 

these edge sites. C60 and CuPc on MoS2 are particular examples of molecular 

organic systems which may have significant contributions from this type of 

epitaxial growth. 

It is likely that the epitaxial growth of large organic molecules seen and 

discussed in this chapter is actually a complicated combination of the various 

effects described above. Efforts are currently being made to employ STM and 

AFM as surface analytical tools for imaging these epitaxially grown films of 

organics in order to further corroborate much of the theory outlined in this 

chapter. In addition we are setting up the capability for obtaining optical spectra 

of the films under vacuum through the use of reflection absorbance spectroscopy 

(RAS). The optical characterization of the films gives complementary 



information concerning the aggregation effects occurring within these films as 

they are grown from the monolayer to the multilayer regime. 
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CHAPTER 8. 

CONCLUSION AND FUTURE DIRECTIONS 

The specific goals of this research project have been severalfold: I) to gain 

an improved' understanding of the molecular interactions occurring between 

various, dopant gas-phase molecules (02' NHs' and N02) and the trivalent metal 

phthalocyanines. InPc-CI and GaPc-Cl, and the effect that such interactions have 

on the dark and photoconductivity within these materials; 2) to determine the 

ultimate applicability of these organic materials in various chemical sensor 

formats (QCM, SAW and interdigitated array microcircuit devices); and, (3) to 

develop procedures for the epitaxial growth of the phthalocyanines and several 

other molecular organic semiconductor materials (PTCDA, coronene and Ceo), in 

addition to gaining a .better understanding of the supra molecular architecture 

contained within these ultrathin films. These studies have allowed for a more 

complete and microscopic understanding of these molecular materials and their 

possible application as the active transducers within chemical sensors. The 

following section helps to summarize some of the contributions made to the area 

of chemical microsensors by the work presented in this dissertation, while the 

subsequent section deals specifically with those results obtained in the epitaxial 

growth of these large organic molecules. 

8.1 Chemical Sensors 

Figures 8.1 and 8.2 summarize the findings of this dissertation with regard 

to dark and photoconduction within the trivalent inetal phthalocyanine thin 
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Figure 8.1 (a) Cross-sectional view of a "pure" InPc-CI coated microcircuit. 
(b) Energy profile of this same Pc film. 
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films, and the role played by defects and impurities in determining these 

electrical properties. Figure 8.1 a is a cross sectional view of a single pair of 

electrodes set onto the quartz substrate of the interdigitated array microcircuit, 

with a polycrystalline film of InPc-CI deposited between the electrodes. 

Examining first the near substrate region of this organic film, the absorption of 

an appropriate wavelength of light is shown to result in the formation of an 

excited state phthalbcyanine (as indicated by the dotted lines). This exciton or 

electron-hole bound pair may dissociate into a free hole and free electron due to 

either the presence of the applied electric field between the pair of electrodes, Or 

due to an interaction between the exciton and a negatively or positively charged 

impurity found within the film. This work has confirmed that the impurity 

mentione,d in the latter case may include anything from an anion or cation radical 

impurity, to a charge transfer complex formed between the phthalocyanine and a 

gas-phase analyte such as 02 Or N02. Figure 8.1 b is an energy profile of the film 

shown in Figure 8.1a, with the individual LUMO and HOMO levels for each of 

the phthalocyanines notated in a Guassian distribution of energies on the top and 

bottom of the figure, respectively. Following the formation of a free hole and 

electron within the organic material, current is controlled by the hopping of each 

of these charge carriers within the individual HOMO and LUMO levels of the 

phthalocyanines toward the appropriate collecting electrode. 

In a separate absorption event taking place in the near surface region of the 

film (see Figure S.la), both the free electron and the free hole charge carriers 

have been shown to interact with trap sites distributed at "shallow" energies 

throughout the film (as indicated by the cross-hatched phthalocyanines). Our 

work has demonstrated tha t the activation energy for photoconduction within 
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these InPc-CI thin films varies from 0.02 to 0.05 eV between 400 and 950 nm. The 

small values obtained with respect to the photoactivation energies within these 

films is likely an indication of the presence of shallow trap sites within the film. 

It has been suggested that these trapping centers are predominantly 

phthalocyanine structural defect sites (ie. dislocations, stacking faults, terrace 

sites, etc.) that arise due to a perturbation of their polarization energies. In 

further support of these conclusions, the light intensity dependence for 

photoconductivity (as characterized by the exponent, a) was found to vary from 

0.65 to 0.76 between 400 and 900 nm, results which are indicative of the presence 

of an exponential distribution of structural and/or chemical impurity trap sites 

within the organic film. Note in Figure 8.1 that the ultimate collection of both of 

these charge carriers is relatively unaffected by the presence of these shallow 

trapping centers, a characteristic which can be attributed to the fact that room 

temperature conditions will provide sufficient thermal energy for the rapid 

release of charge carriers trapped within these types of defect sites. 

