
 

 

 

 

 

 

ABSTRACT 

Fabrication of a Single Layer Organic Photovoltaic Device based on an Indium-Tin-
Oxide/Copper Phthalocyanine/Aluminum Heterostructure 

 Aroshan Kaushalya Jayasinghe 

Mentor: Kenneth Park, Ph.D. 

 

An ultra high vacuum chamber was designed and constructed for the purpose of 

fabricating organic photovoltaic devices. Thermal vapor deposition of copper

phthalocyanine as the active layer and aluminum as the cathode onto a substrate of

indium-tin-oxide coated glass was tested in ultra high vacuum conditions. Auger electron 

spectroscopy was used to analyze the surface properties of the different layers. It was

possible to prepare the electrodes to the necessary quality, but the vapor deposition of the

organic active layer proved to be unsuccessful. 

The conductivity of the deposited copper phthalocyanine was much higher than

anticipated. Two possible mechanisms for this increase in conductivity are

polymerization of the molecules and the formation of stacked assemblies. The residual

copper phthalocyanine left in the crucible was examined with a scanning electron

microscope and evidence of both mechanisms was observed. 
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CHAPTER ONE 

Introduction 

1.1 Solar Power as an Alternative Energy Source 

Modern society is highly dependent on energy.  Population growth and industrial 

development around the world are expected to overwhelm the current energy supplies 

within a few decades.  According to the International Energy Agency global electricity 

consumption in 2003 was 15,223 Terawatt hours (TWh) [1].  This is expected to triple by 

the end of this century.  Conventional, nonrenewable sources cannot be expected to 

handle this increased demand, both due to supply issues as well as environmental 

concerns.   

The obvious source of clean, renewable and plentiful energy is the Sun.  Power 

derived from solar radiation drives most natural processes, from photosynthesis in tiny 

algae to hurricanes over a hundred miles across.  The Sun deposits about 1368 W/m3 at 

the top of Earths atmosphere; a total of 120,000 TW [2] reach the surface of the Earth.  

Utilizing just a fraction of this could resolve the energy supply problems far into the 

future. 

There are several techniques for utilizing the power of the Sun.  Photovoltaic and 

solar-driven thermal methods tap into the energy of solar radiation directly.  Wind power 

and tidal harnesses are powered by the Sun indirectly.  All these methods have a limited 

environmental impact when compared with most current power generation techniques.    

Most renewable energy sources have a very high initial capital cost compared to 

fossil fuel based sources, but have lower running costs.  The high initial cost has limited 
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the commercial use of such renewable sources in the past.  But the increase in fossil fuel 

cost has increased interest in renewable energy technology.  As oil prices continue to rise 

in the future, the market for these power sources can expected to grow. 

Solar power has an advantage over most other renewable sources in that it is possible 

to place the supply at or near the place of consumption.  This removes the need to expand 

the current electricity distribution network.  An increasing number of industrial buildings 

in the United States utilize solar panels to provide a portion of their power needs.  In 

some countries with high electricity costs, solar powered water heating systems are 

common.  Backpacks with solar cells (e.g. http://www.voltaicsystems.com) can recharge 

small electronic devices like MP3 players and cell phones.  In the not too distant future 

photovoltaic devices will not just be large black squares.  They will be part of the fabric 

we wear and a component of the paints we use on buildings and vehicles. 

1.2 Photovoltaic Devices 

French physicist Edmond Becquerel discovered the photovoltaic effect in 1839.  

Bequeral found that when electrodes made from certain materials were inserted into an 

electrolytic cell and illuminated with white light a small electric current was produced.  

In 1954 Chapin, Fuller and Pearson of Bell Telephone Laboratories fabricated a modern 

solar cell based on a silicon p-n junction that had an efficiency of 6% [3].  They later 

patented their device as a "Solar Energy Converting Apparatus" with patent #2,780,765. 

Power generation in a photovoltaic device happens through a series of steps. 

1. Absorption of a photon by the semiconductor, creating an electron-positive 
ion pair. 

2. Separation of this bound pair into their constituent charges. 
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3. The transport of the now independent charges to the appropriate electrode. 

4. Collection of the charges by the electrodes. 

1.2.1 Photon Absorption 

All photovoltaic cells work on the basic principle of charge separation caused by the 

absorption of a photon.  Semiconductors have a completely filled valance band (VB) and 

an empty conduction band (CB).  A suitably energetic photon can transfer enough energy 

to an electron in the valance band for it to jump into the conduction band, leaving a 

vacancy called a ‘hole’, in the valance band.  This conduction electron can then be 

extracted from the semiconductor into an external circuit, providing an electric current. 

The basic requirement for charge separation is that the incident photon energy be 

greater than the band gap of the semiconductor.  It should be noted that the energy levels 

in both the conduction and valance bands are so closely spaced that they can be 

considered to be continuous.  i.e. As long as the photon energy is greater than the band 

gap, a probability exists for charge separation to occur.  The excited electron will quickly 

Conduction 
Bands 

Valance Bands 

Band gap
Ebg 

 

photon 
hν ≥ Ebg

 

Figure 1.1 Charge separation due to photon absorption. 
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migrate down to the lowest unoccupied molecular orbital (LUMO) or bottom of the 

conduction band (Ec).  Similarly the positive hole will move to the highest occupied 

molecular orbital (HOMO) or top of the valance band (Ev).  Given enough time the 

electron and hole will recombine, emitting a photon which carries away the extra energy.  

This process takes place on a relatively long time scale compared to the velocity of the 

charge carriers in the semiconductor.   

Considering just the conversion of radiation to work, Luque and Marti showed that 

the thermodynamic limit on the efficiency of a photovoltaic device is ~93% [4].  

Shockley and Queisser calculated that the upper limit for efficiency, what they called the 

detailed balance limit, of a device with a band gap of 1.1 eV (approximately that of 

silicon) is 30% [5]. 

Shockley and Queisser based their calculations on the following assumptions; 

1. Every possible photon is absorbed. 

2. Each photon produces only one electron-hole pair. 

3. Radiative recombination is the only process by which the electron-hole pairs 
cancel out. 

4. The charge carriers have a high enough mobility that it is possible to extract 
the charge from the semiconductor no matter where the charge separation 
occurs. 

It is not possible to create a device that will absorb every single incident photon.  If 

the cell is made thick enough to absorb all or even most of the photons, the probability 

that the electron-hole pairs will recombine before being extracted goes up.  Therefore it is 

difficult to build a device which satisfies both points 1 and 4.  Furthermore, there are non-

radiative processes, caused mostly by impurities in the semiconductor, by which 
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recombination can occur.  Current state of the art single junction solar cells have 

efficiencies as high as 25% for single-crystal silicon [6].   

There are ways to exceed this 30% limit.  It is possible for a sufficiently high energy 

photon to create more than one electron-hole pair [7,8].  This relies on an Auger type 

process where the electron excited by the photon creates a second electron-hole pair as it 

drops to the LUMO.  Werner, Kolodinski and Queisser calculated a possible efficiency of 

43% [8] for this process.  This calculation was based on a theoretical band structure not 

found in any known semiconductor.   

A remarkable jump in efficiency has been achieved using multi-junction solar cells 

[9,10].  In these devices, incident photons pass through a series of semi-conducting 

junctions, which have different band gaps and thus have enhanced absorption across a 

wide spectrum. 

A slightly different concept is to use reflectors to concentrate solar radiation onto the 

cell.  This greatly increases the number of photons incident on the reactive surface.  It has 

been shown that this method can increase efficiency to about 38%.  In a similar vein, 

textured surfaces can help reduce light losses due to reflection off the top surface of the 

device.  Tiny pyramidal structures reflect light back into the active layer, thus increasing 

the photons going into the active layer and therefore increasing the efficiency of the 

device. 

