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ABSTRACT

Photovoltaics manufactured using organic materials as a substitute for inorganic materials

may provide for cheaper production of solar cells if their efficiencies can be made

comparable to existing technologies. Photovoltaic devices are comprised of layered

structures where the electrical, chemical, and physical properties at the multiple

interfaces play a significant role in the operation of the completed device. This thesis

attempts to establish a relationship between interfacial properties and overall device

performance by investigation of both the organic/organic heterojunction interface, as well

as the interface between the inorganic substrate and the first organic layer with useful

insights towards enhancing the efficiency of organic solar cells.

It has been proposed that residual chemical species may act as barriers to charge transfer

at the interface between the transparent conductor (TCO) and the first organic layer,

possibly causing a large contact resistance and leading to reduced device performance.

Previous work has investigated the surface of the TCO but no baseline characterization of

carbon-free surfaces has previously been given. In this work clean surfaces are

investigated to develop a fundamental understanding of the intrinsic spectra such that

further analyses of contaminated surfaces can be presented systematically and

reproducibly to develop a chemical model of the TCO surface.

The energy level offset at the organic/organic heterojunction has been proposed to relate

to the maximum potential achievable for a solar cell under illumination, however, few



26

experimental observations have been made where both the interface characterization and

device performance are presented. Photovoltaic properties are examined in this work

with titanyl phthalocyanine used as a novel donor material for enhancement of spectral

absorption and optimization of the open-circuit potential. Characterization of the

interface between TiOPc and C60 coupled with characterization of the interface between

copper phthalocyanine and C60 shows that the higher ionization potential of TiOPc does

correlate to greater open circuit potentials.

Examination of photovoltaic behavior using equivalent circuit modeling relates the

importance of series resistance and recombination to the homogeneity of the solar cell

structure.
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Chapter 1

INTRODUCTION

1.1 Oxide Thin Films

1.1.1 Conductivity and Transparency

This thesis considers several types of interfaces and materials, inorganic and organic,

with applications to a type of solar cell referred to as the organic planar heterojunction

excitonic photovoltaic (OPV). One primary component of solar cells, which has been the

focus of much of this work, is the electrical contact at one side of the device, which must

be transparent to sunlight, primarily in the visible region, while also maintaining high

conductivity. Materials which are transparent and conducting are generally doped

variations of indium oxide, tin oxide, or zinc oxide and are known as a class of materials

called transparent conducting oxides (TCO). The investigation of indium-tin oxide

(ITO), one of the most common TCO materials, will be one primary area of focus for this

work. The surface characteristics of ITO and the role of the interface between ITO and

adjacent organic light-absorbing thin films are significant to solar cell performance and

will also be carefully examined.

Conductivity and transparency are properties which are generally not characteristic of a

single material. Many materials are conductive, but at bulk thicknesses are completely

opaque; metals such as gold, silver, and copper are obvious examples. Other materials,

such as glass (SiO2), are insulating, but are transparent to much of the solar spectrum
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even at large thicknesses. Semiconductor materials are insulators at absolute zero

temperature but generally fall into the category of being non-transparent. Silicon, a very

common semiconductor, is opaque to visible radiation.

Properties of conductivity are determined by the electronic filling of energy levels in the

band structure of the material. Figure 1.1 shows idealized band diagrams for a metal,

insulator, and semiconductor. At relatively low temperatures, such as room temperature,

the metal has filled electronic states in the conduction band of the material, due to a small

difference in energy between valence band and conduction band states and the statistical

E
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Metal Insulator

Semi-
conductor

FIGURE 1.1, Schematics of the conduction band, valence
band, and Fermi level for three types of materials. Metals
generally have large carrier concentrations due to filled states
in the conduction band. Insulators are characterized by a large
gap in energy between the conduction band and valence band
and, therefore, do not have appreciable carrier concentrations
for conductivity. Semiconductors have a smaller energy gap
and thermal excitation can promote electrons into the
conduction band giving conductivity.
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probability that some of those states are filled, described by the Fermi-Dirac distribution

function.1 The insulator has a large difference in energy between the conduction band

and valence band states leading to an energy gap (EBG) in which electrons have no energy

levels on which to reside, i.e. a forbidden energy region, and the probability function is

not sufficient to cause filling of the conduction band by thermal excitations. No

appreciable filling of the conduction band occurs and charges cannot flow, i.e. no

electrical conductivity. A semiconductor has a relatively small gap between the valence

and conduction bands and thermal energy is enough to partially fill conduction band

states. Carrier densities, occupation of electrons in the conduction band, are lower than

for metals and consequently the conductivity is also generally lower.

Metal oxide materials are generally electrically insulating. The bonding in metal oxides

is also primarily ionic. Ionic bonds tend to be strong due to a significant lowering of the

energy of filled energy levels, i.e. bonding orbitals. This causes a large differentiation in

the energy between filled and unfilled energy levels giving the energy gap as described

above. An example that will be of relevance to this work is indium oxide, which is

comprised of indium cations (formal charge +III) and oxygen anions (formal charge -II)

giving the empirical formula, In2O3, with a band gap of ca. 3.7 eV.2

Tin-doped indium oxide (ITO) is a semiconductor where the otherwise electrically

insulating properties of indium oxide are circumvented by doping with electron donors

and the transparency of indium oxide is retained. Oxygen vacancies and electron rich
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interstitial tin dopant sites lie close in energy to the conduction band edge so that

promotion of electrons into the conduction band, at room temperature, is facile.2 Figure

1.2 shows the proposed band diagram for ITO exhibiting the common features which

dictate the electrical properties of many TCO materials.2 The upper portion of the

valence band arises from filled O(2p) energy levels, while the lower part of the

conduction band arises from unfilled metal energy levels (In(5s) in the case of ITO).

Oxygen defects are induced into the TCO material during its formation, usually by

depositing or annealing the thin film in an oxygen-deficient atmosphere, thus creating

electron-rich sites within a few kT of the conduction band edge. Cationic dopants are

introduced at concentrations up to 10% (atomic). In ITO the donor density can be as high

as 1021 cm-3 creating a thin film with a sheet resistance as low as 5 to 10 Ω/sq.3 The

Fermi level of the material is influenced by the concentration of dopants. For a

degenerately doped semiconductor the Fermi level would reside in the conduction band.

1.1.2 Discussion of Transparent Conductors

As discussed above, ITO is not the only transparent conductor. Other commonly

encountered TCO electrodes include tin oxide, antimony-doped tin oxide, fluorine-doped

tin oxide, as well as zinc oxide and doped variations thereof. Trinary and ternary oxides

based on modifications of ITO such as zinc-indium-tin oxide, ZITO or IZTO, are also

becoming more popular for solution-based redox chemistry and as anodes in devices such

as organic light emitting diodes (OLEDs) and organic photovoltaics (OPVs).4-8 These
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new tailored oxides may exhibit higher stability, higher work functions, and/or a greater

variety of surface sites for chemical modification.

Some of the characteristic properties of two important TCO materials will be briefly

discussed here. Tin oxide (SnO2) has a tetragonal rutile structure with a unit cell of six

In: 3d10

O2-: 2p6

In: 5s

In: 5p
E
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Sn3+: 5s1VO: s2

FIGURE 1.2, The band diagram for indium tin oxide is shown. The
valence band for tin doped indium oxide is comprised primarily of the
filled O(2p) energy level. The In(5s) makes up the conduction band for
the material. Doping with tin introduces states where one electron can be
thermally donated to the conduction band for each tin dopant. Similarly,
the presence of oxygen vacancies acts as a similar n-dopant giving two
electrons for each oxygen vacancy. The concentration of dopants
influences the exact position of the Fermi level (EF), which could be
found in the conduction band for a degenerately doped material.
(Adapted from Reference 2)
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atoms.9 The electrical conductivity of n-doped SnO2 is due to the presence of oxygen

vacancies, interstitial tin (in excess), or added dopants such as fluorine, chlorine, or

antimony. Carrier concentrations can be increased to approximately 1020 cm-3 through

doping from the intrinsic concentration of approximately 1018 cm-3 for SnO2.
9 The high

surface roughness of SnO2 has prevented its widespread use in many electronic

applications. Indium tin oxide (ITO) has the complex unit cell of indium oxide (bixbyite

lattice) consisting of more than 80 atoms.10,11 Indium oxide has two distinct indium sites

in the lattice and as many as four oxygen species, when considering surface hydrolysis

products and oxygen vacancies.12

Due to the very high carrier concentration in ITO and its high conductivity, ITO is often

thought of as having metal-like properties when used in devices, where its function is for

the collection/injection of charges. The introduction of oxygen vacancies and other

dopants increases conductivity, up to a certain limit, however, these defects may also

increase the chemical reactivity of the oxide surfaces toward hydrolysis and other

atmospheric components. The reactivity of the oxide surface has important consequences

for further modification and optimization in devices. TCO surfaces have been

extensively studied as functions of surface pretreatment.13-16 Cleaning procedures and

aggressive etching pretreatments have been used to remove surface contaminants and,

recently, studies have shown that the surface of ITO is quite variable. Conducting tip

AFM data from surfaces of ITO show heterogeneity in the surface electrical behavior.17
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Hydrolysis products have been suggested as forming blocking, or partially blocking,

regions with respect to facile electron transfer.12

Small molecule chemisorption can also be used to investigate the surface of ITO, since

oxide surfaces can be easily modified by Lewis acids, and electrochemistry can be used

to investigate the coverage of the surface modifier. It has been shown that much less than

a monolayer of the chemisorbed material is electro-active at the ITO surface.12,18,19 Since

monolayer of coverage is presumed from surface chemistry reactions, it has been

proposed that hydrolysis products, or other contaminants at the surface, prevent charge

transfer to the surface modifier. Alternatively, regions of the ITO material could be

insulating/undoped or otherwise disconnected from the rest of the lattice. Other

properties of the ITO bulk and surface have been proposed and will be mentioned below.

The composition of ITO has been thoroughly examined by Mason and co-workers.

These authors have investigated the tin doping of indium oxide and have found that there

is a limit at which tin will begin to form clusters within the ITO lattice.11,20,21 For ITO

films with low to moderate tin doping (<10%) the concentration of tin is given by the

sum of three components, using Kröger-Vink notation.

x"
iOIn

x"
iInIntot ]O3O2[2Sn]O2[2Sn][Sn][Sn ••• ++= 1.1

This equation shows that tin can be introduced as an electron donating dopant in place of

indium, the first term on the right side of the equation. A second form of tin in ITO

arises where tin can be associated with interstitial oxygen to give a cluster, the second
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term on the right side of the equation. This cluster is a reducible entity which can yield

electrons to the conduction band if sufficiently reduced during film formation.

2e’2Sn)(
2

1
)O(2Sn In2

x"
iIn ++→ •• gO 1.2

At higher tin concentrations higher order clusters of irreducible defects can be formed

such as the one give in Equation 1.1. Gassenbauer and co-workers have shown that the

doping level in the surface region can be influenced by temperature. Their in situ

analysis of ITO was used to show that tin preferentially segregates to the surface.22

Hill, Milliron, et. al. show hypothetical reactions where tin radicals are formed by

reaction with HNO3, Cl2, and other species.23-26 Oxygen plasma cleaning is also

proposed to form tin radicals, which are subsequently reacted with O to produce oxygen

radicals; further reduction gives a negatively charged oxygen. Purvis et. al. have

evaluated the effect of Ar+ bombardment to form tin radicals.27 Exposure of the radical

to water gives hydroxylation and oxidation of the tin site.

The discussion of the role of oxygen vacancies on electrode behavior of ITO has also

been discussed in the literature. Popovich and coworkers have observed that there is a

decrease in the electron transfer rate correlated to increasing oxygen-plasma cleaning

time.28 From their investigation of the literature they concluded that oxygen vacancies

are filled by oxygen plasma cleaning. The authors speculate that oxygen vacancy sites at

the ITO surface are “active” sites for electron transfer reactions.
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1.1.3 Requirements of the TCO

Observations of TCO heterogeneity present a model for the material surface where device

performance may be compromised by the quality of the interface formed between the

TCO and contacting layers. The presence of hydroxide species at the TCO surface are

thought to induce a large charge transfer resistance in organic devices.18 When

considering the performance of devices, three important characteristics of the TCO

surface are considered: the charge transfer characteristics, wettability of the surface, and

work function of the material.

Charge transfer has been investigated via solution redox processes where electron

transfer rates can be determined.29-31 Extrapolation of those results to solid state devices

is then assumed. Surface modification has been shown to be very effective at increasing

the charge transfer rates at ITO surfaces. Typically very low rates (<0.0001 cm/s) are

obtained for solvent cleaned ITO surfaces. Polymeric modifications, such as

PEDOT:PSS, significantly increase rates of charge transfer.32-35 Electrochemical growth

of polymeric species has also significantly impacted charge transfer rates.35 It has been

proposed that high rates of charge transfer (ko) are desired to reduce the contact resistance

(RCT) at the ITO/organic interface. RCT and ko are approximately related by the well

known equation from solution electrochemistry.

o
CT nFi

RT
R = 1.3
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RCT is one component of the series resistance in organic devices, and, as will be discussed

later in this thesis, series resistance has been thought to play a critical role in limiting the

efficiency of such devices.

Surface area can also affect charge transfer rates. The rate of heterogeneous electron

transfer ( ok ) is a sum of the rates across a surface weighted for the percentage of area

over which those rates are relevant.

( ) ( )θθθ
o
c

oo kkk +−= = 10 1.4

Where ok 0=θ is the rate of heterogeneous electron transfer at the bare electrode, o
ck is the

rate in regions where the electrode is partially blocked, and θ is the fractional coverage of

blocked regions of the electrode. If the blocked region is perfectly insulating then o
ck is

equal to zero. The previously mentioned C-AFM data and less-than-monolayer small

molecule adsorption data both suggest that there may be regions of the ITO surface where

o
ck may be significantly less than ok 0=θ .

In a solid state device where a thin layer of organic molecules are deposited onto the

TCO substrate, there may also be issues with the ability of the organic to completely

cover the substrate. This is especially important because oxide surfaces are quite polar

while the organic molecules used for charge transport are often non-polar. This issue is

known as wetting, and will be discussed later in this work, although the same series

resistance issues would arise as discussed above for the electro-active area of ITO.
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Wetting issues would be caused by non-uniform contact between the organic and ITO

rather that non-uniformities of the ITO itself. Additionally, poor wetting could lead to a

decreased current in a device simply because less area is supporting charge transfer than

is used for the calculation of the device area, which is macroscopically determined.

The work function of the TCO substrate has been discussed in the literature.25,36-49

Surface modification and pretreatments are known to cause work function changes of

ITO. Most attempts have been made to increase the work function in an effort to increase

the built-in field within a single layer organic photovoltaic. In an OLED, the work

function increase has been desired to reduced barriers to hole injection into the hole

transport material. Most literature reports have concluded that high-work function ITO

substrates are beneficial for device performance and studies are often performed to obtain

high work function substrates.
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1.2 Organic Photovoltaic Devices

1.2.1 Introduction to Devices

A large number of uses for materials possessing both conductivity and transparency can

be imagined. TCOs have been used for spectroelectrochemical investigations and

spectroelectrochemical ATR platforms where thin films can be examined with greater

sensitivity.50-52 Electrochromic windows require transparent conductors for both

electrodes.53-56 Of recent interest is the development of organic electronic devices.

Organic electronics could become cheaper, low-end alternatives to silicon-based, and

other inorganic-based, electronic devices and materials. Two important classes of

devices that would require a TCO are light emitting diodes and photovoltaics. In these

devices light either enters or exits the device through the TCO while the TCO is

simultaneously used for collecting or sourcing charge, Figure 1.3. Organic photovoltaic

devices will be the primary device focus for this work.

Photovoltaic effects have been known for some time. Initially discovered in the late

1800s the field remained relatively dim until the 1950s when strong interest began with

hopes of recreating photosynthesis. Since then, research in inorganic photovoltaics has

dominated the topic of solar-energy-to-electrical-energy conversion. However, in the

past 20 years the attractive dissimilarities between inorganics and organics has led to

invigorated research in the development of cheap devices with attempts to enhance

overall efficiency. Efficiency (η) is the relative proportion of power output by the device

(PMAX) to the incoming power.
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solarP

Pmax=η 1.5

The standard illumination power (Psolar) is taken to be 100 mW/cm2 with a spectral

distribution of AM1.5 radiation, Figure 1.4. The evaluation and proper characterization

of Psolar in laboratory simulators is not trivial and can lead to large discrepancies in

comparisons made between researchers. However, for any given set of devices where

comparisons are made within the set, these irregularities can be disregarded.
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FIGURE 1.3, Two types of electronic devices requiring one electrode
to be both transparent and conducting are displays and photovoltaics.
Displays can operate by applying power to the active layers and light
is obtained. Photovoltaics utilize light to create electricity.

M
et

al

Organics

tr
an

sp
ar

en
t

co
nd

uc
ti

ng
ox

id
e

(T
C

O
)

Photovoltaics
(light in � electricity out)



40

Single layer organic materials sandwiched between two contacting electrodes led to the

initial discovery of organic photovoltaics (relative to current technology standards).

Examples of these types of devices include the use of tetracene, a variety of

phthalocyanines, and merocyanine.57-63 Of the many organic photovoltaic investigations

from the 1980s one discovery stands out as a break-through which still greatly impacts

the field today. In 1986 C. Tang at Kodak used a layered structure of two photoactive

materials, copper phthalocyanine and a perylene derivative, between two electrodes

achieving an efficiency of 0.95 %, one of the highest efficiencies reported for organic

solar cells at the time.64 This architecture took advantage of the disparate electron

affinities and ionization potentials of the phthalocyanine and the perylene derivative to
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FIGURE 1.4, The spectral photon flux for AM1.5 solar radiation is shown
as a function of wavelength. The peak absorbance of TiOPc is red-shifted
from that of CuPc. Both materials have high absorbance in the visible
region where the solar spectrum has maximum spectral power. (Adapted
from Reference 161 and 162).
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isolate charge creation to the middle of the device (i.e. at the O/O’ heterojunction). A

bilayer system also allows for hole transport through one organic layer while electrons

travel through another organic layer, with good mobility for each carrier respectively,

Figure 1.5. Additionally, as the charges are created in separate layers there is a reduced

probability for undesirable recombination.

absorption

charge
separation

hole
transport

charge
collection

hυ excitation

ITO donor acceptor

electron
transport

FIGURE 1.5, In an organic photovoltaic the process of
photoconversion is begun by light absorption creating a mobile excited
state, exciton, within the donor and acceptor layers. Here the focus is
primarily on the donor side of the heterojunction. The exciton can
diffuse to the heterojunction where charge separation is known to occur
via formation of a hole in the donor and an electron in the acceptor
layer. The separate charges can then diffuse and/or drift towards the
respective electrodes where there is some efficiency of charge
collection. In organic devices the exciton diffusion length is relatively
small and limits the thickness of each organic layer. Limited
thicknesses also limit light absorption.

exciton
diffusion
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The bilayer concept is fundamental to most organic photovoltaic devices investigated

today. A complete schematic of a typical bilayer device is shown in Figure 1.6. The

donor material, phthalocyanine in this case, is placed adjacent to the TCO. The donor

material is typically the hole transport material and primary light absorber. The acceptor,

C60, is used to form a heterojunction with the donor material. An additional layer in

contact with the acceptor has been shown to improve diode quality and is known as the

“exciton blocking” layer, BCP or bathocuproine is commonly used. A metal contact

serves as the back electrode.

~ 100 nm

~ 1 mm

VV

Glass
ITO ~ 100nm

phthalocyanine ~ 20 nm

C60 ~ 40 nm

BCP ~ 10 nmAl

FIGURE 1.6, A generic block diagram of a planar heterojunction
solar cell is drawn approximately to scale in terms of the thickness of
the individual layers.
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FIGURE 1.7, A molecular scale diagram of the photocurrent generation
process is shown. An exciton, created by light absorption, is a bound
electron/hole pair but can move via diffusion (A) to neighboring molecules.
Exciton dissociation (B) can occur by transfer of an electron (black dot) to
the acceptor molecule while the hole (white dot) is retained by the donor.
(Exciton dissociation from acceptor excitons can also occur.) Separated
charges can then move, (C) and (D), through the respective films due to
diffusion and/or drift processes. Charge collection (E) occurs at both
contacts leading to current in an external circuit (not shown).
Recombination (R) of the separated hole and electron can also occur but is
highly undesirable in a photovoltaic device.
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In a device such as the one shown in Figure 1.6, the processes leading to power

generation can be broken down into several individual events as shown in Figure 1.5 and

Figure 1.7. The underlying concept for photocurrent generation is that holes and

electrons must be formed and separated. The efficiency has been well described as the

efficiency of the individual components by Forrest and will be summarized here.65 The

external quantum efficiency (ηEQE) is given by:

CCCTEDAEQE R ηηηηη )1( −= 1.6
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Where R is the reflectivity of the front contact thereby reducing the amount of light

entering the device. ηA is the efficiency of light absorption (related to the absorptivity α,

cm-1), ηED is the exciton diffusion efficiency, ηCT is the charge transfer efficiency or

exciton dissociation efficiency, and ηCC is the charge collection efficiency. The

efficiencies of light absorption and of exciton diffusion are, unfortunately, dictated by the

absorptivity and thickness of the absorbing layer. Light absorption could be greatly

increased by increasing the thickness of the absorbing layer. However, the average

diffusion length for an exciton (LD) is on the order of 5 to 10 nm, and, it has been shown

that excitons must reach the heterojunction interface to be dissociated into charge

carriers, therefore, creation of excitons must occur within 3LD of the O/O’ heterojunction

for them to contribute to charge generation. A thick organic layer may absorb much of

the incident radiation, but the excitons formed cannot all reach the heterojunction

interface and do not lead to photocurrent. Thick organic layers would also degrade

performance as the charge mobility for most organics would present a significant series

resistance component in the device. Due to these effects the organic layers are kept

sufficiently thin to allow for the majority of excitons to be within 3LD of the

heterojunction, thereby making the most efficient use of the absorbed light while also

aiding charge collection efficiencies. Unfortunately, thin organic layers result in poor

absorption of much of the incident radiation. As much as 50 to 70% of incident radiation

may not be useable for organic devices using the planar heterojunction architecture.

Reflection from the back contact, i.e. metal cathode, aids somewhat in the light

absorption as the absorbing film essentially has two “chances” to absorb incoming
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radiation. (This is notably a gross simplification, but a detailed description of the

“standing wave” created by reflection from the back contact can be found in the

literature.66-68) Very high absorption coefficients would be required of the absorbing

layers to obtain high ηA without sacrificing ηED and ηCT.

Sariciftci, Shaheen, and other researchers have developed single layer, multi-component

devices, bulk heterojunction OPVs, achieving greater than 3% power conversion

efficiency.69-71 This device architecture comprises a hole transport and an electron

transport facility but the heterojunction is tortuous with high surface area throughout the

device allowing for short distances for excitons to travel prior to dissociation, thereby

enhancing the yield for dissociating excitons. The bulk heterojunction was later rivaled

by the blended heterojunction which again utilizes the property of dissociating more

excitons but retains the essentially bilayer architecture.68 A tandem device with blended

heterojunctions where several bilayer devices were placed in series on top of one another

has also been used to capture more light while increasing the photovoltage.72

The relatively low efficiencies and difficulties in scale-up to large area platforms for

organic photovoltaic devices have inhibited their use as a commercialized technology.

The minimum efficiency required for market applicability has been theorized to be

10%.73 Among published OPV reports, only the dye-sensitized solar cell, which is vastly

different from the types of devices studied in this work, has achieved 10% efficiency.

Most organic devices are reliably in range of 1 to 5% efficient. The potential cheapness
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of organic photovoltaics is enticing and is more likely to be a greater motivation for

commercialization of organic photovoltaics than is the potential for very high efficiency.

The US Department of Energy has set a cost goal at 33 cents/W for organic devices.

Silicon photovoltaics currently cost in the range of 2 to 4 $/W.73

1.2.2 Photocurrent in an Organic Photovoltaic

Current in photovoltaic devices is a well known function of carrier drift and diffusion.74

The equations for electron (Je) and hole (Jh) currents are given by:

dx

dn
qDnEqJ eee += µ 1.7

dx

dp
qDpEqJ hhh −= µ 1.8

Where µe is the mobility of the electron, µh is the mobility of the hole, n is the number of

electrons, p is the number of holes, and q is the charge on an electron. (The term (qµnE)

is the component related to drift.) The applied electric field, E, is directly related to the

drift component of current. Recent work on organic photovoltaics has begun to

investigate the possibility that the field is not a constant value and this effect can play a

significant role in device performance.75,76 These reports suggest that E is better given by

the following equation.

d

VV
E bi −= 1.9

Where V is the applied potential, Vbi is the built-in potential, and d is the distance over

which the voltage is applied. This observation will be of relevance to the devices studied
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in this work and will later be discussed further. De and Dh are the diffusion coefficients

for electrons and holes, respectively, and the concentration gradients are given by dn/dx

and dp/dx. The difference in sign for the hole current equation arises from the difference

in sign of the charged species. Diffusion coefficients are related to mobilities by the

Einstein relationships.74

ee q

kT
D µ= 1.10

hh q

kT
D µ= 1.11

Diffusion is thought to play a significant role in the operation of an organic solar cell.

Exciton dissociation at the heterojunction creates high concentrations of electrons and

holes immediately at the interface. The high concentration of those species at the

heterojunction and the absence of other charges in the respective films lead to a

concentration gradient as shown in Figure 1.8.77,78
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FIGURE 1.8, Exciton dissociation at the heterojunction produces charge
carriers on either side of the interface. High concentrations of these
species would, therefore, exist at the heterojunction interface leading to a
concentration gradient extending towards the respective electrodes.
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1.2.3 Evaluating Photovoltaic Performance

Photovoltaics are tested by measuring current as a function of applied voltage. The cells

are tested under dark and illuminated conditions. Current is generally reported as current

density, J in mA/cm2, where the area of the device is used for standardization. Efficiency
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FIGURE 1.9, The parameters of photovoltaic performance are shown
on a plot of current (I for current, or J for current density) output by the
solar cell versus voltage applied to the solar cell. The resulting plot is
that of a diode under dark conditions, and a diode with a
photogenerated current under illumination. The open circuit voltage
(VOC) is the voltage at zero current. The short circuit current is the
current at zero voltage. The maximum output power (PMAX) is the
greatest combination of current and voltage output by the solar cell.
The fill factor (FF) is the percentage of PMAX relative to the product of
VOC and JSC, termed here as the theoretical maximum power (PTH).
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was previously mentioned as the ratio between maximum output power to input power.

The maximum power output can be obtained from a curve as shown in Figure 1.9 where

the device current is plotted versus applied potential, which is shown in Figure 1.10 as a

cartoon of the band diagrams at four significant potentials. The open circuit voltage,

VOC, is the voltage at zero current and is the maximum voltage produced by the solar cell.

The short circuit current density, JSC, is the current at zero applied bias and is the

maximum current produced by the device. The maximum power produced by the device

is the largest product of output voltage and output current and generally occurs where the

voltage is in the vicinity of 80% of VOC. The theoretical maximum power, PTH, would be

the product of JSC and VOC. PTH is unachievable, so the fill factor, FF, is used to describe

how well PMAX approximates PTH.

TH

MAX

OCSC

MAX

P

P

VJ

P
FF == 1.12

Correspondingly, efficiency is given by:

SOLAR

MAX

SOLAR

OCSC

P

P

P

VJ
FF ==η 1.13

A highly efficient solar cell will have a high JSC, VOC, and FF, and these are the

individual parameters by which a solar cell’s performance is evaluated.
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1.2.4 Contributing Factors to VOC

Factors affecting current in an organic solar cell were previously discussed. Certain

factors also contribute to the open circuit potential and will be discussed in more detail

later in this work. For a single organic layer device under open circuit conditions (zero

current) the difference between the work functions of the contacting electrodes represents

the maximum potential of the device. Attempts to increase the work function of ITO

X

Reverse bias JSC

VOC Forward bias

Pc C60

ITO

BCP/Al

- +

+ - + -
FIGURE 1.10, The applied bias shifts the ITO and Al electrodes
on an energy scale. As the potential on the electrodes shifts, the
energy potential across the organic layers also changes. In reverse
bias the ITO electrode is held negative, while the opposite is true
for forward bias. At short circuit (JSC) conditions the potential at
the ITO and aluminum electrodes is the same, no net potential, and
maximum current is obtained. At open circuit (VOC) the potential
of the device is at its greatest and no net current is obtained.
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have therefore been proposed to increase the VOC of OPV devices.25,46,79-81 Similarly,

metal back contacts have been used with various work functions.82 For bilayer O/O’

heterojunction devices the frontier energy offsets between the organic layers may dictate

VOC rather than the difference in energies at the contacting electrodes. This hypthosesis

arises due to the fact that an exciton formed by light absorption must diffuse to the

heterojunction to be dissociated into separate charge carriers. The electron subsequently

drops into the conduction band (LUMO) of the acceptor, while the hole resides in the

valence band (HOMO) of the donor. Therefore, the maximum energetic difference

between the hole and the electron should be the difference in energy between the LUMO

of the acceptor and the HOMO of the donor.83 This value would be related to the built-in

potential of the heterojunction. The energy required for dissociating the exciton must

also be incorporated into a loss of potential as this amount would be required to generate

photocarriers. HOMO positions (ionization potentials) are easily obtained from

photoelectron spectroscopy, while electron affinities (LUMO positions) can be estimated

by including the band gap relative to the HOMO. The built-in potential is directly related

to the open-circuit potential. The energy offsets at the donor/acceptor junction and the

relationship to VOC of CuPc/C60 and TiOPc/C60 photovoltaic devices will later be

discussed.
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1.3 Thesis Overview

1.3.1 Investigation of ITO Surfaces

The continued interest in ITO surface chemistry stems from inconsistencies in reported

data and the inability to find a unifying characteristic for ITO data in general. ITO and

other TCO materials are highly susceptible to contamination due to their intrinsic

reactivity, which is a result of their high defect concentration in the bulk and near-surface

regions. Photoelectron spectroscopic characterization has previously been performed to

evaluate surface contamination, however, commercial ITO was used as the primary

standard in all cases and all surfaces examined were contaminated due to the ex situ

preparations used. In this study, freshly prepared ITO surfaces have been studied in

vacuo to eliminate the otherwise unavoidable contamination and variability induced by

contamination in an effort to find an interpretation of the spectra which can be universally

relevant for ITO and, perhaps, other TCO materials as well.

Chapter 3 of this work focuses on characterization in vacuo of indium oxide and tin-

doped indium oxide to determine a useful and meaningful fitting procedure for the O(1s)

spectrum of ITO. The peak fitting of XPS spectral line shapes was used to elucidate

information on the nature of the oxide surface and allowed for the ability to differentiate

among ITO samples based upon material and surface heterogeneity and doping

concentration. Exposure of the carbon-free oxide surfaces to air created surface

characteristics as are typically evaluated by ex situ methods and illustrate that much of

the spectral line shape, which has previously been attributed to the ITO material itself, is,
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in fact, simply due to adsorbed contaminants and/or surface hydrolysis products. The

difference spectra relative to an ultra-clean surface can, therefore, be used to evaluate

changes in the spectral line shapes according to exposure and related to surface

contaminant levels. The effect of ITO surface pretreatments can then be evaluated within

a reproducible peak-fitting framework for which there is a strong baseline understanding.

Chapter 4 discusses the relationship of the peak-fitted components to the material

composition and uses the difference spectra for analysis of pre-treatment conditions and

the residual effect on contaminant levels.

1.3.2 Investigation of Photovoltaics

Copper phthalocyanine, CuPc, is a very common material in OPVs and has been used to

achieve devices with reasonable conversion efficiencies while other phthalocyanines,

notably zinc phthalocyanine (ZnPc) and titanyl phthalocyanine (TiOPc), have been used

with limited success. TiOPc should be a logical alternative to CuPc as it has been shown

to possess high photoconductivity and is used routinely in the xerographic printing

industry for its photoactive properties. Additionally, the spectral absorption of TiOPc can

be shifted over large wavelength ranges providing an advantageous route for efficient

utilization of the solar spectrum. Previous work with TiOPc has not focused on

achieving high photovoltaic efficiencies and significant photovoltaic results with TiOPc

have not been reported. In Chapter 5 TiOPc was successfully used as an alternative

donor material for enhancement of photovoltaic efficiency.
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A dramatic increase in the open circuit potential was achievable with TiOPc. In terms of

photovoltaic performance it is generally observed that a material system may produce a

characteristic VOC with little variation, ±200 mV, while FF and JSC can vary over a large

range, such as ±0.2 and ±4 mA/cm2, respectively. This is much more common than a

system where changes in VOC are large while JSC and FF remain relatively constant. It

would be desirable to start with a material system producing a high VOC such that JSC and

FF can further be optimized and TiOPc is presented as a suitable candidate material.

Solar cells were statistically evaluated over a large sampling range and with varying

device thicknesses and illumination levels to critically examine the behavior of

TiOPc/C60 solar cells.

In Chapter 5 the high open circuit potential of TiOPc/C60 solar cells was investigated

relative to CuPc/C60 solar cells and was shown to be a direct consequence of the

interfacial energy level offset. Energy level alignments were determined for both

interfaces using photoelectron spectroscopy and layer-by-layer depositions of the

respective donor material. Such an investigation showed that the higher ionization

potential of TiOPc correlated to a greater offset potential at the heterojunction.

Additionally, charge redistribution was observed in the TiOPc/C60 interface while only a

dipole was observed in the CuPc/C60 interface, consistent with similar literature reports of

tetravalent and divalent phthalocyanine interfaces with other acceptor layers. A reduction

in VOC from the offset potential was observed for both TiOPc/C60 and CuPc/C60 solar



56

cells and was related to an imbalance in both the rates of charge generation and

recombination as well as inconsistent charge mobility.

1.3.3 Correlation and Explanation of Photovoltaic Behavior

With the given photovoltaic material system, TiOPc/C60, where higher efficiencies had

been obtained relative to CuPc/C60, a correlation between ITO surface chemistry and

device performance was sought. Previous work attempted to show that regions of the

ITO surface were electrically dead (inactive) and that surface hydroxide formation may

be relevant in the development of such regions.12 Inactive regions or thick barrier layers

would present a large series resistance in the photovoltaic device and could severely limit

its performance. Such a hypothesis could be evaluated by determining the series

resistance for specific devices with correlation to analytical surface properties of the ITO

substrate. While this hypothesis regarding series resistance was straight forward, it was

not found to completely explain the observed behavior for the TiOPc solar cells

investigated. The overall homogeneity of the device was found to be a critical factor in

the device operation affecting series resistance, parallel resistances, diode quality, and

recombination processes. Careful treatment of the ITO surface was vitally significant as

its use as the substrate influences the formation of subsequent layers in the device and

may be a limiting factor in the symmetry of operation of the device.

Chapter 6 discusses the modeling procedure for the current/voltage response of the

photovoltaic devices investigated. Series resistance could be extracted from the modeling
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procedure but additional components of the testing procedure, such as the ITO sheet

resistance, had to first be quantified and reduced. Simple diode modeling was

insufficient to account for the complex current/voltage response of an organic

photovoltaic under illumination as these devices rarely behaved in an ideal fashion. In

this work a two diode equivalent circuit model was used to identify reproducible

differences in solar cell behavior where changes to the ITO surface were observed to

influence the current/voltage response of TiOPc/C60 solar cells. The two diode modeling

procedure allowed for the ability to fit experimental data, but also allowed for the current

associated with recombination to be quantitatively extracted. The resulting plots of

recombination current as a function of applied potential show the importance of the drift

and diffusion components of current flow in an organic photovoltaic. For well behaving

devices the diffusion current should be the dominating mechanism to photocurrent but

perturbations to the concentration profile, such as inhomogeneous contacts at the ITO

surface or heterojunction roughness, can cause non-ideal photovoltaic responses.

1.3.4 Perspective for the Expectations of Efficiency Increases

The generic goal in the area of organic photovoltaic investigations is the achievement of

greater efficiency. Efficiencies of ca. 10% were previously discussed to be the desired

minimum for commercial application of organic photovoltaics. Figure 1.11 shows a J/V

curve for a typical inorganic solar cell that obtains an efficiency of ca. 12%. Also shown

is the J/V response of a typical CuPc/C60 solar cell. It will be shown in this work that an

increase in VOC can be obtained by switching the material system to TiOPc/C60, leading
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to an efficiency increase. Additionally, further increases in efficiency were obtained

within this material system by optimizing interfacial layers.