Unlike their divalent metal phthalocyanine counterparts, the trivalent 

metal phthalocyanines form thin films which possess an extremely large contrast 

between the dark and photoconductivity, with O'ph/O'dk ratios as high as 103• This 

can be attributed in part to the lack of donor and acceptor states which lie 

between the C(2pr;) HOMO and C(2Pr;*) LUMO levels of the trivalent metal 

phthalocyanines, thereby giving a material which has an extremely low dark 

conductivity when compared to even the most highly purified divalent metal 

phthalocyanines. Secondly, the affinity of the divalent metal phthalocyanines for 

impurities such as O2 is significantly higher than that seen for the trivalent metal 

phthalocyanines, leading to higher concentrations of impurities and defect sites 
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which increase dark conductivity. It has also been proposed that the mobility of 

free electron charge carriers is significantly lower within the divalent metal 

phthalocyanines. a fact which would also help explain the higher 

photoconductivity values within the trivalent metal phthalocyanines. Lastly. the 

possibility exists that the trivalent metal phthalocyanines stack in molecular 

architectures which lend themselves to longer exciton lifetimes. higher 

probabilities for efficient exciton dissociation. and. therefore. higher 

photoconductivities. An examination of the photoaction spectrum for the InPc-CI 

thin films grown. exhibited a broadened photoaction spectrum between 550 and 

900 nm (when compared to the narrow absorption spectrum obtained from a 

dilute solution of InPc-CI in pyridine). which can be related to the presence of 

several types of molecular packing environments that lead to extensive splitting 

of the excitonic manifold and nearly equal probabilities for the occupation of a 

wide ra nge of 11'. exci ted sta tes. 

Dark conductivity in these thin organic films appears to be controlled by 

trace impurities dispersed throughout the film. Despite efforts to repeatedly 

purify the InPc-CI powder, an x-ray fluorescence analysis indicated the presence 

of approximately 100 ppm copper, 10-50 ppm iron, and less than 10 ppm nickel. 

Due to the nature of the purification methods, it is probable that these impurities 

are in the form of phthalocyanines. Further support for the presence of 

impurities within the InPc-CI thin films grown, was provided by a measurement 

of the activation energy for dark conduction of 0.73 eV. The activation energy 

for dark conduction is believed to be an average measure of the energetic 

distribution of both donor and acceptor impurities distributed throughout the 

InPc-CI thin film. The presence of these two different types of impurities are 
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notated in Figure 8.1 b, and our results confirm that it is these types of sites which 

are responsible for the dark conductivity values measured within the InPc-CI thin 

films. The presence of chemical donor impurities (ie. FePc, MnPc) has been 

indicated in the figure via the placement of two HOMO levels in close proximity 

to the LUMO levels for the InPc-CI. The thermal excitation of an electron into 

one of these LUMO levels will increase the dark conductivity of the film, as well 

as the photoconductivity, due to the formation of a positively charged impurity 

that can serve as an active site for exciton dissociation. In a similar fashion, an 

impurity whose LUMO level is positioned energetically near the HOMO level for 

InPc-CI (ie. cation radical defect sites) can serve as an acceptor site for an 

electron thermally excited out of the HOMO level of the InPc-CI. This process, in 

contrast, results in the formation of a free hole charge carrier within the InPc-CI, 

in addition to a negatively charged impurity. 

The work presented in this dissertation has demonstrated that the presence 

of trace phthalocyanine impurities within InPc-CI thin films will playa critical 

role in determining the electrical properties of these organic films, as well as in 

dictating their responsivity toward various dopant molecules. The most 

ubiquitous impurity that these thin films are subjected to in the real world is °2, 

and its interaction with InPc-CI and GaPc-CI has been shown to be extremely 

complex. We can divide the response to oxygen into at least three regions of 

partial pressure exposure: 1) region I 02 resulted in an immediate increase in the 

dark and photoconductivity of the InPc-CI film; 2) region II 02 reversed these· 

effects with a decrease in both the dark and photoconductivity; and, finally, 

3) region III 02 (after very long exposure times) resulted in an increase once again 

in both the dark and photoconductivity. Whereas the region III 02 response has 
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been well documented in the literature to arise from the photoactivated formation 

of free hole charge carriers within the phthalocyanine film, the region I and II 02 

responses were interesting anomalies that demanded further investigation in order 

to gain a more complete understanding into the effect of impurities on these 

organic thin films. 

The role that impurities play in controlling both dark and 

photoconductivity in a material like InPc-CI have been elucidated in some unique 

experiments in this dissertation. The experimental results obtained suggest that it 

is trace CuPc impurities within the InPc-CI which are likely responsible for the 

initial region I increase seen in both the dark and photoconductivity. This 

conclusion was arrived at by growing a InPc-CI thin film which was prepared in 

such a fashion that the near surface region contained an equal concentration of 

both CuPc and InPc-CI. During the actual codeposition growth of CuPc and 

InPc-CI within this film, the dark and photoconductivity were both found to 

decrease significantly. This result can be attributed to the fact that CuPc is 

believed to act as a trap for free hole charge carriers within the InPc-CI film. 

The calculated dark and photoactivation energies for this codeposition film 

indicate that these hole traps are manifested in a set of HOMO levels situated 

approximately 0.35 eV above the HOMO level for InPc-CI. Referring to Figures 

8.2a and 8.2b, the model for the "pure" InPc-CI thin film in Figure 8.1 has been 

modified in this case to include the introduction of "deep" electron traps (see 

below with respect to [FePc,02D and deep hole traps within the near surface 

region of the InPc-CI thin film. The energetic placement of the trap sites have 

been distributed exponentially, a fact which is supported by the light intensity 

dependence of photoconductivity for the FePc/InPc-CI and CuPc/lnPc-CI 
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codeposition films. Shown in Figure 8.2a are two darkly shaded phthalocyanines, 

one of which is a deep trap for electrons (e.g. [FePc,02)' see below), while the 

other is a deep trap for holes (e.g. CuPc). Note that the subsequent hopping of the 

charge carriers out of these deep trap sites is indicated by a dotted line, in order 

to establish that this is a thermally improbable event. 