1.2.2 Charge Separation and Collection 

After a photon has been absorbed, the excited charges still need to be separated and 

transported to the electrodes.  By selecting appropriate electrode materials (and in multi-

layer devices the active layers) it is possible to create a slight voltage across the device 



 
 
 

6 

that pulls the charges apart.  The cathode material needs to have a relatively low work 

function, which would place its CB close to the LUMO of the semiconductor.  The anode 

should have CB which is near the HOMO of the semiconductor.  A simplified energy 

level diagram for single and dual layer devices, before and after contact is shown in 

Figure 1.2. 

 

The analysis of metal/semiconductor contacts was first developed almost seventy 

years ago.  Walter H. Schottky first suggested the possible rectifying behavior at these 
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Figure 1.2 Simplified diagram of energy bands before and after contact at the 
semiconductor/metal junctions for single and double layer devices.  A. Single layer 
device before contact. The Fermi level is taken to be at the center of the band gap.  
B. Double layer device before contact, the first layer has a Fermi close to its HOMO 
while the Fermi for the second layer is close to its LUMO.  C. On contact the Fermi 
levels for all the materials equalize. The energy bands at the semiconductor/metal 
junction bend to allow electrons and holes to flow to the cathode and anode 
respectively.  D. The band at the semiconductor/semiconductor junction allows a 
shallower path for the charges. 
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junctions in 1938 [11].  In the same year N. F. Mott developed a theoretical model for 

what is known as the Mott barrier [12].  Since then there have been numerous 

investigations into the electrical characteristics of these contacts [13-15].  There are 

several factors to be considered before selecting anode and cathode materials.  In 

particular, the relative heights of the LUMO/HOMO and the conduction bands of the 

electrodes, before contact, determine if a blocking (rectifying) contact or an Ohmic 

contact is created.   

It should be noted that the interfaces formed by organic semiconductors is not yet 

fully understood nor modeled as completely as inorganic semiconductors have been.  

Table 1.1 lists the work functions for some of the more common electrode materials. 

Table 1.1 Work functions of selected electrode materials. 

Electrode Material Work Function (eV) 
Ca 2.87  [16] 
In 4.12  [16] 
Al 4.28  [16] Cathode 

Ag 4.26  [16] 
Au 5.1  [16] 
Ni 5.15  [16] 

ITO 4.4-4.75  [17,18] Anode 

TiO2 4.7-5.2  [19,20] 
 

EF EF EF

EC

EV EV

EC
EF

φ φ 

Figure 1.3 Conduction bands before and after contact showing a blocking junction 
being formed. 
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There are other factors to be considered when selecting an electrode material.  For 

instance, calcium and other metals in the I-A and II-A columns on the periodic table have 

low work functions that make them ideal cathodes, but they are also highly reactive and 

devices that use them are unlikely to have long lifetimes.  For this reason aluminum, even 

with its higher work function, is widely used as the cathode material.  Gold is rarely used 

as an anode in commercial applications, due to its high cost and the availability of 

optically transparent Indium-Tin-Oxide (ITO) and TiO2 electrodes.   

1.3 Inorganic Photovoltaic Devices. 

Inorganic semiconductors like silicon and gallium and their compounds provide the 

basis for the majority of commercially available devices.  These materials are relatively 

well understood, stable and are reasonably efficient.  They are also costly to manufacture 

and extremely brittle. 

Solar cells based on single crystal and polycrystalline Si accounts for over 87% of 

production [21] and cost about $3.50 per peak Watt.  This corresponds to an energy cost 

of $0.30 - $0.35 per kWhr over the lifetime of a device.  This does not compare well to 

energy costs of just $0.06 - $0.08 per kWhr for oil and natural gas and less than $0.04 per 

kWhr for coal and nuclear power [2]. 

Silicon is easily available and the manufacturing of Si wafers is technologically 

advanced and commercial foundries have been established for many years.  This makes 

the production of silicon solar cells practical in commercially viable volumes without the 

need for highly specialized manufacturing tools.   In addition, these devices are known to 

have a stable power output and have a high efficiency.  However, crystalline silicon is 
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expensive to manufacture, which is a major reason for the high initial cost of these 

devices.  As silicon has a low photon absorption coefficient the crystal wafer needs to be 

relatively thick, which increases weight and cost.   

Amorphous or nanocrystalline silicon has emerged as a low cost alternative to 

crystalline Si.  Here thin layers of Si atoms are deposited onto a substrate using glow 

discharge or vapor deposition techniques [14].  This is much cheaper than growing a high 

purity crystal.  The price of reducing the cost of manufacture is a large reduction in 

efficiency.  The amorphous nature of the layers introduces traps and defects that capture 

charge carriers and reduce diffusion length.  While single crystal Si solar cells have been 

demonstrated with efficiencies of up to 25% [6,22], amorphous devices have efficiencies 

of about 10-11%  [23].   

Silicon and most other elemental inorganic semiconductors like germanium have 

indirect band gaps.  In these indirect band gap type semiconductors the lowest energy 

point in the conduction band, in momentum space, is not directly above the highest point 

in the valance band.  Therefore an incident photon must also change the wave vector of 

an electron in moving it from the valance to conduction bands.   This is a more complex 

process than photon absorption in a direct gap semiconductor and therefore has a reduced 

probability and efficiency.  Bandgap types and values for some inorganic semiconductors 

are given in Table 1.2. 

Direct band gap semiconductors have proved to be a viable alternative to Si.  

Crystalline GaAs devices have been produced with efficiencies slightly higher than Si.  

Multi-junction cells made from layers of these direct band gap compounds have been 
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demonstrated with efficiencies as high as 33% [6], higher than the Shockley-Queisser 

limit. 

Table 1.2 Band gaps of selected inorganic semiconductors. 

Semiconductor Band gap type Band gap energy (eV) 
Si Indirect 1.11  [15] 

Amorphous Si Indirect 1.5-1.7  [14,24] 
Ge Indirect 0.66  [15] 

GaAs Direct 1.43  [15] 
AlAs Indirect 2.15  [15] 
CdTe Direct 1.44  [15] 
CdS Direct 2.42  [15] 

1.4 Organic Photovoltaic Devices. 

Solar cells that use organic molecules as the active layer were first produced in the 

early 1980s and have quickly become a focus of alternative energy research.  In 1985 C. 

W. Tang presented a two layer solar cell using copper phthalocyanine (CuPc) and a 

perylene tetracarboxylic derivative as the organic materials [25].  This cell had an 

efficiency of ~1% under AM2 illumination.  (A short introduction to illumination 

standards for solar cells is presented in the appendix).  This remained a benchmark 

against which other organic cells were measured and was only surpassed in efficiency in 

the late 1990s. 

Organic solar cells have an advantage over inorganic cells as far as the cost of 

materials is concerned.  It is much cheaper to chemically produce phthalocyanine 

pigments than it is to grow a silicon single crystal.  The wide variety of organic 

semiconducting molecules and the low cost of manufacturing make these devices very 
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attractive.  It is possible to tailor the molecules using chemical synthesis to suit a variety 

of conditions.  As these materials usually do not have the rigid lattice structure of 

inorganic semiconductors, they can retain their electrical and chemical properties even 

when flexed.  This allows the fabrication of flexible devices that can be used in myriad 

ways. 