It is important to recognize that increases in efficiency may only be incremental as shown

in Figure 1.11 where real and theoretical current/voltage plots are given for organic and

inorganic solar cells. Dramatic increases in efficiency as would be required to obtain a

photocurrent output comparable to an inorganic device cannot be expected by the

investigations in this work. A substantial increase in photocurrent would require a

substantial increase in light absorption and efficient extraction of the current from

dissociated excitons. Most commonly used organic planar heterojunction devices are as

much as 70% transparent, Figure 1.12. Efforts to increase the effective light absorption

(the exciton bottle-neck problem65) have been underway for many years and will continue

to require extensive research. Aside of the light absorption conundrum, the conclusions

obtained from this work are applicable to optimization of interfacial layers in electronic

devices regardless of other limiting factors and provides a fundamental understanding of

device behavior which may be of significance for future innovations in the field and,

especially, for photodetector applications of organic solar cells.
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FIGURE 1.11, The performance of an inorganic photovoltaic is shown as a
reference of a device obtaining ca. 12% efficiency. An organic photovoltaic
J/V characteristic is also shown. By changing the material system a higher
VOC can be obtained. Optimization of interfacial and material paramaters
can be investigated to obtain an incremental increase in efficiency. The
non-trivial task of obtaining an efficiency comparable to the inorganic
device would require a dramatic increase in short circuit current density.
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FIGURE 1.12, The transmittance of a typical planar heterojunction
solar cell is shown as a function of wavelength. Absorption from C60,
at ca. 450 nm, and phthalocyanine, at ca. 600 to 700 nm, are
observable, but the overall device is nearly 70% transparent. Lack of
absorption is a significant loss in the power conversion efficiency for
these types of solar cells.
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Chapter 2

EXPERIMENTAL METHODS

2.1 Commercial ITO Studies

2.1.1 Sources of ITO

Commercial ITO was obtained from Colorado Concept Coating, LLC. with a sheet

resistance of ca. 15 Ω/� and film thicknesses between 90 and 160 nm depending on the

batch. Commercial ITO was ordered in sheets of 14 in. by 14 in. with good uniformity in

transparency, color, and conductivity across each sheet. The outer one inch of an ITO

sheet is typically brown and not suitable for reproducible experiments. Care must be

taken when using ITO from a new shipment as conductivity, transparency, and/or color

have sometimes been observed to vary. Commercial ITO is polycrystalline and typically

has an RMS roughness between 1 and 3nm.

2.1.2 Substrate Surface Preparation and Modification

Sheets of ITO are cut into ca. 1 inch squares from which they can be further reduced in

size if needed. Stores of ITO from a single sheet are kept for performing any one type of

experiment to aid in the reproducibility of the experiment. Samples are stored in air until

needed. Samples are then rubbed vigorously with a lens cleaning cloth, or polishing pad,

using diluted Triton X-100, followed by successive ultrasonication in a dilute solution of

Triton X-100 then 18 MΩ Millipore water and, lastly, pure ethanol for at least 10 minutes
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in each solution. Samples are then dried in a stream of nitrogen. All commercial ITO

samples undergo this initial cleaning procedure prior to other treatments.

Plasma cleaning is performed in a Harrick plasma cleaner (Model PDC-32G, 60 watts)

for 15 minutes with a ca. 10-3 torr of either air or pure O2.

Hydrochloric acid etching was performed with a 6 M HCl solution containing 0.2 M

FeCl3. Hydroiodic acid etching was performed with 6 M HI. Acid etching solutions

were made in small batches, ca. 10 ml, just prior to use. Exposure of ITO to the acid

solution was done for 10 seconds followed by a rinse with Millipore water followed by

ethanol. The most effective etching procedure was accomplished by using the spin coater

(Integrated Technologies Inc.) at 4000 rpm. The sample, at rest, was completely covered

by the etching solution for ten seconds. Sample rotation was begun and water was used

after 10 seconds to rinse followed 10 seconds later by an ethanol rinse. The sample

rotates for another 40 seconds to dryness.

Argon-ion sputter cleaning of ITO is performed in the Kratos Axis ULTRA XPS/UPS

system with an argon pressure of 2 x 10-7 torr. Typical sputtering conditions were 2 keV,

15 mA, for approximately 20 minutes, but conditions were sometimes adjusted (i.e.

increased) to eliminate the signal from the C(1s) photoemission, which was monitored

during the sputtering process. Sputtering conditions were deliberately not aggressive
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enough to lead to extensive oxide reduction or lattice damage but to only remove

carbonaceous impurities and surface hydroxides. The sputtering area was about 1 cm2

using a rastered beam.

2.1.3 Small Molecule Modification: Molecules, Sources, and Procedures

Ferrocene dicarboxylic acid (Fc(COOH)2) was purchased from Aldrich and used without

further purification. Adsorption of Fc(COOH)2 onto ITO was achieved by soaking the

ITO in a 10 mM solution of Fc(COOH)2 in pure ethanol for various times. The solutions

were kept in the dark. Acetonitrile was used to rinse off excess Fc(COOH)2 as it is only

slightly soluble in this solvent. Fresh solutions of Fc(COOH)2 were prepared for each

experiment. Sublimation of Fc(COOH)2 did not yield higher purity Fc(COOH)2.

4,4’-bis(N-m-7tolyl-N-phenylamino)biphenyl is the chemical name for the commonly

used hole transport molecule (TPD) in organic electronics. TPD-phosphonic acid

FIGURE 2.1, Structures of molecules used for ITO surface modification.
A) Ferrocene dicarboxylic acid and B) TPD-phosphonic acid.
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(C41H38N2NaO4P, MW=676.71 g/mol) was synthesized by Simon Jones at the Georgia

Institute of Technology and used without further purification. Chemisorption of the

phosphonic acid tethered molecules was accomplished by immersing the freshly cleaned

ITO samples in TPD-phosphonic acid solutions of varying molarity, from 1µM to 10mM,

in pure ethanol for periods of up to 72 hours. The samples were then thoroughly rinsed

with acetonitrile and dried in a stream of nitrogen. Schematics of Fc(COOH)2 and TPD-

phosphonic acid are shown in Figure 2.1.
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2.2 Pulsed DC Magnetron Sputter Deposited ITO

2.2.1 Substrate Considerations

Cleanliness of the substrate was crucial for obtaining adhesion and consistency of the

deposited film. VWR microscope slides were used as substrates as the transparency,

smoothness, thickness, and availability of the material were all suitable for yielding

quality metal oxide thin films. Microscope slides (VWR), cover clips (VWR), and

borosilicate plate glass (ChemGlass) were all used without any noticeable affect on the

deposited film. Glass samples were cut to the desired size, rubbed with soap and water,

rinsed with water, and stored in concentrated sulfuric acid with NoChromix organic

cleaner. Samples were removed from the acid solution when needed and sonicated in

water followed by ethanol. Samples were then dried with N2 and placed on sample stubs

to be used in the vacuum system. A tantalum wire was used to hold the glass slide on the

stub as well as to provide a conductive pathway between the deposited film and the stub

as the conductive film was deposited. The stub and wire were both thoroughly cleaned

prior to use. A sample holder was created for the sputter deposition instrument such that

two sample stubs could be held on the platen. Samples could be rotated and indexed

within the chamber while allowing for easy removal with a vacuum arm extension. More

discussion of the sputter deposition protocols and instrumentation will be given in

Appendices A and B.

2.2.2 Sputter Deposition Conditions
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A Kurt J. Lesker AXXIS Thin Film Deposition System was used for sputter deposition

with a base pressure of 10-6 torr. A thorough discussion on the affects of various sputter

deposition parameters is given in Appendix A, however, the standard recipe used for the

growth of most thin films is given in Table 2.1. An 1/8 inch thick ceramic target

comprised of 90% In2O3 and 10% SnO2 was used. A ratio of Sn/In = 0.064 was

estimated via XPS peak ratio analysis from a fragment of the ITO target. The diameter of

the target is 3 inches, while the target to sample distance is ca. 18 cm. Pulsed DC

magnetron sputtering was used where powers can be varied up to 350 W (7.7 W/cm2) in a

variety of atmospheres and pressures for any length of time. Annealing can be performed

at temperatures up to ca. 600oC with ramp rates up to 20oC/min. If samples were to be

removed from the vacuum system into air then the samples were allowed to cool for at

least 2 hours prior to opening the chamber. Samples removed into the vacuum transfer

arm were removed immediately after extinguishing the annealing lamps. RF sputtering

of ITO and In2O3 was also attempted with no significant results to suggest that RF

sputtering would produce more conductive or transparent films than pulsed DC

sputtering. DC sputtering does not work for insulating targets. Non-annealed ITO films

are known to be amorphous and were also found to be amorphous in this work via XRD

analysis.

2.2.3 Routine Thin Film Characterization Protocols

The deposition of ITO is quite complicated and susceptible to variation by only minor

changes in the procedure. However, measuring the optical transparency and conductivity
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of ITO are two very simple and quick methods to ascertain the consistency of

depositions.

Resistivity: A voltmeter can be used to gauge the approximate resistivity of the ITO and

should be within ±5Ω from previous depositions utilizing the same conditions. More

exact measurements can be obtained with the home-built four-point probe and Keithley

Source Meter for sheet resistance measurements. The 4-point probe will be discussed in

Section 2.7.

Transparency: The human eye gives a good estimation of the color of the ITO from run

to run. UV/Vis transmission spectroscopy can be used to determine the optical quality of

the films. UV/Vis characterization will be discussed in section 2.6.

Surface Characterization: XPS can be used to track the relative concentration ratio of

oxygen, tin, and indium, while UPS can track work function changes among various

sputter deposited films. AFM can be used to track root mean square (RMS) roughness

and changes in morphology. The XPS instrument will be discussed in Section 2.3 and

the AFM in Section 2.8. XRD provide information on crystallinity (Section 2.9).
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TABLE 2.1, Typical parameters for Pulsed DC magnetron sputter deposition of ITO
and In2O3 thin films using the Kurt J. Lesker AXXIS System.

Pre-Deposition Deposition Annealing Cooling
Pressure
(base <2x10-5torr)

10 mtorr 8 mtorr 6 mtorr
< 2 x 10-5 

torr
Gas composition 3.3% O2 in

UHP Ar
3.3% O2 in

UHP Ar
UHP Ar

Residual
gases

Gun power
(ramp)

200 W
(0.2 W/s)

200 W
0 W

(0.2 W/s)
0 W

Time 20 min 20 min 80 min *
Sample rotation 10 rpm 10 rpm 0 rpm 0 rpm
Sample
orientation

90o 90o 0o 90o

Temperature
(ramp)

RT RT
300 oC

(20 oC/min)
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2.3 Photoelectron Spectroscopy

2.3.1 Parameters

XPS studies were conducted with a Kratos Axis-Ultra X-ray photoelectron spectrometer

equipped with a monochromatic Al Kα source at 1486.6 eV. For all the data presented

here, the analyzed spot size was 300 x 700 microns. Typical conditions for full and

elemental scans are given in Table 2.2. All of the XPS data was taken with the

monochromatic aluminum source, magnetic focusing of the electrons was enabled, and

six channeltron detectors were used (Channel #1,2,4,5,6, and 8). A resolution of 0.4 eV

and 0.3 eV are obtainable with analyzer pass energies of 20 and 10 eV, respectively. An

anode current and voltage of 20 mA and 15 kV respectively, and the pressure in the

analysis chamber was typically less than 5 x 10-9 Torr. No external bias is applied for

XPS measurements and use of the charge neutralizer is not necessary for ITO analysis.

UPS experiments were performed in the Kratos system with He I (21.2 eV) radiation

used as the excitation source. A -5 V bias was applied to the sample to accelerate the

lowest kinetic energy electrons to a kinetic energy at which they could be accurately

collected. Only one channeltron detector was used (#4). The instrument was operated in

UPS lens mode. Typical conditions are shown in Table 2.2. Sputter cleaned gold with a

work function of 5.1 eV was routinely analyzed for Fermi level calibration.
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TABLE 2.2, Typical parameters for XPS and UPS data collection.

Parameter Survey Scan High Resolution Scan

Pass Energy (eV) 80 20
Binding Energy Range (eV) 1100 to -2 Limited to region of interest

Step Size (eV) 1 0.1
Dwell time (ms) 100 100

XPS

Number of Sweeps 1 20
Pass Energy (eV) 5 5

Kinetic Energy Range (eV) 8 to 30 8 to 30
Step Size (eV) 0.1 0.1

Dwell time (ms) 100 100
UPS

Number of Sweeps 1 10

Samples prepared ex situ were placed in vacuum and analyzed as quickly as possible to

reduce uncontrollable sources of variation. Additionally, due to the large variability

inherent to ITO surfaces, multiple samples were analyzed for the same treatment

procedure and a reference material was also analyzed for each experiment. Samples

prepared in situ were also analyzed as soon as possible to reduce any possibility of

contamination.

2.3.2 Fitting Parameters

XPS data were peak fit using Vision 2.1.2 software or the program IGOR. Discussion of

the fitting methods will be further discussed in Chapter 4. Linear backgrounds were used

most often, but occasionally a Shirley background was used if the linear background was

not adequate. Relative sensitivity factors in the Vision software incorporating inelastic

mean free path, transmission functions, and photoelectric cross sections were used to

determine atomic ratios from peak areas of the main core level emissions. Peak fitting
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was performed using a least squares fitting routine based on a convolution of Gaussian-

Lorentzian line shapes.84

2.3.3 XPS of in situ Deposited Organic Films

A UHV system with organic deposition capabilities from Knudsen cells is attached to the

Kratos allowing for transfer of freshly deposited thin films to the analysis chamber while

maintaining UHV conditions. Organic depositions are monitored via quartz crystal

microbalances and a frequency monitor in the same manner as for organic photovoltaic

fabrication described in Section 2.4.2.

inert gas or dosing gas

10-3 torr vacuum

Dosing cell

Leak valve

2-way valve

UHV
chamber

FIGURE 2.2, A schematic of the dosing cell used for exposing
substrates in vacuum to high vapor pressure small molecules,
gases, and vapors. A 2-way valve allows for the dosing cell to be
purged with inert gas, then evacuated to eliminate residual gas
impurities in the dosing cell. The valve can also be closed off to
both the rough vacuum and the inert gas.
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FIGURE 2.2, A schematic of the dosing cell used for exposing
substrates in vacuum to high vapor pressure small molecules,
gases, and vapors. A 2-way valve allows for the dosing cell to be
purged with inert gas, then evacuated to eliminate residual gas
impurities in the dosing cell. The valve can also be closed off to
both the rough vacuum and the inert gas.
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2.3.4 Dosing

An additional source was added to the UHV chamber used for organic depositions to

enable a clean surface to be dosed with gases or vapors. A schematic of the dosing cell is

given in Figure 2.2. Dosing was performed at varying pressures up to 1 x 10-4 torr for as

long as 30 minutes. Gases, liquids, and high vapor pressure solids were used for dosing

experiments. Dosing will be further discussed in Chapter 8.

2.3.5 Sputter Depth Profiling

Argon-ion sputtering was performed in the Kratos system as described in Section 2.1.2 as

a sample preparation step. Sputter depth profiling was set up to run automatically by the

Kratos instrument to insure reproducibility of results using the conditions as are given in

Table 2.3.

TABLE 2.3, Conditions are given for the surface sputter etching
of ITO using the Kratos vacuum system and a rastered ion beam.

Pre and Post sputter dwell 10 sec
Pressure 2 x 10-7 torr Ar
Sputtering time 10 min
Emission Current 15 mA
Acceleration Voltage 1 kV
Number of sputtering cycles 30
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2.4 OPV Fabrication and Characterization

In this work multiple devices were characterized and used for obtaining performance

characteristics that would be representative of the ITO pretreatment and which would

provide meaningful diode fits as will be described in the next chapter. Experiments were

repeated multiple times to insure the reliability of the results. Similarly, devices could be

prepared on differently pretreated ITO chips held side-by-side during device fabrication.

This method allows for direct comparison between OPV devices based only on ITO

surface pretreatment as the deposition steps would be exactly the same for each of the

samples. More than 20 devices from a minimum of two separate deposition runs have

been used for characterizing a specific device’s performance. Representative I/V curves

have been selected from the accumulation of data to give JSC, FF, and VOC values

matching the averaged values obtained from the respective set of data. Device areas

ranged from 0.00785 cm2 to 0.0628 cm2.

2.4.1 Chemicals

Copper phthalocyanine (CuPc), titanyl phthalocyanine (TiOPc), and bathocuproine

(BCP) were all obtained from Aldrich. Fullerene (C60) was obtained from MER

(Tucson). Schematics of the molecules are given in Figure 2.3. All chemicals were

entrainer sublimed three times for purification.
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2.4.2 Organic Layer Deposition

Organic thin films were deposited via vacuum deposition with less than 9 x 10-6 torr base

pressure from Knudsen-type cells. A 10 MHz quartz crystal microbalance (QCM) and a

frequency counter (HP 5384A) were used to monitor the rate of deposition. All organic

sources were pre-baked at ca. 70% of their sublimation temperature for 30 minutes prior

to film growth to remove volatile impurities. Knudsen cells were refilled after every 4th

deposition to maintain consistency among depositions. The ITO substrate was held in a

separate vacuum chamber during pre-baking to avoid contamination of the surface. Only

a 1 inch square area was used for the ITO substrate and the substrate was held directly

A B

C D

FIGURE 2.3, Structures of the molecules used for fabrication of
organic photovoltaic devices. A) Titanyl phthalocyanine (TiOPc),
B) Copper phthalocyanine (CuPc), C) Buckminsterfullerene or
fullerene (C60), D) Bathocuproine (BCP)
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FIGURE 2.3, Structures of the molecules used for fabrication of
organic photovoltaic devices. A) Titanyl phthalocyanine (TiOPc),
B) Copper phthalocyanine (CuPc), C) Buckminsterfullerene or
fullerene (C60), D) Bathocuproine (BCP)
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adjacent to the quartz crystal microbalance to insure that a consistent film was being

deposited across the entire area used for PV fabrication.

Phthalocyanine thicknesses were varied between 10 and 30 nm. A thickness of 40 nm

C60 and 10 nm BCP were used for all PV devices based upon the optimum conditions

reported in the literature.85,86 Rates of 2 Å/s, 1.5 Å/s, and 3 Å/s were used for deposition

of Pc, C60, and BCP films, respectively. Higher rates of deposition (up to 4 Å/s) for Pc

and C60 films did not drastically affect the OPV performance. However, low rates (less

than 1 Å/s) did not give devices with acceptable performance.

A vacuum deposited 100 nm thick Al cathode was used as the back electrode for all

devices. A 6 MHz QCM and an Inficon Deposition Monitor was used to monitor

deposition of Aluminum. The metal was vacuum deposited at a rate of 0.9 Å/s for the

first 20 nm. The rate was slowly increased to 3 Å/s towards the end of the deposition.

This procedure was used to limit the formation of electrical shorts which was observed to

occur if the initial deposition rate exceeded ca. 2 Å/s. A base pressure of less than 9x10-6 

torr was used for metal deposition. The substrate was held in a separate vacuum chamber

during heating of the metal to avoid contamination. A new pre-baked source and fresh Al

were used for every OPV device run as problems were found to occur when attempting to

reuse any remaining Al.

2.4.3 Masking
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Placement of shadow masks over the deposited organic layers was performed under N2

prior to aluminum deposition. Two types of OPV geometries can be created as shown in

Figures 2.4 and 2.5. One method requires that some areas of ITO be etched entirely away

such that the back contact extends across ITO and glass regions. This results in a layered

structure where contact can be made to the back contact with no probability of shorting

the device with the contact. This method is the most common device architecture

observed in the literature, however, it creates an ill-defined layering at the

ITO/glass/organic boundary which has not been investigated. This method also requires

the ITO to be etched/patterned thereby adding a step to the overall process. The exact

geometry and size of the OPV devices can also vary greatly from one run to the next as

placement of the mask on the ITO, as well as ITO patterning, are susceptible to variation.

This method of masking was used when samples had to be tested in air, as the oxidation

of aluminum is not as significant a problem in forming a good electrical contact to the

testing leads.

Etching/patterning of the ITO was accomplished by first masking the ITO with parafilm.

The parafilm was gently heated to melt and adhere to the ITO. The desired pattern was

cut into the parafilm and the desired parafilm regions were removed. Immersion of the

samples into 6 M HCl with 10% HNO3 at 70oC removes all unmasked ITO within 1

minute. The samples were rinsed in water and the remaining parafilm was removed. The

ITO was then cleaned as described above with a nonpolar solvent initially used to remove

any residual parafilm.
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Another method of masking creates circular devices and does not require ITO

etching/patterning while device areas are easily controlled. The aluminum cathode is

also equidistant from the ITO at all points across the device because there is no step in

the ITO thickness, i.e. there is no etched boundary between ITO and glass. For testing

the back contact must be delicately contacted from the back side to avoid electrically

shorting the device. This method was found to be extremely effective as long as the Al

layer was metallic with no oxidation whatsoever. A gold tip can be pressed relatively

firmly against the Al to obtain good electrical contact. A significant decrease in current

is observed if an oxide layer exists on the aluminum.
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FIGURE 2.4, Masking system for organic photovoltaics. A) An actual OPV
chip with three finger-like devices. B) Schematic of the OPV device chip.
The asymmetric design allow for six devices per 1-inch square of ITO. The
Aluminum back contacts can be firmly contacted without shorting the device.
The aluminum overlaps the ITO forming a region where PV activity can be
observed. The ITO is contacted at some distance from the device by a second
contact. C) A cross-sectional schematic of the OPV device. The region
within the dashed lines indicate the actual region that would give OPV
performance.
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FIGURE 2.4, Masking system for organic photovoltaics. A) An actual OPV
chip with three finger-like devices. B) Schematic of the OPV device chip.
The asymmetric design allow for six devices per 1-inch square of ITO. The
Aluminum back contacts can be firmly contacted without shorting the device.
The aluminum overlaps the ITO forming a region where PV activity can be
observed. The ITO is contacted at some distance from the device by a second
contact. C) A cross-sectional schematic of the OPV device. The region
within the dashed lines indicate the actual region that would give OPV
performance.
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FIGURE 2.5, Masking system for organic photovoltaics. A) An actual OPV
chip with multiple circular devices. B) Schematic of the OPV device chip.
The ITO does not need to be patterned, but the Aluminum back contact must
be delicately contacted from the back side to avoid shorting the device.
Multiple devices can be packed onto the ITO area. The use of circular
devices simplifies the calculation of device area. C) A cross-sectional
schematic of the OPV device. The region within the dashed lines indicate the
actual region that would give OPV performance. The ITO can be contacted in
multiple locations in close proximity to the device.

ITO coated glass

Aluminum back contacts

VVVV

A

B C

FIGURE 2.5, Masking system for organic photovoltaics. A) An actual OPV
chip with multiple circular devices. B) Schematic of the OPV device chip.
The ITO does not need to be patterned, but the Aluminum back contact must
be delicately contacted from the back side to avoid shorting the device.
Multiple devices can be packed onto the ITO area. The use of circular
devices simplifies the calculation of device area. C) A cross-sectional
schematic of the OPV device. The region within the dashed lines indicate the
actual region that would give OPV performance. The ITO can be contacted in
multiple locations in close proximity to the device.
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The circular OPV design was also developed because experiments in which the ITO is

deposited and transferred under vacuum do not allow for patterning of the ITO. It is very

difficult to design a system in which the mask is held firmly in place during oxide

deposition but which must also be removed before organic depositions. Additionally, it

has been found that the sharpness of the ITO/glass edge has an effect on the OPV

performance. Glass cover slips are of sufficient thinness for masking during ITO

deposition to give a relatively small shadow where the ITO thickness is affected by the

mask. Unfortunately, cover slips are extremely fragile and difficult to hold in place

without compromising other functions.

2.4.4 OPV Testing

After deposition of the aluminum back contact the OPV devices were transferred to a N2-

filled Vacuum Atmospheres glove box (Model HE-493/MO-5, less than 1 ppm O2 and

H2O) without exposure to atmosphere. Current-voltage measurements were made with a

Keithley 2400 Source Meter and data was recorded by Labview 5.1 (National

Instruments). Typical scans were from 1.5 to –1.5 V with a step size of 10 to 20 mV. No

difference in I/V behavior was observed depending on scan direction or scan rate.

The ITO substrate was electrically contacted in numerous locations and in close

proximity to the OPV device. A gold wire was used to contact the Al back contact of the

OPV. In order to contact the aluminum without shorting the device, the gold wire was

attached to a micromanipulator and initially held away from the device. The probes were
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held at a constant voltage in the forward bias regime of the solar cell and the gold wire

was brought close to the Al contact until a constant current could be obtained. Gold was

used due to the relative softness of the metal and its high conductivity. The thermal

expansion of the gold during illuminated testing was occasionally problematic.

2.4.5 Photovoltaic Testing Light Source

A CUDA Products Corp. Fiber Optic Light Source with a 250 W Quartz Halogen lamp

(Model I-250) was used as a light source (the fiber optic was not used). The light was

filtered with diffuse and IR filters to limit heating of the OPVs and to more closely

approximate the solar spectrum. The light intensity arriving at the OPV device could be

accurately controlled by changing the distance between the light source and the device.

The filters were always fixed at a distance 1 inch in front of the light source. The power

output of the light source was routinely checked with a calibrated photodiode.
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2.5 Electrochemistry

2.5.1 Chemicals

Ferrocene obtained from Aldrich was purified by entrainer sublimation. Electrolytes

were recrystallized from ethanol and stored in a dessicator. Acetonitrile and benzene

were purified by distillation. Activated alumina was added to acetonitrile to remove any

residual water.

2.5.2 Electrochemical Cell

All electrochemistry was performed with a saturated Ag/AgCl pseudo-reference

electrode, a platinum counter electrode, and ITO as the working electrode. The solvent

for electrochemical studies was dry acetonitrile with a supporting electrolyte of 0.25 M

tetrabutylammonium hexafluorophosphate (TBHFP) or lithium perchlorate (LiClO4), and

the potential axis of all voltammograms are reported versus the parent

(ferrocene/ferrocinium (Fc/Fc+)) redox couple, which has an Eo in acetonitrile of 0.159V

vs. S.C.E. To ensure reproducibility, the adsorption of Fc(COOH)2 on pretreated ITO

was repeated a minimum of three times on three separate ITO samples for each

pretreatment condition. An EG&G model 283 potentiostat/galvanostat was used.
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2.6 UV/Visible Spectroscopy of ITO Films

A Spectral Instruments SI400 Series CCD Array UV/Vis Spectrophotometer was used for

transmission and absorbance studies. A D2 lamp and a W lamp were used as UV and

visible wavelength sources, respectively. ITO samples were always analyzed

perpendicular to the incident beam and with the background recorded with nothing in the

transmission path. Use of glass as a background skews the correct background due to

differences in reflections at the ITO/air and ITO/glass interface versus the glass/air

interfaces.

The transmission of a sample has been thoroughly investigated and is known to be a

function of wavelength (λ), substrate refractive index (s), film refractive index (n), film

thickness (d), and film absorption (α). Following the procedure of Manifacier et. al. and

the later work of Swanepoel, visible transmission data can be used to determine the

thickness and optical parameters of weakly absorbing thin films.87,88 The reader is

referred to the references for derivation of the procedure as it is too complex to be given

here, however, the most useful equations for the calculation of thickness are given below

as a guide. The general idea is to use the interference fringe peaks (TM) and troughs (Tm)

to develop continuous functions of TM and Tm from which the refractive index can be

extracted.

An example transmission spectrum is given in Figure 2.6 showing the interference

fringes from a thin film of ITO on glass. The Tmax and Tmin values come in pairs where
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one value is obtained from the peak or trough of the transmission spectrum, while the

other respective value is obtained by taking the transmission value at the same

wavelength from an extrapolated line along the peaks or troughs.

The film refractive index, n, which is a function of wavelength, can be determined at each

of the wavelengths for a Tmax and Tmin pair.
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FIGURE 2.6, Representative UV/Vis transmission spectrum for a sputter
deposited film of ITO. The interference fringes can be used to determine
the thickness of the thin film. A peak or trough at a particular
wavelength has a corresponding maximum transmittance (Tmax) or
minimum transmittance (Tmin), as well as a paired (Tmin) and (Tmax),
respectively, that can be estimated from extrapolation. The transmittance
of glass is shown only to represent the maximum possible transmittance.

0
10
20
30
40
50
60
70
80
90

100

300 400 500 600 700 800 900 1000
Wavelength (nm)

%
T glass

ITO film
Tmax
Tmin

Tmax,540

Tmin,540

Tmax,610

Tmin,610

0
10
20
30
40
50
60
70
80
90

100

300 400 500 600 700 800 900 1000
Wavelength (nm)

%
T glass

ITO film
Tmax
Tmin

Tmax,540

Tmin,540

Tmax,610

Tmin,610

FIGURE 2.6, Representative UV/Vis transmission spectrum for a sputter
deposited film of ITO. The interference fringes can be used to determine
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Where s is the refractive index of the substrate and was assumed to be a constant value of

1.3 for glass for all calculations. The parameter N is given by the following equation.








 +
+
















 −
=

2

1
2

2

minmax

minmax s

TT

TT
sN 2.2

Knowing the refractive index at two wavelengths allows for a value of the film thickness,

d in nm, to be determined.
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Several values of d can be determined from different sets of wavelength and n values and

should nearly agree with one another, although a range of values are usually obtained.

The order number, m, can be determined for each wavelength.
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This value should be an integer, however, it is rarely found to be exactly an integer.

Therefore, a second iteration can be used to determine thickness by setting m to integer

values. It is best to round the lowest m value to the nearest integer. The values of m will

increase at single integer intervals with the decreasing wavelengths. Using the integer

values for m, values for d can be recalculated.
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This gives a new set of d values with a smaller standard deviation than was previously

calculated. The values used for m, may or may not, be obvious, but the set that gives the

lowest standard deviation is the set used for calculations. For example, the data shown in

Figure 2.6 yield initially a thickness of 552 ± 80 nm with a starting m value of 5.84,

however, the second iteration, using a starting m of 6.0, yields a value of 542 ± 16 nm.

Estimated sample thicknesses calculated by UV/Vis were found to be in good agreement

with thicknesses measured by profilometry.

FIGURE 2.7, Picture of the 4-point probe used for sheet
resistance measurements. The four probes can be raised
and lowered simultaneously as part of the teflon block.
Current is sourced through the outer two probes while
voltage is measure on the inner two probes. Distance
between probes is 4mm.

FIGURE 2.7, Picture of the 4-point probe used for sheet
resistance measurements. The four probes can be raised
and lowered simultaneously as part of the teflon block.
Current is sourced through the outer two probes while
voltage is measure on the inner two probes. Distance
between probes is 4mm.
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2.7 Resistivity Measurements

Resistivity can be quickly gauged by placing the probe tips of an ohmmeter close to one

another on the substrate of interest. The resulting measurement of resistance will give a

good approximation of the substrate’s sheet resistance and is an excellent check for

comparing the resistances of various substrates. Unfortunately, for well conducting films

the contact resistance between the ohmmeter probe tips and the substrate may

significantly affect the measured resistance of the substrate. For this reason a four point

probe technique is required instead of the two point method just described.

A home-built linear 4-point probe apparatus, Figure 2.7, was used in combination with a

Keithley 2400 Source Meter (not shown) for sheet resistance measurements. The outer

two probes pass a fixed current while the inner two probes measure voltage. The probe

spacing is 4 mm. A current of 4.53 mA was supplied.

It may be helpful to clarify some of the terminology used in discussing the resistivity of

thin films. Resistance (R) is measured in Ω, and is given by
A

L
R ρ= . Where L and A are

the sample length and cross-sectional area, respectively. The resistivity (ρ) is the inverse

of the electrical conductivity (σ, given in units of Ω-1cm-1). The cross-sectional area (A)

can be found from the width (W) and thickness (t) of the sample giving
W

L

t
R

ρ
= . The

resistivity of the thin film divided by the film thickness gives the value of sheet resistance

(Rs).
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t
Rs

ρ
= 2.6

Because the resistivity (ρ) typically has units of Ω cm, and the thickness can be taken in

cm, the technically correct unit for sheet resistance is Ω. However, any unit of length

could be used, cm, mm, m, etc., and there is also a need to differentiate sheet resistance

(Rs) from resistance (R), so the formalism of square (�) is used to indicate any unit of

area. Rs therefore has units of Ω/�.

The sheet resistance (Rs) can be determined from the four point probe method by using

the following equation.

CF
I

V
Rs *53.4= 2.7

Where V is the measured voltage from the inner two probes and I is the applied current

from the outer two probes. The term CF is a correction factor which accounts for the

sample size, geometry, and the spacing between probe tips. In this work samples were

kept sufficiently large, greater than 1 square inch, and in a square geometry such that the

CF term could be neglected.
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2.8 AFM

All AFM images were taken with a NanoScope III system (Digital Instruments, Santa

Barbara, CA). Images of ITO were taken in air in tapping mode with TESP7 oxide

sharpened silicon nitride tips (Digital Instruments). Typical imaged areas were 1 to 10

square microns. Roughness values were calculated with NanoScope III software (either

version 4.22 or 4.43r8).
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2.9 XRD

A Philips X'Pert MPD diffractometer was used for thin film X-ray diffraction analysis

with a Cu source. Theta–theta survey scans covering the range 10-100 o2θ and 20-70 o2θ

with and without sample spinning were performed. No differences were observed when

comparing scans from spinning and stationary samples. Samples were also analyzed by

the Grazing Incidence (GI) method in which the incident beam is fixed at a small (3o)

grazing angle. The anomalous scattering humps due to glass substrate are mostly

removed in this technique but no other significant differences were observed.
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2.10 Development of Experimental Set-up for Inert Environmental Control of

Freshly Deposited Thin Films

A plexiglass glove box was constructed to provide for containment of an inert

atmosphere (Argon) for freshly deposited ITO films. The glove box was designed to fit

around the unused port of the sputter deposition chamber at 180o, see Figure 2.8 and 2.9.

This required the port to be slightly extended because of the space limitations induced by

the presence of the gun port at 135o. A large vacuum door was installed on the port at

180o but could not be installed until the glove box was already in place.

Several restrictions limited the ability to develop a sample transfer system. The samples,

glass slides, must be held firmly in place such that they can be rotated at 10 rpm as well

as indexed within the chamber from 0o, vertical and facing right in Figure 2.8, to 270o,

upside down in Figure 2.8. The samples and sample holder must be able to withstand

temperatures of several hundred degrees, and materials placed within the chamber must
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not contaminate the chamber during sputtering or heating (stainless steel is the best

choice). Additionally, the surface of the sample holder must be nearly flat so that the

plasma source at the bottom of the chamber can be used without arcing (this is a severe

limitation). A sample heater beneath the sample holder severely limits the space in which

FIGURE 2.8. This schematic of the K. J. Lesker AXXIS
sputter deposition instrument shows the six major ports around
the deposition chamber. The sample stage is located in the
center of the chamber and can be indexed towards any of the 6
ports (from 0o to 270o) while also allowing for sample rotation.
Three sputtering guns are located across the top of the chamber,
a glow discharge source is at the bottom. No equipment was
initially attached to the left hand side of the chamber (at 180o).

DC (45o)

Pulsed DC (90o)

RF(135o)

Heating
lamps (0o)

Plasma
discharge
(270o)

Access
port
(180o)

Rotatable
sample
stage

FIGURE 2.8. This schematic of the K. J. Lesker AXXIS
sputter deposition instrument shows the six major ports around
the deposition chamber. The sample stage is located in the
center of the chamber and can be indexed towards any of the 6
ports (from 0o to 270o) while also allowing for sample rotation.
Three sputtering guns are located across the top of the chamber,
a glow discharge source is at the bottom. No equipment was
initially attached to the left hand side of the chamber (at 180o).

DC (45o)

Pulsed DC (90o)

RF(135o)

Heating
lamps (0o)

Plasma
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sample
stage



93

there is to develop sample holding mechanisms. Magnets and adhesives cannot be used.

The gears which translate rotation to the platen must be shielded from thin film growth

such that they do not fail with time. Ceramic stand-offs electrically isolate the platen

from the rest of the deposition chamber. Additionally, the samples must be accessible

from the exterior of the chamber through the glove box.

To accommodate all of these restrictions the underside of the sample holder was modified

with three pins, Figure 2.10(B). The sample holder was modified with three holes

resembling the classical key-hole shape, Figure 2.10(C). The pins would fit through the

circular part of the key-hole and the sample-holder could be rotated to slide the pins into

FIGURE 2.9. The home-made plexiglass glove box is shown
attached to the K. J. Lesker AXXIS sputter deposition instrument.
The glove box, when filled with Argon, allows for handling of
freshly deposited samples under inert atmosphere.