Our results suggest that the initial introduction of oxygen will chemisorb 

preferentially to the CuPc impurities distributed within the near surface region 

of the InPc-CI thin film. It appears that the charge transfer complex formed 

between 02 and CuPc alters the energetic depth of the HOMO level in such a 

fashion as to increase the lifetime and/or mobility of photogenerated holes within 

the HOMO levels of the InPc-CI thin film. Perhaps this can be attributed to a 

shifting of the energetic position of the CuPc HOMO level within the forbidden 

region of InPc-CI closer to the HOMO level for InPc-CI. The net result, in any 

case, is an increase in the measured dark and photoconductivity due to a decrease 

in the efficiency for hole trapping within these sites. 

Current efforts are now being directed towards the development and 

application of these phthalocyanine-based chemical sensors for the detection of 

trace amounts of 02 within an inert atmosphere of argon. Oxygen levels that 

approach the part-per-trillion level can become a serious problem in the 

fabrication of various semiconductor electronic materials. This is a situation 

ideally suited to the InPc-CI chemiresistors we have developed here, as the 

problem of selectivity is completely eliminated, and the limiting parameter 

becomes the ability to sensitize the film toward O2, Because the codeposition of 

CuPc into the near surface region of the InPc-CI chemiresistors demonstrated the 

possibility for incorporating a number of 02-sensitive traps for free hole charge 
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carriers, it would be of interest to examine the possibilities inherent with the use 

of these CuPc/InPc-CI codeposition films for the atmospheric detection of trace 

amounts of 02 within an inert carrier stream of argon. 

The region II 02 decrease seen in both the dark and photoconductivity has 

been shown to be related to the presence of trace FePc impurities within the 

InPc-CI thin film. An additional codeposition film was grown wherein the near 

surface region, in this case, consisted of a codeposited layer of FePc and InPc-Ct. 

The conductivity was monitored during the entire deposition, and the FePc was 

found to cause a dramatic increase in the dark conductivity of this InPc-CI film 

(similar results were obtained for the codeposition of a MnPc/lnPc-CI film). A 

determination of the dark activation energy for the FePc codeposition film 

helped place the HOMO level for the FePc approximately 0.91 eV below the 

LUMO levels for InPc-CI; in this way, FePc acts as a minor donor impurity, 

thermally exciting electrons into the conduction band of the InPc-CI and 

increasing the overall dark conductivity of the film (see Figure 8.1 b). The 

introduction of °2, however, is believed to chemisorb readily to FePc to form an 

efficient trap for photogenerated electrons within the InPc-CI film, thereby, 

causing the measured photocurrent to decrease dramatically. This is depicted in 

Figure 8.2b with the introduction of a set of LUMO trapping centers for mobile 

electrons out of the LUMO level for InPc-CI. A InPc-CI film that contains both 

FePc and CuPc impurities is expected to respond to the introduction of O2 with 

both the region I and II responses reported earlier. 

As we have demonstrated, the interaction of gas-phase analytes with 

impurities can have a dramatic impact upon the overall conductivity of the 

organic thin film. In this regard, intentionally added impurities can be used to 
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enhance both the sensitivity and selectivity of InPc-CI thin films toward 

molecules of analytical interest. The data presented in this dissertation have 

illustrated the possibilities inherent with the specific introduction of impurities 

into InPc-CI thin films for the improved analytical detection of molecules such as 

02' NHs and N02. 

The initial exposure of InPc-CI to donor molecules like NHs appears to 

simply remove acceptor impurities from within the film, and, thereby, lower both 

the dark and photoconductivity. Of course, the most predominant acceptor 

impurity apparent within these phthalocyanine thin films is 02' which exists in 

the form of region III [PC+02-] complexes. At sufficiently high enough NHs 

partial pressures (ie. the parts-per-thousand regime in either N2 or air), an 

enhancement in the photoconductivity is evident, a result which appears to be a 

unique feature to the trivalent metal phthalocyanines. It is possible that at these 

concentration levels, the NHs competes favorably for chemisorption to impurity 

phthalocyanine electron trapping centers such as the [FePc,02] complex, which is 

distributed in a low concentration throughout the film. The removal of this 

region II 02 results in a return of a portion of the photoconductivity removed 

during the initial UHV introduction of 02 to this InPc-CI film. Microgravimetric 

data collected indicate that the majority of NHs chemisorbed to the surface, 

though, has no electronic impact whatsoever upon the organic film, an 

observation which supports the contention that it is a minority of impurity sites 

within the film which actually sensitize the surface of the InPc-CI film toward 

NHs· 

The sensitivity of the InPc-CI chemiresistors toward NHs was found to be 

dependent upon a number of different conditions and/or parameters. It became 
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apparent early on that the measurement of photoconductivity changes within 

these organic films, as opposed to the commonly measured dark conductivity 

changes, provided a significant enhancement in the sensitivity toward NHs in N2 

(as much as 40 times as sensitive, with a detection limit of 340 parts-per-million). 

Furthermore, an examination into the effect of employing various different 

wavelengths of light, indicated that the peak sensitivities were obtained when 

using a light source with a wavelength that provided the highest quantum 

efficiency per incident photon (ie. 550 and 800 nm) within the organic film. At 

each different wavelength, the sensitivity was found to increase linearly with 

increasing light intensity, eventually becoming nonlinear at the higher light 

intensities (8.3 to 25 mW). Higher temperatures resulted in a sensitivity that was 

nearly half that obtained at room temperature, although the response time and 

desorption time requirements were improved. Finally, the sensitivity of these 

InPc-CI chemiresistors was significantly impaired when placed within a carrier 

stream of air, with the detection limit for NHs now being as high as 16 parts-per

thousand. 