The down side of an organic solar cell is its low efficiency.  In an inorganic 

semiconductor, the electron-hole pair formed by the absorption of a photon is only 

weakly bonded with a binding energy of just a few meV.  This bond is easily broken by 

existing thermal energy and the charge carriers are free to move through the 

semiconductor lattice.  Because of this these materials have large charge carrier diffusion 

lengths and long carrier lifetimes.  In an organic molecule, photon absorption creates a 

relatively strongly bonded electron-hole pair or exciton.  These have binding energies of 

about 0.4 eV that is not easily broken.  The exciton defuses through the material as a 

charge neutral pair and a strong electric field is required to separate the charges.  Since 

the electron and the positive hole stay in close proximity, the recombination rate is high 

and diffusion lengths are short.  For this reason organic solar cells have active layer 

thicknesses of less than a hundred nm.  Fortunately, these materials also have higher 

absorption coefficients, making it possible to fabricate very thin devices that still harvest 

a large percentage of incident solar radiation.  Unlike inorganic devices, which have 

thicknesses measured in hundreds of nanometers, most organic devices have active layers 

measuring a few tens of nanometers. 

Modeling the charge transport in these materials is not as easy as in inorganic 

semiconductors.  Since the basic unit in the lattice is a molecule and not a single atom, it 
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is necessary to consider two separate processes for inter- and intra-molecular transport.  

As the charges “hop” between molecules, packing density is an important factor affecting 

charge transport.  For this reason two-dimensional molecules that stack easily and have 

higher packing densities are preferred over more complex three-dimensional molecules as 

they have more efficient inter-molecular charge transport mechanisms. 

Most organic semiconductors have band gaps greater than 2 eV (see Table 1.3).  

Larger band gaps mean that less of the solar spectrum is used to generate charge carriers, 

reducing efficiency further.  Current organic solar cells have a maximum efficiency of 

about 4-5%. 

Table 1.3 Band gaps of selected organic semiconductors 

Organic material Band gap (eV) 
PTCDA 2.2  [26] 

Alq3 2.7  [26] 
α-NPD 3.1  [26] 
CuPc 1.7  [27] 

 

Since charge disassociation happens only at the interface between materials, the 

design and nature of the layers in an organic solar cell are important.  There are several 

different types of solar cells, based on the layering method. 

Single Layer Cells:  This is basically a single organic layer sandwiched between two 

electrodes.  The charge disassociation occurs at the interface between the organic 

material and one of the electrodes. 

Dual Layer Cells:  This has two different organic layers one of which acts as an electron 

donor and the other as an electron acceptor.  Charge dissociation happens at the interface 

and the separated charges are carried through different layers to the electrodes.   



 
 
 

13 

Blended Layer Cells:  Here the two materials are blended together.  This causes the 

interface to be spread through the bulk of the solar cell.  Most excitons are created within 

a short distance to the interface and losses due to recombination are minimized.  There 

still has to a continuous path through the appropriate material for the charges to travel to 

the electrodes. 

Laminated Cells:  This is a combination of the two with separate acceptor and donor 

layers with a blended layer in between.  The blended layer provides a very large interface 

surface while the other layers provide uninterrupted path for the charges to travel to the 

appropriate electrode.    

The precise fabrication technique used to produce an organic solar cell will depend 

both on the material used and the layering architecture.  More complex architectures will 

require more steps to complete and not all materials can be handled by every technique. 

1.5 Phthalocyanines 

First discovered in 1907 [28], phthalocyanine (Pc) is a large, planar molecule that 

has attracted considerable interest as an organic semiconductor.  The basic molecule is 

metal-free phthalocyanine, C32H18N8.  By removing the two central hydrogen atoms and 

replacing it with a metal atom, it is possible to synthesize various mettalo-

phthalocyanines with the chemical formula C32H16N8M where M is a bivalent metal atom 

(Figure 1.4).  Indeed, it is possible to create phthalocyanines with an aggregate of atoms 

(e.g. TiO) as long as it has an oxidization state of -2. 

Phthalocyanines are an attractive group of materials for use in solar cells as they 

have a smaller bandgap than most other organic semiconductors.  These molecules are 
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pigments and can absorb photons in the optical range with strong absorption peaks in the 

600-800nm range (orange through near infra red).  The color of the molecule depends 

somewhat on the central metal atom. 
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NN N

NH

N

NH

N N
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Figure 1.4  H2PC and CuPc molecules 

 

If the central atom is small, for instance Cu, Ni, or Fe, the planar nature of the 

molecule is unaffected and they form close packed layers.  Phthalocyanines containing 

larger metal atoms like lead or with combinations of atoms like TiO have a three 

dimensional structure and don’t stack in dense layers.  The regular shape of the 

phthalocyanine molecule allows a high packing density. 

Phthalocyanine is chemically and thermally stable.  This allows thermal evaporation 

of thin films under high vacuum.  As pigments, this class of materials is not soluble in 

organic or most inorganic solvents, making it difficult to use spin coating or similar 

techniques to form uniform layers of molecules.  However CuPc is soluble in 

concentrated sulfuric acid, dicloromethane (DCM), N,N-Dimethylformamide (DMF) and 

a few other solvents.  It is also possible to form soluble Pc based complexes by 
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modifying the ligands.  However, having complex ligands tend to reduce the packing 

density of the molecules that in turn makes them less efficient at photon harvesting.   

There are several different polymorphs of phthalocyanine with the “α” and “β” forms 

being the most common.  The different forms have different packing densities and can 

have slightly different electrical properties.  Dini and Hanack published an excellent 

review on the forms and the optical and electrical properties of different phthalocyanines 

[28].      

1.6 Aim of This Work 

This work reports on recent work done at the Laboratory for Surface Analysis and 

Modification (LSAM) at Baylor, on fabricating and analyzing a single layer solar cell 

based on an indium-tin-oxide/copper phthalocyanine/aluminum heterostructure.  Chapter 

two describes the experimental setup for the deposition process.  The techniques used to 

prepare the substrate and to deposit the different layers are examined in detail.  The 

analysis and measurement techniques are also discussed.  The results of the experiment as 

well as possible reasons for the failure of the organic material deposition are discussed in 

chapter three.  Chapter four summarizes the results and suggests an alternative deposition 

method for the organic layer. A brief explanation of the standards for solar illumination 

levels is presented as an appendix to this document. 
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CHAPTER TWO 

Experimental Apparatus and Techniques 

2.1 Deposition and Analysis Chambers 

The fabrication and surface analysis of the photovoltaic devices is carried out in 

ultra-high vacuum (UHV) chambers at the Laboratory for Surface Analysis and 

Modification.   

The deposition chamber is pumped by a series of four pumps (mechanical pump, 

turbo-molecular pump, ion pump and titanium sublimation pump) that allows a pressure 

of less than 5x10-9 torr after a 24 hour bake out.  The operation of the pumps and details 

on bake-out of UHV chambers can be found elsewhere [29]. The chamber is equipped 

with a manipulator with four degrees of freedom (x, y, z and Θ) and a sample tree that 

holds up to three samples at one time.  During this experiment one of the branches on the 

sample tree held a shield that protected the samples from contamination when degassing 

the sources.  An Inficon XTC/2 crystal growth monitor (XGM) placed on the same plane 

as the sample measures the deposition rate on sample face.  A Magnetically coupled 

Linear Transfer Arm (MLTA) connected to the main chamber through a small Fast-Entry 

chamber (F-E) allows sample transfer in and out of the main chamber without breaking 

vacuum.  The chamber is equipped with two separate power feedthroughs (PFTs), labeled 

A and B in Figure 2.1, that can be used to power thermal evaporation sources.  A mask 

on a rotary feed-through is used to control the deposition area on the sample surface.  

Figure 2.1 shows the schematic for this chamber. 