FIGURE 2.9. The home-made plexiglass glove box is shown
attached to the K. J. Lesker AXXIS sputter deposition instrument.
The glove box, when filled with Argon, allows for handling of
freshly deposited samples under inert atmosphere.
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the narrow region of the key-hole. The key-holes were machined with a gradient

thickness such that the pins would tighten to the holder as it was rotated. The heads of the

FIGURE 2.10. Pictures of the sample unloading mechanism used
for transfer of samples from the K. J. Lesker AXXIS system into
an Ar-filled glove box. The sample plate (top view (A), and
bottom view (B)) is held to the platen plate (C) with a key-hole
pin and groove fixture that tightens or loosens with the direction
of rotation. The handle (D) is designed to hook into the three
grooves on the sample plate such that the plate can be lifted off of
the platen. (E) and (F) show the top and bottom views of the
detached sample plate on the sample holder. The platen plate (C)
would be fixed on the platen within the chamber.

A B

C D

E F

FIGURE 2.10. Pictures of the sample unloading mechanism used
for transfer of samples from the K. J. Lesker AXXIS system into
an Ar-filled glove box. The sample plate (top view (A), and
bottom view (B)) is held to the platen plate (C) with a key-hole
pin and groove fixture that tightens or loosens with the direction
of rotation. The handle (D) is designed to hook into the three
grooves on the sample plate such that the plate can be lifted off of
the platen. (E) and (F) show the top and bottom views of the
detached sample plate on the sample holder. The platen plate (C)
would be fixed on the platen within the chamber.

A B

C D

E F
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pins would then hold the sample holder in place. The top of the sample holder was

modified with three oval-shaped holes that could be used to lift the sample holder off of

the platen using a specially designed handle, Figure 2.10(A). The handle was designed

with three prongs which would fit into the oval-shaped holes, Figure 2.10(D). Rotation

in the opposite direction would loosen the sample holder from the platen and the prongs

enable the sample holder to be lifted off of the platen. The sample chamber was vented

with UHP Argon and the glove box was purged with UHP Argon.
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2.11 Development of Experimental Set-up for in situ Transfer Capabilities

The strategy developed for the inert-environmental control transfer capability could not

be employed for vacuum transfer techniques. The sample holder modifications allowed

for full use of the sputter deposition instrument, however, it was extremely limited in its

ease of use. The requirement that the surface of the holder be essentially flat eliminated

the possibility of most imaginable transfer mechanisms, especially in consideration of the

fact that under vacuum the sample must be accessed with vacuum compatible

mechanisms. It was concluded that simpler transfer mechanisms could be developed if

the restriction for flatness was rejected. This would eliminate the possibility of using the

plasma source at the bottom of the sputter deposition chamber as arcing would inevitably

occur.

Vacuum sample transfer techniques have already been developed. Most commonly a

sample holder/stub is cylindrical with two grooves cut into its side. A u-shaped fork fits

into one of the grooves, while a second u-shaped fork at 90o to the other fits into the other

groove. Transfer from one fork to the other is a simple function of linear translation out

of the other fork. Figure 2.11 shows the modified sample fork used for removing

samples from the sputter deposition chamber. A Kratos sample stub with a substrate held

in place by a tungsten clip is shown in Figure 2.11(B). The sample holder of the sputter

deposition system was modified to hold Kratos sample stubs, Figure 2.12. Sample

rotation could be performed during sputter deposition as the samples would be at 90o,

upright. However, samples could not be rotated during annealing as they would fall out
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of the holder. The sample holder had to be lowered in order to align with the transfer arm

on the side port. Lowering of the sample holder required the sample heater to be

removed. The gear shielding had to be cut and modified for access from the side.

FIGURE 2.11. The sample fork allows for removal of
freshly prepared thin films to be removed from the
AXXIS sputtering system. The sample fork is attached
to the magnetic rod using the threaded piece shown in
(A). The deposited ITO film is electrically contacted to
the sample stub using a clip as shown in (B).

A

B

FIGURE 2.11. The sample fork allows for removal of
freshly prepared thin films to be removed from the
AXXIS sputtering system. The sample fork is attached
to the magnetic rod using the threaded piece shown in
(A). The deposited ITO film is electrically contacted to
the sample stub using a clip as shown in (B).

A

B
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A magnetic vacuum transfer rod was equipped with a turbo pump to allow for UHV

transfers of freshly prepared samples, Figure 2.13. (A vacuum transfer suitcase, also

shown in Figure 2.13, was also used for transfer however pressures were not sufficiently

low to obtain carbon-free films.) The transfer arm allows for control in the x-direction

while the platen rotation (when disengaged from the motor) allows for manual control of

the sample in the y-direction. Height, z-direction, control can be obtained by indexing

the platen, or by lifting or lowering the end of the transfer rod. Glass substrates were

fixed to the top of the Kratos stubs with tungsten wires, which also provided electrical

connectivity for XPS measurements. Once the sample was secure in the fork of the

transfer rod it could be retracted into the arm and isolated from the sputter deposition

system under vacuum. The transfer rod could be detached from the sputter deposition

chamber and rolled, with its accompanying vacuum pumps and gauges, to either the

Kratos system, Figure 2.14, or the home-built OPV deposition chamber, Figure 2.15,

where it can be reattached without breaking UHV conditions. Transfers require a

minimum of two people and the vacuum arm must be < 9 x 10-9 torr in order to obtain

carbon-free ITO. These pressures require frequent baking of the transfer rod.

An integrated system would be desirable where the sputtering capabilities are directly in-

line with either the XPS characterization capability or the OPV deposition capability.

However, all of these instruments are large, are at different heights, and have multiple

limitations imposed by the position of hardware accompanying each instrument. Space
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within the laboratory also limits the ability for vacuum integrated systems. While these

limitations are not insurmountable, the vacuum transfer capability is sufficient for

obtaining carbon-free freshly-prepared thin films and can be integrated with both the

OPV and XPS capabilities. This transfer technique could also be used for developing

inert environmental controls in a simpler manner than that described above for the glove

box.

FIGURE 2.12. The modified sample holder for Kratos sample
stubs is shown on the platen of the sputter deposition system.
The three sputtering guns are shown across the top of the
picture. The platen assembly had to be modified to allow
access to the sample from the left-hand side of the chamber.

FIGURE 2.12. The modified sample holder for Kratos sample
stubs is shown on the platen of the sputter deposition system.
The three sputtering guns are shown across the top of the
picture. The platen assembly had to be modified to allow
access to the sample from the left-hand side of the chamber.
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FIGURE 2.13. (A) The vacuum transfer “suitcase” is shown attached to the
sputter deposition chamber. Samples can be removed into vacuum and
rough vacuum can be maintained by closing the vacuum valve while the arm
is transferred to another vacuum system. Contamination was observed on
samples transferred using this method. (B) The vacuum transfer chamber is
shown attached to the sputter deposition chamber. Samples can be removed
into ultra-high vacuum and vacuum can be maintained while the arm is
detached from the sputtering instrument and transferred to another vacuum
system. Bake-out of this transfer arm allowed for carbon-free oxide films to
be characterized shortly after deposition.

A

B
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FIGURE 2.14. The port for attachment of the
vacuum transfer arm to the Kratos can be
accessed from the back-side of the load lock
chamber.
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FIGURE 2.15. A set of UHV chambers were added in-line with a N2-filled
glove box for OPV fabrication and characterization. The new OPV
fabrication lane is indicated at (A). (The chambers indicated by the blue line
were existing but were unavailable for use.) The OPV deposition chambers
consisted of one chamber used for organic depositions and a second chamber
for deposition of the metallic cathode. Vacuum conditions are very good,
low 10-7 torr, and sample transfer into the glove box is easily accomplished
with the magnetic transfer rod. A third turbo pumped chamber (B) allows for
the ITO substrates to be held in a separate vacuum chamber while sources are
baked-out and brought to deposition temperature.

B

A

FIGURE 2.15. A set of UHV chambers were added in-line with a N2-filled
glove box for OPV fabrication and characterization. The new OPV
fabrication lane is indicated at (A). (The chambers indicated by the blue line
were existing but were unavailable for use.) The OPV deposition chambers
consisted of one chamber used for organic depositions and a second chamber
for deposition of the metallic cathode. Vacuum conditions are very good,
low 10-7 torr, and sample transfer into the glove box is easily accomplished
with the magnetic transfer rod. A third turbo pumped chamber (B) allows for
the ITO substrates to be held in a separate vacuum chamber while sources are
baked-out and brought to deposition temperature.

B

A
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Chapter 3

NEAR-SURFACE COMPOSITION AND REACTIVITY OF INDIUM OXIDE

AND INDIUM TIN OXIDE CHARACTERIZED IN VACUO BY

PHOTOELECTRON SPECTROSCOPY

3.1 Introduction

Transparent conducting oxide (TCO) films, such as indium tin oxide (ITO), have been

shown to exhibit an extremely variable surface composition based upon the method of

fabrication and surface pre-treatment.16,18,39,40,47,82,89-99 Several notable reports have

discussed the changes in composition and work function after solvent cleaning,12 various

plasma cleaning treatments,16,28,40,79,95,100-103 and exposure to acids and bases.94,104,105

Unfortunately, these studies are always performed with ex situ sample preparation where

contamination is unavoidable. Previous work has evaluated changes in the O(1s) line

shape of commercial ITO with respect to binding energy alignments of standard materials

in an attempt to identify individual components of the O(1s) and In(3d) emission peaks.12

This approach lacked a baseline study of the intrinsic photoemission line shapes for ITO,

which has necessitated the additional studies documented here.

TCOs in general, and ITO in particular, pose special challenges for complete surface

characterization by XPS and UPS. Standard oxides and hydroxides of indium and tin

(e.g. In2O3, In(OH)3, InOOH, SnO2, etc.) are available, or can be produced, but are never

available on top of, or as part of, an oxide lattice with a high concentration of oxygen
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vacancies. It was necessary to create clean indium oxide and ITO surfaces in high

vacuum environments where defect concentrations could be produced similar to those in

commercially available films. Subsequent exposure to atmosphere was also performed to

help derive a more fundamental description of the surface composition, while providing a

relevant benchmark for TCO surfaces routinely used for devices and other applications.

This chapter focuses on the preparation and characterization of carbon-free thin films of

both indium oxide (In2O3) and tin-doped indium oxide (ITO) with a special focus on the

O(1s) line shapes in these materials. The O(1s) core levels are primarily investigated in

XPS studies of these oxides as this region reveals the greatest sensitivity to changes in

surface composition. The In(3d) and Sn(3d) spectra are relatively insensitive to the

nature of oxide/hydroxide composition in the near surface region and significant

differences in spectra were not resolvable with the given instrumentation. Exposure to

atmosphere and sputter-cleaning in UHV environments was used to investigate the

intrinsic surface species of freshly deposited ITO via XPS analysis. The surface was

found to be slightly hydrolyzed although free of carbon contamination. Exposure to

atmosphere reveals a substantial disposition of the clean surface towards hydrolysis and

adsorption of further contamination. Sputter cleaning of the ITO reproduces the

previously carbon-free surface while also removing any hydroxylated components.

Comparisons of the ITO films to indium oxide films allows for a relatable peak fitting

procedure and identification of an oxygen component associated with the doping level.

The use of pristine TCO surfaces has remained relatively unstudied in the literature and
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de-convolution of O(1s) spectra in an attempt to unambiguously identify surface species

was a novel approach.
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3.2 Results

3.2.1 Characterization of Indium Oxide Films

Indium oxide deposited and annealed under reducing conditions is conductive, due to

oxygen vacancy doping, and is also transparent. Indium oxide was selected as a standard

material to investigate the intrinsic native oxide surface of ITO as it gives rise to the bulk

structure of ITO but lacks the complexity introduced by the addition of tin.

The vacuum preparation methods by which clean oxide surfaces could be obtained were

discussed in Chapter 2. Indium oxide was sputter deposited using the same conditions as

were used for ITO and was characterized in vacuo via X-ray photoelectron spectroscopy.

A survey spectrum for the in vacuo characterized film of indium oxide is shown in Figure

02004006008001000

FIGURE 3.1, Carbon free In2O3 can be prepared via
sputter deposition. Transfer and characterization can be
performed under UHV conditions. The absence of
carbon is clearly apparent in the survey spectrum.
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3.1 revealing the absence of carbon. The In(3d5/2) peak, shown in Figure 3.2, is nearly

symmetric, consistent with other literature reports for indium oxide.22,106 The O(1s)

spectrum is shown in Figure 3.3, where the main O(1s) component is approximately

symmetric, but there is a large residual component at high
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FIGURE 3.2, The In(3d5/2) for In2O3 characterized in
vacuo is nearly symmetric. Also shown is the valence
band spectrum for clean In2O3.
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binding energy to the main component. This spectral line shape has been observed for

other in vacuo characterized indium oxide films.22,106 It would be expected that both the

In(3d5/2) and O(1s) peaks would be nearly symmetric, i.e. fittable by only one peak.

It is known that there are two lattice positions for indium in indium oxide, an “a-site” and

a “b-site” which are differentiated by In-O bond orientations, however, it is beyond the

capabilities of XPS to distinguish between the two forms.10,11 Therefore, there should

only be one identifiable type of indium lattice position and one identifiable type of

oxygen in the indium oxide film. The only other chemical possibilities, given the in

FIGURE 3.3, Exposure of freshly prepared indium oxide to
atmosphere for various times shows a saturation of
contamination quickly. The shoulder on the O(1s) peak of
In2O3 does not increase in intensity significantly after 5
seconds of exposure. Additionally, only one second of
exposure was necessary to dramatically increase hydroxylation
and/or contamination levels. Times of exposure to atmosphere
were 0, 1, 5, and 60 seconds.
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vacuo preparation, are sites adjacent to oxygen vacancies, and sites with unsaturated

coordination at the surface.

No direct explanation has been given for the shoulder observed on the O(1s) emission,

although hydroxide and peroxo-type species have been proposed.12,22 Upon exposure to

air, the high binding energy component was observed to increase in intensity relative to

the main component, also shown in Figure 3.3. The increase in intensity of the high BE

component with air exposure strongly suggests that the species may be related to

hydroxylation of the In2O3 surface, however, it should be noted, that the presence of

atmospheric contaminants is inevitable upon air exposure and will also contribute to the

increase in intensity of the shoulder component. Only one second of exposure was

required to significantly increase the intensity of the shoulder component. Very little

difference in the intensity of the shoulder was observed between 5 seconds and 1 minute

of exposure.

Sputter cleaning was performed to remove water, carbonaceous impurities, and

hydroxides. The change of the O(1s) line shape with sputtering is shown in Figure 3.4.

Sputter cleaning was ceased when a constant O(1s) line shape was obtained. Sputter

cleaning was used here as a so-called “check” for hydroxide contamination and has not

been previously reported in the literature for other in vacuo studied TCO surfaces. The

resulting O(1s) line shape is asymmetric towards high BE and does not have the shoulder

as was previously observed in Figure 3.3.
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This spectral line shape can be considered to be representative of the bulk In2O3 type

oxygen species as all other forms of oxygen should have been removed. To fit this

component with only one peak requires an asymmetrically fitted peak. The fact that the

O(1s) line shape stabilizes at a constant line shape after sputtering suggests that the

intrinsic O(1s) line shape for In2O3, and most likely for ITO as well, is asymmetric.

526528530532534536

increased
sputtering
time

FIGURE 3.4, An air exposed sample of indium oxide was
analyzed as a function of sputter etching. The O(1s) spectra
show a decrease in the high binding energy shoulder with
sputtering indicating a decrease in hydroxylated and contaminant
components. After prolonged sputtering an asymmetric line
shape towards high binding energy (thick line) is obtained that
does not change with further sputtering.
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Since contamination has been removed via sputter cleaning, it is proposed that the

asymmetry arises from a chemically heterogeneous environment. Multiple

crystallographic orientations, diverse chemical species, and surface roughness can all

affect the observed spectral width and symmetry of fitted components. The fitting of the

O(1s) line shape was performed as shown in Figure 3.5 with a FWHM of 1.25 eV, with

the other fitting parameters given in Table 3.1. The fitted asymmetric line shape will be

used in all subsequent fitting procedures as the representative In2O3 component, peak A.

Figure 3.6 shows the fitted O(1s) spectrum for the in vacuo characterized sample using

FIGURE 3.5, The O(1s) spectrum (circles) for sputter cleaned indium
oxide can be fit with only one asymmetric component (gray line). The
difference spectrum is relatively small.
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FIGURE 3.5, The O(1s) spectrum (circles) for sputter cleaned indium
oxide can be fit with only one asymmetric component (gray line). The
difference spectrum is relatively small.

In
te

ns
it

y
.2

.0

.8

.6

.4

.2

536 534 532 530 528 526
Binding Energy (eV)



112

the single asymmetric component. The fit of the main component is good and the

additional high BE component is clearly shown in this difference spectrum.

3.2.2 Overview Spectra of ITO Films

Clean ITO surfaces were obtained in the same manner as for clean indium oxide surfaces.

Air exposure of the clean surface and sputter cleaning were used to characterize the O(1s)

spectra relative to the sputter deposited indium oxide standard. The sputter deposition

recipe was used as discussed in Chapter 2 creating a highly conducting and transparent

film. In the appendices the characterization of the ITO films is given in more complete

FIGURE 3.6, The main component of the O(1s) spectrum for the in
vacuo characterized In2O3 can be fit with one peak. A residual
component is observed at high binding energy corresponding to
hydroxide-type species.
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FIGURE 3.6, The main component of the O(1s) spectrum for the in
vacuo characterized In2O3 can be fit with one peak. A residual
component is observed at high binding energy corresponding to
hydroxide-type species.
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detail. It should be noted that the ITO quality, in terms of transparency and conductivity,

is sufficient for device applications. Some of the discrepancies that appear to exist in the

interpretation of data from ITO characterizations may arise from the fact that not all

investigators have used highly conducting and/or highly transparent films. However,

since a report on one of these two factors is often omitted from many publications, it is

very difficult to determine the extent to which this is a source of error.

Figure 3.7 shows the survey XPS spectra for sputter deposited ITO characterized in

vacuo, the ITO surface exposed to atmosphere, and the ITO surface after sputter cleaning

to remove all traces of contamination. Figure 3.8 shows the C(1s) core level emissions

for the three surfaces. After summing the counts from 20 scans of the C(1s) region a

02004006008001000

FIGURE 3.7, Survey scans of the in vacuo prepared and
characterized ITO sample, the freshly deposited film after exposure
to air, and the sputter cleaned surface.
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small carbon signal just above baseline is resolvable for both the in vacuo characterized

and sputter cleaned samples. This level of carbon is virtually insignificant and could be a

result of contamination during analysis as the time required for characterization is

prolonged. It should be noted that the so-called “cleaned” commercial ITO samples, as

are routinely studied in the literature, where cleaning has been performed via solvents,

oxygen plasma, and/or other ex situ methods, exhibit a carbon signal of comparable, or

greater, intensity than that observed for the air-exposed sample.

280282284286288290292294

FIGURE 3.8, High resolution scans summed over 20
cycles of the C(1s) region reveal significant carbon
contamination on the air exposed ITO sample. The in
vacuo characterized and sputter cleaned samples show
levels of carbon just above baseline.
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It was previously discussed that the O(1s) core level line shape shows the greatest

variation between samples and serves as the primary focus for discussion, however, the

indium and tin emissions will be briefly discussed here. Figures 3.9 and 3.10 show the

normalized In(3d5/2) and Sn(3d5/2) core levels for the respective ITO surfaces. The

In(3d5/2) peak is clearly more asymmetric towards higher BE than was observed for the

same peak in indium oxide. It would appear that the main component of the In(3d5/2)

peak in ITO is narrower than for indium oxide, and that other components must exist at

higher BE to the main component. Other components may be likely since tin is

incorporated into the lattice and additional sites would exist. Some variation can be

FIGURE 3.9, Differences in the In(3d5/2) line shape are slight for
the three types of ITO surfaces characterized. The spectra are
normalized in intensity such that line shapes can easily be
compared. (gray line) sputter cleaned ITO, (black line) in vacuo
characterized ITO, and (dotted line) air exposed ITO.
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observed between the line shapes for the three differently treated ITO samples, however,

the components which may arise due to chemical species in different environments in the

indium and tin emissions will have small BE shifts and, unfortunately, cannot be

adequately resolved. X-ray induced Auger emission for indium and tin do not show

significant changes from sample to sample and do not suggest that there are tin or indium

metallic components in the film.

The valence band spectra from XPS analyses are shown in Figure 3.11 for the three ITO

samples. All samples exhibit an estimated Fermi level position at ca. 3.3 eV above the

FIGURE 3.10, The Sn(3d5/2) line shapes are shown for the
three different ITO surfaces. Very little change in the line
shape is observed between the sample characterized in vacuo
(black line) and the sample exposed to air (dotted line). The
line shape for the sputter cleaned ITO (gray line) sample
appears to have narrowed relative to the other two peaks.
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BE for the onset of the valence band maximum (VBM). The spectrum from air-exposed

ITO shows no emission in the band gap. Emission in the band gap is observable for the

sputter-cleaned ITO sample with a steady increase in intensity from EF to the onset of the

VBM. This emission has been previously reported with the explanation that surface

states have been created in the film from the sputter bombardment process.22

The valence band for the in vacuo prepared ITO shows some emission between ca. 1eV

and the Fermi level. Previous reports indicate that the Fermi level at the surface is

located in the band gap and no emission should be expected.107 The bulk region of ITO

should have a Fermi level located close to, or within, the conduction band, as ITO is

-2-1012345

FIGURE 3.11, Valence band spectra for the three ITO samples reveal
significant differences. Emission is observed at the Fermi edge for the in
vacuo characterized sample. No emission is observed through the band
gap or at the Fermi edge for the air exposed sample. Emission is observed
throughout the band gap for the sputter cleaned sample, likely due to
damage and the presence of surface states.
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generally regarded as a degenerate semiconductor.2 A surface region with EF in the band

gap would have an unpredictable thickness. If the thickness of the surface region is

smaller than the information depth of the PES characterization, then the resulting VB

spectrum may be the superposition of emission from both the bulk and surface regions.107

Another explanation for the Fermi level emission has also been proposed as emission

from a 2-dimensional electron gas from occupied surface states.22

3.2.3 Fitting of the O(1s) Core Level: ITO Comparison to Indium Oxide

The complexity of the ITO surface, especially when contaminated, has made the

characterization and interpretation of the oxide surface composition extremely difficult.

The early analyses of ITO, done nearly 30 years ago, did not have the sophisticated

instrumentation available today.2,108,109 Recently, the use of TCO materials for organic

electronics has stimulated further characterization of ITO, as the interface between the

inorganic oxide and organic molecules plays an important role on device performance.

One of the earliest investigations from recent times, primarily the work of Kim et. al. has

been contradicted by later investigations.14 However, a large number of reports have also

been published based upon conclusions from this earlier publication.13,25,94,110 New XPS

interpretations are still frequently proposed.12,22,23,36,102,111 Of the many suggested O(1s)

peak assignments are several forms of metal hydroxides, carbonaceous materials

containing oxygen, oxygen bound to tin versus oxygen bound to indium, and oxygen

adjacent to oxygen vacancies. The latter assignment being the most unlikely as high

oxygen vacancy dopant concentrations should still be below XPS detection limits,
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however, this assignment can often be found in the literature. Consequently, confusion

exists regarding the peak fitting and chemical assignment of peaks in the O(1s) line

shape.

Figure 3.12 shows the normalized O(1s) spectra for the in vacuo characterized ITO and in

vacuo characterized indium oxide films, where the peaks have been aligned on the BE

scale to have a minimum difference near the peak maxima and along the low binding

energy side of the spectra. The difference spectrum uses the indium oxide line shape as a

baseline. This figure clearly shows that a significant spectral contribution exists in the

ITO spectrum that does not exist in the indium oxide spectrum. Since the greatest
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FIGURE 3.12, Adjusted and normalized O(1s) spectra of
in vacuo characterized ITO and indium oxide reveal a
significant spectral contribution in the ITO spectrum that
does not exist in the indium oxide spectrum.
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difference between ITO and indium oxide is the presence of tin, it is probable that this

spectral intensity correlates to tin content. The intensity ratio of this spectral component

relative to the intensity of the main component agrees well with the expected tin doping

for these films. This is a significant observation and indicates that the O(1s) line shape

for ITO can be fit with only two components, the second of which, peak B, correlates, in

some way, to tin.

Figure 3.13 shows the fitting of the O(1s) line shape for sputter cleaned ITO. The O(1s)

line shape can be fit using two asymmetric peaks. Peak A uses the same fitting

conditions as were used for peak A in the sputter cleaned indium oxide standard. The

fitting parameters are given in Table 3.1.

TABLE 3.1, Parameters for the peak fitting of O(1s) 
spectra. Peak A is representative of bulk ITO while Peak B
is representative of oxygen related to tin content.

Peak A Peak B

Asymmetry -0.2 -0.2

Relative Energy Shift (eV) N/A 1.07
Intensity Ratio (B/A) N/A 0.12
Gauss/Lorentz Ratio 0.8 0.7
FWHM 1.25 1.35
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3.2.4 Identifying the Tin-Associated Component

Comparisons of the binding energy differences between oxygen in SnO2 versus In2O3

may allow for verification of oxygen bound as either Sn-O or In-O type in ITO.

Literature values for the BE of the main component of O(1s) in SnO2 is 531.1 eV with a

FWHM of 1.29.112 The O(1s) for In2O3 is reported to be at 529.9 eV with a FWHM of

1.19.112 These BE values were derived by using adventitious carbon as the reference for

calibrating the BE scale. The BE values give a 1.2 eV difference between the two O(1s)

components. A difference of 1.07 eV was used for the fitting of the ITO O(1s) described

FIGURE 3.13, The sputter cleaned ITO O(1s) spectrum can be used as a
baseline for fitting. The use of only two fit peaks approximates the
experimental spectrum very well, as indicated by the low error in the
difference spectrum. Peak A is given by the dotted line while Peak B is
given by the dashed line.
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FIGURE 3.13, The sputter cleaned ITO O(1s) spectrum can be used as a
baseline for fitting. The use of only two fit peaks approximates the
experimental spectrum very well, as indicated by the low error in the
difference spectrum. Peak A is given by the dotted line while Peak B is
given by the dashed line.
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above. Additionally, the FWHM used for fitting also follows the same trend, where peak

B is wider than peak A. The fitted components do not agree perfectly with the literature

values for SnO2 and In2O3 but some discrepancy is reasonable as ITO is a different

material and comparisons are only made on a relative basis. The fact that oxygen in

SnO2 occurs at a higher BE agrees with the observation of an additional component at

higher binding energy in the difference spectrum of ITO and In2O3, Figure 3.12.

Assignment of peak B as a Sn-O type species, however, is not confirmed and will be

discussed further below. 

 

To test the BE positions as were just mentioned, commercially available SnO2 was

analyzed via XPS and the binding energy differences were compared to those observed

for indium oxide and ITO, Figure 3.15. The BE difference between the In3d(5/2) peak

and the O(1s) peak of In2O3 and ITO is nearly identical, 85.4 and 85.6 eV, respectively.

Additionally, the BE difference between the Sn3d(5/2) and O(1s) peak of SnO2 and ITO

is also nearly identical, 43.8 and 43.7 eV, respectively. This analysis indicates that the

O(1s) peak of SnO2 should not be shifted to higher BE than the O(1s) peak of In2O3.

This is in contradiction to what was observed for the literature values where the BE scale

was calibrated to C(1s). The likely cause for this discrepancy is that the spectral

components of the bulk material may shift due to Fermi level position while the C(1s)

level would not shift. The BE differences between In3d(5/2) and O(1s), and Sn3d(5/2)

and O(1s), is a much more reliable method. Therefore, assignment of peak B as a Sn-O

species cannot be unequivocally made.
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Identification of Peak B as a Sn-O species could not be made, but an evaluation of Peak

B as a function of tin concentration appears to reveal that Peak B is related, in some way,

to tin. Commercial ITO films with different levels of tin were available. These films

were sputter cleaned such that the tin/indium ratio could be determined from carbon-free

surfaces. In confirmation of the peak fitting procedure, the O(1s) peaks for the sputter

FIGURE 3.14, Survey spectra for tin oxide, indium oxide, and tin doped
indium oxide are shown for the region where the O(1s), Sn(3d), and
In(3d) emissions occur. Binding energy differences between the peaks
reveal that there is virtually no difference in the binding energy difference
for Sn-O versus In-O type species in ITO.
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cleaned commercial ITO samples could also be fit with only two components following

the protocols given above for home-made ITO. Figure 3.15 shows that the peak B to

peak A ratio tracks with changes in the Sn/In ratio. The tin to indium ratio was

determined by comparing the relative areas of the Sn(3d5/2) peak to the In(3d5/2) peak as

discussed in Chapter 2. More evidence of the correlation between peaks A and B and

indium and tin will be given in the following chapter.
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FIGURE 3.15, The ratio of the fitted peak areas, Peak B
and Peak A, of the O(1s) spectra of ITO linearly scales
with the tin to indium ratio as determined by area analysis
of the In(3d) and Sn(3d) peaks for four sputter cleaned
samples of commercial ITO.
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FIGURE 3.15, The ratio of the fitted peak areas, Peak B
and Peak A, of the O(1s) spectra of ITO linearly scales
with the tin to indium ratio as determined by area analysis
of the In(3d) and Sn(3d) peaks for four sputter cleaned
samples of commercial ITO.
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3.3 Atmospheric Exposure of Freshly-Deposited ITO

Figures 3.13, 3.16, and 3.17 show XPS spectra for the O(1s) of sputter cleaned ITO,

freshly sputter-deposited ITO characterized in vacuo, and air exposed ITO, respectively.

The experiment was performed by first characterizing the freshly deposited film in vacuo.

The film was then exposed to air for 30 minutes and reanalyzed. Finally, the film was

sputter cleaned to remove all contaminants and analyzed as the baseline case. The

respective difference spectra are also given where the fitted O(1s) peak for the sputter

cleaned surface is used as the baseline, thus, the peak B to peak A ratio is held constant as

is the asymmetry and Gaussion/Lorentzion ratio. Figure 3.18 shows the normalized

O(1s) and difference spectra for the three samples.

The difference spectrum for the in vacuo prepared ITO sample shows a small hump at

high binding energy to the main peak, ca. 531 eV. This difference correlates to a small

percentage of hydroxylated species, in agreement with chemical reasoning that

hydroxides should appear at higher binding energy as well as with conclusions from

previous studies.12,14 The hydroxide contaminant component is not as pronounced as it

was for In2O3 due to the presence of peak B in the O(1s) line shape. After air exposure,

the difference at high binding energy becomes greater, consistent with hydroxylation of

the surface and the introduction of a variety of other chemical species including the

contamination implicated by the increase in the C(1s) signal (Figure 3.8). It is difficult to

accurately determine which regions of this difference spectrum are attributable to

hydroxides, water, or other species such as CO2, CO, etc. as they would all give rise to
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O(1s) intensity at BE values greater than peak A. Due to this uncertainty the ratio of

peak B to peak A is kept constant, i.e. peak B, which is attributed to a lattice component

associated to tin, is not likely to increase upon atmospheric exposure. Attempts to

identify the hydroxide species have been made by comparing relative BE shifts to known

standards, although these experiments were performed ex situ and suffer from the

superposition of effects just described.12 The existence of hydroxide species such as

In(OH)3 and InOOH is probable, especially in lieu of the solution formation constant for

In(OH)3, KF = 4.3 x 101, discussed in other literature.12,113
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FIGURE 3.16, The in vacuo characterized ITO O(1s) spectrum can
nearly be fit by accounting for the residual component which was
found to be absent in the indium oxide O(1s) spectrum. The fitting
parameters have been used as determined from the sputter cleaned ITO
sample and have not been adjusted. The 2nd component (dashed line) is
likely due to the dopant concentration in the ITO. The difference
spectrum is included and the error at high BE (ca. 531 eV) is indicative
of hydroxide species.
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FIGURE 3.16, The in vacuo characterized ITO O(1s) spectrum can
nearly be fit by accounting for the residual component which was
found to be absent in the indium oxide O(1s) spectrum. The fitting
parameters have been used as determined from the sputter cleaned ITO
sample and have not been adjusted. The 2nd component (dashed line) is
likely due to the dopant concentration in the ITO. The difference
spectrum is included and the error at high BE (ca. 531 eV) is indicative
of hydroxide species.
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FIGURE 3.17, The O(1s) spectrum for the air exposed ITO shows a
significant emission from species at higher BE to the two main
components of the ITO. indicative of hydroxylation and contamination.
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FIGURE 3.17, The O(1s) spectrum for the air exposed ITO shows a
significant emission from species at higher BE to the two main
components of the ITO. indicative of hydroxylation and contamination.
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FIGURE 3.18, The O(1s) spectra for the in vacuo, air
exposed, and sputter cleaned ITO samples have been
normalized and overlaid for direct comparisons of the line
shapes. The difference spectra are also shown for the air
exposed and in vacuo characterized samples using the
sputter cleaned O(1s) spectrum as a baseline. The
difference spectrum for air exposed ITO has a higher
intensity contribution at high binding energy due to the
accumulation of contaminants.
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FIGURE 3.18, The O(1s) spectra for the in vacuo, air
exposed, and sputter cleaned ITO samples have been
normalized and overlaid for direct comparisons of the line
shapes. The difference spectra are also shown for the air
exposed and in vacuo characterized samples using the
sputter cleaned O(1s) spectrum as a baseline. The
difference spectrum for air exposed ITO has a higher
intensity contribution at high binding energy due to the
accumulation of contaminants.
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3.4 O(1s) Peak Fitting Spectral Interpretation

The conclusions reported above give a clear and simple fitting of the O(1s) line shape

with an explanation for the existence of a bulk chemical species (peak A) and a

component associated with tin (peak B). However, some comments on other work are

required as there are multiple explanations in the literature for other O(1s) fitting

procedures and interpretations. These observations will help identify the origin of peak B

in the ITO O(1s) line shape.

Among many other chemical environments in which oxygen may exist in, or on, ITO, are

sites adjacent to oxygen vacancies. This hypothesis was first proposed by Kim et. al.114

and furthered by Donley et. al. with a detailed peak fitting analysis.12 This hypothesis

may seem reasonable as ITO is a degenerate semiconductor with the bulk Fermi level

located in the conduction band. The high carrier concentration is partially due to the high

doping of oxygen vacancies where each vacancy donates two electrons. Indium oxide

and ITO are typically given the empirical formulas In2O3-y and In2-xSnxO3-y, respectively,

to account for the missing oxygen.

The question arises as to whether the concentration of oxygen vacancies would exist at a

level accessible by XPS. The level of oxygen vacancy doping in the indium oxide can be

assumed to be nearly the same as for the ITO as they were both deposited under the same

reducing conditions. According to Gonzalez et. al. the doping level of oxygen vacancies

is noted to decrease upon addition of tin due to the need for charge
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compensation.10,11,20,115 Therefore, if an oxygen-vacancy-component did exist, it would

be more likely to exist in the indium oxide O(1s) peak than in the ITO. In this work, no

additional peaks were observed in the O(1s) of the indium oxide spectrum to suggest the

presence of a component associated with sites adjacent to oxygen vacancies. The

shoulder component at high BE increased with atmospheric exposure and could be

removed with sputtering. However, the asymmetric line shape which was used, may

arise, in part, from the heterogeneity induced by the presence of oxygen vacancies.

Furthermore, carrier densities for reduced indium oxide are on the order of 1018 cm-3 

corresponding to an atomic density on the order of one vacancy in ten thousand sites,

well below the detection limit of XPS (ca. 1%). Additionally, the sample depth of XPS is

only a few nanometers and it has been proposed in the literature that fewer oxygen

vacancies exist near the surface region of ITO as they can be filled by migrating oxygen

during film formation, or by post deposition cleaning procedures such as oxygen plasma

cleaning.15,16,25,28,44,102,103,116-119 Kim et. al. and Donley et. al. both performed angle

resolved studies to make the XPS technique more surface sensitive. These groups

identified ratios of the fitted oxygen-vacancy-peak to the main component at nearly 1:1

intensities. The ratio was observed to increase as the take-off angle was increased to

make the XPS method more surface sensitive. Oxygen vacancies cannot be an

explanation for the second fitted component in those reports as they cannot exist at the

reported ratios (if they are detectable at all) and do not correlate with the observed trend

in surface sensitivity.
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An attempt to identify the hydroxide components on the ITO surface has also been

performed.12 Binding energy references to standard materials were used to correlate the

fitted peaks of the O(1)s spectra for peak identification in ITO. While this is the most

common method for making peak assignments, it is well known that the BE scale can be

greatly affected by charging and must therefore always be evaluated with some

skepticism. Most importantly, all materials were examined with ex situ preparation. As

XPS is a surface sensitive technique, and as it has been shown that ITO is always

contaminated with only brief exposures to atmosphere, the investigation was inherently

limited. To attempt to fit the contaminated surface without ever having a clean surface

can lead to numerous erroneous results and highlights the unique contribution of this

work towards future experimentation as a baseline model is presented. The hydroxide

species proposed by Donley et. al. are likely candidates of surface species and should be

considered as some percentage of the contaminant components on the ITO surface.