In order to further enhance the sensitivity of these devices toward NHs' 

metal modifiers were photoelectrochemically deposited onto the surface of the 

InPc-Cl thin film. Through the introduction of a submonolayer amount of metal 

chemisorption sites onto the organic surface, the sensitivity increased 

substantially. Of the different metals examined, the Hg-modified microcircuit 

exhibited the best properties in terms of sensitivity, reproducibility, and 

reversibility. Detection limits of 300 parts-per-billion NHs in N2 and 1.0 parts

per-thousand NHs in air were determined for this Hg modified microcircuit. 

These metal modifiers are expected to serve as efficient traps for photogenerated 
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free electron charge carriers within the InPc-CI, and by proper choice of the 

illuminating wavelength during the photoelectrodeposition, it was possible to 

deposit these modifiers specifically onto those areas of the InPc-CI film with the 

highest photoactivity. In this way, the removal of these trap sites via the 

chemisorption of NHs to the metal modifier, resulted in a detrapping of a number 

of photogenerated free charge carriers, and a significant amplification of 

response with each chemisorption event. 

The strongly oxidizing nature of N02 makes it a prime candidate for 

detection by these InPe-CI chemiresistors. The surface electronic properties of the 

InPc-CI are highly sensitive to the adsorption of N02 due to the formation of a 

charge transfer complex, [Pc+N02-], wherein the Pc+ hole is mobile and 

collectable at the electrodes. In contrast to the situation that exists for NHs' the 

detection of N02 is predominantly a "dark" event. In fact, measurements of the 

dark conductivity changes with increasing N02 concentration in N2 were found to 

be nearly 70 times as sensitive (with a detection limit of 79 parts-per-trillion) as 

the photocurrent measurements, and 4 times as sensitive (with a detection limit 

between 0.3 and 2.0 parts-per-billion) when the carrier stream was air. By 

measuring microgravimetric changes (using either a QCM or SAW device) 

simultaneous with the electronic changes (using a chemiresistor) within the 

InPc-CI thin film, it was concluded that there are at least two distinct 

chemisorption sites for N02 within the near surface region of this organic film. 

It is the minority of chemisorption sites which react immediately and have the 

most dramatic effect upon both the dark and photoconductivity of the film. It is 

believed that these results arise from the direct interaction of N02 with the 

benzenoid portion of the InPc-CI molecule, wherein hole and electron conduction 



310 

originate and propagate between the individual LUMO levels. The vast majority 

of N02 chemisorbed to the InPc-CI. though. has a much smaller impact upon the 

conductivity. in addition to being relatively tightly bound to the surface. It has 

been proposed that these chemisorption sites arise from the interaction of N02 

with the metal center of the InPc-Cl. 

In a complementary fashion to the metal modification of the InPc-CI 

surface with the introduction of electron trapping sites for the sensitization of 

these films toward NHg, the chemiresistors were chemically modified with highly 

reducing materials which could serve as hole traps within the InPc-CI thin film 

and sensitize the film toward the strongly oxidizing molecule, N02• Although the 

deposition of these types of materials results in an immediate decrease in both the 

dark and photoconductivity of the InPc-CI film, an electronic interaction between 

N02 and an energetically deep hole trap would be expected to alter the energetics 

of that trap site, effectively releasing a number of trapped hole charge carriers 

within the organic near surface region. Polyvinyl ferrocene (PVF) and polyvinyl 

carbazole (PVK) were employed as the hole trapping material for these chemical 

modifications, and the results obtained from these devices demonstrate the 

effectiveness of this approach. The PVF modified microcircuit was measured to 

be 4 times as sensitive as the unmodified surface (with a detection limit of 

70 parts-per-trillion), while the PVK modified microcircuit gave an enhancement 

by as much as 10.5 times (and a detection limit of 22 parts-per-trillion). 

An additional approach to sensitizing these InPc-CI films was attempted by 

examining the FePc and MnPc codeposition films (grown earlier in the 

examination of impurity effects and 02 exposure to InPc-CI films) with respect to 

the detection of N02• Bearing in mind that these films were shown previously to 
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strongly chemisorb O2 in the formation of an efficient trap for free electron 

charge carriers, it was expected that the competitive chemisorption of N02 might 

result in the desorption and elimination of many of these electron trapping sites. 

Once again, a single chemisorption event gives rise to a flux of new charge 

carriers which are now collectable at the electrodes. The results obtained for both 

of these films certainly demonstrates an enhancement in the sensitivity and 

detection limits when compared to the response for a pure film of InPc-Cl. The 

MnPc codeposition film, for example, was 6.6 times as sensitive (detection limit of 

127 parts-per-trillion), while the FePc codeposition film was 7.0 times as sensitive 

(detection limit of 68 parts-per-trillion). 

One of the primary obstacles to the ultimate applicability of the 

phthalocyanines as chemical sensor materials is the problem of selectivity. 