 
 
 

17 

 

 

Figure 2.1 Deposition chamber (not to scale). A. Top view. B. Cutaway diagram showing 
the relative position of the sample and sources. 
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The Fast-Entry chamber (F-E) is isolated from the main chamber by a 2¾” gate 

valve.  This chamber is pumped by a mechanical and a turbo pump that can evacuate the 

chamber from atmospheric pressure down to a pressure of <1x10-7 torr in about 20 

minutes.  To introduce a sample, the gate valve between the chambers is closed and the 

F-E is vented.  The magnetic linear transfer arm is then removed and a new sample is 

placed on the holder on the MLTA rod and the arm is replaced on the F-E chamber.  A 

Viton (rubber) gasket is used at the flange between the transfer arm and the F-E to avoid 

wasting copper gaskets with each sample change.  The F-E is then pumped down, the 

gate valve is opened and the sample is introduced into the main chamber.  This process 

takes about 30 minutes from the time the gate valve is first closed to when the new 

sample is placed on the sample tree.  The gate valve is then closed and the ion pump 

further improves the vacuum in the main chamber to the required operating range. 

One power feedthrough (PFT-A) can be equipped with a tungsten basket crucible 

heater (Figure 2.2 A) from Kurt J.  Lesker Company (Modal EVB8A3025) combined 

with an aluminum oxide (Al2O3) crucible machined at Baylor, or with a molybdenum 

boat source (EVS7005MO) from the same company.  These are used to sublime copper 

phthalocyanine (CuPc) in powder form.  This feedthrough has four copper rods making it 

possible to mount two crucibles on this feedthrough at the same time.  This allows the 

fabrication of blended layer and dual layer type devices.  A thermocouple monitors the 

deposition (evaporation) temperature of the organic material.  The second feedthrough 

(PFT-B) powered an EVB133030W tungsten basket heater (Figure 2.2 B) that is used to 

evaporate aluminum.  This feedthrough has 2 copper rods capable of handling a 

maximum current of 120 A.  The same feedthrough can also be used for a wire source for 
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gold evaporation.  This feedthrough is equipped with a steel shield to prevent cross 

contamination between sources.  The distance from the PFT-A to the sample and the 

crystal growth monitor is about 18” vertically up the center of the chamber.  PFT-B is 

aimed at an angle of 50o from vertical at the sample.  The basket to sample surface 

distance was approximately 10” in this case. 

The LSAM utilizes a system of three interconnected ultra-high and high vacuum 

chambers for surface analysis.  The main chamber in this system is capable of reaching 

pressures of less than 1x10-9 torr.  This chamber is equipped with a Kratos XSAM800 

hemispherical energy analyzer and a 10 KV electron gun for Auger Electron 

Spectroscopy (AES).   An Omicron VUV Source HIS 13 UV source is used for 

Ultraviolet Photoemission Spectroscopy (UPS).  In addition an Omicron ISE 10 ion gun 

allows samples to be sputter cleaned in situ.  The analysis chamber is also equipped with 

a Low Energy Electron Diffraction optics system from Specs and a SRS residual gas 

B.A. 

Figure 2.2 A. Basket heater with Al2O3 crucible inserted. Notice the thermocouple 
wire going to the crucible. B. Tungsten wire heater with Al slug. 
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analyzer.  A manipulator holds one sample, which can be heated to over 1400K using an 

electron bombardment heater.  A detailed description of the analysis chamber is given by 

T. Ellis [29]. 

2.2 The Anode and Substrate 

Indium-tin-oxide (ITO) was used as the anode material.  ITO is a semiconducting 

material containing In2O3 and SnO2 in a 9:1 ratio.  This semiconductor has a band gap of 

approximately 3.7 eV [30] that prevents the absorption of light in the optical range.  

Oxygen depleted (effectively indium doped) ITO is highly conductive while still being 

transparent in the near IR to UV range, thus making it an excellent electrode for a solar 

cell  [31]. 

ITO coated glass slides were purchased from Sigma-Aldrich Inc., PA.  Each glass 

slide was 75 mm x 25 mm x 1.1 mm, with a 120-160 nm thick layer of ITO (Figure 2.3 

A).  The ITO was specified with a surface resistively of less than 12 Ω (<12 Ω/sq) with 

an optical transmittance greater than 83%.  A 12.5 mm x 12.5 mm grid is scribed into the 

slide on the ITO side using a diamond tipped scribe.  The slide can then be cracked by 

hand into the scribed square samples (Figure 2.3 B). 

The ITO coated slides are cleaned by first rinsing with a glass detergent (Alconox) 

heavily diluted in warm deionized water (DIW) and then rinsing again in pure DIW.  This 

is followed by washing the slides in an ultrasonic bath with warm acetone followed by 

warm ethanol and then warm DIW.  This is repeated once and followed by a final rinse in 

cold DIW.  The slides are allowed to dry in a warm nitrogen flow and stored in a sample 

case till use.   
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It has been shown that the procedure followed when cleaning ITO can change its 

work function of dramatically [18,32].  To measure the work function for our material, 

the cut squares were inserted into the analysis chamber and the work function was 

measured using UPS and AES both after the above cleaning process and after ion 

sputtering. 

As the ITO layer is transparent it is not easy to distinguish the conductive (ITO 

coated) and non-conducting surfaces of the glass slides.  An ohmmeter was used to 

measure the resistance of each side of a sample square to determine the ITO coated 

surface.  The ohmmeter probes were carefully placed on the glass to avoid scratching the 

ITO layer and an indicating mark can be scribed on the non-conductive bare glass 

surface. 

The 12.5 mm square ITO coated glass samples are mounted on round sample stubs 

that can be used in either chamber (Figure 2.3 C and D).  This allows samples to be 

transferred easily between the chambers.  These stubs are designed and built at Baylor 

and are based on a design obtained from the National Synchrotron Light Source at 

Brookhaven National Laboratory, NY.  The substrate is secured by a steel or tantalum 

disk with a 19 mm hole in the center.  This disk acts as a mask for the CuPc layer 

ensuring that a sufficient area of the ITO surface is left bare so that electrical contact can 

be made. 

Care was taken to ensure that the securing disk is well polished and does not have 

any imperfections which may damage the ITO coating.  Care also should be taken to not 

over tighten the securing screws as this can crack the glass substrate. 
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2.3 Deposition of the Copper Phthalocyanine Active Layer 

The properties of phthalocyanine thin films have been studied extensively at the 

LSAM.  From experience it is known that it is possible to deposit a thin (mono-atomic or 

less) layer by subliming phthalocyanine powder in a crucible in high vacuum for about 15 

minutes.  This process is extended to thicker layers by running the thermal evaporation 

process for longer periods of time.   

 A. B.

C. D.

Figure 2.3 A. ITO slide next to diamond tipped scribe. B. Cut ITO sample squares.
C. Sample holder with mask and ITO sample. D. Assembled sample stub. 
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CuPc (β form) powder was purchased from Sigma-Aldrich.  The powder can be 

placed in an Al2O3 crucible which is heated with a tungsten wire basket heater (Figure 2.4 

A) or heated directly in a molybdenum boat heater (Figure 2.4 B).  The powder is 

extensively degassed before the bare ITO sample is exposed to the vapor plume.  The 

growth of the film on the substrate is monitored by the crystal growth monitor. 

The deposition temperature is measured with a k-type thermocouple inserted into the 

cavity of the Al2O3 crucible.  For the boat heater a strip of the metal is bent over the 

thermocouple to hold it in place on the surface of the molybdenum plate.  In either case it 

was possible to monitor the temperature of CuPc throughout the evaporation process.   

2.4 The Cathode 

The cathode is fabricated by evaporating Al on top of the CuPc layer in ultra high 

vacuum.  A simple mask is used to ensure that the Al spot size was smaller than that of 

B.A. 

Figure 2.4 A. Al2O3 thick-walled crucible. B. Mo boat heater. 
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the CuPc to avoid the possibility of the cathode shorting to the ITO over the side of the 

CuPc layer. 