However, precise quantification of the components based upon fitted peak intensities is

unreliable. The fitting procedure used in this report allows for identification of a constant

peak B to peak A ratio obtainable from sputter cleaned surfaces. The difference spectra

are therefore indicative of the presence of other species. This is a useful model and will

be discussed further in the next chapter.

Inelastic losses caused by electron scattering with surface plasmons have also been

discussed in the literature for oxide materials.16,22,120-122 The suggestion of plasmon

losses for the photoemission from clean ITO has been made, however, a check to
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evaluate the presence or absence of a hydroxylation layer by sputter cleaning has not

been performed.22 Gassenbauer et. al. fit the O(1s) line shape using three components of

identical symmetry spaced at equal BE intervals. This fitting procedure was used to

account for plasmon losses. During a photoemission event where plasmon losses occur,

the electrons in the conduction band screen the hole left by the emitted electron. This

component therefore appears at lower binding energy from which it would occur in an

un-screened case, and is the primary component of the observed spectral line shape.22

The sequentially less intense components occurring at higher BE to the screened

component are due to interactions of photoemitted electrons with plasmons of the

electron gas at the surface causing satellite features within the spectral line shape.22 The

carrier concentration for doped oxides is less than for metals, so the BE shift of satellite

components is not as great as would be observed in those materials.22 Christou et. al. also

performed fitting to account for plasmon effects, however, the reported fitting procedures

appear to have had a large number of adjustable fitting parameters and the observed

intensity ratios and BE shifts are not consistent.16 Gassenbauer et. al. were able to

correlate the Fermi level position and plasmon effects to tin concentration, as both would

be affected by the doping level.22

Ultimately, plasmon loss effects are correlated to the doping level of ITO. In this work a

viewpoint with a more physical origin for the overall asymmetry of the O(1s) line shape

is taken. Surface roughness, crystallographic orientations, and diverse chemical species

will all give rise to gradually decreasing intensity of a spectral component at BE values
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close to the main component, peak A. Thus, the asymmetry of fitted components is used

to account for heterogeneity of the ITO surface. The second component, peak B, was not

observed for indium oxide but was observed for ITO suggesting that it is related to tin

content. However, peak B was not suggested to be due to a Sn-O type species, and due to

the very compelling evidence of plasmon effects in ITO, it is suggested that peak B is a

likely result of such inelastic loss events. Peak B can be thought of as a component

indicative of the doping level of the ITO where the BE shift from the main component

and relative intensity ratios should relate to carrier concentration as shown above where

the peak B to peak A ratio corresponded to the tin to indium ratio. In this work the

number of fitted components is reduced from that reported by Gassenbauer et. al. and the

line shape for the main component, peak A, was given fundamental fitting parameters by

first analyzing indium oxide as a standard.
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3.5 Conclusions

The above results provide a method by which future experimenters can use the O(1s) line

shape for identification of the doping level as well as surface species such as surface

modifiers. It is suggested that after initial XPS analysis the material should be lightly

sputter cleaned to remove all surface species excessive of bulk ITO. The resulting line

shape should be fittable by two asymmetric components. The author does not attempt to

suggest that the fitting parameters reported in Table 3.1 will be applicable for every ITO

analyzed and the asymmetry, FWHM, intensity ratio, and BE shift of the second

component may all need to be adjusted to accommodate an ITO sample under

consideration. The Gaussian/Lorentzian ratio may also change depending on

spectrometer conditions. In this work the correlation to an indium oxide material, which

was deposited under the same conditions as the ITO material, allowed for identification

of peak A fitting parameters. Unfortunately, this material set may not be available for

other researchers and may lead to some uncertainty in the fitting procedure.

Figure 3.19 shows a schematic view of an idealized model of a freshly sputter-deposited

ITO film, the film after exposure to atmosphere, and the ITO surface after bombardment

with low energy argon ion sputtering. Carbon-free films could be obtained with the UHV

transfer method, however, a hydroxide layer was formed on the in vacuo prepared oxide

films despite the high vacuum environment used for film growth, and the ultra-high

vacuum used for sample transfer and characterization. Atmospheric exposure resulted in

the likely hydrolysis products of indium and tin as well as contamination from
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carbonaceous materials, water, and other atmospheric components. In this work,

atmospheric exposure of the in vacuo prepared material was performed instead of

deliberate surface modification. The resulting difference spectra, Figure 3.18, correlate

to surface contamination while peak B gives an indication of the doping level. In cases

where a surface modifier replaces surface contamination it could be assumed that the

difference spectrum would be an indication of the surface modifier itself. In the next

chapter this procedure will be used for other ITO samples and also for other surface

preparation methods.
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FIGURE 3.19, The ITO surface is complex and variable depending on differential
pretreatment conditions. Bulk ITO can be deposited via sputter deposition and
characterized without breaking vacuum. This procedure indicates that the surface
of ITO, even under vacuum conditions, contains a layer of hydroxyl terminations
(A) and minor contamination levels (B). Upon air exposure (1) the level of
contamination is observed to increase in both the O(1s) and C(1s) spectra giving an
unavoidable contaminant layer (C) due only to reactions with atmospheric
components and adsorption from atmosphere. Sputter cleaning (2) can be used to
temporarily remove all contamination. Air exposure of the sputter cleaned surface
(1b) results in the same surface as obtained from air exposure of a freshly prepared
ITO film. Long term exposure in air or solvent pretreatments (4) result in a largely
contaminated surface (D) although the surface monolayer is presumed to remain
unchanged.
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FIGURE 3.19, The ITO surface is complex and variable depending on differential
pretreatment conditions. Bulk ITO can be deposited via sputter deposition and
characterized without breaking vacuum. This procedure indicates that the surface
of ITO, even under vacuum conditions, contains a layer of hydroxyl terminations
(A) and minor contamination levels (B). Upon air exposure (1) the level of
contamination is observed to increase in both the O(1s) and C(1s) spectra giving an
unavoidable contaminant layer (C) due only to reactions with atmospheric
components and adsorption from atmosphere. Sputter cleaning (2) can be used to
temporarily remove all contamination. Air exposure of the sputter cleaned surface
(1b) results in the same surface as obtained from air exposure of a freshly prepared
ITO film. Long term exposure in air or solvent pretreatments (4) result in a largely
contaminated surface (D) although the surface monolayer is presumed to remain
unchanged.
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Chapter 4

SPUTTER ETCHING EVALUATION OF COMMERCIAL ITO

AND CHARACTERIZATION OF ITO PRETREATMENTS

4.1 Introduction

While the reactivity of ITO is now well established the cause of electro-activity

enhancements of cleaning treatments is poorly understood. Tin migration to the near

surface region has been suggested as a probable electro-active “hot-spot”, i.e. a site where

electron transfer rates are high. Early work on ITO showed that SnO2 domains could

form on the ITO surface. The presence or absence of oxygen vacancies has also been

discussed in the literature with respect to electron transfer. These concepts will be

discussed below and a method for the analysis of this complex system will be given.

Capabilities were previously discussed using sputter deposited ITO to perform careful

XPS analysis and to establish a baseline fitting procedure for ITO in general. The fitting

procedure has also been found to apply to commercially available ITO thin films.

Commercial ITO is used for most literature studies, however, there are many suppliers of

ITO and variations in conductivity, transparency, roughness, color, thickness, and

crystallinity are often observed between batches. Additionally, electrochemical cyclic

voltammetry sometimes reveals differences in electron transfer rates with solution probes

such as ferrocene. In this analysis, several batches of commercial ITO were examined

with respect to the crystallography and an attempt to determine the tin concentration of
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the ITO. The initial hypothesis, and observations from the literature, suggested that the

tin content of the commercial batches was significantly different. A method is developed

to evaluate such theories. Cleaning procedures for commercial ITO and characterization

of those cleaning procedures are also discussed below.

FIGURE 4.1, UV/Vis transmission spectra for four different
ITO samples obtained from the same commercial supplier.
Three of the samples have nearly the same thickness while
sample B_400 (blue) is thicker.
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FIGURE 4.1, UV/Vis transmission spectra for four different
ITO samples obtained from the same commercial supplier.
Three of the samples have nearly the same thickness while
sample B_400 (blue) is thicker.
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4.2 Sputter Depth Etching

4.2.1 ITO Samples

Four samples were selected as they were all from the same supplier but were found to

exhibit different behavior. UV/Vis spectra of the four samples are shown in Figure 4.1.

The “blue” sample is clearly thicker than the other three samples with noticeable

interference fringes. Sample thicknesses were estimated at 140±10 nm for the “blue”

sample, and 100±10 nm for the “yellow”, “new”, and “old” ITO samples. The

resistivities of the four ITO samples were comparable. Sheet resistances of 15.1±0.5,

16.6±1.0, 14.3±0.7, and 15.1±1.1 Ω/□ for the “new”, “old”, “blue”, and “yellow” ITO

were determined, respectively.

X-ray diffraction of the four samples was also performed, Figure 4.2. Previous

discrepancies of crystallographic orientations among ITO have been discussed.123 The

(111) and (100) reflections are extinguished due to the lattice periodicity but higher order

reflections indicative of those crystalline orientations can be observed. The (222)

reflection (at 32o 2θ indicative of (111)) is inherently stronger and usually has a higher

intensity than the (400) peak (~35o 2θ indicative of (100)). An XRD pattern with this

intensity ratio indicates a normal distribution of particles/grain orientations. If the (400)

peak shows a greater intensity than the (222) then there is a greater concentration of

grains with (100) orientation than would normally be present for typical ITO or indium

oxide. The “yellow” and “new” samples exhibit normal distributions of grains, while the

“blue” and “old” samples show greater intensity of the (400) peak. The “old” ITO
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sample appears to show a larger amorphous hump, however, the broad amorphous band

is primarily due to the glass substrate and it is unreliable to make an assumption on the

relative quantity of amorphous material in the respective ITO samples. Crystallite sizes

can be approximated from the width of the diffraction peaks and were found to be on the

order of 500 ± 200 Å.

The samples are hereafter named according to batch A, comprised of the “new” and “old”

ITO samples, with the respective XRD peak of greater intensity, sample A_222 and

706050403020

(222)
(400)

(440)

FIGURE 4.2, XRD patterns for four different types of commercial
ITO. The three most intense diffraction peaks are indicated. The
greater intensity of the (222) peak is correlated to a material with a
normal distribution of polycrystalline phases as is typical for ITO, as
this peak is inherently stronger. The samples with a greater intensity
of the (400) peak relative to (222) indicate a greater percentage of
those crystalline phases.
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FIGURE 4.2, XRD patterns for four different types of commercial
ITO. The three most intense diffraction peaks are indicated. The
greater intensity of the (222) peak is correlated to a material with a
normal distribution of polycrystalline phases as is typical for ITO, as
this peak is inherently stronger. The samples with a greater intensity
of the (400) peak relative to (222) indicate a greater percentage of
those crystalline phases.
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sample A_400. Samples from batch B, the “yellow” and “blue” ITO samples, are

similarly named, B_222 and B_400.

4.2.2 Sputter Etch Profiles

The four commercial ITO samples were solvent cleaned (Chapter 2) and further cleaning

steps were avoided to limit the introduction of additional variability to the ITO surfaces

based upon pretreatment. The presence of carbon contamination was not problematic as

it would be removed during the sputter deposition process and was, in part, a focus for

the experiment. The “A” samples were cleaned during the same process and one sample

was stored in vacuum while the other was analyzed, and similarly for the “B” samples.

This procedure gave two sets of samples of different preferred crystallographic

orientations.

Figure 4.3 shows the change in carbon concentration as a function of the sputtering cycle.

Sputtering conditions were previously discussed. These conditions have been found to be

mildly etching and are often used for carbon removal. Carbon is removed for all samples

indicating that there is no detectable carbon within the bulk of the ITO. The rate at which

carbon is removed is significantly different for the four samples. Due to the ex situ

preparation of these samples it could be proposed that the samples encountered different

types and/or amounts of contamination prior to placement in vacuum. The alignment of

the sputtering beam with the sample may also have changed from sample to sample;
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however, this is very unlikely as it would involve some alteration of the instrumentation

which was not performed.

It is interesting to note that the (400) ITO samples have higher concentrations of carbon

than the (222) samples within each ITO set, A and B, even though the cleaning processes

for these sets were completely separate. The rate of removal of carbon is different for

each of the samples regardless of initial carbon concentration, batch of ITO (A or B), or

crystallographic orientation.
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FIGURE 4.3, The change in the percent composition of carbon is
shown as a function of the sputtering cycle for four different
commercial ITO samples. Sample A_222 shows a gradual decrease
in the percent of carbon contamination while B_400 shows a
complete removal of carbon after only 3 sputtering cycles.
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commercial ITO samples. Sample A_222 shows a gradual decrease
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The solid lines in Figure 4.3 are produced from modeling of the data. It was initially

observed that for the A_400 sample the rate of removal of carbon was systematic. After

the first sputtering cycle approximately half of the carbon was removed. For subsequent

sputtering cycles approximately half of the previously removed amount was again

removed. This pattern suggested a geometric type series of the form:

n

x
y 






=

1
4.1

Where, for the case of A_400 carbon removal, x would be 2 and n would be the

sputtering stage. A phenomenological equation was developed to describe the removal of

carbon.

n

Xo Z
IIX 






+=

1
4.2

Io represents the concentration of the elemental species in the bulk of the material. Ix

theoretically represents a surface excess of the elemental species which is removed at a

fractional rate. The greater the value of Z, the faster is the rate of removal of the surface

excess. This equation was found to account for the removal of carbon for all four ITO

samples as shown in Figure 4.3 and summarized numerically in Table 4.1.
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TABLE 4.1, The percent compositions of carbon, indium, tin, and oxygen were
observed to change as a function of sputtering cycle. This process was modeled with
a phenomenological equation using the form of a geometric series. The simplified
model only includes the decrease in carbon concentration with sputter etching. For
samples A_222 and B_222 it was determined that changes in both tin and oxygen as
well as carbon had to be considered to model the sputter etching data. For samples
A_400 and B_400 only changes in carbon and tin were required to fit the data.

Simplified ModelSimplified Model Complex ModelComplex Model

Io correlates to the bulk concentration of the given species.
Ix represents a surface excess of the given species.
(1/Z) corresponds to the fractional rate by which the surface excess is removed.
n is the number of the sputter etching cycle (0,1,2,...,30).
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The modeling of carbon removal allows for predictions of what could be expected to

happen to the concentration of tin, indium, and oxygen as a function of sputtering cycle.

As carbon is removed from the concentration percentage it would be expected that the

other components would increase in concentration. If all three species were removed at

equal rates, then the concentrations of each respective species should not change once

carbon has been completely removed. Figures 4.4, 4.5, and 4.6 show the changes in

concentrations of indium, tin, and oxygen as a function of sputtering stage, respectively,

for the four ITO samples. The dashed lines in those plots represent the predicted

concentrations of those species where only the removal of carbon is assumed to proceed

at a significantly faster rate. The plateau of the dashed lines were determined by setting

the percent compositions to equal the plateau of the data, if there was such a plateau, after

20 or more sputtering stages, as this value should represent a nearly bulk concentration

level. This procedure essentially normalizes the four data sets for carbon removal by

accounting for the general profile of the data trend. Numerical values are summarized in

Table 4.1.

By inspection of the dashed predictions in Figure 4.4, 4.5, and 4.6 it can be observed that

carbon removal is not a sufficient consideration to explain the etching of indium, tin, and

oxygen for all four samples. Tin etching deviates most significantly from predicted

behavior for all four ITO samples. The change in indium concentration for A_400 and

B_400 is fairly well predicted, as is the change in oxygen concentration for these two

samples, by only accounting for carbon contamination. From these observations it was
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hypothesized that there could be a surface excess of tin, or alternatively, the rate of

removal of tin could be greater than the rate of removal of either indium or oxygen.

Therefore, a second set of predicted curves were created where tin removal was also

considered to be a variable. Values for these equations are given in Table 4.1.

For samples A_400 and B_400 the etching profiles could be modeled by including a

faster etching rate and surface excess of tin, in addition to the etching profile for carbon

as shown by the solid lines in Figures 4.4, 4.5, and 4.6. This analysis shows that the etch

rates for indium and oxygen are approximately the same for these two samples. Both

samples show plateaus in the concentration of oxygen, indium, and tin. It could be

argued that the etch rate of carbon for the other two samples prevents those samples from

reaching constant concentration values within the 30 sputtering stages evaluated,

however, sample A_400 which has the second slowest etch rate for carbon does reach

plateau concentrations indicating that the etching profiles are due to a material property.

The sputter etching profiles for samples A_222 and B_222 could also be approximated

by including the etch rates for tin and carbon as described above. However, the

concentration of indium was observed to increase in a linear fashion for both samples at

high sputtering stages, whereas a plateau was observed for samples A_400 and B_400.

An increase in indium concentration can also be interpreted in terms of the decrease of

another component at a faster rate than that of indium. The concentration of tin is

observed to decrease in a nearly linear fashion, however, this behavior is already included
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in the modeling procedure. As the concentration of tin and carbon have already been

taken into account, the only other explanation for the increase in indium concentration is

that the rate of removal of oxygen must also be faster than removal of indium. Including

an etch rate for oxygen removal, as well as tin and carbon removal, gives the solid lines

as shown in Figures 4.4, 4.5, and 4.6 for samples A_222 and B_222. Numerical values

for the etching equations are given in Table 4.1. The removal of oxygen is obvious when

the percent compositions are calculated without including carbon, Figure 4.7. The

decrease of oxygen obtains a linear response with sputtering cycle for the (111) ITO

samples, whereas a plateau in concentration is observed for the ITO samples with (100)

favored phases.

In summary, the etching profiles for the two ITO samples with (100) favored crystalline

phases (A_400 and B_400) can be described in terms of faster etching of carbon and tin

while the etching of oxygen is similar to that of the etching of indium. For the two ITO

samples with normal distributions of crystalline phases, samples A_222 and B_222, the

removal of carbon, tin, and oxygen at faster rates than that of indium must be taken into

consideration.

The curvature of the etching profiles for oxygen and indium can be visually correlated to

the background removal of carbon. The sputter etching profiles for tin also appear to be

highly correlated to the sputtering rate of carbon. The removal of carbon is the slowest

for A_222 while it is the fastest for sample B_400. The change in tin concentration is
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small for sample A_222, and no real plateau in the data is observed during the 30 etching

stages. However, for sample B_400 there is a spike in the tin concentration, the tin

concentration then quickly decreases before reaching a constant value. Similar trends can

be observed for the other two samples. Sample B_222 shows a spike in tin concentration

and a more gradual decrease in tin concentration correlated to the slower change in

carbon concentration. Samples B_400 and B_222 showed much higher initial

concentrations of tin than either A_400 or A_222. Samples A_222, B_222, and B_400

reach levels of constant, and nearly equal, tin concentration within the 30 sputtering

stages. Sample A_222 does not reach a constant tin concentration and shows a higher

concentration after 30 stages of sputtering than the other three samples.

Table 4.2 shows empirical formulas for the ITO at three different stages of the sputtering

cycle. These values were obtained by normalizing the percent composition values to the

accepted formula for ITO, In2-xSnxO3-y. The value “y” is intended to account for oxygen

vacancies. Negative values of “y” are indicative of forms of oxygen present in

contamination. These formulas should only be evaluated on a relative basis between one

another, as the values used for relative sensitivity factors in determining percent

composition were identical for all four samples. Errors in RSF will therefore be

negligible when comparing these samples to one another but do prevent the values of “y”

from being used too literally in terms of the actual number of vacancies present.
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FIGURE 4.4, The change in the percent composition of indium as a function of
sputtering cycle is shown for four different commercial ITO samples. Samples
A_400 and B_400 reach a constant concentration level with sputtering cycle,
while samples A_222 and B_222 show a more gradual increase in indium
concentration at early sputtering stages and a small linear increase at high
sputtering stages.
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concentration while samples A_222 and B_222 show gradual declines in tin
concentration.

Sputtering Cycle

P
er

ce
nt

C
om

po
si

ti
on

-
T

in

(circles) – experimental data
(dashed line) – simplified fitted model
(line) – fitted model

0
1
2
3
4
5
6
7
8

0 10 20 30

0
1
2
3
4
5
6
7
8

0 10 20 30

0
1
2
3
4
5
6
7
8

0 10 20 30

0
1
2
3
4
5
6
7
8

0 10 20 30

B_400 (blue)

A_222 (new)

B_222 (yellow)

A_400 (old)
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FIGURE 4.6, The change in the percent composition of oxygen as a function of
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FIGURE 4.6, The change in the percent composition of oxygen as a function of
the sputtering cycle for four different commercial ITO samples is shown.
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0.060.100.21Sn/In

0.060.130.21Sn/In

0.070.080.12Sn/In

0.100.130.16Sn/In

B_400

B_222

A_400

A_222

Stage 30Stage 5 (%C < 1)Stage 0

001.76z

0.800.770.33y

0.130.150.22x

Stage 30Stage 8 (%C < 1)Stage 0

001.50z

0.720.59-0.10y

0.180.230.27x

0.870.820.0y

002.08z

001.58z

0.110.230.34x

0.110.190.35x

0.850.72-0.18y

Stage 3 (%C < 1)

Stage 10 (%C < 1)

In2-xSnxO3-y Cz(e(x+2y))

Stage 30Stage 0

Stage 30Stage 0

0.060.100.21Sn/In

0.060.130.21Sn/In

0.070.080.12Sn/In

0.100.130.16Sn/In

B_400

B_222

A_400

A_222

Stage 30Stage 5 (%C < 1)Stage 0

001.76z

0.800.770.33y

0.130.150.22x

Stage 30Stage 8 (%C < 1)Stage 0

001.50z

0.720.59-0.10y

0.180.230.27x

0.870.820.0y

002.08z

001.58z

0.110.230.34x

0.110.190.35x

0.850.72-0.18y

Stage 3 (%C < 1)

Stage 10 (%C < 1)

In2-xSnxO3-y Cz(e(x+2y))

Stage 30Stage 0

Stage 30Stage 0

TABLE 4.2, The empirical formula for the ITO can be obtained
from the percent compositions after any sputtering cycle. Given
here are teh formulas for the ex situ prepared surface region, the
region after carbon has been removed, and the formula after
prolonged sputtering.



154

50

52

54

56

58

60

62

0 5 10 15 20 25 30

A_222( new)

A_400 (old)

B_222 (yellow)

B_400 (blue)
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concentration observed in the (100) samples.
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4.2.3 Discussion of Sputter Etching Results

There are two possibilities for explaining the observed data on the sputter etching of ITO.

Either there is a surface excess of tin which is removed to reach a concentration of tin

which is representative of the bulk concentration; or, tin is removed at a faster rate than

the other species and is depleted to a concentration at which the rate equilibrates. It is

proposed that the latter is the explanation for the observed etching data. Using this

explanation it is proposed that the initial concentrations of all species are artificially low,

due to the presence of carbon. As carbon is removed the concentration of indium, tin,

and oxygen reach values closer to those present in the bulk material. However, tin is also

etched at a greater rate than indium and oxygen. The peak in the tin concentration profile

must represent a value close to the concentration of tin in the bulk. Upon further

sputtering, tin is depleted from the surface. The modeling equation used above describes

a process whereby tin is easily removed from upper layers of the ITO, but as it is

preferentially etched away, the depth from which tin is removed becomes greater and so

the amount removed is proportionately less. A condition is eventually obtained where tin

is removed from a greater depth within the ITO, however, there is still a higher cross

section for its removal and so the overall etch rate equilibrates with the removal of

indium. This hypothesis is confirmed by the fact that the Sn/In ratio in samples A_400,

B_400, and B_222 are all nearly equivalent after prolonged sputtering despite the

differences in crystallography, carbon contamination, and initial tin concentration.

Figure 4.8 shows the tin to indium ratio of the four samples as a function of sputtering

cycle, and Table 4.2 gives the Sn/In ratio at stage 30. The sampling depth of XPS
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apparently analyzes a depth of the sample in which the stoichiometry of indium and tin is

determined by the sputtering process within that layer regardless of the tin concentration

in the film. A plateau in the Sn/In ratio is not fully reached with sample B_222 which

may be an indication that crystallography does introduce some difference in the

sputtering behavior.

The tin concentration of sample A_222 does not reach the same Sn/In ratio as the other

three samples, but it also does not reach a constant concentration within the 30 sputtering

stages investigated. This behavior is correlated to the slow rate of removal of carbon.

Carbon apparently has a protective effect on tin removal from the lattice. This protective

effect appears to remain long after the concentration of carbon becomes undetectable.
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FIGURE 4.8, The tin to indium ratio changes with the
sputtering etch cycle as the percent concentration of tin
changes. Values of Sn/In at early stages of sputtering are
more likely to be representative of the true ratio within the
bulk material.



157

Notice that for sample B_400 carbon is removed within three sputtering stages and tin

concentration subsequently drops at a faster rate than any other sample. Sample A_400

which has similar crystallography but lower tin content, has a slower decrease in tin

concentration corresponding to the slower rate of removal of carbon. Sample A_222

does not reach constant concentrations of any component (except carbon) and has a very

slow rate of carbon removal.

The mild sputtering conditions used for this experiment are apparently responsible for

much of the observed behavior and allow for the usefulness of this procedure to be

identified. Because the sputtering beam was rastered across the sample it is likely that

ejected material could have been deposited onto previously sputtered locations. This

would average out the observed changes in composition and are a likely explanation for

the importance of carbon in the etching profiles. Additionally, it may be that the

preferential etching of oxygen as correlated to differences in crystallography may not

have been observed by more aggressive sputtering conditions. It could be hypothesized

that more aggressive sputtering conditions would yield a lower Sn/In ratio after

prolonged sputtering as tin could be removed from a greater depth while the XPS

sampling depth would not likely change.

The above analyses suggest that the bulk tin concentration of an ITO sample can be

determined by taking an average of the values of tin content near the peak of the tin

profile. Normalization to the indium content across the same sputtering stages would
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then give an accurate Sn/In ratio for the bulk material. This evaluation gives the data in

Table 4.3 for the four types of ITO. The samples with (100) preferred orientations have

lower tin concentrations than the samples with normally distributed crystallographic

domains. Sample A_400 (old) showed the lowest conductivity and the lowest tin content

of the four samples. Samples A_222 and B_222 have the highest tin contents and gave

moderate conductivities. Sample B_400 has the third lowest tin content but had the

highest conductivity; however, the greater conductivity can also be attributed to the

greater thickness of the ITO film.

The greater rate of removal of oxygen in the ITO films with (111) preferred orientation is

apparently representative. It is known that certain crystallographic faces of ITO grow at

a greater rate than others during PVD film formation, so it is not surprising that the rate

of removal of such material is also dependent upon crystallography. An equilibration of

the rate of removal of oxygen (in the (111) samples) with that of indium would also be

expected, as was observed for the rate of removal of tin, however, the apparent rate is

TABLE 4.3, The ratio of tin to indium was calculated over
the given sputtering stages for the four ITO samples. Sn/In
ratios were found from 0.11 to 0.16 as representative values
for the respective films.

Sputtering stages for
ratio analysis

Sn/In Ratio

1 to 60.11 ± 0.01A_400 (old)

1 to 30.13 ± 0.01B_400 (blue)

3 to 100.14 ± 0.01A_222 (new)

1 to 50.16 ± 0.03B_222 (yellow)

Sputtering stages for
ratio analysis

Sn/In Ratio

1 to 60.11 ± 0.01A_400 (old)

1 to 30.13 ± 0.01B_400 (blue)

3 to 100.14 ± 0.01A_222 (new)

1 to 50.16 ± 0.03B_222 (yellow)
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much lower than for tin and further sputtering stages would be required to reach a plateau

concentration region.

Peak fitting for the O(1s) emission, as was previously described, can also be used to track

changes in peaks O(1s)_A and O(1s)_B with sputtering stage. The correlation between

O(1s)_B and tin is clearly observed in Figure 4.9, where the ratio of O(1s)_B to O(1s)_A

is plotted versus the Sn/In ratio. A nearly linear correlation is observed. Data points at

high Sn/In ratios were calculated from early stages of the sputtering cycle where the

presence of carbon significantly influences the O(1s) line shape.
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4.3 Ex situ Preparations of ITO: Acid Etching, Plasma Cleaning, Solvent Cleaning

4.3.1 Introduction of Surface Pretreatments

Concepts from the above discussion on sputter etching of ITO as well as peak fitting of

air-exposed and in vacuo characterized ITO are relevant for understanding the chemical

changes upon surface pretreatments of commercially available ITO. Three sample

preparations are significant for discussion as they are the most widely used in the

literature and produce the most distinctly interesting ITO surfaces. Ultrasonic detergent

cleaning is used as the initial step for nearly all ITO investigations and will be discussed

here as “solvent-cleaned” or “ethanol-cleaned” samples. Air-plasma, Ar-plasma, and

oxygen-plasma etching are also widely employed as surface pretreatment steps. Oxygen-

plasma etching appears to be the most widely accepted method for removing

carbonaceous material and is routinely used in industrial settings. “Plasma-etched”

samples will be discussed here as samples which have undergone several minutes of

oxygen-plasma etching. Recently, acid etching has been shown to produce uniform

surfaces with desirable surface properties. Such samples will be referred to as “acid-

etched” or “HCl-etched” as hydrochloric acid was used as the etchant. Previous

investigations have detailed the AFM, CAFM, and electrochemical properties resulting

from various pretreatment steps. Such properties are not the focus of this work as they

have already been thoroughly investigated; however, it is helpful to mention some of the

findings previously reported.124 Conducting tip AFM experiments have shown that the

detergent/solvent cleaned ITO samples require the highest bias between the tip and

sample to obtain any current mapping of the surface. Currents up to 1 nA could be
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detected with a 2 V bias. For the oxygen plasma cleaned and acid-etched samples,

currents up to 5 nA could be obtained with a much lower tip-sample bias of 0.02 V.

These electrical observations were suggested to be the result of a tunneling mechanism

for charge transfer, where the solvent-cleaned samples have a thicker barrier region.

Additionally, oxygen-plasma cleaned surfaces are observed to have the most uniform

electrical response as observed via CAFM.

4.3.2 XPS for Commercial ITO Pretreatments

Individual samples of commercial ITO were solvent-cleaned, plasma-etched, or acid-

etched ex situ with as much as one minute of air exposure between cessation of the

cleaning step and placement of the sample into the XPS vacuum environment. XPS

analysis was performed on the pretreated surfaces. Survey spectra of the ITO samples

are shown in Figure 4.10 for the three differently treated ITO surfaces. A survey

spectrum for sputter cleaned ITO is also included. The spectra have been normalized to

the intensity of the indium signal such that the peak areas of the other components can be

directly compared. Carbon concentrations appear to be approximately the same for the

three ex situ prepared samples. The C(1s) peak intensity for the ethanol cleaned sample

is less than for the other two pretreated samples, however, the distribution of the carbon

signal is more broad, and the total area beneath the peak is approximately the same as for

the other two samples. The tin and oxygen emissions also have approximately the same

peak area for all three pretreated samples. The Sn(3d) intensity for the acid-etched

sample is reduced from the other two ex situ pretreated samples, indicating that tin has
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been preferentially etched from the ITO surface. It is interesting that sputter cleaning and

acid etching both appear to preferentially remove tin.

300 295 290 285 280 275 270540 530 520 510 500 490 480

FIGURE 4.10, (A) The survey spectra for ITO samples from the same sheet of ITO
after four different preparation steps are shown. The spectra have been normalized
to the In(3d5/2) intensity such that all other peak areas can be directly compared.
(B) The O(1s) and Sn(3d) spectra are expanded to more clearly show the
differences in those spectral components. Sputter cleaning clearly reduces the
percentage of oxygen relative to the other samples. Sputter cleaning and HCl-
etching both reduce the content of tin in the respective surfaces, although sputter
cleaning appears to cause the greatest reduction in tin concentration. (C) The C(1s)
spectra are expanded to show the differences in the spectral line shapes. Solvent
cleaning results in the broadest distribution of carbon species, but the approximate
area of the C(1s) peak is the same for all spectra except sputter cleaning where
carbon is completely removed.
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High resolution scans of the individual energy levels again reveal that the O(1s) spectrum

is the most variable line shape between samples. Figure 4.11 shows the O(1s) spectra for

several ITO samples, including the sputter deposited ITO and indium oxide samples from

the previous chapter. The intensities have been normalized and the binding energy axis

has been adjusted such that difference spectra can be determined, also shown in Figure

4.11. It was previously shown that the sputter cleaned O(1s) line shape can be fit by two

components which describe both the indium-tin-oxide lattice and the doping contribution.

Thus, the sputter cleaned O(1s) line shape provides a baseline for analysis. It is first

important to note that the difference spectrum between indium oxide characterized in

vacuo and sputter-cleaned ITO reveals that the doping component is lacking in the

indium oxide O(1s) spectrum. Additionally, the hydroxide contribution present at high

BE to the main component of the indium oxide O(1s) results in a positive spectral

contribution at high BE. This contribution has a nearly identical intensity and profile to

that of the difference spectrum for ITO characterized in vacuo across the same BE region.

This indicates that the positive difference signal correlates to the intrinsic hydroxylation

of the ITO surface, indicated in Figure 4.12.

The difference spectra for the oxygen-plasma cleaned and solvent cleaned ITO samples

are also shown with respect to the sputter cleaned ITO. There is a large contribution of

O(1s) intensity for these two samples due to the presence of contamination. The

difference signal extends across a broad region of approximately 4 eV. Since the



165

concentration of carbon was not observed to increase, it can be concluded that the

presence of other hydroxides and/or water is very likely. It has been well established that

electrochemical, photovoltaic, and CAFM results are significantly different for solvent

cleaned versus oxygen plasma cleaned ITO surfaces. However, the differences observed

in XPS are very small. Oxygen plasma cleaning has been observed to give the most

uniform surface properties. Based upon this observation it can be noted that the

difference spectrum for the oxygen-plasma cleaned ITO appears to give the most

Gaussian distribution, however, it is recognized that this effect is extremely small and

cannot be conclusively determined.

Figure 4.12 shows the difference spectrum for the acid-etched ITO sample. Also

included is the difference spectrum for the sputter deposited ITO sample characterized in

vacuo and then exposed to air for several seconds. The difference spectrum for these two

samples is very similar. Approximately the same distribution and intensity is shown for

both difference spectra. The increase in intensity observed for the air exposed sample is

due to the accumulation of contamination and/or hydroxylation of the highly reactive

“clean” surface as was previously discussed. Acid-etching is performed for several

seconds with a concentrated solution of a strong acid. This process removes

contamination along with several layers of bulk material. As much as 10 nm of material

can be removed in a typical acid-etching pretreatment step. Etch rates of ca. 20 nm/min

have previously been determined for the conditions used here.105 The striking similarity

of the difference spectra for the acid-etched and air-exposed samples is most likely due to
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the fact that the exposed surface of an acid-etched sample can be expected to have similar

properties to that of the freshly-prepared ITO sample. The increase in intensity, above

that of the in vacuo-characterized difference spectrum, is most likely due to

contamination from atmospheric exposure for both surfaces. The increase in intensity

observed for the ethanol-cleaned and oxygen-plasma cleaned surfaces will also be due to

atmospheric exposure but will also have other contributing factors and a direct

comparison to the air-exposed or acid-etched samples is not straight-forward.
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FIGURE 4.11, O(1s) spectra for differently treated ITO surfaces. The difference
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contribution of the doping component in indium oxide is clearly lacking while
hydroxide contributions are also observed. Oxygen plasma cleaning and ethanol
cleaning both leave contamination on the ITO surface. HCl-etching, which
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FIGURE 4.12, Bulk ITO, deposited via sputter deposition and characterized ion
vacuum, results in a film containing a layer of hydroxyl terminations (A) and minor
contamination levels (B). Upon air exposure (1) the level of contamination is
observed to increase in both the O(1s) and C(1s) spectra giving an unavoidable
contaminant layer (C) due only to reactions with atmospheric components and
adsorption from atmosphere. Sputter cleaning (2) temporarily removes all
contamination. Air exposure of the sputter cleaned surface (1b) results in the same
surface as obtained from air exposure of a freshly prepared ITO film. Long term
exposure in air or solvent pretreatments (4) result in a largely contaminated surface
(D) although the surface monolayer is presumed to remain unchanged. Acid etching
(3) removes surface contamination along with several nanometers of bulk material,
however, the procedure is generally performed in air which gives the atmosphere
reacted ITO surface. Plasma cleaning (5) gives contaminant levels comparable to
those obtained via solvent cleaning, but changes in the surface composition may also
occur. Literature reports and plasma chemistry suggest that A’ and D’ may differ
from A and D, respectively.
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4.4 Conclusions

It was discussed in this chapter that the sputter etch rate of tin appears to be greater than

for indium and oxygen. Four different samples of ITO were analyzed and found to have

different tin concentrations. The removal of oxygen via sputter etching was found to be

correlated to crystallography. It is known that certain crystallographic planes grow at

faster rates than other crystallographic orientations so it is not entirely unexpected that

the removal of material is also correlated to crystallography. However, it is interesting

that the process can be observed via sputter etching and XPS.