Because InPc-CI is highly sensitive toward both electron accepting and reducing 

gas phase analytes, it is seemingly impossible to differentiate bet\ween these two 

types of analytes when using a single chemical sensor device coated with an 

organic overlayer such as a phthalocyanine. Various authors have found some 

success using a system of pattern selectivity in order to differentiate between 

various competing analytes.166,167 Ideally, it would be desirable to design a 

compact, chemical sensor package, for example, that was comprised of three 

different and complementary analytical probes of the chemisorption of gas phase 

species to the surface of these organic materials. For example, a single package 

consisting of an optical waveguide device, a surface acoustic wave device (SAW), 

and an interdigitated array transducer, would enable the simultaneous 

measurement of any optical, microgravimetric or electronic changes resulting 

from the chemisorption of a gas phase analyte onto the organic surface. It would 
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be of interest to further investigate the use of various combinations of polymeric 

or molecular organic materials which can be deposited separately onto the surface 

of each of the different devices, and which mayor may not be subsequently 

chemically modified. Ideally, an algorithm could then be written which would 

distinguish the different analytes according to the combination or pattern of 

responses measured. 

Although encouraging results have been obtained with sensors employing 

phthalocyanines, the results are often times difficult to interpret and/or 

understand at the molecular level, owing to the complexity of the amorphous 

films grown. In addition, because the phthalocyanine films used in chemical 

sensor research consist of a variety of different phases and morphologies, the 

sensitivity is believed to be significantly diminished due to the presence of 

various trap sites (ie. structural defects, edge sites, point defects) within the film 

which result in a significant decrease in the number of free charge carriers. An 

ideal chemical sensor would be one in which the only parameter affecting the 

collection of the free charge carriers within the film is the actual concentration 

of gas analytes adsorbed to the near surface region of the phthalocyanine thin 

film. For this reason, it would be of interest to develop a chemical sensor that 

employs a single phase of epitaxially grown Pc; in this fashion, the Pc thin film 

would possess both an enhanced sensitivity toward an electroactive gas-phase 

analyte, as well as possessing an ideal, model surface upon which to study and 

understand the interactions occurring. It may be possible to incorporate the 

epitaxially grown phthalocyanines into both the SAW and interdigitated array 

devices in the following manner: 1) a SAW device may be designed by depositing a 

thin supporting layer of SnS2 may be grown by MBE onto the delay line between 
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two interdigitated array transducers on an electrically insulating piezoelectric 

substrate with hexagonal symmetry (ie. sapphire, quartz (ST cut) or LiNbOs); the 

subsequent epitaxial deposition of phthalocyanines or other superlattice 

structures can than be examined within the atmospheric chemical sensor chamber; 

and, 2) alternatively. a chemiresistor may be fashioned out of this epitaxially 

grown phthalocyanine layer via the metal evaporation of a thin Au interdigitated 

array on top of the Pc film by way of a lithographically etched mask. 

The use of thermal desorption mass spectrometry (TDS) would be 

complementary in many respects to much of the information derived from the 

chemical sensor results. TDS would help provide supporting information 

concerning the number and types of chemisorption sites existing at the surface of 

these model Pc thin films for each of the different gas phase analytes of interest. 

(ie. NHs, 02 and N02). Shown in Figure 8.3, for example, is a single square lattice 

domain of phthalocyanine deposited onto a Cu(100) substrate. Providing that a 

complete and ordered monolayer of phthalocyanine has been grown, we might 

expect the presence of three different chemisorption sites on the surface of this 

film. These include the interactions between 02 and (I) the benzenoid ring of the 

phthalocyanine, (2) the metal center of the phthalocyanine, and (3) the copper 

substrate itself. It would be of additional interest to study the TDS results from 

an epitaxially grown layer of phthalocyanine which is also being simultaneously 

monitored for any electronic changes as the various adsorbates are desorbed from 

the surface. The interaction between 02 and the macrocyclic ring is expected to 

involve 11' back bonding between the eg (11') molecular orbital of the 

phthalocyanine (which has an available electron due to the photoexcitation of an 

electron from the HOMO alu 11' molecular orbital) and the LUMO 11'- molecular 



Figure 8.3 Schematic of several possible interactions existing between 
oxygen and an epitaxial square lattice of phthalocyanine on a 
copper substrate. 
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orbital of the 02' The symmetry of these two orbitals are identical, which implies 

that the 02 will chemisorb to the phthalocyanine in either an end-on or edge-on 

configuration. While this chemisorption site is expected to have the most 

dramatic impact upon the conductivity of the film, the interaction between O2 

and the metal center (which is likely to be the most dominant interaction) will 

have less of an impact upon the overall conductivity. The LUMO ,... molecular 

orbital of the 02 may, in this case, interact with either the dXE or dYE orbitals of 
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the metal center. Additional interactions are expected to take place between 02 

and 1) trace phthalocyanine impurities, 2) anion radical impurity sites, 3) 

dislocations edge sites between the two domains of phthalocyanine oriented on the 

copper substrate, 4) structural defect sites within the organic film, and 5) open 

patches of copper apparent between the oriented array of phthalocyanine. It is 

believed, though, that the majority of these interactions will be minor in 

comparison to those mentioned above. Similar arguments can be made in the 

analysis of the two other gas analytes, N02 and NHs. It would also be of interest 

to examine the modification of these phthalocyanine surfaces with submonolayer 

amounts of Ag and Au from a metal evaporator, and analyze any changes seen in 

the TDS results. Information concerning the strengths of the gas-solid 

interactions with metal ada tom sites and or Pc's would prove interesting in terms 

of the response times of these metal-modified NHs chemical sensors. 