Aluminum is often used as a cathode material because of its low cost and suitably 

low work function.  However it is not an easy metal for use in thermal vapor deposition.  

Aluminum has to be heated well above its melting point of 933 K to obtain a reasonable 

vapor pressure.  Good control has to be maintained over temperature as the vapor 

pressure increases exponentially with temperature beyond a certain point.  Molten 

aluminum has low surface tension and tends to creep away from the original location.  It 

is also very reactive and tends to alloy with refractory metals. 

Aluminum slugs of 99.99% purity were purchased from ESPI Co, Ashland, OR.  A 

tungsten wire heater is used to evaporate a slug cut to a suitable size (Figure 2.2 B).  

While this is not an ideal evaporation method, as the molten aluminum reacts with the 

tungsten to form alloys, this is a quick and useful way to deposit aluminum.  Care has to 

be taken to change the basket before tungsten contamination becomes significant.  (A 

more advanced aluminum evaporator design was presented by H. G. Keck et al. [33].) 

Figure 2.5 Tungsten heater covered with aluminum. 
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The heater is powered by an Amrel high current supply and the growth of the aluminum 

film can be monitored by the XGM.  The aluminum slug melted when a current of 34 A 

was supplied at 1.88 V.  The molten aluminum covered the tungsten wires of the heater, 

reducing the resistance and temperature of the heater.  An aluminum covered tungsten 

heater at the end of its use is shown in Figure 2.5.  A deposition rate of 0.08 Ǻ/s was 

observed for an input current of 58 A at 2.20 V. 

A thicker cathode will reflect photons which have passed unabsorbed through the 

active layer, back into the organic layer.  This increases efficiency as the active layer has 

two chances at absorbing a photon.  Thinner cathodes allow for semi-transparent devices 

which may be suitable for use in certain situations, for instant as a window tint material.  

For this experiment cathodes of 9 nm to 87 nm thicknesses were deposited. 

2.5 Characterization of Electrical Properties 

It is useful to model a semiconductor model with an equivalent circuit diagram 

(ECD) consisting of ideal electrical components [34-36].  Figure 2.6 shows a simplified 

circuit for an inorganic solar cell.  While the basic processes of an organic cell are 

different, the macroscopic electrical characteristics may be modeled similarly. 

Figure 2.6 The equivalent circuit diagram for a solar cell 
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The Sun provides the constant current source IL, with a constant number of charges 

generated under fixed illumination (fixed photon flux).  The diode D provides the 

rectifying junction and accounts for the non linear voltage characteristics of the device.  

The shunt resistor Rsh1 represents losses dues to recombination of charges close to the 

charge separation site.  The second shunt resistor Rsh2 represents losses further away from 

the original charge separation site including losses due to short circuits from the cathode 

to the anode through the active layer.  Ideally both these resistances would be at infinity.  

The series resistance Rs is due the mobility of the carriers in the semiconductor.  This 

depends on the material and the thickness of the layers and should ideally be close to 0Ω.  

However, for organic semiconductors this is particularly high and needs to be considered 

carefully.  The capacitor C represents any charging effects between the electrodes and 

also accounts for time dependent characteristics of the I-V curve. 

The ECD provides a convenient model for test purposes.  Depending on the 

requirements, it may be possible to omit the capacitor and one or even both the shunt 

resistors (if the model assumes perfect extraction of all photo induced charge carriers).  It 

may be useful to include a second diode to provide a better fit for the I-V curve.  The 

values of Rs (the mobility of carriers), Rsh1 (recombination rate) and IL (related to the 

photon absorption coefficient) depend largely on the semiconducting material and define 

the suitability of the material for use as in a photovoltaic device.  Rsh2 and C represent 

largely technical issues with the fabrication process and can be ignored for the purposes 

of this thesis. 

A simple sample stage (Figure 2.7 A) was constructed in-house to contain and 

connect the sample to different measuring instruments.  The stage is designed to allow 
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light on to the device and provide mechanical stability.  The “banana plug” type binding 

posts allow electrical contact to be made without any risk of damage to the solar cell.  

This stage can be moved easily between different work benches to allow testing under 

different illumination conditions. 

The macroscopic electrical quantities measured were the voltage, including the open 

circuit voltage (Voc), and current, including the short circuit current (Isc).  For initial 

voltage measurements a Fluke 87 voltmeter was used.  As Rs is very high in an organic 

semiconductor, it is necessary to use a suitably high impedance voltmeter.  The Fluke has 

a high-impedance mode with >4000 MΩ input impedance for small voltages.  For current 

measurement a Keithley 485 picoammeter was used.   

Copper strips were used to make the electrical contact to the anode.  These strips 

touch the ITO outside the CuPc deposition area and also hold the sample on the 

measurement stage.  Extreme care has to be taken when connecting to the cathode.  Since 

the aluminum layer is very thin it is easy to punch right through the CuPc and aluminum 

Glass Substrate
ITO

CuPc 
Al

Cu wires and strips 
Ag

Light
B.A. 

Figure 2.7 A. Sample measurement stage. B. Cross sectional diagram of the experimental
device. 
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layers and touch the anode, rendering the device inoperable.  Silver paste was used to 

attach a thin Cu wire to the cathode layer.  A small drop of the paste was placed on the 

cathode and the wire was pushed into the paste, making sure the wire did not contact the 

aluminum cathode itself.  The Cu wires and stripes were then connected to the 

appropriate binding posts. 

2.6 Scanning Electron Microscopy 

The residue left in the Al2O3 crucible at the end of the CuPc deposition was 

examined using a JEOL JSM 5410 scanning electron microscope (SEM) operated at 10 

kV, located in the W. M. Keck Foundation Center for Electron Microscopy.  The residue 

was mounted on aluminum sample stubs using double sided tape and sputter coated with 

a thin gold film to make the sample conductive.  It was possible to obtain images with 

resolutions of a few hundred nanometers, corresponding to a magnification level of 7500.  

While the microscope was capable of higher magnifications, it was not possible to obtain 

any usable images beyond this level.   
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CHAPTER THREE 

Results and Discussion 

3.1 Indium Tin Oxide Anode and Glass Substrate 

Auger Electron Spectroscopy (AES) was used to characterize the ITO coated surface 

of the glass substrate.  AES is a powerful technique often used in surface science to probe 

the surface layers of materials [37].  In brief, the Auger process involves bombarding the 

surface with high energy electrons (1-10 keV).  The incident electrons remove electrons 

from core levels in the surface atoms, leaving a vacancy.  This vacancy is filled by an 

electron from a higher energy level.  As this electron drops in to the vacancy it gives up 

energy which in turn kicks out an electron (the Auger electron) from the outermost 

energy levels, which is detected by a suitable energy analyzer.  The Auger electron has a 

kinetic energy which is dependent on the gap between energy levels of the atom it came 

from.  By looking at the energy spectrum of the emitted electrons it is possible to identify 

the elements on the surface.  Since Auger electrons have relatively low energies, only 

those emitted from the topmost layers of the surface escape to be detected by the 

analyzer. 

The as-cleaned ITO sample was first examined with AES.  The sample was then 

sputtered using an argon ion beam with a beam energy of 1.5 kV for 20 minutes and 

reexamined.  The sample was then sputter cleaned twice more at this energy for total 

sputtering times of 60 and 90 minutes and finally sputtered again with a beam energy of 

3.0 kV.  AES scans were taken after each step. 
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Three energy ranges were scanned; 

A broad spectrum scan of 200-560 eV was used to check for contaminants. 

The 360-540 eV range encompassed indium, tin and oxygen atoms.  This was useful 

in monitoring the relative concentration of O and In, and to see if the sputtering was 

damaging the ITO structure. 