Surface pretreatments of ITO were also analyzed via XPS. Oxygen plasma cleaning and

ethanol cleaning leave contamination on the ITO surface detectable in both the C(1s) and

O(1s) photoemission spectra. Acid-etching appears to produce a surface which is quite

clean but readily reacts with atmosphere to give a contaminated surface as would be

observed for a freshly-deposited material exposed to atmosphere. Acid etching also

preferentially removes tin as was observed for sputter etching experiments.
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Chapter 5

TITANYL PHTHALOCYANINE/FULLERENE SOLAR CELLS:

PHOTOVOLTAICS WITH INCREASED PHOTOVOLTAGE AND RED-

SHIFTED ABSORPTION

5.1 Introduction

Excitonic solar cells based on a single heterojunction between an electron donor, like

copper phthalocyanine (CuPc), and an electron acceptor, like C60, routinely obtain power

conversion efficiencies of at least one to two percent (AM 1.5). Much attention has been

placed on enhancing the short circuit current and fill factor of simple versions of these

systems by reducing series resistance or by increasing exciton dissociation. However, the

open circuit photovoltage (VOC) is generally not a focus for optimization as it is primarily

determined by the materials system. A different materials system is needed to obtain a

higher VOC. As discussed in the Introduction, it is generally accepted that the maximum

possible VOC would be determined by the differences between the electron affinity (EA)

and ionization potential (IP) of the two contacting phases. The exciton binding energy

also has to be included when predicting VOC and these energies have been shown to be

quite high (0.1 to 0.5 eV) in some cases.68,77 The correlation of VOC to band-edge offsets

can be investigated by photoelectron spectroscopy as will be shown in this chapter. The

use of a different material system may lead to a higher VOC and may also allow for the

possibility to optimize device light absorption by increasing the overlap with the solar

spectrum.
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For this work a planar heterojunction device was used as the platform for investigating

titanyl phthalocyanine (TiOPc) as an alternative donor material to CuPc. TiOPc has
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FIGURE 5.1, AFM images (3 x 3 µm) of a TiOPc film before and after
exposure to chloroform vapor. Also shown is the absorbance spectra for
each film. The RMS roughness is indicated for each image. (a) TiOPc
vacuum deposited film on oxygen plasma cleaned ITO indicative of the α–
phase material. (b) The same TiOPc film after 5 minutes exposure to
chloroform vapor. Vapor phase annealing is known to convert the TiOPc
film to the β-phase polymorph, clearly illustrated by the dramatic change in
the absorbance spectrum.
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received very little attention as a donor material in OPVs despite its many potential

advantages. It is a common material used in the xerographic industry due to its generally

high photoconductive properties and near-IR absorption. Many references can be found

on its photoactivity in relation to that technology.125-129 Red-shifts in the absorbance of

phthalocyanines are known to be caused by intermolecular charge transfer interactions.130

The absorbance spectrum of vacuum deposited TiOPc is shown in Figure 1.5 and 5.1.

The spectral width of the Q-band is nearly the same for both CuPc and TiOPc (Figure

1.5); however, the TiOPc peak absorbance is shifted to higher wavelength suggesting

greater intermolecular interactions, which should also be related to greater

photoconductivity. It is well known that certain polymorphs of TiOPc (β-phases) have

peak absorbance extending into the near-IR due to longer range order and, therefore,

higher photoconductivity. Near-IR absorbing films could be desirable for broadening the

spectral absorbance in tandem devices where β-phase TiOPc could be used in

combination with a visible absorbing layer.

The β-phase of TiOPc does not form during high-vacuum depositions performed with the

substrate at room temperature.130 At least 9 polymorphs of TiOPc have been identified,

however, high substrate temperatures, post-deposition annealing, or vapor-phase

annealing are generally required to obtain such phases.129-135 The α-phase of TiOPc is

known to form from vacuum sublimation and is the form predominately observed in all

of the absorption spectra of vacuum deposited TiOPc films in this work. The vacuum

deposited TiOPc film shown in Figure 5.1, AFM image and absorbance spectrum, was
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converted to a β-phase polymorph by vapor-phase annealing with chloroform for five

minutes. The red-shift in absorbance is clearly observed. The morphology of the film is

different from the vacuum deposited TiOPc film. Elongation of domains and grains

appears to be present for the β-phase material and the height scale is significantly greater

for the β-phase image. Large voids appear to be present where material has either been

removed via condensation of vapor or by segregation of the material. Such films would

not be good candidates as substrates for further depositions when creating devices where

electrical shorts must be avoided.

In addition to the band-alignment characterization and absorption properties, the effect of

TCO substrate preparation on device performance characteristics was also evaluated.

Surface preparations for the transparent conducting oxide substrate are known to be

extremely important for device behavior as previously discussed. TiOPc/C60 organic

photovoltaic devices prepared on oxygen-plasma cleaned, HCl-etched, and small

molecule modified ITO substrates result in unique properties in device performance.

Acid etching with strong acids has been shown to result in a very clean and “activated”

surface. Oxygen plasma cleaning is one of the most common preparation steps used for

substrates prior to device fabrication and leads to a high work function TCO. In addition

to the pretreatment steps, a modifier was used in an attempt to reduce RCT, as was

discussed in the Introduction, by wiring redox active species directly to the substrate.

This chapter focuses on a phenomenological examination of device performance based
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upon the three types of surface pretreatments. The following chapter will use modeling

of the J/V curves to give a more thorough analysis of device behavior.
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FIGURE 5.2, A block diagram of the planar heterojunction solar cell is
shown where either CuPc or TiOPc was used as the donor. The J/V
characteristics for TiOPc and CuPc photovoltaics on oxygen plasma
cleaned ITO at 100mW/cm2 illumination are shown for direct
comparison. The OPV devices have nearly the same short circuit
current but the open circuit potential for the TiOPc device is much
greater than for the CuPc device.
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5.2 The Open Circuit Potential: CuPc and TiOPc Heterojunction Comparisons

5.2.1 CuPc/C60 and TiOPc/C60 Photovoltaic Performance

Photovoltaic performance of CuPc solar cells from a vacuum deposition system similar to

the one used in this work have been previously reported.18 VOC values are on the order of

0.4 ± 0.05 V, FF values are approximately 0.4 ± 0.1, and JSC values are near 6 ± 2

mA/cm2. Many examples of CuPc devices can also be found in the literature. The most

notable CuPc/C60/BCP device was reported by Peumans and Forrest.66,68,85,86,136-138 This

device reported the highest efficiency at the time for an excitonic solar cell of 3.6% at

150 mW/cm2 (AM1.5). A VOC of 0.58 V, FF of 0.52, and a JSC of 18.8 mA/cm2 were

reported. VOC and JSC values would be lower for an illumination intensity of

100mW/cm2, however, these values were not given for the device with 20 nm CuPc and

40 nm C60, i.e. comparable thicknesses to that of the TiOPc devices studied here. The

underlying observation from all CuPc photovoltaic data is that the VOC generally ranges

around 0.5 V for the most efficient CuPc devices, while the lower limit to VOC for TiOPc

devices was 0.6 V observed in this work. FF and JSC values are comparable for TiOPc

and CuPc devices indicating that the increased VOC is favorable for producing more

efficient devices overall if other parameters can be optimized.

Figure 5.2 shows the photovoltaic J/V measurement for a TiOPc/C60 device on oxygen

plasma cleaned ITO as well as the performance of a CuPc/C60 device (PSOLAR of 100

mW/cm2). Table 5.1 summarizes the photovoltaic performance characteristics for the

devices. Short circuit current densities and fill factor values for the CuPc/C60 and
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TiOPc/C60 devices are comparable. The TiOPc/C60 device has a VOC of 600 mV relating

to a higher overall efficiency than the CuPc/C60 device. The high open circuit potential

of TiOPc devices was observed to be a characteristic trait of TiOPc/C60 devices.

5.2.2 Overview of Band Alignment Technique

The observed differences in open-circuit potential can be explained by the differences in

the built-in potential of the individual heterojunctions. The built-in potential and

relationship to VOC was previously discussed in the Introduction. However, the built-in

potential for these heterojunctions has not been previously reported. The built-in

potential can be found from the band alignment of the individual layers which can be

determined by photoelectron spectroscopy.

Photoelectron spectroscopy is a well known technique for obtaining chemical and

electronic information of material surfaces. The application of photoelectron

spectroscopy to inorganic interfaces is well documented; however, recent advancements

in the analysis of photoemission data from organic materials have led to the ability to

evaluate interfacial dipoles and charge redistribution at organic/organic interfaces as well

TABLE 5.1, TiOPc/C60 and CuPc/C60 photovoltaic performance for
devices on oxygen-plasma cleaned ITO at PSOLAR = 100 ± 10 mW/cm2.

0.9 ± 0.10.57 ± 0.01350 ± 104.3 ± 0.33.3 to 4.3CuPc

1.4 ± 0.20.55 ± 0.05600 ± 204.1 ± 0.50.785 to
6.28

TiOPc

PMAXFFVOC
(mV)

JSC
(mA/cm2)

Area
(mm2)

0.9 ± 0.10.57 ± 0.01350 ± 104.3 ± 0.33.3 to 4.3CuPc

1.4 ± 0.20.55 ± 0.05600 ± 204.1 ± 0.50.785 to
6.28

TiOPc

PMAXFFVOC
(mV)

JSC
(mA/cm2)

Area
(mm2)
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as at organic/inorganic interfaces. Several review articles describe the energetic

alignments caused by interface formation in organic materials.24,81,139-144 A complete

description of the band alignment of 3,4,9,10-perylenetetracarboxylic dianhydride

(PTCDA) with ZnPc, as well as a description of the PTCDA/ClInPc interface are outlined

by Schlaf and co-workers.145 This report gives a thorough discussion of the data analysis

methods for each component of the band offsets at the interfaces and is recommended as

a resource for further exploration of the topic. The band alignment studies in this section

will be discussed in reference to the methods utilized by Schlaf et. al.

Band alignment studies take advantage of unique spectral features from the substrate

relative to the growth of spectral features during layer by layer deposition of a second

material. Initially, the ionization potential, work function, valence band, and core level

positions can be determined from a thick layer of the substrate material using XPS and

UPS. Layers of the second material can be deposited at Angstrom level thicknesses and

analyzed in vacuo at each step of the film growth. The HOMO, core level, and valence

band positions can be monitored as new spectral features appear from the additional

material. A thick film of the second material will again give the ionization potential,

work function, valence band, and core level positions. Charge redistribution can be

determined from shifts in the core levels and valence band of the substrate and overlayer

materials. Valence band, conduction band, and vacuum level offsets can be determined

from the values for the thick layers while accounting for charge redistribution.
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A cartoon of a typical p/n junction band alignment is shown in Figure 5.3. The ionization

potentials (IP) of the two layers are shown as the difference between the vacuum level

and the valence band.
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Figure 5.3. For an ideal p/n junction the bands would be expected
to bend at the heterojunction interface. Charge redistribution should
occur via electron transfer from the n-type material to the p-type
material giving downward band bending. A vacuum level shift may
occur if charge redistribution does not fully compensate for the
difference in work functions.

IP = ionization potential
WF = work function
BG = band gap
CR = charge redistribution
CBO = conduction band offset
VBO = valence band offset
D = dipole

Material A Material B
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( )cutofflowKEHOMO EEhIP ,−−= ν 5.1

The work function (WF) can be obtained from the difference between the vacuum level

and the Fermi level.

( )cutofflowKEF EEhWF ,−−= ν 5.2

The band gap (BG) is either assumed from literature values or, in the case of this work,

estimated from optical absorption measurements using the Tauc method. Total charge

redistribution (CRA+B) is determined from the shifts in the core level emissions and is the

sum of the charge redistribution in both the substrate and over-layer. The shift in the

substrate core levels upon the addition of the second material gives the charge

redistribution of the substrate (CRA). The charge redistribution of the over-layer (CRB) is

determined from the total shift from the initial core level BE position to the final BE

position. The offset in the valence bands (VBO) is determined from the difference in the

HOMO positions (∆HOMO) of the two contacting materials corrected for charge

redistribution.

BAO CRHOMOVB +−∆= 5.3

The offset in the conduction band (CBO) can be found by incorporating the band gaps.

( )ABOO BGBGVBCB −−= 5.4

The dipole (D), or offset in the vacuum level, is found by correlating VBO to the vacuum

level using the ionization potentials.

( )ABO IPIPVBD −−= 5.5
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The work function values from the two respective thick films are used for aligning the

Fermi level. Electron affinities can be estimated by subtracting the respective band gap

from the ionization potential of a given material.

Distinct core level photoemission spectral features as well as offset HOMO positions

make the technique more reliable as differences in the spectroscopic data are more

readily distinguishable. Consider the PTCDA/ZnPc interface mentioned above, oxygen

is unique to PTCDA while zinc and nitrogen are unique to ZnPc. Therefore, changes in

the binding energy of oxygen correlate to charge redistribution in the PTCDA while

changes in the binding energy of nitrogen and zinc will correlate to charge redistribution

in the ZnPc. Carbon is a common component to each species and data interpretation of

the C(1s) spectra is more difficult, although not impossible. In this work the

phthalocyanine layers are interfaced with C60. C60 contains only carbon, however, all

carbon atoms are in the same chemical environment so only one emission peak is

observed in the XPS spectrum. This is fortunate, as it allows for the determination of a

FWHM of the C(1s) spectral component of C60 which can be held constant even as other

carbon emissions appear during the growth of phthalocyanine layers. Changes in the BE

of the nitrogen signal and the signal from the transition metal of the phthalocyanine can

be used to track charge redistribution in the over-layer.

The HOMO of phthalocyanines occur at lower binding energy than for C60 allowing for

determination of the HOMO offsets. The HOMO spectral feature occurs as a hump in
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UPS spectra and it has been argued that either the peak of the hump, or the cut-off energy

on the low BE side of the hump, could be used for calculations. In this work the cut off

at low BE was used to track shifts in the HOMO, as this was the value used for

calculating the ionization potential of the thick film.

The technique has some limitations in terms of resolution. Initial layers of an organic

material give very low emission signals which may be only slightly above baseline

emission. This makes the determination of the BE of a specific peak less certain. Often

the most useful information, from the initial layer or two of the added material, cannot be

adequately resolved. UPS data is advantageous in this respect due to its high surface

sensitivity. Additionally, exact peak positions on a BE scale are more systematically

obtained by using the maxima of fitted peaks. However, peak fitting is often subject to

some inaccuracy based upon the signal to noise ratio of the spectrum. Nevertheless, the

technique is extremely useful and small BE differences can be observed. In this work the

relative differences between the CuPc/C60 interface and the TiOPc/C60 interface were of

primary concern.

5.2.3 Results on the Photoelectron Spectroscopic Characterization of TiOPc/C60 and

CuPc/C60 Heterojunctions

In this work C60 is deposited onto sputter cleaned silver surfaces to allow for good

electrical equilibration with the spectrometer and to allow for accurate determination of

the Fermi level prior to depositions. The ionization potential of the C60 film was found to
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be 6.4 eV, consistent with values found in the literature.146 Thick layers of the

phthalocyanine deposited onto respective C60 surfaces allowed for the determination of

ionization potentials of TiOPc, 5.2 eV, and CuPc, 4.8 eV. Band gaps for the respective

films were estimated by optical absorption as was previously stated. Band gaps of 2.0,

1.57, and 1.64 eV were found for C60, TiOPc, and CuPc, respectively. These values are

again in very good agreement with those found in the literature.

The UPS spectra for the layer by layer deposition of TiOPc and CuPc on separate C60

substrates are shown in Figure 5.4. The change in the spectral line shape is observed to

progress from that of bulk C60 to that of bulk phthalocyanine. The HOMO and other

features of C60 begin to be significantly attenuated at phthalocyanine thicknesses greater

than 14 Å. The UPS spectrum for the thick film of CuPc is colored differently as it was

observed to charge and has been offset to track with the rest of the data. Charging will be

discussed later for the CuPc films. It is important to note that charging does not affect the

measured ionization potential.

The XPS spectra for the layer by layer deposition of TiOPc and CuPc on separate C60

substrates are shown in Figure 5.5. High resolution scans of the Ti(2p) and N(1s) regions

are shown for the TiOPc interface, while the Cu(2p) and N(1s) regions are included for

the CuPc interface. As mentioned previously, carbon is not a unique spectral feature for

either C60 or phthalocyanine. However, the BE difference between the main emission

peak of the phthalocyanine and C60 is offset such that the species can be distinguished.
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The C60 C(1s) peak is directly between the two most intense peaks of the phthalocyanine

(C1s) signal. The peak fitting parameters for C60 can be determined from the thick film

of C60 and similarly for the peak fitting parameters of the phthalocyanine. If all of the

peak fitting parameters are held constant, except for the BE difference between the C60

peak and the phthalocyanine main peak as well as the relative intensity ratios, then the

carbon peaks can also be used to track BE shifts. Depositing C60 onto phthalocyanine

would not allow for identification of the BE shift of the C60 peak during the initial layers

of deposition as it would be very difficult to determine the contribution of the small C60

C(1s) signal in the larger phthalocyanine C(1s) signal, and no other features are available

for observation. The same consideration is true for UPS spectra as the there is some

phthalocyanine HOMO emission where the C60 HOMO appears.

The necessity to deposit phthalocyanine onto C60 is unfortunate as this is the opposite

deposition sequence than that for actual PV fabrication. Despite the difference in

deposition sequence, the examination of C60 is important as a large percentage of the

photovoltaics reported in the literature use C60 as the acceptor material. Generally, C60 is

avoided in interfacial studies due to the lack of unique spectral features for tracking

charge redistribution. Usually, some other organic which may or may not be of relevance

to devices is used for the scientific interest of the band alignment study.
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FIGURE 5.4, UPS spectra are shown for (A) TiOPc deposited onto C60 and
for (B) CuPc deposited onto C60 via layer by layer depositions in vacuuo. The
HOMO for each phthalocyanine develops at ca. 1 eV binding energy as the
phthalocyanine thickness increases, while the HOMO for C60, ca. 2 eV,
becomes attenuated. The HOMO cut-offs are roughly indicated by dashed
lines. The spectrum for the thickest CuPc film has been artificially shifted on
the BE axis as charging for this spectrum was significant.
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FIGURE 5.5, XPS core level emission data for TiOPc (left) and CuPc (right)
deposited layer by layer onto 400 Å C60 films. The deposition sequence for
both phthalocyanines was 2 Å, 6 Å, 14 Å, 30 Å, 62 Å, and 126 Å. (A) and
(B) are the C(1s), (C) is the Ti(2p), (D) is the Cu(2p3/2), and (E) and (F) are
the N(1s) emissions. The core levels for the thickest CuPc film have been
shifted on the BE scale to align with the rest of the data.
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From the UPS and XPS spectra the core level binding energy shifts, changes in HOMO

position, and changes in work function were determined as a function of TiOPc

deposition, Figure 5.6. Binding energy shifts are observable within the first several

Angstroms of TiOPc grown on C60. The relative binding energy shifts for N(1s) and

Ti(2p) as a function of TiOPc thickness are similar and indicate charge redistribution in

the TiOPc film. The shift in the N(1s) signal is the most reliable as it appears with a good

signal to noise ratio even at low coverages of TiOPc. The Ti(2p) from TiOPc is not

immediately resolvable as the cross section for Ti(2p) is fairly low and titanium is only
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FIGURE 5.6, The binding energy shifts of core levels for
TiOPc (N(1s) and Ti(2p)) and C60 (C(1s)) are shown as a
function of TiOPc thickness on a 400 Å thick C60 film. Charge
redistribution accounts for the differences in interfacial dipole
at the TiOPc/C60 interface. Also shown are the changes in
HOMO position and work function.
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present in TiOPc at a 1:34 ratio. Tracking of the O(1s) peak, which also occurs for

TiOPc, was unreliable due to the low cross section for photoemission and low abundance

in TiOPc and is therefore not included. As the thickness of the TiOPc increases the BE

shifts are very similar and a plateau of the charge redistribution is estimated at 0.2 eV.

The C(1s) signal from C60 is used to track band bending within the C60 layer and shows

very little shift. At approximately 60 Å TiOPc the C60 C(1s) is buried within the TiOPc

C(1s) emission. The charge redistribution of C60 is therefore taken to be 0.1 eV by

estimation from the overall shift in the BE of the C60 C(1s).

There is an abrupt change in HOMO position as the HOMO for TiOPc develops,

however, the work function gradually declines with TiOPc layer thickness. The HOMO

position and work function level off after 30 Å of TiOPc. A band alignment diagram can

be developed from the above data to describe the heterojunction as shown in Figure 5.7.

The VBO, CBO, and D were calculated as described above and were found to be -1.18, -

0.75, and 0.02 eV, respectively. The dipole is virtually nonexistent as the difference in

ionization potentials is accounted for by charge redistribution in both organic layers.

The HOMO/LUMO offset can easily be determined from the band alignment diagram

and was found to be 1.12 eV for the TiOPc/C60 interface.

Charge redistribution in these films is the opposite of that which would be expected for a

typical inorganic junction of doped p/n semiconductors. The exact cause of such charge

redistribution is unclear, although similar charge redistribution behavior for organics can
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be observed in the literature and illustrate that these are not doped materials in the

traditional sense.145

The CuPc/C60 heterojunction was also evaluated as a function of CuPc thickness. As was

previously discussed, charging was problematic for characterization of this interface.

TiOPcC60

5.2

1.57

6.4

2.0

D = 0.02

CRD = 0.1

CRD = 0.2

FIGURE 5.7, The band alignment at the TiOPc/C60

heterojunction is primarily comprised of charge
redistribution in both the C60 and TiOPc layers, 0.1 and
0.2 eV, respectively. A small interfacial dipole of 0.02
eV was determined. The ionization potentials, 6.4 eV
for C60 and 5.2 eV for TiOPc, relate to a
HOMO/LUMO offset of 1.12 eV at the interface which
relates to the built-in potential for a photovoltaic
device.
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Charging results in spectral line shapes that are shifted to higher binding energy due to

the lack of charge compensation during the photoemission process where emitted

electrons are not equivalently replaced by electrical contact with the spectrometer. The

spectra, both UPS and XPS, for the thickest CuPc films had to be artificially shifted on

the BE axis to fit with the rest of the data and are colored gray to differentiate them from

the other data. The charging effect is clearly illustrated in Figure 5.8 where the BE shift

for the thickest CuPc film is significant, >0.4 eV, when not artificially shifted.

Additionally, the BE shifts for the C(1s,) associated with C60, and Cu(2p) and N(1s),

associated with CuPc, shift by the same amount across the range of CuPc thicknesses.

This illustrates that the complete spectrum is shifting and can be differentiated from

charge redistribution within individual layers. Repeat experiments showed similar

charging effects. Interestingly, there is no BE shifts for the C(1s), Cu(2p), or N(1s)

within initial layers of CuPc deposition. The lack of BE shifts show that there is no

charging, as well as no detectable charge redistribution within initial CuPc layers. The

band alignment for this interface is entirely due to a vacuum level shift.

Changes in the HOMO position, BE of the core level emissions, and work function are

shown in Figure 5.8 for increasing CuPc thickness. The HOMO shift in the CuPc

interface is abrupt at 6 Å CuPc, changing from 1.9 eV to 0.68 eV. The ionization

potential then stabilizes at approximately 4.8 eV as CuPc thickness increases. Previous

reports have found similar values for the ionization potential of CuPc, although higher

values have also been determined, 4.9 to 5.0 eV.140,146,147 Due to charging the work
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function changes above 14 Å CuPc are not reliable. The work function at 14 Å CuPc was

found to be ca. 4.2 eV, in good agreement with previous literature reports.140,146,148,149 A

work function of 4.2 eV was therefore used to develop the band alignment as shown in

Figure 5.9. The VBO, CBO, and D were calculated as described above and were found to

be -1.3, -0.94, and 0.3 eV, respectively. This gives a HOMO/LUMO offset of 0.7 eV.
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Also included in Figure 5.9 is the band alignment diagram where the previously

mentioned ionization potential from the literature, 5.0 eV for CuPc, is used rather than

the experimentally determined value of 4.8 eV. This diagram is included as it would

show the maximum HOMO/LUMO offset that could be achieved due to potentially

4.8

1.64

6.4

2.0

CuPcC60

-0.94

D = 0.3

0.7

5.0

-1.3

FIGURE 5.9, The band alignment at the CuPc/C60

heterojunction is primarily comprised of an interfacial
dipole, 0.3 eV. The ionization potentials, 6.4 eV for
C60 and 4.8 eV for CuPc, relate to a HOMO/LUMO
offset of 0.7 eV at the interface which relates to the
built-in potential for a photovoltaic device. An
ionization potential of 5.0 eV would give a
HOMO/LUMO offset of 0.9 eV at the CuPc/C60

interface.
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reasonable values for the IP of CuPc. The higher ionization potential for CuPc would

relate to a HOMO/LUMO offset of 0.9 eV.

The HOMO/LUMO offset was found to be greater for the TiOPc/C60 heterojunction than

for the CuPc/C60 heterojunction. These HOMO/LUMO differences for the CuPc/C60 and

TiOPc/C60 interfaces, 0.7 eV (or 0.9 eV) and 1.12 eV, should represent an upper limit to

the open circuit potential. This follows expected behavior as VOC should not be greater

than the built-in potential, given that energy is required for exciton dissociation and that

undesirable voltage drops may occur throughout the device. Additionally, the observed

VBI values correlate to the trends observed in the VOC values for the respective solar cells.

A large dipole was determined in the CuPc/C60 interface, while virtually no dipole was

found in the tetravalent phthalocyanine, TiOPc/C60, interface. This is in excellent

agreement with literature reports for similar phthalocyanine molecules interfaced with

other acceptor materials.145 The interfacial dipole associated with the divalent

phthalocyanine may be a representative trait. Conversely, strong charge redistribution

may be common to tetravalent phthalocyanine interfaces. While the differences in VBI

correspond to differences in VOC for the respective solar cells, the additional differences

in charge redistribution and interfacial dipole may also contribute to the observed

differences in solar cell performance. Such effects will be of considerable interest in the

field of photovoltaic research as more interfaces are characterized.
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5.3 TiOPc/C60 OPVs on Pretreated ITO Surfaces

5.3.1 HCl-etched, Oxygen Plasma-cleaned, and TPD-Modified ITO

Acid etching of ITO was discussed in the previous chapter. Here, HCl/FeCl3 acid etching

of ITO has been investigated on the performance of OPV devices. OPV devices have

also been investigated on oxygen plasma cleaned ITO. Oxygen plasma cleaning is

known to remove carbonaceous contamination from material surfaces by oxidizing

adsorbed organics into gaseous species which can be removed via the application of

vacuum. The work function for oxygen plasma cleaned ITO is also generally the highest

observed relative to any other pretreatment. Work function values for oxygen plasma

cleaned ITO are approximately 0.5 eV greater than for acid etching.

Small molecule modification of surfaces is a well documented method for attempting to

increase the electron transfer rate, tune the work function, and/or to tune the chemical

compatibility at those surfaces.18,19,29,31,35 In this work a derivative of TPD with a

phosphonic acid tether (Figure 2.1) was chemisorbed to ITO. TPD is a well documented

hole-transport material for organic electronics. The use of TPD has been primarily in

OLED devices and TPD is known to have a HOMO level close to the Fermi level of ITO.

OPV devices were also fabricated on TPD-modified ITO surfaces for comparison to

pretreated ITO surfaces. Characterization of the TPD-modified ITO will be briefly

discussed below.
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Cyclic voltammetry (CV) was used to evaluate the chemically modified ITO substrate.

Figure 5.10 shows the CV for commercial ITO soaked in 10 mM TPD-phosphonic acid

in ethanol for 24 hours with a scan rate of 50 mV/sec. The peak separation is very small,

66 mV, for the first oxidation wave compared to the first reduction wave. This peak

separation is very close to the theoretical value of 59 mV for an ideally chemisorbed

monolayer. Integration of the peak area, with the charging background subtracted, gives

the amount of charge associated with the adsorbed film. A surface coverage of 7 x 10-9 

mols/cm2 (680 µC/cm2) was determined from the calculated Coulombic charge. This

value is greater than the typically accepted value of 10 to 100 µC/cm2 for monolayer

FIGURE 5.10, Cyclic voltammetry of chemisorbed TPD-phosphonic
acid show peak separation for the oxidation/reduction waves near that
for an ideally chemisorbed monolayer. Repetitive cycling reduces
the measurable coulombic charge, likely due to the loss of surface
bound species. A voltamogram of TPD in solution is included for
reference purposes.
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coverage, suggesting that adsorption from a 10 mM solution gives multilayer coverage.

The first layer is presumably chemisorbed, based upon the nearly ideal peak separation,

while additional layers are physisorbed through a combination of intermolecular

interactions. Repeated cycling of the voltage causes a reduction in the Coulombic charge

associated with the surface bound material, Figure 5.10. Loss of charge is due to a

reduction in the amount of surface bound species, which has been previously observed

for many other molecular modifications of ITO.19,29,30 Approximately, 20% of the charge

is lost with the second voltammetric cycle. The adsorption coverage can be decreased by

reducing the concentration of the modifier in the modifying solution. When a 5mM

modifying solution was used the coverage was found to be approximately half that of the

coverage from a 10 mM modification solution. The coverage can be brought as low as

3x10-10 mols/cm2 (30 µC/cm2) with a 1 µM modifying solution. Also shown is the CV

for 1mM TPD in 50/50 benzene/acetonitrile (250 mM TBAHFP) at 200 mV/s. Both CVs

used an ITO electrode with an area of 0.066 cm2.

The UPS spectrum of TPD-phosphonic acid modified ITO, Figure 5.11, resembles that of

a thick TPD layer and corroborates the fact that there is multilayer coverage of the

modifier. The ITO oxygen 2p band at ca. 22 eV is significantly attenuated and the

HOMO for TPD appears at ca. 24 eV. The X-ray photoelectron spectrum of TPD-

phosphonic acid modified ITO is also shown in Figure 5.11. A strong carbon signal is

evident (at ca. 285 eV) and nitrogen (at ca. 400 eV) is also measurable. The attenuation

of the In(3d) signal due to the TPD over-layer can be used to evaluate the thickness of the
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TPD film. An attenuation length of the In(3d) signal of 27 Å was used.38 From this

analysis an upper limit to the thickness of the TPD-phosphonic acid layer is

approximated at ca. 2 nm.
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FIGURE 5.11, XPS and UPS spectra of TPD-
modified ITO show that there is a significant
coverage of the modifier. From attenuation of the
In(3d) signal a carbonaceous layer of ca. 2 nm
could be estimated as maximum thickness for the
film.
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5.3.2 AFM of TiOPc Films on Differently Prepared ITO Surfaces

The acid-etched and oxygen plasma cleaned surfaces present an interface where initial

layers of vacuum deposited material are not likely to be different since ubiquitous

contamination is present for both cases. The TPD-modified ITO surface has a slightly

thicker carbonaceous layer. The possibility that different ITO substrates could cause

morphological or thickness variations in the TiOPc layer, as a result of variable sticking

coefficients or other surface characteristics, was investigated via AFM and UV/Visible

spectroscopy.

Figure 5.12 shows the absorbance profiles for TiOPc films deposited on the three ITO

surfaces. The absorbance is identical for all three films. It can be concluded that the

thickness of the TiOPc layers are all the same. A thickness of 20nm was deposited as this

is the thickness used for OPV devices. Also shown in Figure 5.12 are the AFM images

of the TiOPc films on the three different ITO surfaces. The RMS roughness values for

the three films are all very similar. The TiOPc film on the acid-etched ITO appears to

have the highest roughness of ca. 5.5 nm. Unfortunately, the height scales for these

images are all different. Circular grains appear to reside on top of an otherwise smoother

surface of similarly shaped particles for all images. The surface of the TiOPc film on

oxygen plasma cleaned ITO appears to have the highest uniformity. The TiOPc film on

TPD-modified ITO lacks the spherical particles that reside as large white spots in the

other two images. The morphology of the film looks like the same background image as

for the other two samples but with higher clarity due to the lower height range.
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Low deposition rates of TiOPc are avoided to limit island growth of crystalline domains

which would affect the wetting of the ITO layer and could lead to pinholes in the device.

Literature reports dealing with such issues have found that high deposition rates, as used

in this work, produce the most uniform films, although they are still not entirely without
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FIGURE 5.12, AFM images (3 x 3 µm) of TiOPc on three differently
treated ITO surfaces. The RMS roughness is indicated for each image.
TiOPc vacuum deposited on (a) oxygen plasma cleaned ITO, (b) HCl-
etched ITO, and (c) TPD-phosphonic acid modified ITO. Also shown is
the absorbance spectra for the three films showing that they are all of the
same thickness, ca. 20 nm.
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pinholes and aggregates.150 Wetting would be expected to be the best for TPD-modified

surfaces where the TiOPc is deposited directly onto a non-polar surface, namely the TPD

modifier. Although it was not used for this work, PEDOT:PSS, which is a conductive

polymer commonly used in OPVs, aids greatly to photocurrent generation simply by

wetting greater percentages of the ITO surface while also producing a smooth, nonpolar

surface for phthalocyanine deposition. (PEDOT:PSS also absorbs light in the visible

region, which may be problematic.) The homogeneity in the TiOPc surface observed on

oxygen plasma cleaned ITO is a significant result and will be discussed in the following

chapter.

In addition to possible differences in the TiOPc film in a photovoltaic device are the

possible differences in the other organic layers. However, differences in C60 depositions

would not be expected as C60 is a symmetric molecule and is deposited onto TiOPc in

every case. Differences in BCP and Al layers can also be expected to be negligible for all

devices regardless of ITO preparation. For the remaining discussion the C60, BCP, and

Al layers will be assumed to be constant for all devices.

5.3.3 UV/Visible Spectra of TiOPc Films on Differently Prepared ITO Surfaces

Figure 5.13 shows the visible absorbance spectra for three complete OPV devices, via

transmission at a location adjacent to an Al contact, prepared on the three different ITO

surfaces. Only absorption between 500 and 950 nm are shown as this region corresponds

to TiOPc absorption. C60 absorption at less than 550 nm was observed to be nearly

identical for all devices. The absorption spectra of the TiOPc layers are comparable
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despite the different ITO preparations. The peak absorption of the TiOPc layer is

identical for the HCl and oxygen plasma cleaned surfaces. The TiOPc layer on the TPD-

modified surface appears to be slightly thinner. Some differences in absorption can be

expected due to differences in the ITO thickness based upon the etching pretreatment or

phosphonic acid adsorption procedures. Difference spectra are also shown in Figure 5.13

where the peak intensity was normalized and the absorbance of the oxygen plasma

cleaned device was used as a baseline. Slightly more absorbance is obtained by the

device made on oxygen plasma cleaned ITO at long wavelengths, > 750 nm. The TiOPc

layer on the HCl-etched surface seems to have a narrower peak absorbance than either of

the other two devices. These differences are quite small and are easily within the

experimental error associated with photovoltaic fabrication.

The correlation of TiOPc absorbance to phase identification has been well established

and was previously discussed. The α-phase of TiOPc is known to form from vacuum

sublimation and is the form observed in the absorption spectra of Figure 5.13. The IR

absorbing phases (absorption maxima at or above ca. 830 nm) do not appear to be present

at any detectable level. The deposition requirements to obtain such TiOPc phases were

not available for this work, nor were they desired given the disposition of photovoltaic

fabrication towards variability. It can be concluded that the sticking coefficient for initial

layers of TiOPc does not change for the different ITO substrates, and that morphological

differences in the TiOPc films are unlikely as they were not observed via AFM or visible

spectroscopy, nor were conditions used to create such phases.
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5.3.4 TiOPc Photovoltaic Performance

Figures 5.14, 5.15, and 5.16 show photovoltaic current/voltage measurements for devices

on oxygen plasma cleaned ITO, HCl-etched ITO, and TPD-modified ITO as a function of

light intensity, respectively. Compared to results in the literature for other TiOPc devices

all three device types give good performance.151 The short circuit current is over 4

mA/cm2 and a VOC at or above 600 mV is obtained at light intensities of approximately

100 mW/cm2. These values relate to efficiencies between one and one and a half percent.