8.2 Organic/Inorganic and Organic/Organic' Molecular Beam Epitaxy 

In an attempt to simplify the polycrystalline and/or amorphous nature of 

the InPc-Cl surfaces grown on the chemical sensor devices, we have demonstrated 

in this dissertation the ability to grow epitaxial or ordered overlayers of these 

organic phthalocyanines onto the van der Waals surface of metal dichalcogenides 

(ie SnS2 and MoS2). In addition to simplifying the model for the gas-solid 

interface within these organic systems, the epitaxial growth of molecular organics 

has generated interest into a variety of new areas based upon the optical and 

electronic properties of these highly ordered organic arrays. Through the proper 

choice of these organic semiconductor materials and the substrates upon which 

they're deposited, various electronic and opto-electronic devices may be designed 
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by taking advantage of the interesting properties these molecules possess, 

including their photoconductivity, optical non-linearity, high temperature and 

chemical stability, and high absorptivity coefficients within the visible region of 

the electromagnetic spectrum. The epitaxial growth of molecular organic 

semiconductor materials are expected to have applications in a number of 

different areas, including electrophotography, photoelectrochemistry, optical data 

storage, optical logic devices, and solar energy conversion. 

We have found that the effective epitaxial growth of these large organic 

molecules is sensitive to a number of different parameters. First and foremost, of 

course, is the choice of the substrate surface. Ideally, the substrate should be a 

single crystal whose symmetry is identical to that of the organic molecule being 

grown, with lattice dimensions that can support the growth of a unidirectional, 

commensurate organic superstructure. The reactivity of the substrate surface 

becomes an important issue when attempting to grow thick films of the organic 

material, a feat which ultimately depends upon the nature of the initial organic 

monolayer grown. In a paralJel fashion, the symmetry and molecular size of the 

organic molecule being employed will playa pivotal role in the epitaxial growth 

seen. It may be possible to tailor the molecular structure in such a fashion as to 

promote its epitaxial growth, for example. It is evident that the final packing 

configuration and orientation seen on the surface of the substrate is ultimately 

related to a sum of all the interaction and repulsions taking place on the 

microscopic level between each individual adsorbed molecule and the surface 

atomic lattice sites associated with that molecule. Although each of these 

individual effects may be considered to be extremely weak, the total of these 

effects seen across an entire molecular array can have a substantial impact upon 
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the nature of the organic overlayer. In direct competition with the interactions 

taking place between the adsorbed molecule and the subst .. ate. are intermolecular 

and interatomic attractions and repulsions within the molecular organic film. A 

problem may arise. then. if the bulk crystal structure for the organic material is 

dynamically different from that being grown on the substrate surface. It is these 

types of interactions which also promote aggregation or island growth within 

these systems. as opposed to the desirable layer-by-Iayer growth mode. Clearly. 

one of the most important parameters which can be easily controlled is that of 

temperature. There is likely a critical window of temperatures within which 

these molecules deposited onto the surface will have the necessary thermal energy 

to diffuse across the surface in locating those optimum chemisorption sites. 

Finally. we have found that defect sites (ie. point defects. terrace sites) also playa 

critical role in dictating the quality of these epitaxial films. In some cases. it may 

be desirable to specifically introduce these types of sites into the substrate as a 

means for improving the epitaxial growth. 

The epitaxial growth of InPc-CI onto the SnS2(OOOl) surface was examined 

initially using low energy electron diffraction (LEED). The phthalocyanines were 

shown to orient parallel to the surface of this material. in a set of six square 

lattice domains oriented at 121 = ± 4 0 with respect to a primary axis for the SnS2' 

The LEED data support the formation of a 3 x 2 coincident superstructure for 

InPc-CI with respect to the SnS2 lattice. STM and AFM analysis of these ordered 

organic arrays. though. have indicated that terrace and point defect sites on the 

surface of the metal dichalcogenides may also serve to effectively initiate the 

orientation and epitaxial growth of these large organic molecules during the early 

stages of the deposition. 
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The epitaxial growth of CuPc and InPc-Cl onto the MoSz(OOOI) surface were 

found to orient in a slightly different fashion from that reported for InPc-CI on 

SnSz. Although these phthalocyanines again orient in a 3 x 2 coincident 

superstructure, in this case, the square lattice domains are preferentially aligned 

along the principal axes of the MoSz, 121 = 0°. The differences are believed to be 

linked to the change in lattice size between these two chalcogenide substrates. A 

preliminary examination into the epitaxial growth of CuPc and FePc onto the 

four-fold symmetric Cu(lOO) substrate was also undertaken, with the growth of a 

commensurate set of two square lattice domains in a p(J29 x J29) R ± 21.8° unit 

cell being demonstrated on the surface of this single crystal. 

In order to permit the optical interrogation of these ordered InPc-CI thin 

films, depositions were also conducted onto MBE grown SnSz films on mica, with 

the epitaxial growth of these organic molecules being verified using reflection 

high energy electron diffraction (RHEED). The MBE growth of the SnSz was 

done using a system of Knudsen cell sources which provided a beam of tin (metal 

evaporation) and sulfur (decomposition of FeSz) that were directed 

simultaneously onto the mica substrate. The RHEED data suggest that the tin and 

sulfur beam react at the mica surface to form several different orientations of the 

SnSz, although the majority of growth is aligned preferentially along the primary 

axes for the mica. AFM studies on these surfaces indicate that the SnSz does not 

grow in a monolayer-by-monolayer fashion, but, instead, exhibits island growth 

and a significantly higher concentration of terrace sites when compared to the 

bulk grown, single crystals of SnSz. Surprisingly enough, this type of surface was 

found to facilitate the epitaxial growth of InPc-Cl, a phthalocyanine whose 

ordered growth on the relatively defect-free bulk SnSz crystals was very difficult 
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to achieve. As we might expect, though, the InPc-CI was shown by RHEED to 

orient in several different domains on the MBE SnSz surface. It is the nature of 

this multi-domain surface which ultimately results in the loss of epitaxial growth 

for these large organic molecules beyond:::: SO equivalent monolayers. 