The 0-40 eV range was used for secondary electron cutoff (SEC) measurements that 

were used to measure the work function.  The SEC refers to the low energy edge of the 

electron energy spectrum.  This is the energy of those electrons that have just enough 

energy to jump the work function barrier of the material into the vacuum.   If the work 

function of the material is the same as that of the detector, they will be recorded as having 

kinetic energy of 0 eV.  Due to differences in the two work functions (i.e. the contact 

potential between the materials) these electrons will have some finite, measurable energy.  

This energy can be used to calculate contact potential.  Knowing the contact potential and 

one of the work functions, it is then possible to calculate the other work function. 

The AES scans for the sample for the 230 to 530 eV (extracted from the 200-560 eV 

data set) energy range are shown in Figure 3.1.  The unsputtered sample shows a broad 

peak due to carbon contamination from either acetone (C3H6O) or ethanol (C2H6O), both 

of which were used in the cleaning process.  This contamination is not severe as the 

indium and oxygen peaks from the underlying ITO substrate are still prominent.  The tin 

peaks can also be seen, but as expected, they are dwarfed by the indium peaks.  The ion 

sputtering removes the carbon contaminants relatively quickly and enhances the I-T-O 

peaks. 
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Figure 3.1 AES scan of bare ITO for the range 230-530 eV, before sputtering, after 20, 
60 and 90 minutes of sputtering with 1.5 kV beam and after an additional 30 minutes of 
sputtering with a 3.0 kV ion beam. The peak positions given in the graph were obtained 
from the differentiated spectrum, and can be compared directly with handbook values. 
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The In and Sn peaks are due to MNN transitions in those atoms [38].  The lighter 

oxygen and carbon atoms have peaks due to KLL transitions.  There are multiple peaks 

due to transitions from different sub levels.  The carbon peak and the indium M4N1N1 (at 

297 eV) and M4N2,3N2,3 (345 eV) peaks, due to the 4p energy levels, are in good 

agreement with the values for the pure elements  [38].  The positions of the In M4N4,5N4,5 

(400 eV) and M5N4,5N4,5 (406 eV), due to 4d levels, and the oxygen peaks are in 

agreement with those for the In2O3 compound [39].  The tin M4,5N4,5N4,5  peaks exhibit a 

similar chemical shift of about 5 eV to lower energy values. 

Figure 3.2 shows the increase in the peak heights for indium and oxygen before and 

after sputtering.  The initial 20 minutes of sputtering removes most of the contaminants.  

Additional sputtering at 1.5 kV enhances the indium and oxygen peaks slightly, with a 

slight reduction in the oxygen peak after sputtering at 3 kV.  The sputter process does not 

seem to affect the ITO structure at low energies with the main affect being the removal of 

the carbon atoms.  The slight decrease in the In:O ratio after the initial 20 minutes of 

sputtering can be attributed to the removal of the oxygen containing contaminate layer.  

The sputtering process does not enhance the metallic nature of the surface measurably 

with the In:O ratio remained largely constant throughout the experiment ( Table 3.1). 

Table 3.1 In:O ratio after sputtering, relative to the indium M4N4,5N4,5 peak at 400 eV 

Sample In @400 eV In @406 eV O @491 eV O @511 eV
Unsputtered 1.0 0.6 0.2 0.7 

20 min @ 1.5 kV 1.0 0.6 0.1 0.5 
60 min @ 1.5 kV 1.0 0.6 0.1 0.5 
90 min @ 1.5 kV 1.0 0.6 0.1 0.5 

90 min @ 1.5 kV +30 min @ 3.0 kV 1.0 0.6 0.1 0.5 
.   
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Figure 3.2 AES scan of bare ITO for the range 360-530 eV, before sputtering, after 20, 60 
and 90 minutes of sputtering with 1.5 kV beam and after an additional 30 minutes of 
sputtering with a 3.0 kV ion beam. 
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It should be noted that different elements will present different scattering cross-

sections for the Auger process and will have different sensitivities.  The ratio of 

sensitivities for the indium MNN peaks and the oxygen KLL peaks is about 1:0.53 [38].  

This suggests an almost 1:1 ratio of In to O on the surface after sputtering, which is 

expected considering the nature of the oxygen depleted, In2O3/SnO2 surface. 

Figure 3.3 graphs the changes in the secondary electron cutoff during the sputtering 

experiment.  The sample was held at a negative bias (-10.0 V) with respect to the 

analyzer so that the secondary electron cutoff could be more easily seen.  This bias has 

been removed in the presented graph.  The analyzer has an internal bias which further 

moves the cutoff point to a higher energy.  The small peak around 5 V is caused by 

electrons emitted from the analyzer and is not affected by the sample [18].  The SEC of 

the ITO was compared against the SEC of a polycrystalline Au sample (work function = 

5.2 eV [40]) measured earlier in this chamber.  Since the parameters of the measurements 

were the same, the change in the position of the cutoff is due solely to the differences in 

work function, and can be used to find the work function of the ITO. 

The work function of the ITO changes from 4.8eV for the unsputtered sample to 

4.1eV for the sample after 90 minutes of sputtering at 1.5 kV (Table 3.2).  These values 

demonstrate that the cleaning procedure alters the work function of the ITO surface 

[18,32].  The Ar+ sputtering can selectively reduce the oxygen concentration on the 

surface, thus raising the Fermi level and lowering the work function.  The higher energy 

beam may also be removing some of the Sn atoms, which would have the effect of 

raising the work function by lowering the Fermi level of the ITO structure [32]; however 

we could not confirm this selectively tracking the intensity of the tin peak.   
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Table 3.2 Work function with sputter times 

Sample SEC position (V) Work Function (eV) 
Unsputtered 9.8 4.8 

20 min @ 1.5 kV 10.0 4.6 
60 min @ 1.5 kV 10.3 4.3 
90 min @ 1.5 kV 10.5 4.1 

90 min @ 1.5 kV + 30 min @ 3.0 kV 10.2 4.4 

Figure 3.3 SEC scans of the ITO sample, before sputtering, after 20, 60 and 90 minutes of
sputtering with 1.5 kV beam and after an additional 30 minutes of sputtering with a 3.0 kV
ion beam. The graph intensities are normalized and the energies adjusted to remove the
applied bias. 
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The work function of individual samples can vary somewhat depending on storage 

conditions and the exact ratios of the individual components in the ITO coating and on 

the dopant levels.  Our values are in line with values reported earlier in literature (Table 

3.3). 

Sugiyama [32] suggests that the most important factor defining the work function is 

the concentration of oxygen.  The amount of carbon contaminants and the concentration 

of tin on the surface are lesser factors.  Oxygen is an electron acceptor and removing 

oxygen increases the Fermi level and decrease the work function.  Conversely, removing 

tin, an electron donor, would increase the work function.   

While sputter cleaning of the ITO sample does help to remove organic contaminants 

from the surface, this is not necessary because the relatively inert ITO surface does not 

pick up thick layers of contaminants and the carbon over-layer does not seem to affect 

conductivity of the electrode.  Further as can be seen in our results and in literature [32], 

this cleaning process reduces the work function of the anode, an effect that is not suitable 

for our purposes as a high work function creates a blocking contact at this junction rather 

than the desired Ohmic contact.  However, exposure to oxygen plasma removes organic 

contaminants from the surface and increases the work function and can help enhance the 

performance of the anode.    
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Table 3.3 Comparison of the work functions of ITO after different treatments. 