Table 5.2 summarizes the averaged photovoltaic performances for devices on the three

respective surfaces at an illumination intensity of 100 mW/cm2. Experimental variability
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is common in the fabrication/characterization of organic photovoltaics and standard

deviations are also included in Table 5.2. The oxygen plasma cleaned surface results in

the lowest VOC but the highest FF. The TPD-modification results in the highest VOC and

the lowest FF. The HCl-etching procedure appears to yield devices with moderate

performance relative to the other two samples, although the short circuit current for this

device type appears to be the greatest.

TABLE 5.2. Photovoltaic performance for the TiOPc/C60 devices on
differently prepared ITO surfaces averaged over several dozen devices
for each pretreatment.

1.4 ± 0.20.55 ± 0.05600 ± 204.1 ± 0.5
Oxygen Plasma
Cleaned

1.3 ± 0.20.43 ± 0.03650 ± 204.5 ± 0.4HCl-etched

1.1 ± 0.20.39 ± 0.03670 ± 104.2 ± 0.4TPD-modified

PMAX
(mW/cm2)

FF
VOC
(mV)

JSC
(mA/cm2)

ITO substrate
preparation

1.4 ± 0.20.55 ± 0.05600 ± 204.1 ± 0.5
Oxygen Plasma
Cleaned

1.3 ± 0.20.43 ± 0.03650 ± 204.5 ± 0.4HCl-etched

1.1 ± 0.20.39 ± 0.03670 ± 104.2 ± 0.4TPD-modified

PMAX
(mW/cm2)

FF
VOC
(mV)

JSC
(mA/cm2)

ITO substrate
preparation
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FIGURE 5.14, The J/V characteristics for a TiOPc
photovoltaic on oxygen plasma cleaned ITO at varying light
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Figure 5.17A,B,C,D show the trends in VOC, JSC, FF, and efficiency, respectively, as a

function of light intensity for the three device types. Modeling of J/V curves and the

diode equation will be discussed in detail in the next chapter, however, it is important to

note here that the open circuit potential increases in a logarithmic fashion as would be

expected from the diode equation.









+







= 1ln
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q
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Predicted responses of VOC with light intensity are given in Figure 5.17A where an n

value of 2 was used for all three device types. Reverse saturation current densities (Jo) of

3.5x10-5, 1.0x10-5, and 1.5x10-5 mA/cm2 were used for oxygen plasma cleaned, TPD-
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FIGURE 5.16, The J/V characteristics for a TiOPc photovoltaic
on TPD-modified ITO at varying light intensities is shown.
Incident light intensities are given.
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modified, and HCl-etched device types, respectively. At this point the values for n and Jo

are somewhat arbitrary as the ideal diode equation was used where effects of parasitic

resistances are negligible.
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FIGURE 5.17, (A) The open circuit potential increases as a function
of light intensity for all three types of devices. TiOPc/C60

photovoltaics on ITO which has either been (Squares) TPD-
modified, (Triangles) HCl-etched, or (Circles) Oxygen plasma
cleaned. (B) Short circuit increases linearly for all three device
types. (C) FF decrease for HCl-etched and TPD-modified device
types but remains relatively high across all illumination intensities
for the oxygen plasma cleaned ITO device. (D) Efficiency
decreases for HCl-etched and TPD-modified devices, while
increasing for the oxygen plasma cleaned device as illumination
level increased.
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Short circuit current increases in a nearly linear fashion with approximately the same

slope for all three device types. JSC is expected to increase linearly with IL as the number

of absorbed photons is proportional to the incident photon flux (Φo), while the number of

photocarriers produced is proportional to the number of absorbed photons. Correlations

between JSC (or photocurrent, JPH) and IL (incident power) have been discussed in the

literature and various equations have been developed to directly correlate the two

parameters depending on the constraints of the system.152 One description results from

considerations for excitons reaching a metal electrode at a Schottky contact. The

photocurrent (IPH) is given by the fraction of excitons that reach the interface (NEX) and

the fraction of excitons that react (CEX) coupled with the probability for charge carrier

generation (ηCT), the probability that the charge carrier is collected (φCT), and the spectral

photon flux (Φo).

CTCTEXEXoPH NCqI ϕηΦ= 5.7

Primary considerations for the equation above are the exciton diffusion length and the

probability for charge transfer. If space charge considerations are necessary then an

exponential dependence on distance must be included.152 Often a linear dependence of

JSC with Φo is not observed and a more general equation for the correlation between

photocurrent and illumination power is given.

( )m
oPH CJ Φ= 5.8

Here C is a constant while the exponent (m) would be one for an ideal case. This

relationship is known as a “Power Law” and is common in photovoltaic literature.

Values of m less than one (sublinear response) indicate recombination processes or
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parasitic series resistance effects.153 Values of m greater than one can be attributable to

photomultiplicative effects or multiphoton processes.152,154-158 For cases where charge

collection efficiency is not constant, C, in the above equation, may be a function rather

than a constant value. For bulk heterojunction solar cells it has been discussed that the

charge collection efficiency is a function of applied voltage (ηCC(V)), thus, JPH is given

by the following equation, where Ro is a responsivity correction.159,160

( ) )()( VRVJ CCo
m
oPH ηΦ= 5.9

Such considerations may be relevant for understanding the data presented here and the

following chapter will discuss such effects. The responses of JSC with IL are all

approximately linear for the three device types indicating that recombination mechanisms

are nearly the same. The slight sublinearity of the device on TPD-modified ITO may

suggest additional recombination processes which could be likely due to the added

interface (TPD/TiOPc) in the device.

Fill factor decreases with light intensity for all three types of devices. The decrease in FF

is most dramatic for the TPD-modified device while FF for the oxygen plasma cleaned

device stays nearly the same across all illumination levels. Fill factor is a known function

of VOC and can be predicted for an ideal case.74,161,162 The ideal fill factor (FFO) when

shunt and series resistances are negligible is given by the following equation from

Green.74

( )
1

72.0ln

+
+−

=
oc

ococ
o v

vv
FF 5.10
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The normalized open circuit potential (voc) is given by:

( )qnkTVv OCOC //= 5.11

Figure 5.18 shows the predicted change in FFO with VOC across the range investigated

along with the data for the three types of solar cells. The expected behavior is generally

evaluated as a function of changes in diode properties or series and shunt resistances. In

Figure 5.18 the changes in VOC for the three solar cell types are obtained from changes in

light intensity. However, the experimental FF values are much lower than the predicted

FFO values for the given VOC, and the trend in FF is the opposite of that which is

predicted. This behavior is a result of series resistances, shunt resistances, and/or

recombination processes which are not insignificant.
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Efficiency as a function of light intensity is different for the three device types. At low

light intensity the TPD-modified surface gives the highest efficiency, however, the

efficiency decreases with increasing light intensity. The high efficiency for the TPD-

modified device can be attributable to the high open circuit potential and a slightly higher

JSC at low illumination powers. With increasing illumination the efficiency of the TPD-

modified device drops to values comparable to those obtained for the HCl-etched ITO

device. It was hypothesized that at low light intensities charge transfer may be a limiting

factor in device performance and it was proposed that a surface modifier could enhance

charge transfer. This appears to be an explanation for the observed increase in JSC for the

TPD-modified device; however, an explanation for the increased VOC is less clear. HCl-

FIGURE 5.18, The fill factor (FF) is a known function of open circuit
potential (VOC). Predictions of FFO for an ideal device give a nearly
linear response with VOC over the range of values shown here.
Experimental values of FF are much less than the expected value and
show a decrease in FF with increasing VOC for TiOPc/C60 solar cells on
oxygen plasma cleaned ITO (diamonds), HCl-etched ITO (triangles),
and TPD-modified ITO (squares).
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etching produces a device with similar efficiency across all light levels. The increase in

VOC with illumination power is offset by decreasing FF values. For the oxygen plasma

cleaned device there was an increase in efficiency with illumination power. Unlike the

HCl-etched device the FF remains relatively constant while VOC increases giving an

overall increase in efficiency.

The observed results on efficiency with illumination power suggest that surface

pretreatment may be used for optimizing OPV devices for certain applications, rather

than for generic improvements in efficiency as are routinely suggested. Surface

modification may be a more suitable surface pretreatment for devices which would be

used in low light intensity settings, i.e. for solar cells in cloudy regions or for

photodetectors. Oxygen plasma cleaning could be the most desirable surface

pretreatment for solar cells that would be used in conditions where standard illumination

powers would be common. However, it could be imagined that the long term

performance of a solar cell on oxygen plasma cleaned surfaces might change with time

and a substrate surface such as HCl-etched ITO may give the best long term performance.

Unfortunately, it is beyond the scope of this work to evaluate such effects, but the

importance of the ITO substrate has been illustrated and implicates that improved

efficiency also needs to be addressed in terms of the potential application for the device.

5.3.5 Device Performance versus TiOPc Thickness
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Extensive experimentation was made to adequately resolve the J/V characteristics

representative of the respective ITO pretreatments. The above comparisons were made

for devices with similar device thicknesses after repetitive experiments. It was also

determined that the thickness of the TiOPc layer could significantly affect the OPV

performance characteristics. Thinner TiOPc films were found to give devices with higher

FF and lower VOC values. Devices on HCl-etched and TPD-modified surfaces with

thinner TiOPc layers had comparable performance to the performance of devices on

oxygen plasma cleaned surfaces discussed above where the TiOPc layer is thicker.

Alternatively, thicker TiOPc layers led to decreased FF and increased VOC values on all

surfaces including oxygen plasma cleaned surfaces. Figures 5.19, 5.20, and 5.21 show

the current/voltage performance for devices of varying TiOPc thickness on the three

different ITO surfaces. The performance of the various devices is summarized in Table

5.3.
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FIGURE 5.19, TiOPc/C60 photovoltaics on oxygen plasma
cleaned ITO with three different thicknesses of TiOPc.
Approximate TiOPc thicknesses are given based upon the
absorbance spectra of the solar cells which are included as an
inset. Lower JSC values correlate to higher VOC values. All
devices appear to have relatively high FF values.
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FIGURE 5.20, TiOPc/C60 photovoltaics on HCl-etched ITO with
three different thicknesses of TiOPc. Approximate TiOPc
thicknesses are given based upon the absorbance spectra of the
solar cells which are included as an inset.
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FIGURE 5.21, TiOPc/C60 photovoltaics on TPD-modified ITO with
three different thicknesses of TiOPc. Approximate TiOPc thicknesses
are given based upon the absorbance spectra of the solar cells which
are included as an inset. For the thickest TiOPc film the FF is very
low. FF and JSC can be increased by using a thin TiOPc film, but VOC

decreases.
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The TiOPc films of varying thickness were evaluated via AFM as a function TiOPc

thickness, Figure 5.22. An oxygen plasma cleaned ITO substrate was used for the three

different thickness films. The thin, thick, and moderate thickness films all closely

resemble the films observed on the variable ITO surfaces. Different morphologies do not

appear to be present. The UV/Vis spectra for the three films are also included in Figure

5.22. No discernable difference in the absorption profile is observed. It can be

concluded that the observed differences in OPV behavior are due to a path length

TABLE 5.3, Photovoltaic performance characteristics for
devices on oxygen-plasma cleaned ITO, HCl-etched ITO, and
TPD-modified ITO with varying TiOPc thicknesses. Values
are given for a PSOLAR = 100 ± 10 mW/cm2.

1.20.516004.03.1421 nm

1.20.466404.03.1421 nm

1.30.456604.33.1418 nm

1.80.596105.13.94

1.00.466403.42.27

Oxygen plasma cleaned ITO

28 nm

15 nm

1.40.456504.91.5419 nm

TPD-modified ITO

0.70.296803.63.1430 nm

1.70.486305.73.1414 nm

0.90.396603.33.9126 nm

HCl-etched ITO

PMAX
(mW/cm2)

FFVOC
(mV)

JSC
(mA/cm2)

Area
(mm2)

TiOPc
(nm)

1.20.516004.03.1421 nm

1.20.466404.03.1421 nm

1.30.456604.33.1418 nm

1.80.596105.13.94

1.00.466403.42.27

Oxygen plasma cleaned ITO

28 nm

15 nm

1.40.456504.91.5419 nm

TPD-modified ITO

0.70.296803.63.1430 nm

1.70.486305.73.1414 nm

0.90.396603.33.9126 nm

HCl-etched ITO

PMAX
(mW/cm2)

FFVOC
(mV)

JSC
(mA/cm2)

Area
(mm2)

TiOPc
(nm)
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difference within the TiOPc films during photocurrent generation, rather than

morphological differences of the TiOPc itself.

8±1 6±1.5

FIGURE 5.22, AFM images (3 x 3 µm) of TiOPc of three different
thicknesses on oxygen plasma cleaned ITO. The RMS roughness is
indicated for each image. (a) thinnest TiOPc film, (b) moderate TiOPc
thickness, (c) thickest TiOPc film
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5.4 Photocurrent Action Spectrum of TiOPc/C60 Photovoltaics

Photocurrent can be measured as a function of incident radiation wavelength. This

technique results in plots known as photocurrent action spectra. Figure 5.23 shows the

photocurrent action spectrum for a TiOPc photovoltaic on oxygen plasma cleaned ITO.

The response of photocurrent, at short circuit, as a function of wavelength resembles the

absorption of the photovoltaic device. Current arises from C60 and TiOPc excitonic

absorption and subsequent dissociation. At wavelengths less than 550 nm both C60 and

TiOPc have absorption and contribute to photocurrent. At wavelengths >550 nm

photocurrent only arises from TiOPc as C60 is non-absorbing at those wavelengths.

Since the β-phases of TiOPc are more photoconductive that the α-phase it was theorized

that morphological differences may be observed via photocurrent action spectra which

would not be observed via absorbance spectra. For the photocurrent action spectra there

is some photocurrent at wavelengths above ca. 720 nm, however, the response falls off

with the solar cell absorbance and shows no indication of a photocurrent shoulder.

Unfortunately, irradiation at wavelengths greater than 780 nm could not be obtained with

the given instrumentation. The TiOPc β-phases have strong absorption from 600 nm to

850 nm, peaking at ca. 830 nm, and would be expected, given their higher

photoconductivity, to broaden the photocurrent peak towards higher wavelengths if they

are present at any considerable concentration. Broadening of the photocurrent spectrum

has not been observed.
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The photocurrent shows a red-shift in photocurrent according to the absorbance of TiOPc

relative to that of CuPc. As was previously discussed, this correlates to an overlap with

the solar spectrum where there is greater intensity at the earth’s surface. Such a shift is

desirable, however, the effect is relatively small. Organic photovoltaics only absorb

bands of the solar spectrum. In inorganic photovoltaics the absorption and photocurrent

can be increased by decreasing the band gap of the absorbing materials. Thus, all

incident radiation with greater energy than the band gap can potentially contribute to

photocurrent. Overlap with the solar spectrum can be extended by simply continuing to

decrease the band gap. Extension of organic solar cell absorption is not as straight

forward. Tandem devices where differently absorbing layers are layered upon one

another could allow for a more complete overlap with the solar spectrum and TiOPc

could play an important role in such devices for utilizing lower energy photons.
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5.5 Conclusions

Band alignment characterization of the TiOPc/C60 and CuPc/C60 interfaces showed that

the offset in the HOMO/LUMO levels of the donor and acceptor correlated to observed

differences in VOC between solar cells of the two device types. From the neutral regions

of the Pc and C60 materials a HOMO/LUMO difference were determined as the upper

limit to the built-in potential, as shown in Table 5.4. Table 5.4 gives a compilation of

data for various potentials relating to the O/O’ heterojunction. The maximum potential

represented is the difference between the first oxidation potential of the phthalocyanine,

0.18 V and 0.39 V for CuPc and TiOPc, respectively, and the first reduction potential of

C60, -1.0 V. This gives an electrochemical potential based upon redox values obtained

from solution for essentially isolated molecules. The electrochemical potential represents

an unachievable maximum since the exciton binding energy is neglected and solid state

materials do not have the surrounding solution and electrolytes. However, the correlation

between electrochemical potentials is again consistent with the trends in VOC. The offset

obtained from XPS and UPS analysis should nearly represent the maximum offset for the

solid state species.
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Another description of the heterojunction potential has been termed the compensation

potential (VO) and is described by Malliaras et. al. as the potential at which the dark

current is equal to the current under light conditions.163 Malliaras et. al. determined a

relationship between VO and the built-in potential (VBI) for a single organic layer device.

TABLE 5.4, Table of O/O’ heterojunction potentials for
CuPc/C60 and TiOPc/C60.

1390 mV1190 mVEo (electrochemical)

1120 mV700 (900*) mVOffset Potential

700 mV600 mVVO (compensation)

600 ± 20 mV350 ± 10 mVVOC (open circuit)

TiOPcCuPc

1390 mV1190 mVEo (electrochemical)

1120 mV700 (900*) mVOffset Potential

700 mV600 mVVO (compensation)

600 ± 20 mV350 ± 10 mVVOC (open circuit)

TiOPcCuPc

*Offset potential using a literature value of 5.0 eV for the
ionization potential of CuPc based on literature reports.
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Where µ is the mobility of the respective species denoted by subscripts e, for electron,

and h, for holes; and g is the density of photogenerated holes and electrons at the anode,

1, and cathode, 2.

Under ideal conditions, or low temperatures, VO should be equal to VBI. For a single

organic layer device, VBI would be given by the difference in work functions of the

contacting electrodes, however, for the bilayer devices under consideration here, VBI

should be approximated by the offsets obtained from photoelectron spectroscopy. Figure

5.24 shows the difference between dark and light J/V curves for both the CuPc and

TiOPc devices. The compensation potentials were determined to be ca. 0.6 and 0.7 V for

CuPc/C60 and TiOPc/C60, respectively.

The deviation of the compensation potential from the frontier energy level offset potential

can be explained in terms of differences in mobilities of holes and electrons in their

respective films, and the differences in hole and electron densities on either side of the

heterojunction, which could be influenced by charge injection at the contacting electrodes

and/or traps or other recombination processes. Low hole mobility is likely to be one

critical component causing an asymmetry of carrier concentration profiles in the device

thereby reducing the observed compensation potential from the offset potential.
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Additionally, the state of the ITO electrode on device behavior is well documented and is

likely to play a role.

Other authors have also examined the open circuit potential with respect to field

dependent currents. Koster et. al. used continuity equations where drift and diffusion

were included to derive the following equation for VOC for polymeric photovoltaic

devices.164
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P is the dissociation probability of an exciton into free carriers (unitless). G is the

generation rate of excitons (m-3s-1). The combination, PG, is the generation rate of free

carriers. γ is the Langevin recombination constant for diffusion controlled bimolecular

recombination (m3/s). Nc is the effective density of states (m-3) and is related to the

intrinsic carrier concentration (nint).
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Egap is the HOMO/LUMO offset as discussed above. This equation was used to obtain a

reasonable estimate of VOC for the polymeric bulk-heterojunction device these authors

investigated. Using this equation, variations in VOC, within a given materials system,

could be associated with small changes in recombination processes which the authors

suggest may arise due to field dependent currents.
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The effect of ITO surface pretreatment was investigated on TiOPc/C60 photovoltaics.

Device performance was found to vary as the ITO surface was differently prepared.

Differences in TiOPc phases did not appear to be significant as a function of TiOPc

thickness or ITO substrate preparation, although the TiOPc film on oxygen plasma

cleaned ITO appeared to have the lowest roughness and greatest homogeneity. At a

PSOLAR of 100 mW/cm2 the JSC for HCl-devices was generally the highest, the VOC for

TPD-modified devices was the highest, and the FF for oxygen plasma cleaned devices

was the highest. Thickness variations of the TiOPc layer in the three device types show

that increasing JSC generally resulted in decreasing VOC. Equation 5.13 showed that

changes in VOC would be correlated to recombination processes, so it may not be

surprising that current is also correlated to VOC. Photocurrent action spectra were found

to closely approximate the absorbance profile for a given solar cell showing that TiOPc

and C60 absorption results in photocurrent at JSC.

Device performance as a function of light intensity was discussed above. For the TPD-

modified device the FF was found to be quite low and a sublinear response of JSC with

PSOLAR was determined. These observations strongly suggest that recombination of

photogenerated carriers influences the performance of the TPD-modified devices. The

higher JSC value observed for HCl-etched devices is likely to be due the greater

percentage of electro-active area for this surface as previously discussed. The effect of

area activation appears to be relatively small, as the JSC values for HCl-etched samples

were not significantly higher than for oxygen plasma cleaned or TPD-modified devices.
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Some enhancement in current was achieved, but there was not a doubling of current as

might have been expected from the discussion in the introduction where it was noted that

previous studies have determined that less than 40% of the surface was found to support

charge transfer from surface bound molecules.19 Acid etching removes contamination,

however, it was shown in Chapters 3 and 4 that immediately after acid-etching the ITO

surface begins to re-hydroxylate and accumulate contaminants which likely degrade

surface properties in the photovoltaic device.
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Chapter 6

CORRELATING SURFACE CHEMISTRY TO EQUIVALENT CIRCUIT

PARAMETERS AND RECOMBINATION IN TIOPC/C60 SOLAR CELLS

6.1 Introduction

6.1.1 Overview of the Chapter

The previous chapter focused on the TiOPc photovoltaic where the composition of the

front contact electrode (ITO) was observed to affect device performance. Photovoltaic

performance can be quantitatively discussed by modelling the device with an equivalent

circuit comprised of a diode and parallel and series resistances, Figure 6.1. Undesirable

parasitic processes such as poor diode quality factors, high series resistance, and/or low

shunt resistances can detract significantly from device efficiency. While the effect of

ITO pretreatments on device performance has been investigated previously, very little or

no information on the diode properties has been given.18,86,136,165,166 This makes the exact

determination of the effects of ITO pretreatment very difficult to correlate to device

performance. Diode parameters directly relate to device performance as described by

Green and others.74,161,162,167,168 TiOPc/C60 heterojunction photovoltaics can be modeled

with a two-diode, two-shunt resistance equivalent circuit to account for changes in

photoconductivity and recombination with light exposure, Figure 6.2. Values for series

and shunt resistances (RS and RP) and reverse saturation current density and diode quality

factor (Jo and n) were obtained. Series resistance has been further analysed to obtain the

interfacial resistance component (Rs,CT) and bulk resistance component (Rs,B) as a
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function of ITO pre-treatment. The effect of ITO sheet resistance on the measured

properties and to potential applications for organic solar cells will also be addressed.

Interface optimization can lead to an OPV device where the J/V characteristics are nearly

ideal and modeling can be performed with a one-diode equivalent circuit model. The

optimization of these devices must be preceded by a clear understanding of the

correlation between the physical and chemical properties of each interface and the

equivalent circuit parameters which dictate both the dark and photoelectrical behaviour.

6.1.2 One and Two Diode Equivalent Circuit Modeling

For a planar heterojunction device, J/V characteristics under dark conditions exhibit

properties that can be appropriately modeled as a DC current supply in combination with

FIGURE 6.1, The simplest equivalent circuit for a photovoltaic device
consists of a diode, a series resistor, and a parallel resistor. Here the
series resistance is broken into three separate resistors to indicate the
various causes of series resistance, namely interfacial charge transfer
resistances, charge transport resistances, and resistances in the electrical
contacts and external circuitry.
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a diode along with resistances in parallel and in series, as shown in Figure 6.1. Under

forward bias, without illumination, the current flows by injection of electrons into the

electron-transport layer from the back contact, concurrent with injection of holes into the

hole-transport layer from the front contact. Under reverse bias neither process is favored,

however, some charge injection can still occur but the net current is low. The behavior of

a diode in the dark has been previously described by the well known Shockley diode

equation.
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Current density (J, in mA/cm2) is an exponential function of applied voltage, where kB is

Boltzman’s constant, T is temperature in Kelvin, and e is the charge on an electron. The

value no is the ideality factor or diode quality factor. Since organic solar cells operate via

recombination of holes and electrons from the two contacting organic phases, the diode

quality factor should ideally have a value of 2. Higher values than 2 are an indication of

potential losses at other interfaces of the device. Jo is known as the reverse saturation

current density and is the current, in reverse bias, associated with minority carrier flow

from the p-doped side of a p/n homojunction to the n-doped side due to the built-in field

(i.e. an inherent drift current). For an ideal diode Jo is given by the following.74
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Where De and Dh are the diffusion coefficients for electrons and holes, respectively. Le

and Lh are the characteristic diffusion lengths for electrons and holes, respectively, and
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are related to the carrier lifetimes. Values np and pn are the equilibrium concentrations of

electrons in the neutral p-region, np, and holes in the neutral n-region, pn. While this

equation is derived from a different system than the organic diodes explored here, it does

clearly illustrate that Jo is a measure of an intrinsic current within the device due to flow

of charges across the junction. Low values of Jo would be desirable for better solar cell

performance. One factor which would directly relate to low Jo values would be longer

carrier lifetimes. Under illuminated conditions lower Jo values correlate to higher values

of VOC.

Under illumination, the solar cell has the unique property of converting light energy into

electrical energy as a current flows with the opposite sign of J. This process happens in

the forward bias regime just after zero applied bias. Electrons and holes separated from

one another by the built-in potential of the heterojunction can be collected by the

electrodes and harvested with an external circuit. The diode equation still applies but is

now offset by the photocurrent factor, JPH.
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The diode equation applies to the characteristics of the heterojunction interface, however,

the overall photovoltaic device has other physical attributes which contribute to the

performance characteristics. An equivalent circuit has been found to be a good model for

most solar cells and includes a shunt (parallel) resistance (RP) and a series resistance (RS)
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accompanying the diode. This model is schematically shown in Figure 6.1. These

correction terms can be added to the Shockley equation.
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Series resistances arise from bulk and contact resistances while the shunt resistance

accounts for losses of carriers through leakage pathways such as pinholes. In a well

designed solar cell the series resistance would be very small while the shunt resistance

would be maximized.

This model and the accompanying mathematical description describe perfectly the ideal

case for a photovoltaic device; however, it often fails for several types of solar cells

including organic photovoltaics. OPVs suffer from photoconductive effects and changes

in recombination, and both are dependent upon light intensity. To account for these

effects without drastically modifying the accepted model, a second shunt resistance can

be added to the equivalent circuit to account for photoconductive changes in the organics,

while a second diode is used to account for recombination losses. The addition of a

second diode to the modeling procedure has been performed for inorganic devices. The

Shockley-Read-Hall recombination diode is a well known addition. Depletion-region

recombination has also been considered to account for recombination at trapping levels.74

For the organic devices that will be considered here, the equivalent circuit model is

shown in Figure 6.2 and is described mathematically below.
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Where AJRVV s−≡' and RPo, no and Jso are the shunt resistance, diode quality factor and

reverse saturation current density for the diode in the dark. RPL, nL, and JSL are the shunt

resistance, ideality factor, and reverse saturation current density for the added diode

under illumination. This method is adapted from Yoo, et. al. where it is described in

detail.161,162,167,168 The basic fitting strategy for photovoltaic devices will be briefly

discussed below.

Fitting of experimental data can be accomplished by first fitting the dark J/V curve with

the single diode equivalent circuit model, Equation 6.4 where JPH is zero. Notice that J is

FIGURE 6.2, The photovoltaic equivalent circuit model can be
modified to include a second diode and a second parallel resistor. In
organic devices it is often observed that RS and RP are not sufficient for
explaining the observed behavior. Changes in conductivity upon
illumination and external field, as well as changes in recombination are
common. Addition of a shunt resistance and a second diode account
for changes in photoconductivity and changes in field dependent
mobility and recombination.
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a function of V and J such that solving this equation requires an iterative method. RS and

RP can be estimated from the linear regions at high forward and reverse bias, Figure 6.3.

FIGURE 6.3, Current/voltage curves are given for three diodes
with varying JO and n values. The series resistance of a device
can be estimated from the inverse slope in the forward bias
regime, while Rp can similarly be determined from the reverse
bias region. A logarithmic plot can be used to estimate n and JO

from the slope in forward bias and the y-intercept, respcetively.
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Adjustable fitting parameters are RS, Jo, no, and RP. RP has been found to be well

described by its estimated value and is therefore fixed at that value. It can be expected

that RS should be slightly lower than Rs,est and that no should be ca. 2.162 Jo and no can

both be estimated by fitting the linear region of a logarithmic plot of the J/V response in

forward bias giving an equation in the familiar y = mx+b form.

o
Bo

J
eTkn

V
J ln1ln +−= 6.6

The “-1” term can often be neglected such that no is determined from the slope and Jo is

determined from the intercept. Iterations around these estimated values can be performed

to minimize sum of the squared errors (SSE) where SSE is given by:

( )( ) ( )( )( ) ( ) ( )( )[ ]∑ =+−=
V

fitfit VJVJVJVJSSE 22
loglog 6.7

There is a small range of reasonable values which can give a good fit to dark

characteristics as there are three variables used for the fitting. The range of values is

relatively small, ca. 5% with the greatest variation commonly arising with Jo, and is

discussed further by Yoo et. al.161,162

Fitting of light J/V characteristics can be performed with fewer adjustable parameters as

JL and nL can be determined from the experimentally determined fill factor and open

circuit potential of the device, as described by Green and further developed for organic

solar cells by Yoo et. al.74,161,162 nL can be extracted from the equations for fill factor

within a given set of RPL and RS. The FF equation for the case where RS and RP are

negligible is given by Equation 6.8.
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When RS is not insignificant the fill factor is given by:

( ) 219.01.11 ssOS rrFFFF +−= for (0 ≤ rs ≤ 0.4) and (1/rp = 0) 6.9

When both RS and RP are not insignificant the fill factor is given by:
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The normalized open circuit potential (vOC) is given by:

( )qnkTVv OCOC //= 6.11

rs and rp are the normalized series and shunt resistances:

rs = RS/RCH and rp = RP/RCH 6.12

RCH is the characteristic resistance.

RCH = VOC/JSC 6.13

JL can then be obtained from the equations for VOC and JSC, which are both

experimentally determined values.
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RPL is again fixed at its estimated value while the dark diode parameters and RP are held

constant. This procedure leaves only RS as an adjustable fitting parameter for the

illuminated case. By systematically varying RS, at values near Rs,est, the SSE of the fitted
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results to the experimental results can be minimized. Diode factors, shunt resistances,

and series resistance values can all be obtained in a reliable and reproducible manner

allowing for consistent comparisons between devices.
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6.2 Fitting of the Observed Photovoltaic Current/Voltage Behavior

6.2.1 TPD-modified, Acid etched, and Oxygen-plasma Cleaned ITO

The performance for an ideal illuminated photovoltaic should be the performance of the

device in the dark, i.e. no and jo are valid, simply offset by a constant value of

photocurrent, JPH. This condition would represent the best possible performance for a

photovoltaic at a given JPH and values for VOC and FF should be predictable. However,

as described above, the offset dark diode condition is rarely obtained in organic

photovoltaics. Figure 6.4 shows the performance for the previous TiOPc/C60 device on

oxygen plasma cleaned ITO at various light intensities and the dark diode J/V behavior

has been included at various JPH offsets. At high illumination intensities the reduction in

performance of the actual device from the expected performance is clearly shown. At

150 mW/cm2 a device efficiency of ca. 2.4% would be expected while an efficiency of

only about 1.5% is obtained. The loss in performance can be explained by fitting the

experimental J/V curve with the two-diode method described above. The fitted curve is

shown in Figure 6.5 for the oxygen plasma cleaned ITO device at 95 mW/cm2

illumination. The most obvious cause for the loss in performance is the substantially

decreased RPL. RP (dark shunt resistance) was determined to be nearly 200,000 Ω cm2,

however, it decreased three orders of magnitude to ca. 240 Ω cm2 at 150 mW/cm2

illumination. Further effects will be discussed in the next section. It is important to note

that the modeled curve matches the experimental data very well. The two diode model

can also be used to fit the J/V responses from devices on TPD-modified and HCl-etched

ITO as shown in Figures 6.6 and 6.7, respectively.
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FIGURE 6.4, The experimentally determined light intensity dependence of
the TiOPc photovoltaic on oxygen plasma cleaned ITO was shown
previously, however, here the ideal diode conditions are also included for a
given photocurrent. The dark diode (i.e. the fit properties of jo, n, Rs, and
Rp) are offset by JPH (=JSC) and represent the maximum achievable
performance for the photovoltaic device at each light intensity level (for the
give JSC). Corresponding increases in JSC are for ight intensities of 0, 15, 35,
95, and 150 mW/cm2.
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FIGURE 6.5, Fitting of the current/voltage behavior can be
accomplished by sequentially accounting for RS, RpL, and the second
diode (JoL and nL). The resulting curves are shown here for the fitting of
the TiOPc device on oxygen plasma cleaned ITO. The decreased shunt
resistance, RpL, appears to have the greatest detrimental effect on the
device performance.
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FIGURE 6.6. Fitting of TiOPc photovoltaic performance on TPD-
modified ITO where the sequential inclusion of Rs, Rp, and the 2nd diode
are shown in the fitting.

Applied Bias (V)

C
ur

re
nt

D
en

si
ty

(m
A

/c
m

2 )

(circles) - experimental J/V at ca. 100mW/cm2

(thin line) – dark diode offset by JSC

(triangles) – RS-adjusted offset dark diode
(squares) – RS and RPL-adjusted offset dark diode
(gray line) – fitted curve including 2nd diode

-8

-6

-4

-2

0

2

4

6

8

-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7

dark diode



241

FIGURE 6.7. Fitting of TiOPc photovoltaic performace on HCl-etched
ITO where the sequential inclusion of Rs, Rp, and the 2nd diode are
shown in the fitting.
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The intensity dependent photovoltaic characteristics observed in Figures 5.14, 5.15, and

5.16 were also modeled with the light-intensity dependent diode. Figure 6.8 shows the

resulting changes in JL, nL, RPL, and RS with light intensity. Reverse saturation current

density increases for all three devices upon illumination. The ideality factor, with a value

near 2 for all three devices in the dark, increases upon even slight illumination for OPVs

on TPD-modified and HCl-etched ITO. The changes in diode parameters for the OPVs

Figure 6.8. The fitted diode and resistance parameters for TiOPc
devices on the three types of ITO surfaces as a function of light
intensity. (squares) TPD-modified ITO, (triangles) HCl-etched,
(Circles) oxygen plasma cleaned.
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on HCl-etched and TPD-modified ITO indicate that the addition of a second diode to the

model was necessary as the solar cell J/V curve departs from the ideally offset dark diode

conditions. However, for the OPV on oxygen plasma cleaned ITO the diode parameters

do not change significantly, suggesting that a single diode model may be sufficient for

characterization. It should be noted that the Jo for the OPV on oxygen plasma cleaned

ITO under dark conditions is actually the highest, however, the Jo value is the lowest

upon illumination giving the most consistent value across all illumination levels. Series

resistance is approximately the same for HCl-etched and oxygen plasma cleaned devices

at all intensity levels, while RS appears to increase with intensity for the TPD-modified

device: the decrease in efficiency with illumination power observed in Chapter 5 for the

OPV on TPD-modified ITO may be partially due to this trend.

Shunt resistances decrease upon illumination for all three device types. As an illustration

of the photoconductive effects present in some kinds of organic solar cells, the net value

of shunt resistance changes linearly with light intensity, Figure 6.9. Since the resistances

are in parallel, the net shunt resistance, RPN, is given by the sum of the inverses of the

shunt resistance under illumination, RPL, and the shunt resistance in the dark, RP.
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Due to the complication of photoconductive effects, the correlation between surface

modification and shunt resistance is more clearly observed under dark conditions. Under
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dark conditions the shunt resistance was the greatest for the TPD-modified device and the

lowest for the oxygen plasma cleaned ITO device. It would be expected that a surface

modifier would aid in wetting, as discussed previously, which would alleviate pinhole

formation and increase shunt resistance.

Shilinsky et. al. have used a resistor in parallel to the dark shunt to account for

photoconductivity.75 Waldauf et. al. have also discussed the change in shunt resistance

upon illumination.169 These authors identified a term called the contact permeability, cp,

as a correction factor for the probability that a charge carrier can penetrate a barrier

presented by the “selective” properties at a particular electrode, such as electron injection
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FIGURE 6.9, The inverse net shunt resistance increases
linearly with increasing illumination intensity. This is a
clear indication of photoconductive effects within the
organic material. Shunt resistance values were determined
for TiOPc/C60 devices on (squares) TPD-modified ITO,
(triangles) HCl-etched ITO, and (diamonds) oxygen
plasma cleaned ITO.
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from ITO into neutral TiOPc. The equation these authors subsequently derived is given

below.169
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Where A is area is the area of the electrode, d is the thickness of the photo-active layer, µ

is the mobility, and ne is the charge density of photogenerated carriers. This equation is

essentially two resistors in parallel, as was presented above, and the need to use such a

model was not necessary. However, these authors do discuss that the added carriers

produced by photogeneration increase the density of charges in the organic films, and the

mobility of such charges aid in increasing the conductivity of the films. Such an

explanation is useful for understanding the photoconductive properties and reduction in

shunt resistance with illumination intensity.