The deposition of organic dye molecules onto the surface of wide band-gap 

semiconductors, such as SnSz, serves to sensitize these materials with photoactivity 

within the visible wavelength regime. The dye sensitization of semiconductors, 

then, is of particular interest in the development of solar cells and solar energy 

conversion.113,114 The phenomena of charge injection from the phthalocyanine 

into the semiconductor is based upon the excitation of an electron into the 

conduction band of the phthalocyanine via the absorption of an appropriate 

wavelength of light, whereupon the injection of this free charge carrier into the 

conduction band for the semiconductor can take place (providing that the LUMO 

level of the phthalocyanine is energetically above that of the semiconductor). 

One of the major problems faced in this technology is the low efficiencies 

apparent for the injection of charge. Some of the epitaxially grown films of 

InPc-CI on SnSz have been examined within our group for solar energy' 

conversion, and these films have demonstrated quantum efficiencies per absorbed 

photon as high as 12% for a single monolayer of organic material on the surface.59 

Although the quantum efficiency drops as the thickness is increased, it is believed 

that the growth of highly ordered, defect-free organic arrays, will result in the 

efficiency for charge transfer to be much higher due to the lower probability 

event of an interaction between a free charge carrier and a trap site within the 

film. It would be of interest to examine a series of different phthalocyanines 

with various LUMO levels with respect to the conduction band of the SnSz, in 
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order to examine the effect this has upon the quantum efficiency for charge 

injection. In a similar fashion, the organic phthalocyanines have also seen 

application as the charge generation layers within laser printers and xerox 

machines. Once again, epitaxially grown films of phthalocyanines might generate 

improved response characteristics within these devices. 

Optical transmission absorbance spectra of the epitaxially grown InPc-Cl on 

MBE SnS2/mica, enabled complementary information to be obtained concerning 

the three-dimensional packing geometry of these crystalline organic films. In 

direct contrast to the broad absorbance spectra obtained for the polycrystalline 

films employed in the chemical sensor work, the highly ordered InPc-Cl arrays 

exhibited a very narrow excitonic lineshape (FWUM = 60 nm), a large absorptivity 

coefficient (p = 3.9 X 10-5 cm-1), and high quantum efficiencies per absorbed 

photon for charge transfer into the SnS2 (as high as 12%). Furthermore, the 

absorbance peak was found to be significantly red-shifted (by 73 nm) from the 

peak absorbance obtained for a dilute solution of InPc-Cl in pyridine. From an 

extension of Kasha's molecular exciton model, these data suggest that the InPc-CI 

is depositing in an AB/ A 'B' stacking geometry (P 1 space group) onto the SnS2 

surface, with each subsequent layer slip-stacked by 1/2 a molecular diameter in 

both the x and y directions. The highly crystalline nature of this organic 

overlayer is further indicated by the narrowness of this excitonic lineshape, with 

the loss of epitaxial growth (as indicated by the RUEED) being furt~er 

corroborated with an extensive broadening of the optical absorbance spectrum. 

Recent developments in the field of non-linear optics and photonics has 

motivated a resurgence of interest in the utilization of a technology in which 

photons, instead of electrons, are used to acquire, store, process, and transmit 



321 

information.14 The advantages of using photon-based logic devices as opposed to 

electronic are severalfold, including a dramatic increase in the speed, the ability 

to produce smaller integrated optical chips, and the design of circuits with no 

electrical or magnetic interferences. Research efforts in this area have 

specifically centered upon the development of an optical switch employing a 

material with efficient non-linear optical properties. In a linear dielectric, the 

application of. an electric field, E, results in a polarization of the medium that is 

linearly dependent upon E, and is characterized by the linear susceptibility of the 

proportionality constant, X.14 For this type of material, the refractive index (n), 

the wave vector (k), and the phase velocity (v) are all independent of the field 

strength, E (which may arise from an optical wave). However, this is not the case 

for a non-linear dielectric, wherein the polarization is non-linearly proportional 

to the applied field, and is additionally dependent upon x2 and XS (the second and 

third order non-linear optical susceptibilities).14 In conjunction, n, k, and v are 

all dependent now upon the applied field, E, with these properties being taken 

advantage of in the development of an optical switch. Those materials combining 

a large value of xS, short relaxation times, and good stability would be of prime 

interest in this area. Theoretical calculations in this area have shown that XS is 

proportional to the fourth power of the transition dipole moment, therefore 

generating some interest into an examination of the optical properties of 

phthalocyanines which have very high absorptivity coefficients.19 Ideally, an 

optical switch has been envisioned which relies upon the use of two lasers, the 

first of which is tuned to the ~max of the absorption peak and is a constant 

measure of the absorbance of that material at that wavelength.14 A second, high 

peak power laser is positioned at 90° to the first laser, with the emission of a 
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short, high intensity light pulse creating a non-linear polarization of the medium 

from the strong oscillating electric field of the laser. The resultant change in the 

index of refraction, n, is manifested in a shifting of the .\maxo and, hence, a 

change in the measured absorbance for the first laser. Ideally, the material 

should possess a high XS and a narrow absorption peak with a high absorptivity 

coefficient. We have found that MBE grown films of InPc-CI on SnS2 possess. 

highly narrow absorbance peaks (FWHM = 60 nm vs. 500 nm), and an absorptivity 

coefficient that is nearly 3 times as large as that found in an amorphous film, 

and, therefore, merit further investigation. 