Ref. Treatment Carbon 
Removal 

In:Sn ratio In:O ratio W.F. (eV) 

This work Solvent cleaning no   4.8 
 Ar+ sput.  at 1.5 kV yes  increases 4.1 
 Ar+ sput.  at 3.0 kV yes  increases 4.4 
      

 [32] Solvent cleaning no   4.5 
 UV-Ozone yes no change no change 4.75 
 Ar+ sput.  at 2.0 kV yes increases increases 4.3 
      

 [18] O2 plasma    4.40 
 Heating to 300 0C  increases increases 4.48 
      

 [41] H2O2  increases  4.7-4.8 
 Ne+ sputtering  increases increases 4.0-4.1 
      

 [42] O2 plasma yes increases no change increases 
 H2 plasma  increases increases decreases 
      

 [43] UV-Ozone    increases 
 O2 plasma    increases 
 H2 plasma    decreases 
      

 [44] “As received”    4.1 
 Ar+ sputtered    4.2 
 O2 plasma    4.7 
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3.2 Aluminum Deposition 

An aluminum slug was evaporated under vacuum to form the cathode.  As 

anticipated a high current was needed to first melt the slug and then evaporate the 

aluminum onto the sample.  The power dissipation curves for the source are shown in 

Figure 3.4.  After the slug melts, a larger current is needed to dissipate the same power 

(and hence attain the same source temperature as before.  The power curve is not linear as 

would be the case if the source resistance was constant.  As the temperature of the 

tungsten basket goes up, the resistance of the wires in the basket increases.  This in turn 

increases the power dissipation.  Vapor deposition was carried out at with input currents 

of 53 to 56 A. 

The aluminum cathode picks up a layer of oxide immediately when exposed to air.  

For this reason it is not possible to accurately measure the work function of the pure 

metal, unless the deposition and analysis is performed in the same chamber.  As the 

CuPc/Al interface is insulated from the atmosphere and free from contaminants, this 

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0

0 10 20 30 40 50
Current (A)

Po
w

er
 D

iss
ip

at
io

n 
(W

)  
  

Before melting
After melting

Al melts

Figure 3.4  Power dissipation for the Al source.
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oxidization is not expected to affect device performance.  Figure 3.5 shows the derivative 

of the AES scans for the aluminum cathode.  The strong oxygen peak is due to Al2O3 on 

the surface and is shifted relative to the oxygen peak seen on bare ITO.  The sensitivity 

ratio for Al:O is about 1:10, resulting in a much stronger oxygen peak compared to the 

aluminum. 

 

 

 

 

 

 

 

 

 

 

 

3.3  Copper Phthalocyanine Active Layer Deposition 

Thermal vapor deposition was used to form the CuPc active layer for the solar cell.  

The copper phthalocyanine powder sublimed at a crucible temperature of 397-405 0C 

(670-679 K), which was about 100 0C higher than was expected from past experience at 

the LSAM.  This temperature is within the range of published values for sublimation of 

350-500 0C [45-48].  A crucible temperature of 405 0C yielded a growth rate (as 

Figure 3.5  Derivative of AES scans for aluminum coated ITO. Note the strong oxygen
peak due to oxidization of the aluminum top layer. Indium and tin peaks are totally
submerged. 
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measured on the crystal growth monitor) of approximately 7.3 nm/hour.  Even at this 

temperature CuPc was seen to crystallize at the top of the crucible, away from the 

tungsten heating coils.  These needle-like crystals eventually grew to completely cover 

the mouth of the alumina crucible (Figure 3.6).  To prevent crystallization, the crucible 

was filed down to reduce its height by about 2 mm, allowing it to sit completely within 

the tungsten wire basket.  While this prevented the cap from forming, smaller crystals 

were present in the residue left in the crucible after deposition was complete. 

 

It has been shown that the efficiency of phthalocyanine based cells varies with the 

thickness of the layer [49].  Thicknesses of up to 81.2 nm were deposited and analyzed.  

For analysis it was necessary to transport the samples from the deposition chamber to the 

analysis chamber.  The inert CuPc surface suffered minor contamination due to 

atmospheric exposure and for thin coverages the Auger peaks from the ITO substrate 

could be discerned (Figure 3.7). 

 

Figure 3.6  Al2O3 crucible with a CuPc cap obstructing the mouth. 
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Figure 3.7 Auger scans for CuPc on ITO, layer thicknesses of 0.3nm and 40.0nm 
and for bare ITO. 
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The 32:8:1 ratio for carbon, nitrogen and copper in CuPc (C32H16N8Cu) results in a 

dominant carbon peak and a much smaller nitrogen peak.  The copper peak is too small to 

be identified.  The hydrogen atom, with its single electron, does not appear in an Auger 

scan.  Even for the thin coverage a prominent carbon peak can be seen.  A smaller peak 

due to nitrogen can also be discerned.  The indium, tin and oxygen peaks from the 

substrate are still visible.  At 40 nm the ITO is completely submerged.   

It was not possible to sublime all the copper phthalocyanine powder in the crucible.  

Most of the phthalocyanine remained in the crucible as a clumpy residue that proved to 

be thermally stable at temperatures of up to 500 0C.  The amount of CuPc sublimed from 

the crucible and deposited on the sample depended on the amount of powder originally in 

the crucible.  The thickness of the CuPc on the substrate (as measured by the crystal 

growth monitor) increased linearly to a maximum value and then leveled off (Figure 3.8).  
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Figure 3.8 Copper phthalocyanine layer growth 
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Scanning electron micrographs of the residue were obtained and are presented in section 

3.5. 

3.4 Electrical Measurements 

It was not possible to measure the electrical properties of a completed device because 

the two electrodes were always shorted, suggesting a very low value for the shunt 

resistor.  Initially direct contact between the Al cathode and the ITO anode was 

suspected, either over the edge of the CuPc layer or by the Al atoms penetrating the CuPc 

on deposition.  A smaller mask was used to ensure that the cathode was much smaller in 

diameter than the CuPc layer.  Thicker layers of CuPc (up to 81 nm) and thinner layers of 

Al (down to 10 nm) were tried without success.  The deposition process for the CuPc 

layer is suspected of altering the nature of the molecules increasing its conductivity.  

Silver paste was used to form a contact on an 81nm CuPc layer to investigate its 

resistance. 

3.5 Conductivity in Copper Phthalocyanine 

Copper phthalocyanine sublimes as a monomer.  Simple assemblies of this monomer 

have a very low conductivity in the order of 10-7 to 10-14 S/cm depending on the 

polymorph.  However it is known that certain stacked assemblies of phthalocyanines as 

well as polymerized phthalocyanines show significantly higher anisotropic conductivity 

[50-53].  While there was evidence for both polymerization and stacking of molecules in 

the residue, it was not possible to determine the exact cause of the increased conductivity 

in this experiment.   



 
 
 

44 

3.5.1 Conductivity in Polymerized Phthalocyanines. 

Conduction in assemblies of large molecules like phthalocyanines should be treated 

in two parts within the molecule and between individual molecules.  This treatment can 

be extended to chains of molecules as well.  Delocalized electronic states in the Pc 

molecule provides for high conductivity within the chain.  Overall conductivity is 

determined by the intra-chain charge transport mechanism.  In an amorphous agglomerate 

of polymerized CuPc chains, Mott’s variable range hopping is thought to be the 

predominant transport mechanism [51,54].  This mechanism was first proposed by N.  F.  

Mott and E.  A.  Davis in 1971 [55] and is of the form; 

⎥
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⎦

⎤

⎢
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⎣

⎡
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T

1

00 exp)( σσ  

where T0 is Mott’s characteristic temperature.  Anusaya et al. [56] found n to be 4 for 

CuPc and n = 3 for NiPc.  In this model electrons jumps or hops from one localized site 

to another, with the sites not necessarily being nearest neighbors. 