6.2.2 Compiled Fitting Data

The experimental determination of averaged performance characteristics (VOC, JSC, FF,

and PMAX) for the device types was previously summarized in Table 5.2. The averaged

diode parameters and shunt resistances were also determined for the same set of samples

and the resulting averaged values are summarized in Table 6.1 along with standard

deviations. Series resistances will be discussed later in this chapter.
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TABLE 6.1, Accumulated diode and shunt resistance parameters for
TiOPc/C60 solar cells on three types of differently prepared ITO
substrates. Average values and standard deviations are given.
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6.3 Examining the Components of 2-Diode Modeling

6.3.1 Effect of Individual Components: Quantification

Figures 6.5, 6.6, and 6.7 showed the J/V characteristics for the three types of devices at a

PSOLAR of ca. 100 mW/cm2. These figures also show the effects of the individual

components on the solar cell behavior following the procedure outlined by Yoo, et. al.161

The ideal case for the illuminated diode, where the dark diode is simply offset by JPH was

not found to correlate to the experimental curve under illumination, however, this

condition does represent the optimum condition achievable for the organic solar cell with

a given JSC. The effect of RS can be added into the diode equation and the resulting

curves are shown for the three respective solar cells. It is clearly observed that the effect

of RS is virtually insignificant on the performance of the devices. Shunt resistance (the

value determined upon illumination, RPL) can also be included in the fitting and the

fitting is observed to more closely approximate the solar cell J/V curve. RPL in all of

these devices is much less than the ideally infinite value and has a significant impact on

device efficiency, e.g. reducing the FF by 25% for the TPD-modified device. The

modeling of the experimental J/V curve can be completed by including changes in

reverse saturation current density and ideality associated with the illuminated diode. This

method accounts for the recombination of photogenerated carriers upon illumination.

Table 6.2 shows the relative effect of RS, RP, and recombination on each of the device

types following the J/V curves shown in Figures 6.5, 6.6, and 6.7. It is quantitatively

shown that RS has less than a 1% effect on VOC, FF, and PMAX for all three solar cell

types.



248

RPL appears to contribute to significant losses in the performance of these devices. A 3 to

4 percent reduction was observed for open circuit voltages, the fill factor was decreased

by approximately 30% (±5%) from its ideal value, and the maximum power was similarly

reduced by RPL. Shunt resistance is not usually a focus for organic photovoltaic

discussion as the dramatic effect of RPL has not been thoroughly and quantitatively

illustrated as it is here. Yoo et. al. demonstrated the effect of RPL, however, the modeling

of J/V curves was of primary interest.162 Frohne et. al. discussed the light intensity

dependence of RP in terms of photoenhanced injection currents, but for a different solar

cell architecture than is used in this work.170 The organic devices studied in this work
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TABLE 6.2, The effect of the equivalent circuit components on the solar cell
performance is given as each component is individually added into the diode
modeling equation. The values given in each row are the percent decrease
from the values obtained for the ideal case. Data is derived from TiOPc/C60

devices on ITO which has been TPD-modified, HCl-etched, and oxygen
plasma cleaned at PSOLAR of 100 mW/cm2.

VOC in (V), PMAX in (mW/cm2)
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have large RP values under dark conditions; however, the values are not as high as can be

obtained for inorganic devices where shunt resistances are on the order of GΩcm2.

Relatively low shunt resistances may be an unavoidable trait of organic photovoltaics

using standard architectures. These devices must be extremely thin, due to limited

exciton diffusion lengths, such that pinholes in the initial organic layer will likely exist

and can be filled by subsequently deposited materials. Impurities in the organics may

also lead to leakage pathways within a device. At such low thicknesses, amorphous films

are generally desirable for organic solar cells as the films are more smooth and uniform

relative to films which have partially crystallized. Additionally, and more importantly,

for shunt resistance effects in organic devices, the conductivity of organic materials

increases with illumination. This effect is well documented and led to their initial use as

photovoltaic materials. Losses associated with decreased shunt resistance should

therefore be expected in organic photovoltaics, and the development of methods for

maintaining high shunt resistances under illumination would be a novel undertaking.

Shunt resistance for the planar heterojunction can be maximized by forming pinhole-free

films, by limiting the roughness of the substrate, and by careful deposition of the Al

layer, among other parameter optimizations. These steps must be taken to obtain well

performing photovoltaics, and, it should be noted, the number of OPV devices which fail

due to excessively low Rp values is high and occurs frequently.

In Table 6.2 the effect of the second diode on the photovoltaic performance is also

included. The maximum power output for the TPD-modified device was observed to
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decrease by nearly 20% from the diode condition with RS and RP included. The HCl-

etched device shows a 10% reduction in PMAX while the oxygen plasma cleaned device

only shows a 3% reduction. VOC is most dramatically affected by the second diode for all

three device types. A 15% reduction in FF is observed for the TPD-modified device.

The second diode is included in the modeling procedure to make up the difference in

fitting of the J/V curve that cannot be obtained by simply including RS and RP. The

second diode is therefore not intended to necessarily represent a physical element of the

device, but rather illustrates the change in the diode properties which occur upon

illumination due to the recombination of photogenerated carriers. Photogenerated

carriers do not exist under dark conditions, but do exist under illumination, and at

different concentrations dependent upon illumination intensity. It can therefore be

concluded that recombination is most problematic for the TPD-modified device and also

significantly degrades the performance of the HCl-etched device.

6.3.2 The 1-diode Case: OPV on Oxygen Plasma Cleaned ITO

One of the most striking observations about the data summarized above is the fact that

the TiOPc/C60 solar cell on oxygen plasma cleaned ITO exhibits J/V characteristics that

can nearly be modeled with only one diode. In this case, the only deviations of the

experimental curve from the offset dark diode are due to changes in RS and RPL. Figure

6.10 shows the J/V performance for the best performing oxygen plasma cleaned OPV

device obtained in this work, along with sequential fitting to include RS, RP, and the

second diode. The experimental data is closely approximated by including RS and RPL.
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This analysis shows that the rate of recombination of photogenerated carriers is not

significantly different from the recombination rate of charges under dark conditions.

Given the value for RPL, this is the best performance obtainable for a TiOPc/C60

photovoltaic of the given architecture and JSC.

Figure 6.10. The best performing TiOPc/C60 photovoltaic, obtained on
oxygen plasma cleaned ITO, is shown here along with the sequential
fitting conditions. Series resistance has no effect on the performance
of the device. Decreased shunt resistance upon illumination accounts
for all of the loss in FF and VOC and the addition of a second diode to
the model is not necessary, i.e. the recombination of photogenerated
carriers is very small.
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6.4 Extracting Components of Series Resistance

6.4.1 Components of Series Resistance

Series resistance was not found to have a significant impact on the solar cell performance

of the devices in this work, as presented above, however, a thorough understanding of RS

had to be developed as surface modifications were initially theorized to directly influence

RS. Previous investigators have also suggested that high series resistances may play a

more important role in the performance of OPV devices where high currents are

obtained.18,162 Higher currents are obtainable for solar cells comprised of different

material systems and RS may be more significant for such devices.86,167,168,171

The effect of RS on FF and JSC has been quantified by Green and others and was used for

the investigation given above.18,74,161,162 It is well known that resistive losses in an OPV

device arise from low charge mobility in the organic hole transport and electron transport

layers, denoted as a bulk resistance (Rs,B), slow rates of charge exchange at interfaces

(charge transfer resistance, Rs,CT), and resistances in experimental components and

contacts(Rs,E).

EsCTsBss RRRR ,,, ++= 6.18

Rs,E can be significantly reduced by designing a good testing setup where, for example,

redundant contacts, high conductivity components, and short electrical wires are used.

Rs,B and Rs,CT have typically not been evaluated since series resistances add and only the

sum-of-effects can be observed. Additionally, the method for extracting these values is

difficult, and a reliable method for determining RS is not always employed. Here Rs,B and
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Rs,CT have been evaluated and related to changes in treatment of the ITO/organic

interface.

6.4.2 Evaluation of Sheet Resistance (RS,ITO)

At high forward bias, where series resistance is observed, another resistance component

adds to the series resistances, namely, the sheet resistance of the ITO anode (Rs,ITO).

ITOsEsCTsBsS RRRRR ,,,, +++= 6.19

The resistance of ITO can be observed by measuring the resistance with an ohmmeter as

the probes are placed at varying distances from one another along the ITO surface, Figure

6.11. (The y-intercept of the linear trend is very close to the sheet resistance of ITO as

measured via a 4-point probe.) In a similar manner, the effect of contacting the ITO at

various distances from a solar cell is shown in Figure 6.12. Here the complete J/V curve

is shown and a significant decrease in slope at high forward bias is observed as the path

length for current through the ITO increases. Series resistance components are additive

and a change in RS,E with added resistors will also cause the same effect as an increase in

Rs,ITO, Figure 6.13.
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FIGURE 6.11, The measured resistance (Ω) increases linearly
as the distance between the probes of an ohmmeter increases
across the surface of ITO.
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FIGURE 6.12, The effect of contacting the ITO at various
distances from a solar cell appears as a reduced slope at
high forward bias because series resistance increases due to
a longer conductive pathway through the ITO.
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Extraction of the series resistance of the device without the contribution of ITO sheet

resistance was difficult as it is impossible to test the device without electrically

contacting the ITO. However, a method was devised to evaluate the percentage of Rs,ITO

in RS and will be discussed here. In testing a solar cell a contact was made to the ITO at

a certain distance from the solar cell. A second contact was made at a further distance

from the solar cell. The solar cell was then tested using the first contact, then retested

with the second contact, and then retested using both contacts. This method is

schematically shown in the equivalent circuit model in Figure 6.14. Rs,1 represents the

series resistance of the organic solar cell materials and interfaces. Rs,2 represents the

FIGURE 6.13, The change in slope at high forward bias
can be observed by adding resistors in series with the
measurement circuit, added resistance values are shown.
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series resistance associated with the ITO using the closest ITO contact. Rs,3 represents

the series resistance associated with the ITO using the farther ITO contact. Switch 1 can

be closed to test the device using Rs,2, switch 2 can be closed to test using Rs,3, or both

switches can be closed to test with both contacts/resistances. The resulting values of RS

can be experimentally determined, Rs,12, Rs,13, and Rs,123, but are a sum of the effects,

thereby, leaving a three equations and three unknowns derivation for extraction of the

exact value of each resistance.

Rs,12 = Rs,1 + Rs,2 6.20

Rs,13 = Rs,1 + Rs,3 6.21

Rs,123 = Rs,1 + (1/Rs,2 + 1/Rs,3)
-1 6.22
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Rs,1

Rs,3

Rs,2

Figure 6.14, A solar cell can be tested with multiple contacts to the
ITO. An ITO contact in a position close to the solar cell will have a
smaller resistance, Rs,2. An ITO contact at a farther distance from
the solar cell will have a larger resistance, Rs,3. Rs,1 represents the
series resistance, contact and bulk, of the solar cell without any
contribution of the ITO sheet resistance. Testing of the solar cell
can be performed by either closing switch 1 (sw1), switch 2 (sw2),
or both switches. The RS values obtained from the resulting J/V
curves can be used to perform a three equations and three
unknowns analysis to extract the exact values of Rs,1, Rs,2, and Rs,3.

sw1

sw2

Rp
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The experimental J/V curves are given in Figure 6.15 for this experiment. Values of 2.3

Ω cm2, 3.5 Ω cm2
, and 2.22 Ω cm2 were obtained for Rs,12, Rs,13, and Rs,123, respectively,

giving a value of 1.9 Ω cm2 for Rs,1. For the close ITO contact, 3 mm from the solar cell,

20% of the measured RS value was due to RS,ITO. For the far ITO contact, 20 mm from

the solar cell, 50% of the RS values was due to RS,ITO. Such effects have not been

discussed in the literature, although RS values are routinely reported. Additionally, given

the masking schemes for ITO fabrication, which are often discussed among literature

reports, it is clear that there is often a considerable distance between the ITO contact and

the solar cell, indicating that many of the reported RS values are likely to be artificially

high.
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The J/V characteristics in the power producing region of the plot for devices under

illumination are shown in Figure 6.16. From inspection of Figure 6.15 and 6.16 it can be

noted that despite the changes in measured RS, virtually no change in solar cell

performance is observed. The currents in this region are apparently too low to be

significantly attenuated by the relatively low RS values. It is only at high currents in

forward bias where the effect of RS can be observed. Unfortunately, this is the region

from which RS is calculated. The sheet resistance component of RS should not limit the

maximum area of a photovoltaic device as it appears to only become important at high

Figure 6.16, The observed increase in RS, due to ITO
sheet resistance, does not affect the device performance
in the power producing region of the J/V curve. Three
different J/V curves are plotted, corresponding to Figure
6.15, where the ITO contact distance has been varied.
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current levels which are typically not produced by most organic solar cells in the power

region around JSC. It is proposed that a value as large as 20 mA/cm2 could be used as a

benchmark where losses caused by Rs,ITO could become significant. If a device were to

become so large, or so efficient, as to produce a high current then losses due to the ITO

substrate could be significant. This effect may also occur at high light intensities where

higher currents are obtained.

After thorough experimentation it was concluded that multiple contacts to the ITO in

close proximity to the solar cell resulted in measured RS values which were nearly

independent of Rs,ITO. This method was used for all OPV testing. A gold wire was used

to contact the aluminum back contact and other precautions were made to minimize Rs,E.

Rs,ITO and Rs,E were therefore small and, more importantly, constant for all devices

analyzed and are negligible for relative comparisons. Rs,B and Rs,CT could then be

accurately extracted from RS.

CTsBsS RRR ,, += when Rs,ITO ≈ 0 and Rs,E ≈ 0 6.23

6.4.3 Extraction of Bulk Resistance (Rs,B) and Interfacial Resistance (Rs,CT)

Extraction of the interfacial charge transfer resistance (Rs,CT) and bulk resistance (Rs,B)

terms can be obtained by evaluating RS as a function of device area. A plot of RS versus

area gives a linear correlation where the slope is related to charge transfer processes and

the y-intercept is the series resistance at zero area, or the one dimensional resistance
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associated with non-infinite charge mobility, i.e. bulk resistance. Rs,CT was related to the

rate of heterogeneous electron transfer in the introduction. Rs,B is related to mobility by:

d

CqFA

R

µ
=

1
6.24

Interfacial and bulk resistances have been reported by plotting RS as a function of device

thickness.172 However, it has been determined in this work that changing device

thickness also changes the quality of overall device and not just RS. Therefore, changing

device thicknesses may not give an entirely accurate description of Rs,B and Rs,CT. Device

area has not been found to correlate with VOC, JSC, or FF for the devices studied in this

work. Figures 6.17 and 6.18 are plots of RS as a function of area for OPV devices on the

three differently treated ITO surfaces under dark and illuminated conditions, respectively.

the linear fits to the data in Figures 6.17 and 6.18 are summarized in Table 6.3.

Rs,CT represents the sum of organic/organic, organic/metal, and organic/TCO interfacial

charge transfer resistances. For the device described in this work:

AlBCPsBCPCsITOTiOPcsCTs RRRR /,/60,/,, ++= 6.25

No resistance is associated with the C60/TiOPc interface as it is described by diode

parameters. When evaluating the effects of ITO surface pretreatment on photovoltaic

behavior, the interface between BCP and C60 and the interface between BCP and

aluminum must be assumed to be the same in all cases such that changes in Rs,CT should

relate only to changes in Rs,TiOPc/ITO, i.e. changes in the ITO surface chemistry and its

interface with the TiOPc layer.
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ITOTiOPcsCTs RR /,, ∆=∆ 6.26

Rs,B is also a sum of several resistive components from each organic layer.

BCPsCsTiOPcsBs RRRR ,60,,, ++= 6.27

Again, the assumption must be made that Rs,C60 and Rs,BCP are constant in each of the

OPV devices where only the ITO surface pretreatment is varied. Therefore, changes in

Rs,B must relate to changes in Rs,TiOPc.

TiOPcsBs RR ,, ∆=∆ 6.28

In the ideal case, Rs,B would be the same for all the TiOPc/C60 devices regardless of ITO

pretreatment.



263

FIGURE 6.17, Series resistances from devices tested in the dark
are plotted as a function of device area for TiOPc/C60 devices on
the three differently prepared ITO surfaces as indicated.
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three differently prepared ITO surfaces as indicated.

TPD-modified

HCl-etched

Oxygen plasma
cleaned



265

The values of Rs,B for the devices on HCl-etched and oxygen plasma cleaned ITO are

very similar (considering the experimental error). Under illumination the values of Rs,B

for these two device types are also nearly identical. The Rs,B value for the TPD-modified

device is much greater, approximately 4 to 5 times greater, than the values for the other

two devices under both dark and illuminated conditions. Since TiOPc layers appeared to

be approximately the same in Chapter 5 on the different ITO preparations, it must be

concluded that the TPD-modifier presents an additional bulk resistance. This may be

reasonable as the TPD-modification layer was previously characterized as a multilayer

PSOLAR = 0 mW/cm2

PSOLAR ca. 100 mW/cm2

440.380.177.2
Oxygen Plasma
Cleaned

380.420.168.7HCl-etched

741.10.8410TPD-modified

250.380.109.6
Oxygen Plasma
Cleaned

70.420.0313HCl-etched

381.20.4524TPD-modified

% Ohmic
Character

* Rs
(Ω cm2)

Intercept
(Rs,B in
Ω cm2)

Slope
(Rs,CT inΩ)

PSOLAR = 0 mW/cm2

PSOLAR ca. 100 mW/cm2

440.380.177.2
Oxygen Plasma
Cleaned

380.420.168.7HCl-etched

741.10.8410TPD-modified

250.380.109.6
Oxygen Plasma
Cleaned

70.420.0313HCl-etched

381.20.4524TPD-modified

% Ohmic
Character

* Rs
(Ω cm2)

Intercept
(Rs,B in
Ω cm2)

Slope
(Rs,CT inΩ)

TABLE 6.3, The linear extrapolation of series resistance as a function of device
area gives two components of series resistance, a bulk resistance component
(RS,B) and an interfacial contact resistance (RS,CT). The series resistance is given
for a device of area 3 mm2 and the ratio of bulk resistance to total series
resistance gives the percent Ohmic character of the charge transferring interfaces.
Data is derived from TiOPc/C60 devices on ITO which has been TPD-modified,
HCl-etched, and oxygen plasma cleaned at PSOLAR of 100 mW/cm2.
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and the molecules contain long, non-conductive alkyl chains terminated by phosphonic

acid groups, Figure 2.1.

The total RS under illumination for all three device types is nearly identical to that

measured in the dark. Under illumination, the value of Rs,CT is nearly the same for all

three device types. The percent Ohmic character for the interfaces due to the individual

surface pretreatments can be determined by taking the ratio of the bulk resistance to the

total resistance.173-177

CTsBs

Bs

RR

R
Ohmic

,,

,%
+

= 6.29

An ideal charge transferring interface, i.e. Ohmic contact, would have no interfacial

charge transfer component and high values of percent Ohmic character would be

obtained. The percent Ohmic character doubles for all three devices upon illumination,

suggesting that charge transfer resistances are less important at higher light intensities.

This may be an explanation for the high efficiency of the TPD-modified device at low

light intensity as observed in Figure 5.17D. However, the efficiency decreased with

illumination power since the charge transferring contribution of the TPD-modifier

became less important to the overall device. This effect was also observed for the other

two devices. The percent Ohmic character for the HCl-etched and oxygen plasma

cleaned devices was less than 50% at 100 mW/cm2. However, the device performance

for these two solar cells tended to be better than for TPD-modified devices. This data

suggests that under dark conditions, or low light level conditions, the device performance



267

may be strongly affected by interfacial properties such as charge transfer. At higher

illumination levels, where concentrations of carriers would be much higher and injection

currents would also be higher, the bulk properties may become more significant.
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6.5 Recombination Current

It was previously mentioned that the addition of the second diode to the modeling

equation was performed to account for recombination of photogenerated carriers, which

degrades the performance of the device. The sequential analyses of the J/V curves as

performed above allows for the extraction of the current associated with recombination.

Extraction of this current can be accomplished by using the J/V curve from the dark

diode offset by JSC and adjusted for RS and RPL as a baseline, the open squares in Figures

6.5, 6.6, and 6.7. Therefore, the difference between the experimental data and the JSC-

offset RS-RPL-adjusted dark diode gives the recombination current. This procedure was

used to obtain the data shown in Figure 6.19 where recombination current is given for the

oxygen plasma cleaned, TPD-modified, and HCl-etched devices.

Recombination can occur as geminate or non-geminate in the device. Geminate

recombination is the annihilation of charge carriers via the reaction of the photogenerated

hole with the photogenerated electron which occurs at the heterojunction. Non-geminate

recombination can occur throughout the device where carriers can be trapped by

impurities, defect states, or a variety of other mechanisms. Recombination of

photogenerated carriers was schematically shown in the introduction and would involve

the reaction:

TiOPc.+ + C60
.- � TiOPc* + C60 6.30

For simplicity, since the TiOPc and ITO parts of the photovoltaic device were of primary

interest to this work, only the TiOPc side of the device will be considered. This
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simplification is likely to be valid as the mobility of electrons in C60 is generally

considered to be orders of magnitude greater than the mobility of holes in

phthalocyanines. With regards to the recombination reaction, the C60 side of the device

would therefore essentially represent an electrode:

TiOPc.+ + e-� TiOPc* 6.31

Thus, the photogenerated carrier is a hole in the TiOPc layer which exists as TiOPc.+ and

the recombination of the photogenerated carrier is the reduction of oxidized TiOPc.

The recombination current observed in Figure 6.19 is apparently dependent on applied

potential. Under reverse bias the J/V responses of the photovoltaic devices were nearly

linear and the adjusted dark diode adequately fit data in this region. Therefore, the

recombination current is essentially zero throughout the reverse bias regime. At zero

applied bias the modeled J/V curves were set to have an equal value to the experimental

data, i.e. JSC, so the recombination current is zero. The deviation of the performance of

the photovoltaic from the ideal condition is therefore observed only at positive applied

potentials, including the region in which the solar cell is producing power. The

recombination current steadily increases as the applied bias approaches VOC. As VAPPLIED

becomes greater than VOC the recombination current is observed to continue to increase.

In this voltage regime holes are being injection from the ITO into the TiOPc layer. This

process decreases the concentration gradient of holes within the TiOPc layer thereby

reducing the driving force for hole diffusion away from the heterojunction, and

subsequently increasing the probability for recombination. Eventually a maximum
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recombination current was obtained for each of the devices. The decrease in

recombination at high applied bias likely occurs because the concentration of TiOPc

available for excitation to TiOPc* has been reduced by the injected carriers forming

TiOPc.+. Recombination of photogenerated carriers is overcome by recombination of

injected carriers and both the dark and light J/V curves coincide at high applied potentials

where series resistance dictates the J/V behavior. Some evidence for the above

explanation on recombination current can be found in the photocurrent action spectra

discussed below.
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FIGURE 6.19, Recombination current for TiOPc/C60

photovoltaics as a function of applied bias for devices
prepared on TPD-modified ITO (squares), HCl-etched ITO
(triangles), and oxygen plasma cleaned ITO (circles).
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6.6 Photocurrent Action Spectra at Applied Potentials

A photocurrent action spectrum was shown in the previous chapter for a TiOPc/C60

device. Photocurrent action spectra can be found routinely in the literature and are

usually obtained by evaluating JSC as a function of incident wavelength. However, it was

recognized here that an experimental J/V curve could be obtained for any illumination

source, just as a J/V curve is obtained under dark or white light illumination. This allows

for a photocurrent action spectrum to be obtained at any applied potential. This analysis

method is relevant to the discussion of recombination current present above.

Figure 6.20 shows the photocurrent action spectrum for a TiOPc/C60 solar cell (on

oxygen plasma cleaned ITO) at several applied voltages. In forward bias regions the

current occurs almost entirely at very low and high wavelengths where conditions are

essentially dark with respect to TiOPc and C60 absorption, i.e. there is very little

absorption in those wavelength regions. The photocurrent arising from TiOPc and C60

absorption is quenched at applied potentials of 0.6, 0.7, and 0.8 V. At 0.4 V, which

would be below VOC for the solar cell, the photocurrent begins to approximate the

absorption of the solar cell. As the applied potential is reduced from 0.4 V to 0.0 V the

photocurrent is observed to more closely track the absorbance spectrum and the current

increases. In reverse bias the photocurrent continues to resemble the absorbance

spectrum. The increases in current are consistent with the current observed in a

photovoltaic J/V curve.
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The observations of photocurrent at various applied potentials are direct evidence

supporting the given explanation for the recombination current given above. At high

forward bias, the photogenerated carriers recombine efficiently and current is dictated by

injected carriers, current from TiOPc and C60 absorption is not observed. At JSC and in

reverse biased regions, current arises from efficient dissociation of TiOPc and C60

excitons and subsequent charge collection. In the power producing region of the solar

cell photocurrent resembles the absorption profile but some recombination occurs thereby

reducing the overall current and producing some recombination current as observed

above in Figure 6.19.

A model can then be developed to explain the recombination current as shown in Figure

6.21. At JSC and in reverse bias, the concentration gradient of holes and electrons is at its

maximum and both drift and diffusion lead to efficient charge collection of dissociated

carriers. However, as the applied bias approaches VOC, the driving force for one, or both

current mechanisms are reduced leading to greater recombination currents. Since

recombination reduces the number of charge carriers, the concentration of carriers at the

heterojunction is reduced. At higher applied potentials than VOC, current is a result of

injected carriers and the photogenerated carriers become of minimal importance,

recombination is driven at its maximum rate in forward bias.
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FIGURE 6.20, The changes in current associated with the photogeneration
of carriers can be observed by evaluating current as a function of
wavelength and applied bias. At short circuit the photocurrent resembles
the absorbance spectrum of the TiOPc/C60 layers. At reverse bias the
photocurrent action spectra correlate with the absorbance spectrum. The
resemblance of the photocurrent action spectrum to the absorbance spectrum
disappears as recombination of photogenerated carriers is driven at forward
bias. At forward bias the current of the device is dictated by charge injection
as observed under dark conditions and the region correlated to the
absorbance is significantly attenuated. (Dotted lines for 0.8 V, 0.7 V, and
0.6 V potentials have been reduced by 1000 to fit on the y-axis scale.)
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FIGURE 6.21, The observed recombination current suggests that the
concentration gradient profiles change with applied potential for non-ideal
solar cells. At JSC and in reverse bias the concentration gradient is at its
maximum, but as the applied bias approaches VOC recombination increases
thereby decreasing the concentration of carriers at the heterojunction.
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6.7 Discussion and Conclusions

The above discussion on recombination current is a significant result as the extraction of

current associated with recombination from J/V curves has not been previously

attempted, although the contribution of recombination has often been discussed and is

well known to degrade the performance of solar cells.176,178-183 Furthermore, the

photocurrent action spectra presented above is a unique technique for supporting the

explanation that the recombination reaction is affected by the applied bias.150

The fact that a nearly ideal solar cell could be fabricated with TiOPc is also a significant

result. The recombination current was observed to be virtually negligible for a device

with a thin TiOPc layer on oxygen plasma cleaned ITO. This behavior indicates that

charge generation occurs only at the heterojunction and that charge carriers are efficiently

extracted. For other thicknesses of TiOPc on oxygen plasma cleaned ITO, the

recombination current was also observed to be the lowest throughout the power

producing region of the J/V curve, Figure 6.22. The oxygen plasma cleaned surface

therefore presents some feature that aids in efficient charge collection that is not obtained

for the other ITO preparations. From Figure 5.12 it was observed that the TiOPc film on

oxygen plasma cleaned ITO was the most uniform and had the lowest roughness. It has

also been discussed that the ITO surface after oxygen plasma cleaning is the most

uniform with respect to electro-activity (Chapters 1 and 4). For blended-heterojunction

solar cells it has been established that the charge collection length is affected by the

blending of the heterojunction (discussed in Chapter 5). Such devices are fabricated by
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co-depositing C60 and phthalocyanine for a brief period forming an inter-mixed organic

layer rather than an abrupt heterojunction. The blend of C60 and phthalocyanine presents

multiple sites for exciton dissociation as well as multiple sites for recombination

throughout the heterojunction region.159,160 For devices in this work a blend was not

used, however, a rough TiOPc surface would present an interface where regions of the

heterojunction with C60 would extend into one another, which would present a high

surface area and higher probability for recombination reactions. Additionally, regions of

the ITO surface where facile electron transfer does not occur would present a region

within the TiOPc whereby charges would be poorly collected, possibly leading to

increased recombination. These possibilities are illustrated in Figure 6.23.

The nearly-ideal performance of the OPVs on oxygen plasma cleaned ITO substrates is

apparently a result of the homogeneity and smoothness of both the ITO and TiOPc films.

Additionally, given the above explanation for recombination current, there must be a

voltage dependency for charge carrier extraction. Typically the charge collection

efficiency for a planar heterojunction device is assumed to be 100%; however, this

efficiency will decrease if the applied potential approaches the built-in potential of the

device. It has been shown for bulk heterojunction solar cells that the mean carrier

distance (dh for a hole) is a function of applied potential.184

L

VV
d biAPPLIED

h

)( −
=τµ 6.34

Where µ is the mobility, τ is the lifetime, and L is the thickness. Such an effect is

directly related to the drift component of current flow. This equation shows that as the
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electric field is reduced, i.e. as VAPPLIED approaches Vbi, the mean carrier distance

decreases. If the mean carrier distance becomes less than the thickness of the

transporting film, the photogenerated carrier will be trapped and will help lead to

recombination. Since devices on oxygen plasma cleaned ITO show this effect less than

for the other devices it could be presumed that diffusion is a greater driving force for

current in the oxygen plasma cleaned ITO devices. This explanation also fits with the

models shown in Figure 6.23 since a well defined, i.e. smooth/abrupt, heterojunction

would lead to a greater concentration gradient of photogenerated carriers than a

heterojunction where carriers are generated at various distances from the charge

collecting electrodes.

In the introduction it was discussed that thicker organic layers could be used to aid in

light absorption, but since the exciton diffusion length is limited, only a fraction of the

organic layer thickness actually aids in photocurrent generation. Additional organic layer

thickness would then only present additional series resistance to the device. From Table

6.4, corresponding to the devices shown in Figures 5.19, 5.20, 5.21, and recombination

currents shown in Figure 6.22, series resistance is observed to increase with increasing

TiOPc thickness as expected.
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discussed in this work. The TiOPc layer thickness is indicated for each
device. Devices on ITO which have been TPD-modified (top row), HCl-
etched (middle row), and oxygen plasma cleaned (bottom row). The device
with the thinnest TiOPc layer on oxygen plasma cleaned ITO exhibits nearly
ideal behavior indicated by the virtually negligible recombination current.

Applied Bias (V) VAPPLIED - VOC

R
ec

om
bi

na
ti

on
C

ur
re

nt
(m

A
/c

m
2 )

TPD-modified

HCl-etched

Oxygen plasma
cleaned



280

FIGURE 6.23, (Top) Charges indicated by arrows are efficiently collected
when the heterojunction is essentially smooth and the both contacts support
facile charge transfer. (Middle) When the heterojunction becomes
roughened there is a greater surface area for charge recombination.
(Bottom) Regions of the ITO electrode are indicated as having low rates of
charge transfer leading to a build up of charge within that region of the
TiOPc film leading to increased recombination.
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TPD-modified

15 nm

21 nm

28 nm

Oxygen Plasma Cleaned

19 nm

21 nm

26 nm

HCl-etched

14 nm

18 nm

30 nm

TiOPc

0.3

0.5

0.6

0.2

0.5

3.7

0.7

0.6

1.1

RS
(Ωcm2)

90.165602.2151.7

3
(2)

0.0003
(6e-5)**

4402.2402.1

50.0095001.92.40.83

4
(2)

0.0004
(2e-4)**

6002.0412.5

80.075202.13.00.11

70.095202.2301.0

60*3.3*4602.00.549

50.0094402.03.10.85

80.075402.15.01.5

nJo
(mA/cm2)

RPL
(Ωcm2)

n
Jo

(x 10-6

mA/cm2)

RP
(x 106

Ωcm2)

TPD-modified

15 nm

21 nm

28 nm

Oxygen Plasma Cleaned

19 nm

21 nm

26 nm

HCl-etched

14 nm

18 nm

30 nm

TiOPc

0.3

0.5

0.6

0.2

0.5

3.7

0.7

0.6

1.1

RS
(Ωcm2)

90.165602.2151.7

3
(2)

0.0003
(6e-5)**

4402.2402.1

50.0095001.92.40.83

4
(2)
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TABLE 6.4, Accumulated equivalent circuit parameters for
TiOPc/C60 solar cells on three types of differently prepared ITO
substrates and with varying TiOPc thicknesses.

* The performance of this diode was too poor to be adequately modeled.
( ) These values are obtained when only a single diode model is used for
fitting.
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Chapter 7

CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Conclusions

Organic photovoltaics are complex material systems where bulk properties and changes

to one, or several, of the multiple interfaces in the device can have dramatic affects on the

overall performance. The device physics of inorganic solar cells are well established and

the basic mechanisms limiting the efficiency of those devices are relatively well

identified, however, for organic devices, which are of more recent interest and have not

been as extensively studied, the underlying phenomena of device operation are not as

well known. This work has attempted to investigate interfacial properties of the planar

heterojunction organic photovoltaic in an effort to draw correlations to characteristics of

device operation. A fundamental characterization of the TCO substrate was performed

and surface pretreatments of the TCO were selected to interrogate differences in OPV

devices where all other interfaces were not changed. A correlation was also established

between the open circuit potential and energy level offsets within the organic solar cell at

the O/O’ heterojunction. Adapted J/V modeling from inorganic solar cell theory showed

that recombination of photogenerated carriers is a significant loss mechanism for many of

these TiOPc/C60 solar cells.

7.1.1 ITO Characterization
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Photoelectron spectroscopic characterization in vacuo of freshly prepared ITO and

indium oxide was a novel approach to determine reasonable fitting procedures and peak

assignments for the O(1s) line shapes for these complex materials. The unavoidable

presence of contamination in air-exposed samples has led to many hypotheses in the

literature regarding the state of the ITO surface. Much of the uncertainty in the literature

regarding peak identification should be dispelled by the examination of clean surfaces

presented here. In this work the oxygen component attributable to bulk lattice sites was

clearly identifiable and a second component was identified as relating to the doping level

of the material. Asymmetric peak fits were used to account for surface heterogeneity and

could be applied to both ITO and indium oxide spectra.

Sputter deposition capabilities were developed for application to this work and for future

experimentation. The ability to customize TCO properties based upon deposition and

annealing conditions provides a significant advantage for investigation of these materials

and related technologies. In order to investigate the intrinsic surface properties of freshly

prepared films a process for in vacuo characterization was developed. This vacuum

transfer system will be applicable for additional experiments where clean surfaces are

desired. Passivation/surface modification experiments, gaseous dosing experiments, or

device fabrication can all be performed in vacuo by the methods developed in this work.

Other technologies for evaluating freshly prepared films in inert environments were also

developed and may be important for less reactive materials than the TCOs investigated

here but where inert environmental control is still desired.
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Surface pretreatments were used in this work, as with other investigations, to identify

critical components characteristic to the ITO based upon the pretreatment. Surface

pretreatment, and manufacturers’ variability, such as tin content, aid in the discrepancies

reported in the literature on the behavior of ITO electrodes. Acid-etching has been

shown to produce a relatively clean, electro-active surface, where contaminant levels are

attributable to air exposure alone. Oxygen-plasma cleaning increases the work function

of ITO, but does not appear to have a significant impact on surface impurity

concentrations compared to solvent cleaned ITO.

7.1.2 TiOPc Used for OPV Enhancement

It was the intention of this work to show that TiOPc could be used as an effective donor

material in photovoltaic devices and may be a competitive alternative to other more

common hole-transport materials such as CuPc. The continued use of TiOPc in

photovoltaic devices should lead to further the understanding of the excitonic solar cell

and may allow for optimization of devices with greater solar conversion efficiency.

Among properties that can be optimized without changing device architecture are light

absorption and open circuit potential. TiOPc was used in an attempt to increase light

absorption while also building a greater potential within the device. OPV devices were

created using TiOPc and conditions were optimized to obtain well-performing diodes

under both light and dark conditions. Light absorption and photocurrent were obtained

over a red-shifted region relative to CuPc. Future experimentation could lead to more IR-



285

absorbing phases of TiOPc. A higher open-circuit potential was also observed in

TiOPc/C60 devices relative to CuPc/C60 devices. The open-circuit potential was related to

offsets between the LUMO and HOMO positions of the acceptor and donor materials for

the CuPc/C60 and TiOPc/C60 interfaces. Very few band alignment studies have been

performed using C60 due to the limited ability to track band bending of the material,

however, an approach was used here that should facilitate further investigations. The

band alignment techniques may also allow for predictions of a solar cell’s maximum VOC.