The majority of opto-electronic device applications that might benefit from 

the epitaxial growth of molecular organic semiconductor materials such as the 

phthalocyanines, would require that the ordered growth be maintained to 

relatively thick dimensions (> 400 A). Because of the difficulty encountered in 

maintaining the epitaxial growth of the phthalocyanines on the metal 

dichalcogenides beyond z SO equivalent monolayers, efforts were extended 

toward the development of organic superlattice structures which consisted of 

ultrathin layers of phthalocyanines that are separated from one another by 

ultrathin layers of various organic spacer molecules. Through the appropriate 

choice of a chemically unreactive spacer molecule, it becomes theoretically 

possible to grow an epitaxial monolayer of phthalocyanine which is in a 

chemically isolated environment and is devoid of any three dimensional 

broadening effects. By growing an ABAB organic super lattice structure, 

significantly higher optical densities can be achieved while continuing to 

maintain the narrow excitonic lineshape associated with the epitaxial growth of 

these organic porphyrins. The three different organic spacer molecules examined 
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were coronene, perylene tetracarboxylic dianhydride (PTCDA), and Coo-' and in 

each case, LEED was used to verify the epitaxial growth of these organic 

molecules onto MoS2 via organic/inorganic MBE. Subsequent studies also 

examined the growth of phthalocyanines onto these spacer molecules via 

organic/organic' MBE. 

PTCDA was shown to gro", epitaxially onto MoS2 in a structure very similar 

to the bulk crystalline structure determined by Forrest et a1.162 The proposed 

2 x 2 coincident superstructure possesses a set of two orthogonal glide plane 

symmetries, and is rotated by fZl = ± 12.20 with respect to the principal axes of the 

MoS2• The structure is pseudo-hexagonal (real lattice constants of a 1 = 12.9 A and 

a2 = 20.9 A), which explains the existence of six different domains on the 

chalcogenide surface. The growth of PTCDA onto a CuPc/MoS2 thin film was 

demonstrated, although the LEED pattern was identical to that obtained for the 

growth of PTCDA on MoS2, thereby, indicating that there were likely bare 

patches of MoS2 on the CuPc/MoS2 thin film. 

The LEED da ta obtained for the growth of coronene on MoS2 indicated that 

this large polycyclic aromatic molecule orients epitaxially in a set of two 

hexagonal lattice domains that are commensurate with the MoS2 in a p(j13 x j13) 

R ± 13.9 0 unit cell. The calculated real lattice constants of a1 = a2 = 11.2 A are 

consistent with the van der Waals center-to-center spacing of a hexagonally closest 

packed array of coronene molecules lying parallel to the MoS2 surface. The 

subsequent growth of CuPc onto this coronene overlayer gave a LEED pattern 

identical to those obtained previously for CuPc on MoS2, with the exception that 

the three square lattice domains were now aligned with the principal axes of the 

two coronene hexagonal domains in a possible 5 x 10 coincident superstructure. 
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Of the three spacer molecules examined, CGO ga ve the most promising results 

in terms of the formation of organic superlattice structures with phthalocyanines. 

Buckminster fullerene deposited onto MoS2 in a single domain as a hexagonally 

closest packed array that was preferentially aligned along the principal axes for 

the chalcogenide. The real lattice constants calculated, a1 = a2 = 9.52 A were 

consistent with the van der Waals diameter of CGO of 9.5 A. The subsequent 

growth of InPc-CI onto this C6o/MoS2 film was shown to epitaxially orient in a set 

of three square lattice domains oriented along the principal axes for the e60 

(or the MoS2) in a possible 2 x 7 coincident superstructure. 

As discussed earlier, preliminary examinations into the epitaxial growth of 

molecular organic semiconductor superlattice structures have begun, with the 

LEED results indicating that the growth of thin alternating layers of these 

organic materials may be realized on these metal dichalcogenide substrates. By 

alternating thin layers of semiconductors with two different band gaps, a series 

of square potential wells are formed in which the small gap semiconductor 

comprises the potential wells and the large gap semiconductors form a series of 

potential barriers. The quantum confinement of electrons and holes within these 

potential wells (as described by the "particle in a box"), gives rise to novel and 

interesting effects.168.169 If the charge carrier in adjacent potential wells are 

completely isolated due to thick potential barriers, the structure is termed a 

multiple quantum well.169 A situation more likely to pertain to these layered 

organic semiconductors is that of a superlattice structure, in which the charge 

carrier can communicate between adjacent wells via a tunneling process through 

thin potential barriers.169 The quantum mechanically coupled potential wells lead 

to the formation of minibands for charge carriers. The loss of free charge 
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carriers through phonon emission or thermal loss is believed to be inhibited by the 

presence of these discrete energy levels which have relatively large energy 

separations. It becomes theoretically possible, then, to achieve high solar 

photoconversion efficiencies, as well as narrow absorbance spectra, indicative of 

isolated molecular monolayers.168,169 Particular interest, then should be focussed 

upon the growth of C6o/InPc-CI/SnS2 superlattices, with an exclusive examination 

of their non-linear optical properties, absorbance spectra, and quantum 

efficiencies. 
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