An alternative mechanism for charge transport between polymer chains is fluctuation 

induced tunneling proposed by P. Sheng [57].  Sheng’s model considers the polymers to 

be large conductive paths separated by smaller insulating gaps.  Thermally activated 

voltage fluctuations caused by transient excesses of electrons on one side of a junction 

will result in a relatively large electrical field across this insulating gap, lowering the 

potential barrier between chains.  Electrons can then tunnel between adjacent chains. 

It is known that heating the monomers to high temperatures for long periods of time 

can cause polymerization [58].  Scanning electron micrographs of the residue left in the 

crucible revealed long fibers suggestive of polymerized phthalocyanine.   However, CuPc 
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sublimes as a monomer and this residue can not be taken as conclusive proof that 

polymerization is the cause of the increased conductivity in the deposited film.  It is 

possible that polymer chains form after deposition on the surface, as reported by 

Manandhar and Park [59], or that shorter chains are blown off the crucible when the 

powder beneath sublimes as a monomer and collects on the sample surface.  The thermal 

vapor deposition process stops when all the remaining CuPc in the crucible has 

polymerized.   

The polymer formed on the surface as proposed by Manandhar et al. [59] is shown in 

Figure 3.9 A.  The chain is formed by a carbon-carbon σ bond being formed between the 

aromatic rings in adjacent molecules, forming a compound [C32H14N8Cu]n.  The polymer 

formed in the bulk as suggested by Achar et al. [58] and others is [C26H6N8Cu]n.  Here 

one (or more) of the aromatic rings is shared between molecules (Figure 3.9 B). 

Scanning electron micrographs of long chains of possibly polymerized molecules in 

the CuPc residue after deposition are shown in Figure 3.10.  The agglomerates of 

molecules in the residue form fibrous bundles with considerable air gaps in between.  The 

size of an individual fiber is generally smaller than that of the powder clumps (Figure 

3.11 C) suggesting that CuPc is subliming through out the sample and not just at the 

surface, with polymerization occurring simultaneously within the sample.  Unfortunately 

it was not possible to resolve individual molecules using this method, and it is not 

possible to identify the exact type of polymerization. 
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Figure 3.9 CuPc polymer chains.  A. As described in [59]. B. As described in [58]. 
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Figure 3.10 Scanning electron micrographs of CuPc polymer chains in the residue left
after deposition. Images B,C and D are at relative magnifications of 1.5, 3.5 and 7.5
compared to image A 

A. B. 

C. D. 
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3.5.2 Conduction in Stacked Phthalocyanine Assemblies. 

It is known that sublimed Pc can condense to form needle-like crystals by stacking 

one on top another [50].  These stacks show conductivity as high as 700 S/cm parallel to 

stacking axis.  Interestingly, this conductivity is shown irrespective of the central metal 

atom and even the metal free phthalocyanine H2Pc is conductive in these stacked 

assemblies.  π-π interactions between aromatic rings in adjacent layers is believed to be 

responsible for this increased conductivity [60,61]. 

All phthalocyanines tend to form these stacks when condensed.  Macroscopic 

stacked crystals were seen in this study on the lip of the crucible after evaporation (Figure 

3.r).  Scanning electron micrographs of these needles are shown in Figure 3.11 A and B.  

It is possible that conductive stacks were formed on the substrate and these stacks 

provided conduction paths between the two electrodes.  Unfortunately we were not able 

to reach the high resolution necessary to resolve these crystals on the sample itself.  

Chemically these stacks are identical to amorphous CuPc (C32H16N8Cu).  The size of 

these stacks is much larger than the powder clumps or the polymerized chains. 
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A. B. 

C. 

Figure 3.11 A., B. Scanning electron micrographs of CuPc stacked assemblies. C. 
SEM of the CuPc powder before heating. 
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CHAPTER FOUR 

Conclusions 

4.1 Summary and Conclusions 

We prepared a chamber and defined laboratory techniques to fabricate and analyze 

organic photovoltaic devices.  The fabrication chamber is equipped with a sample 

manipulation system that is compatible with sample handling system used in the main 

analysis chamber at the Laboratory for Surface Analysis and Modification at Baylor.  

This chamber has a pair of thermal evaporation sources which can be used to deposit the 

cathode material and one or two organic layers.  A crystal growth monitor placed on the 

plane of the sample holder is used to measure the deposition rate on the sample face.  A 

pair of masks ensures that the cathode does not directly contact the anode and exposes 

enough of the anode for electrical contact to be made.  This system is successful in 

preparing the different layers and in allowing sample transfer between chambers for 

analysis purposes. 

Indium tin oxide coated glass is used as the anode.  We are able to clean the ITO in 

air to the quality required for our devices.  It is unnecessary to further clean it under 

vacuum by a sputter cleaning process.   Copper phthalocyanine is vapor deposited to act 

as the active layer with layer thicknesses of 40 to 80 nm.  However the thermal 

deposition process increases the conductivity of the normally semiconducting CuPc to the 

point the devices are rendered inoperable.  For this reason a different method needs to be 

used for the deposition of the organic active layer.  This can be done in air as the CuPc 

layer is inert enough that significant contamination does not occur on the exposed surface 
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to prevent suitable contact with the cathode.  Aluminum can be safely vapor deposited in 

our chamber to create a suitable cathode. 

4.2 Future Directions 

It is necessary to use a different technique to deposit the organic layer for the solar 

cells.  Spin coating can be used to create extremely smooth and uniform layers of organic 

materials.  This technique involves placing a few microliters of the material in a solution 

on a substrate which is then spun with a high angular velocity.  The amount of material 

deposited as the solvent evaporates depends on the viscosity of the solution and the 

angular acceleration and final angular velocity of the substrate.  The excess material is 

flung off the edges of the substrate. 

   The relative insolubility of phthalocyanines make spin coating a challenge.  The 

solvents necessary to dissolve the CuPc powder are not easily handled.  Special 

equipment is required to collect and dispose of the excess materials.  Spin coating 

machines with Halar (an extremely chemical resistant polymer) coated surfaces can be 

safely used with most solvents including DCM and sulfuric acid.  Most such machines 

use vacuum chucks to hold the substrate in place.  The small size of the substrates (12.5 

mm by 12.5 mm) we use at the LSAM will require a suitable adapter be used over most 

commercially available chucks  

The inert nature of the ITO and CuPc surfaces mean that they can be safely handled 

in air.  This is obviously a necessity for spin coating.  The coated substrate can then be 

transferred into the vacuum chamber for thermal deposition of the cathode under vacuum.  

As the spin coating technique coats the entire surface of the substrate, it will be necessary 
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to devise a method for masking off enough of the anode for electrical contacts.  Chemical 

etching can be used to remove part of the CuPc layer after the cathode is deposited and 

device fabrication is complete. 

An advantage of in air deposition of the organic layer will be ease with which the 

organic material can be changed.  Venting an ultra high vacuum chamber to change a 

source and then pumping it down to the required pressure is a process that takes a 

minimum of three days.  The solution used in spin coating, or any other such technique, 

can be changed in a few moments.  This would allow a series of experiments on different 

materials and combinations of materials to be performed in a relatively short period of 

time.  
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APPENDIX 

Solar Illumination Standards 
 

Efficiencies for solar cells are usually given for AM1.5 (Air Mass 1.5) illumination, 

where AM0 is equivalent to solar illumination at the top of the atmosphere (i.e.  in orbit), 

AM1 is solar illumination at the Earth’s surface with Sun directly above, AM1.5 is on the 

Earths with the Sun at a 48o angle and AM2 is with the sun at a 60o angle from vertical.  

Figure A.2 shows the relative solar illumination at different angles with respect to the 

Sun. 

 

AM1.5

AM0 

AM1 

AM2 

Figure A.1 Illumination levels at different angles. 
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