7.1.3 Understanding OPV Performance

This study has evaluated the performance of an organic photovoltaic device from the

creation and characterization of the substrate through the fabrication and testing of

completed devices. The effect of recombination caused by the ITO interface was

correlated to surface properties and was determined to be a critical parameter in the

optimization of titanyl phthalocyanine OPV devices. Series resistance effects induced by

charge transfer resistances were not found to be a significant factor in limiting the

performance of the photovoltaics studied here. However, extraction of the series

resistance components showed that surface modification may be significant where low

concentrations of charge carriers are present. At higher light intensities the greater

concentration of carriers results in higher injection currents and the role of the surface

modifier is attenuated. For a device with a different material system in which higher

currents are obtainable for a given illumination level, the role of surface modification and
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interfacial charge transfer barriers may play a greater role for further optimization of

those devices.

7.2 Future Directions

While the current status of organic photovoltaics is apparently limited to approximately

5% efficiencies or less, it appears that the potential for organic alternatives is significant.

Consider the current densities shown in Figure 7.1 where a TiOPc/C60 solar cell was

illuminated at a very high light intensity. It is surprising, and encouraging, that the

organic materials produce such large currents. Further experiments with this device at

lower light intensities did not indicate any degradation of the device. Future optimization

of organic photovoltaics should, therefore, not likely be limited by their ability to sustain

large photocurrents, provided that the individual processes involved in photocurrent

generation can be optimized. Currently the light absorption of thin organic films is far

less than is required to obtain high currents and high efficiencies. The use of TiOPc in

this work aids somewhat in obtaining a better spectral overlap, however, higher overall

absorption will be dictated by increased molar absorptivities or path lengths of light

through the material. One or both of these parameters need to be maximized and suggest

the use of nanoparticles for photovoltaic materials or strategic architectures such as

tandem devices where solar cells can be stacked upon one another. Organic materials

have a distinct advantage in the tandem architecture as the various thin films can be

chosen to absorb different regions of the solar spectrum, thus, not only can the path

length be increased by using multiple layers of the same material, but the spectral overlap
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can also be optimized by using different materials. Charge transfer resistances and

recombination will play critical roles in such devices as the number of interfaces

increases.

Future directions should also be chosen to either stringently control the homogeneity and

consistency of the TCO surface, or to find alternative materials to the commonly used

metal-oxide TCO substrates. Such protocols are not trivial since the requirement for at

least one electrode to be both highly conducting and highly transparent is not easily

circumvented. Alternative materials such as conducting polymers or carbon nanotubes

FIGURE 7.1, The J/V behavior of a TiOPc/C60 photovoltaic at 100
mW/cm2 illumination (A) and very high illumination intensity (B)
are shown. High currents are obtainable with the organic materials.
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deposited on flexible substrates may be desirable, cost-effective alternatives despite their

lower conductivities as thin films.
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Appendix A

DEVELOPMENT OF SPUTTER DEPOSITION PROTOCOLS

A.1 Statistical Design for the Development of an ITO Recipe

A.1.1 Introduction

The following sections involve a discussion of the sputter deposition conditions which

were optimized for development of a standard ITO recipe. A period of time was required

to troubleshoot instrumental problems before a deposition could be performed from start

to finish without instrumental errors. During the initial break-in period a broad range of

deposition conditions were attempted where only relative impressions could be used for

guidance towards an ITO recipe due to the unreliability of the instrument. Tests were run

to find a range of conditions for further investigation. A statistically designed experiment

was developed to critically evaluate the sputter deposition process, and which could be

used towards optimization of conditions for a set of desired film properties.

Unfortunately, the analysis of these results reveals that the factor levels used in the

experimental design are too constrained and do not give significantly different responses.

However, from previous experimentation it was determined that the factor levels bracket

the optimal range of deposition conditions.

A.1.2 Development of the Design

A basic recipe for depositing and annealing ITO thin films was given in Chapter 2.

Recipes given in the literature were not found to be applicable to yield similar quality
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films in the K. J. Lesker AXXIS instrument described here, although the relative trends

discussed in the literature have also been observed. There are a significant number of

publications regarding the sputter deposition of ITO thin films. These studies discuss the

effect of substrate temperature, deposition time, atmospheric conditions during deposition

and annealing, and other key parameters. Unfortunately, these studies invariably evaluate

the effect of changes in a single variable on certain thin film properties such as

conductivity and transparency while holding all other deposition parameters constant.

This method provides for systematic analyses but requires an enormous number of

experiments to investigate all possible combinations of all variables. An example

employing this method is given in Figure A.1 where only the deposition power is

increased and the change in resistivity is monitored. From this analysis one would

conclude that the highest possible deposition power would give the best film, however,

this may be an invalid conclusion as other effects may have been missed. For example, a

minimum resistivity may be obtained at X %O2 while holding all other variables

constant. A second experiment may show that for the experimental set up with X %O2

held constant, a minimum resistivity is obtained for a deposition power of XX watts. The

investigator would then conclude that the combination of X %O2 and XX watts would

give the lowest resistivity film. However, all of the investigated power settings were

performed with X %O2, and it may be the case that a power setting of YY watts with Y

%O2 would give an even lower resistivity film. Complete exploration of the design space

is necessary to encounter such effects. If 6 factors are investigated and only 2 levels of

each factor are explored, 64 experiments are necessary to evaluate all possible
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combinations of the variables. Another problem with the method described above is that

interactive effects are never observed. It may be a combination of two or more

conditions that has a greater influence on the resulting film than simply changes in one

condition by itself. Such effects, called interactive effects, are never observed in the

literature as these effects have not been investigated. Unfortunately, greater numbers of

experiments are required to better investigate interactive effects as multiple levels of each

factor must be used.

The large number of film properties which must be optimized also complicates the testing

procedure for the study of ITO. It is well known that as conductivity increases the

transparency of the film decreases. There is an optimum condition of transparency and

resistivity; however, different applications will have different requirements for the ITO
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FIGURE A.1, Increased deposition power tends to cause a
decrease in the sheet resistance of ITO. Samples were deposited at
5mtorr, in 100% Ar, for 5 minutes. Samples were not annealed.
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film. Some optical sensor technologies, such as ATR platforms, may require a very high

transparency film at the expense of conductivity. For organic thin film devices such as

OLEDs and OPVs the transparency and conductivity must be very high. Surface

roughness is also a consideration but was not a focus for this work due to the many other

parameters which required optimization prior to optimizing surface roughness.

Initial experiments were performed to determine an adequate design space for a

statistically designed experiment where the key factors and the levels of each factor were

identified. These experiments were run as described above where certain parameters

were held constant while a single parameter was varied. These experiments were not

intended to identify the best film recipe but rather to identify the best range of conditions

for investigation. For example, by inspection of Figure A.2 it was observed that

deposition times of 5 to 20 minutes produced low resistivity films. Additional deposition
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FIGURE A.2, Increased deposition time tends to cause a decrease
in sheet resistance of ITO. After ca. 15 minutes of deposition the
sheet resistance reaches a near plateau. Samples were deposited at
100 W, 5 mtorr, in 100% Ar. Samples were not annealed.
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time was found to be unnecessary, while deposition times of less than 5-minutes did not

produce low resistivity films. From the analysis of these types of experiments six factors

and two levels of each factor were selected to be used in a statistically designed

experiment following a D-optimal design. These conditions were used in order to reduce

the number of necessary experiments to 22. Addition of another factor would have

required 29 experiments for exploration of the design space. An additional level to each

of the six factors would require 73 experiments. Results of transparency, resistivity, and

thickness were used for optimization outputs. Each investigated factor will be briefly

discussed.

1. Deposition power. The deposition power is limited by several factors including the

time which is acceptable for thin film growth at low powers, and by the capabilities of the

system at high powers. It is generally observed that higher deposition powers result in

denser films with better crystallinity and conductivity. Low deposition powers (< 200 W

(4.4 W/cm2)) were not found to result in the highest conductive films and are not found to

produce good films in the literature. Deposition powers greater than 250 W (5.5 W/cm2)

were not reliably obtained from target to target or for the duration of a deposition with the

given instrumentation. Therefore, levels of 200 W and 250 W were used for

investigation.

2. Deposition time. The thickness of a film will obviously increase with the time for

deposition. Transparency should decrease with thickness while conductivity should

increase with increasing thickness. An example of this behavior is given in Table A.1 for

commercially available films. The compromise between transparency and resistivity can
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be evaluated by investigating the deposition time. Deposition times less than 10 minutes

result in films for which the resistivity is too high while deposition times greater than 20

minutes do not give significantly more conductive films relative to the losses in

transparency that occur with the higher thickness. Deposition times of 10 and 20 minutes

were selected for investigation.

3. Deposition pressure. Pressures were selected relative to those routinely found in the

literature. High pressures give more intense plasma with a higher sputtering yield,

however, the bombardment of the surface can be inhibited if pressures are excessively

high. High pressures (> 10 mtorr) resulted in highly resistive films while it was difficult

to control the oxygen content at low pressures (< 8 mtorr). Pressures of 8 and 10 mtorr

were selected for analysis.

4. Depostion %O2. ITO is deposited via reactive sputtering whereby oxygen from O2 is

incorporated into the deposited film extraneous to oxygen sputtered from the target. If

oxygen is not used the films are overly reduced and not sufficiently transparent. If too

TABLE A.1, Reported values for resistance, thickness,
and transparency of commercially available ITO
showing the increasing conductivity with thickness,
and the reduced transparency with thickness.

>83%120-1608-12

>85%60-10015-30

>88%30-6030-60

>88%15-3070-100

TransparencyThickness (nm)
Sheet

Resistance

>83%120-1608-12

>85%60-10015-30

>88%30-6030-60

>88%15-3070-100

TransparencyThickness (nm)
Sheet

Resistance
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much oxygen is used the films are overly oxidized and are too resistive. Therefore,

percentages of 3.3% O2 and 5% O2 in UHP argon were used by mixing gases from a

cylinder of UHP Argon and a cylinder of 10% O2 in UHP Argon. These levels were

derived from previous experimentation.

5 and 6. Annealing temperature and time. Annealing of the deposited films at high

temperature greatly improves the conductivity of the thin film. In the literature the

substrate is sometimes heated during deposition to eliminate the annealing step. This

capability was not available for the experiments performed here. Annealing conditions

were selected based upon those used in the literature as well as conditions that would not

compromise the integrity of the instrumentation over long periods of time.

Sheet resistance, film transparency, and film thickness were used as experimental outputs

for optimization. While film thickness itself did not need to be optimized, it was helpful

to track this parameter to verify the legitimacy of the results from the experimental design

and also allowed for evaluation of the sputter deposition rate for the instrument. Sheet

resistance (RS in Ω/�) was determined from four point probe measurements as described

in Section 2.8. Transparency (T) was determined from the average transmittance over the

region from 400 to 800 nm. (The transmission at 550 nm is sometimes used for the value

of T as well.) Resistance and transparency are often combined to determine a value

called the figure of merit (φTC) for TCO materials (units of Ω-1). The figure of merit is

determined from:



296

S
TC R

T 10

=φ A.1

This formalism was developed to reduce the overall influence of RS on the calculated

figure of merit relative to previous definitions for the figure of merit where small changes

in RS could have a drastic effect. High values of φTC are desirable and a value of 0.02 Ω-1
 

for SnO2, and a value of 0.052 Ω-1 for ITO were reported by Haacke.185 The figure of

merit is especially useful for comparing TCOs of different compositions where the

difference in φTC may be significant, however, it has limited utility where φTC varies only

slightly, i.e. for several types of ITO, and is therefore rarely encountered in the current

literature. For this reason the figure of merit will not be discussed further in this work,

although it is important to note that there is such a parameter used for quantifying the

quality of some TCO materials. The thickness of the thin films was determined from

optical measurements as described in Section 2.7.

A discussion of the types of experiments reported in the literature for optimizing ITO

deposition has already been given. Some statistically designed experiments do appear in

the literature although not for ITO. There is no good explanation for why ITO has not

been investigated via statistically designed methods. It may be that the engineering or

manufacturing communities have done such experiments but have not published such

results for their own competitive advantage. A D-optimal statistical design was used in

this work. A D-optimal design is a subset of all the possible combinations of factors and

therefore reduces the number of experiments necessary. Unlike standard classical
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designs such as factorials and fractional factorials, D-optimal design matrices are usually

not orthogonal and effect estimates are correlated. (Orthogonality means that different

variable effects can be estimated independently. There is no correlation between the

experimental levels of the independent variables.) The design is generated to minimize

the error associated with the model coefficients. The model specified for approximation

was a 2-factor interaction model. Computational methods are required to generate such a

design as the algorithms are too complicated to be performed by hand. Design-Expert

6.0.3 software was used to generate the set of experiments required for the analysis.

The experimental parameters where six factors are varied, each with only two levels,

required a total of 22 experiments. The experimental parameters, and the results

obtained, are given in Table A.2. This number of experiments is a reasonable number to

accomplish in a timely manner for the equipment described in this work. Many

components of the instrumentation require constant attention to insure that the runs are

consistent with the experimental parameters. Gas cylinders need to be replenished often,

the vacuum chamber and shielding require routine cleaning, and, most importantly, the

target requires special treatment. Three different ITO targets were required to complete

the 22 experiments. These maintenance issues, along with the high demand for deposited

films for other experimentation, severely limit the ability to perform a large number of

experiments for optimization of the deposition process. Further details on experimental

maintenance issues are discussed in Appendix B.
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TABLE A.2, The experimental parameters for sputter deposition of ITO using a D-
optimal statistically designed experiment are shown. The resulting film properties
of sheet resistance, percent transmittance, and film thickness are also given.

4308470803005820250

5608470403003.31010250

32083708035051020200

3408560803003.31020200

18087120403505810200

480801000403005810250

4808355403003.3820250

3508556403503.31020200

5408220803503.31020250

240864004030051010200

5108536403505820250

22083804035051010250

2308590803003.3810250

43084100403005820200

1908750803005810200

2658240803505810250

2308570403503.3810250

43084394030051020250

3008440803503.3820200

2408692803503.31010200

1808780403003.3810200

29084508030051010250

Thickness
(nm)

%T*Ω/□Annealing
Time(min)

Annealing
Temp.
(oC)

%O2
Pressure
(mtorr)

Time
(min)

Power
(W)

FEDCBA

4308470803005820250

5608470403003.31010250

32083708035051020200

3408560803003.31020200

18087120403505810200

480801000403005810250

4808355403003.3820250

3508556403503.31020200

5408220803503.31020250

240864004030051010200

5108536403505820250

22083804035051010250

2308590803003.3810250

43084100403005820200

1908750803005810200

2658240803505810250

2308570403503.3810250

43084394030051020250

3008440803503.3820200

2408692803503.31010200

1808780403003.3810200

29084508030051010250

Thickness
(nm)

%T*Ω/□Annealing
Time(min)

Annealing
Temp.
(oC)

%O2
Pressure
(mtorr)

Time
(min)

Power
(W)

FEDCBA

*Transparency is the average transmittance from 400 to 800 nm.
Pulsed DC magnetron sputtering was used.
The annealing gas was 6 mtorr UHP argon for all cases.
The annealing lamp was withdrawn immediately after annealing and the
samples were allowed to cool in vacuum.
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A.2 Analyses of the Sputter Deposition Factors

A.2.1 Film Thickness

Film thickness was monitored as a function of the 6 factors. The film thickness was

found to be dependent only on deposition power and deposition time. Figure A.3 shows

the half-normal plot where the probability that a given term has an effect on film

thickness is visually portrayed. Deposition time is observed to have a large effect while

deposition power has a slightly lower effect. All other parameters fall on approximately

the same line such that it would be very difficult to distinguish the effect of one of those

variables from one another. Based upon the selected model with time and power

considered as variables, model coefficients can be predicted from the statistical design.

Within the design space a model with coded factors was determined (R2 = 0.88).

thickness (nm) = 365.2 + 42(power) + 109(time) A.2

Coded factors are “-1” for the low value of the respective variable used in the experiment,

and “+1” for the high values of the respective variable. Model coefficient F-values are

given in Table A.3. There was only a 0.01% chance that the model F-value could occur

due to noise. Residuals are normally distributed and no outliers were observed, Figures

A.3 and A.4.

The deposition rates at specified power settings were also determined from film

thicknesses. Several data points which were not used in the statistically designed
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experiment were included to derive the relationship over a greater range of power

settings.

[ ])(*002.0)/( WPowerDepositionsnmRateDeposition = A.3

It should be noted that numerous data points are given at 200 W and 250 W as these films

were deposited for analyses in the statistically designed experiment. However, there is a

range of values shown for each of those power settings. It was previously discussed that

none of the other 4 experimentally adjusted factors were found to have any influence on

thickness. This means that there are one or more uncontrolled variables affecting

thickness, however, film thickness should be one of the most predictable outputs of the

sputter deposition process. This clearly illustrates the degree of variability in the sputter

deposition system and makes quantification of the affects of other parameters on

resistivity and transparency very difficult.
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FIGURE A.3, Only deposition power and deposition time are
shown to have an effect on thin film thickness. Deposition
time is more likely to have a greater effect than deposition
power.

TABLE A.3, Statistical values for the model equation evaluating
depostion power (A) and deposition time (B) on film thickness. The
F-values indicate that the model and model terms are significant.

% likelihood*F value

0.01133B

0.0320A

0.0173Model

% likelihood*F value

0.01133B

0.0320A

0.0173Model

*This is the percent likelihood that the given
F-value could have occurred due to noise.
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FIGURE A.4, The studentized residuals and outlier
test are plotted as a function of the experimental run
number. All values are normally distributed and no
outliers were present.
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A.2.2 Sheet Resistance

Sheet resistance was determined for each film using a four point probe. Results from this

analysis were shown in Table A.2. The identification of critical variables is much less

clear than for thickness. Figure A.6 shows the half-normal plot of effects. A natural log

transform has been used on the effects as it is more likely that changes in resistivity will

be greater for high resistivity films than for changes in low resistivities. Deposition time

is the variable that appears to have the greatest effect on resistance. The combination of

deposition power and pressure were also observed to have an effect as well as annealing

time. A model (using coded variables) was calculated using these parameters (R2=0.5).
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FIGURE A.5, From the thickness of multiple thin films deposited
under varying conditions a relationship between deposition power
and deposition rate was determined. Only time and deposition
power were found to be significant on thickness as the variability
in depositions prevented identification of other affects.
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Deposition power and deposition pressure were included in the model due to the presence

of the higher order term which included these factors.

ln(R)=4.23–0.2(W)–0.37(time)–0.02(mtorr)–0.31(annealing time)–0.31(W)(mtorr) A.4

Table A.4 gives the F-values for the model and the model coefficients. Residuals were

normally distributed. One outlier was observed and was neglected from the evaluation.

TABLE A.4, F-values for the model and model terms are given
for the effect of the variables on sheet resistance.

w/ hierarchical terms (R2=0.5)

w/o hierarchical terms (R2=0.43)

54.47AC

1.55.6model

2.26.3B

5.54.2F

% likelihoodF value

54.55F

900.02C

5.94.1AC

26.67B

191.87A

3.83.11model

w/ hierarchical terms (R2=0.5)

w/o hierarchical terms (R2=0.43)

54.47AC

1.55.6model

2.26.3B

5.54.2F

% likelihoodF value

54.55F

900.02C

5.94.1AC

26.67B

191.87A

3.83.11model

*This is the percent likelihood that the given
F-value could have occurred due to noise.
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Unfortunately, this model is a relatively poor model for predicting sheet resistance as

indicated by the low R2 value of 0.5. The model coefficients for deposition power and

deposition pressure are not significant. Annealing time and the combination of

deposition power and deposition pressure are also bordering on insignificance to the

model. Removal of the hierarchical terms (deposition power and deposition pressure)

gives the model coefficients as shown in Table A.4. Factors F and AC cannot be

evaluated has having a significant impact on resistance within a 95% confidence interval.

This leaves only deposition time as the most significant contributor to sheet resistance,

where longer times give less resistive films. As deposition time has been correlated to

thickness, it appears that thicker films have been found to be less resistive, however, this

is just a general trend and a model equation is not reliable. Reduction of the model to

only include deposition time gives an extremely low R2 value (< 0.1).

It is troubling that deposition parameters such as the percent oxygen were not found to be

significant. It is known that lower oxygen contents should produce less resistive films as

oxygen vacancies are introduced into the material. There are several explanations for the

lack of the model in predicting sheet resistance as well as the absence of factors which

should be significant. The first explanation could be that uncontrollable variables cause

too much noise in the data for the effects to be clearly and adequately identified. This is

likely to be part of the error as variation in film thicknesses was observed. Secondly, the

experimental design space may have been too constrained. It could be that the difference

in resistivity observed between films deposited at 3.3%O2 versus 5%O2 was not great
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enough to observe the difference, especially within the given noise level observed for

film thickness. Larger differences in factor levels and/or additional factor levels may be

required to accurately identify the effects. Thirdly, additional effects may have been

neglected from the design space. Annealing pressure and the concentration of O2 in the

annealing gas were held constant for all experiments. It may be that one or both of these

variables are more significant to sheet resistance than is the percent of O2 in the sputter

gas. Since these factors were not examined such effects could not be identified. The data

presented here could be used in addition to further studies to more accurately quantify the

sputter deposition process.

0. 00 0 . 17 0 . 34 0. 51 0. 68

0

20

40

60

70

80

85

90

95

97

99

A

B

C

F

A C

[Effect]

H
al

f
N

or
m

al
%

P
ro

ba
bi

lit
y

A – power
B – deposition time
C – pressure (mtorr)
F – annealing time

FIGURE A.6, The half normal plot of effects shows that only
a few of the experimental parameters had a slight effect on
sheet resistance. Deposition power appears to have had the
greatest effect followed by the combination of deposition
power and pressure.
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FIGURE A.7, The studentized residuals and outlier
test are plotted as a function of the experimental run
number. All values are normally distributed and one
outlier was present.
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A.2.3 Transparency

The half-normal plot of factor effects on transparency is shown in Figure A.8.

Deposition power, the combination of deposition power and deposition time, and the

combination of annealing time and annealing temperature are shown to have the most

likely impact on film transparency. A model based on these factors was determined

(using coded factors and including the individual factors).

transparency =84.49 -1.07(W) -0.43(B) -0.14(E) -0.14(F) +0.71(W)(B) -0.78(E)(F) A.6

Where B is deposition time, E is annealing temperature, and F is annealing time. Table

A.5 gives the F-values for the model and the model coefficients. The use of coded

factors makes the evaluation of the effect of individual factors somewhat difficult to

identify. The equation in terms of actual factors is given below, but the limited use of

this equation to the design space analyzed should be recognized.

transparency = 86.4 -0.13(W) -1.4(B) +0.1(E) +0.5(F) +0.006(W)(B) -0.002(E)(F) A.7

Increasing deposition power and deposition time decrease transparency. This effect is

clearly due to increasing thickness with increases in those two parameters. Increasing

annealing time and annealing temperature cause an increase in transparency. However,

the combinations of effects actually have the opposite affect from that of the individual

factors.
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It is clear from the F-values that the only individual factor with a significant effect is

deposition power. Therefore, recalculation of the model gives the following coded

relationship (R2=0.68).

transparency = 84.55 – 1.01(W) + 0.71(W)(B) – 0.8(E)(F) A.8

Residuals were normally distributed and no outliers were observed, Figure A.9. The

opposing relationships are again observed between the combined factors. This result

suggests that in order to obtain a highly transparent film low deposition powers (coded

value “-1”) should be used; and, if low deposition powers are used then low deposition

times should also be used (“-1” and “-1” give +0.71 increase in transparency). Annealing

conditions should either be cool for a long period of time or hot for a shorter period of

time. If the extremes of both conditions are used then the annealing procedure will have

a negative effect on transparency. This is an interesting result and suggests that the

experimental annealing conditions used here bracket some ideal annealing condition for

obtaining the highest transparency films.
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FIGURE A.8, Deposition power and deposition time are the
only deposition conditions that appear to have a significant
affect on film transparency. The combination of annealing
time and annealing temperature also has a significant effect
but the individual parameters were not shown to be significant.
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TABLE A.5, F-values for the model and model terms are given
for the effect of the various variables on film transparency.

w/ hierarchical terms (R2=0.76)

w/o hierarchical terms (R2=0.68)

0.0112.62model

0.0419A

0.312.46EF

0.79.4AB

% likelihoodF value

530.42F

530.42E

0.312EF

0.610.29AB

7.23.75B

0.0223.32A

0.067.95model

w/ hierarchical terms (R2=0.76)

w/o hierarchical terms (R2=0.68)

0.0112.62model

0.0419A

0.312.46EF

0.79.4AB

% likelihoodF value

530.42F

530.42E

0.312EF

0.610.29AB

7.23.75B

0.0223.32A

0.067.95model

*This is the percent likelihood that the given
F-value could have occurred due to noise.
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A.3 Conclusions

The resulting conclusion from the above analyses resides on the likely fact that the design

space was too constrained to adequately resolve factor effects. However, for the majority

of the deposited films the sheet resistance and transparency were among the best that

have been obtained with the given instrumentation. Therefore, deposition conditions

which were easily obtained and which produced good quality films were selected for

routine sputter deposition of ITO and In2O3 films as shown in Table 2.1. Repeated

depositions using the same sputtering conditions provides for the most reliable analyses

of a specified sputter deposition protocol. Additional experiments evaluating the

annealing process could be performed for further optimization of sheet resistance.

However, the use of a sputtering target with greater tin concentration could also be used

to obtain higher conductivity films and sputtering conditions would require some re-

optimization.
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Appendix B

SPUTTER DEPOSITION CHARACTERIZATIONS

B.1 Characterization of AXXIS Sputter Deposition Process

B.1.1 Sample Temperature During Deposition

The increase in temperature of the substrate during pulsed DC deposition of ITO is

shown in Figure B.1. The temperature of the sample increased from room temperature to

ca. 95oC in 5 minutes. When the plasma was shielded from the sample the substrate

cooled steadily. Seven minutes after deposition the substrate temperature was ca. 40oC.

FIGURE B.1, The temperature change of the substrate during
a sputter deposition process at 200 W increases to ca. 95oC
within 6 minutes. The sample cools quickly after the
sputtering source is cut off from the sample by a shutter.
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FIGURE B.2, The temperature change of a thermocouple beneath an
ITO/glass slide during annealing (black lines) does not reach the same
temperature as is set by the annealing lamps (gray lines). Annealing
temperatures were tested for 40 and 80 minutes at lamp temperatures
of 300oC and 350oC.
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B.1.2 Sample Temperature During Annealing

The sample temperature was monitored during the annealing stage to check the actual

duration over which the sample was above a specified temperature. The results are

shown in Figure B.2. The instrumental thermocouples associated with the heating control

increase in temperature according the program with the specified ramp rate and achieve

the specified temperature. However, the substrate temperature did not reach the specified

levels. A small spike in the temperature of the substrate was observed at the onset of

annealing. Substrates were observed to cool more slowly if the annealing lamps were not

withdrawn from the substrate after annealing, Figure B.3.

FIGURE B.3, The sample temperature during a 40
minute anneal with the lamp withdrawn after
annealing (black) cools more quickly than when the
annealing lamps are not withdrawn (gray). The lamp
temperature was set to reach 300oC.
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B.1.3 Residual Gas Analysis in the AXXIS System

A quadrupole mass spectrometer (Balzers Quadstar 421, version 3.02) was attached to the

sputter deposition chamber to check residual gas impurities. While it was not possible to

monitor gases during deposition, due to the high pressures required for deposition, the

gases were analyzed immediately after deposition when the gas flow was reduced and

any remaining impurities from the deposition gas could still remain in the chamber at

some detectable level. Figure B.4 shows the spectral analysis of residual vacuum gases at

a chamber pressure of ca. 2.3 x 10-6 torr. The spectral analyses showed that the gas

impurities were almost entirely due to air. These components included N2, CO2, and O2

with the primary residual component due to H2O. The large seal of the vacuum door is a

likely source of leaks and limits the lowest pressure of the AXXIS system to the range of

1(±3) x 10-7 torr. Ultra-high purity (UHP) gases were used to limit other possible

contaminants. The ion gauge was observed to increase levels of CO2 and water in the

chamber. Annealing was shown to greatly increase the signal from water. No indication

of pump oil or other carbonaceous impurities were observed at higher m/z ratios within

the limits of the spectrometer.
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FIGURE B.4, A mass spectral analysis of residual
gasses in the sputter deposition chamber with a
pressure of ca. 2.3 x10-6 torr reveals that contamination
is due to air. Water at 18m/z, N2 at 28m/z, and O2 at
32m/z are the most obvious components of the residual
gases.
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B.2 ITO Characterizations

B.2.1 General Analysis of Surface Topography by AFM

Commercial ITO thin films are typically textured in the near-surface region due to grain

formation during the sputtering process. Grain structure and surface roughness have been

characterized in the literature.12,123,186,187 Large grains with diameters of 0.3 to 0.5

microns are comprised of smaller sub-grains with diameters of ca. 50-100 nm.

Substantial variability between samples, and even between areas of the same sample, has

been observed. While surface topography was not a focus of this work it was monitored

to gauge the relative surface roughness of these films to commercially available ITO

materials. Commercial films typically have a RMS roughness of 2 ± 1 nm. RMS

roughness values of ca. 1 nm are extremely desirable for device substrates. An average

roughness obtained from six samples from six different depositions utilizing the same

conditions yielded an RMS roughness of 5.6 ± 1.6 nm, Figure B.5.

B.2.2 Ultra-Smooth ITO

Optical characterization of extremely thin organic films can be hindered if the thickness

of the organic films is less than the roughness of the substrate on which they are

deposited. In such cases very smooth surfaces would be desirable. Thin ITO films

deposited on clean silicon and clean cover slips were found to exhibit extremely smooth

surfaces as shown in Figure B.6. These films were deposited with the conditions outlined

in Table B.1. The cleanliness of the substrate was important for obtaining a smooth and

consistent film. A high oxygen content was used and some annealing was performed to
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improve electrical conductivity, however, non-annealed (i.e. amorphous) ITO is known to

be very smooth and, therefore, high temperature annealing for long periods of time was

avoided. Due to a different sticking coefficient a longer deposition time for deposition

onto silicon was used, 7.5 minutes instead of 3 minutes. Large circular particles were

observed in many of the AFM images. Such particles are routinely observed in AFM

characterizations of extremely smooth surfaces. The exact cause of these features is not

known although they could be a remnant from the substrate cleaning process. These

particles may also be small crystalline islands protruding from the otherwise amorphous

film.

B.2.3 XRD of Deposited ITO Films

Sputter deposited samples were monitored via x-ray diffraction (XRD). Several

representative spectra are shown in Figure B.7. Amorphous films are obtained from

sputter deposition prior to annealing. Figure B.7 includes the XRD pattern for an

unannealed film. No diffraction peaks are observed and the pattern resembles that of

amorphous glass. The film was of similar thickness to those which have identifiable

crystallinity so the possibility that the film was too thin can be excluded. The dominant

peaks in the XRD pattern for indium oxides are the (222) reflection at ~32o and the (400)

reflection at ~35o. Under conditions of normal distribution of particles the (222) is

inherently stronger and, in most cases, has a higher intensity than the (400) peak. Indium

oxide is cubic, belonging to space group Ia-3. ITO belongs to space group Th
7 Ia3 and

has a lattice parameter of ca. 10.116 Å. The cubic indium oxide structure is known to
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incorporate tin and other dopants with little change in structure. All peaks were

indexable by a pure In2O3 pattern. Estimated particle sizes ranged from 100 to 300 nm.

Correlations between deposition parameters and morphology, grain size, and

crystallographic preference can be found in the literature.188-190
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FIGURE B.5, AFM images of six samples of sputter
deposited ITO films deposited with the same conditions
but in six separate experiments show similar morphology
and roughness. All images are 2x2 µm.
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C

FIGURE B.6, Smooth ITO samples were prepared on clean silicon wafers
(A, B, and C). RMS roughnesses of A) 0.8, B) 1.0, and C) 1.3 nm were
determined by AFM. ITO thicknesses of A) 130, B) 130, and C) 110 nm
were determined by ellipsometry. An ultra-smooth ITO sample was also
prepared on a glass cover slip (D). This sample had an RMS roughness
between 0.2 and 0.8 nm. The ITO thickness was determined by
ellipsometry to be ca. 80 nm. The white blotches observed in all four
images were on the order of 3 nm in height.
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FIGURE B.7, X-ray diffraction of sputter deposited thin films of
ITO reveal crystallinity in the annealed samples. The non-
annealed sample shows only an amorphous hump as would be
observed for glass.
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TABLE B.1, Parameters used for Pulsed DC magnetron sputter deposition
of very thin and smooth ITO on glass cover-slips and silicon.

300 oC
(20 oC/min)

RTRT
Temperature
(ramp)

90o0o90o90oSample
orientation

0 rpm10 rpm10 rpm10 rpm
Sample
rotation

N/A20 min3 min*20 minTime

0 W
0 W

(0.2 W/s)
200 W

200 W
(0.2 W/s)

Gun power
(ramp)

Residual
gases

UHP Ar
5% O2 in
UHP Ar

5% O2 in
UHP Ar

Gas
composition

< 2 x 10-5

torr
6 mtorr10 mtorr10 mtorr

Pressure
(base <2x10-

5torr)

CoolingAnnealingDepositionPre-
Deposition

300 oC
(20 oC/min)

RTRT
Temperature
(ramp)

90o0o90o90oSample
orientation

0 rpm10 rpm10 rpm10 rpm
Sample
rotation

N/A20 min3 min*20 minTime

0 W
0 W

(0.2 W/s)
200 W

200 W
(0.2 W/s)

Gun power
(ramp)

Residual
gases

UHP Ar
5% O2 in
UHP Ar

5% O2 in
UHP Ar

Gas
composition

< 2 x 10-5

torr
6 mtorr10 mtorr10 mtorr

Pressure
(base <2x10-

5torr)

CoolingAnnealingDepositionPre-
Deposition

*7.5 minutes for deposition on silicon
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Appendix C

DIODE STUDIES

C.1 Addition of Resistance

C.1.1 Addition of Series Resistors

Resistances added in series with a solar cell were discussed in Chapter 6. Series

resistances are known to have an affect on solar cell performance if the resistances are

sufficiently large. Figure C.1 shows the I/V characteristic of a TiOPc/C60 solar cell as

series resistances are added into the electrical testing system. A 55 Ω and a 412 Ω

resistance cause noticeable decreases in JSC and FF for the solar cell. Some decrease in

VOC is also observed although the decrease is not as great as for JSC.

C.1.2 Addition of Parallel Resistances

Resistances added in parallel to the electrical system introduce pseudo-leakage pathways

to the solar cell. Figure C.2 shows the I/V characteristics of a solar cell as decreasing

parallel resistances are added into the circuit. A 412 Ω resistor gives the I/V

characteristic of an electrical short with some photovoltage obtained from the solar cell.

The greatest degradations in performance are observed in VOC rather than in JSC.



327

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.25 0 0.25 0.5 0.75 1 1.25

FIGURE C.1, Added resistors in series can have a considerable
effect on solar cell performance if the resistances are sufficiently
large. J/V curves are shown for cases where 55 and 412 Ω resistors
were placed in series with the electrical testing system.
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FIGURE C.2, Addition of resistance in parallel with the organic
solar cell testing system can have detrimental effects on device
performance. Parallel resistances of 174000, 6340, and 412 Ω
resistors were used.
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C.2 Diode Studies

C.2.1 Diodes in Parallel

Photocurrents add when illuminated photodiodes are placed in parallel. An inorganic

photodiode was used to perform diode studies on the organic solar cell. A silicon

photodiode exhibits a predictable, reproducible response. The VOC of the Si diode is

much less than that of the organic device. The FF of the Si diode is much higher, the

shunt resistance is higher, and the photocurrent is also much higher than the organic

device. These differences allow for effects to be clearly observed when the two diodes

are added in combination. Figure C.3 shows several I/V curves for the inorganic and

organic solar cells tested independently and in combination. The combination of both

photodiodes in parallel and under the same illumination gave essentially the performance

of the inorganic photodiode with some additional photocurrent. The lower open circuit

potential of the inorganic diode dominates the behavior of the devices in parallel, since

current is allowed to flow through the inorganic diode at lower voltages than the VOC of

the organic diode.

The organic and inorganic diodes were also placed in parallel, but greater illumination

intensities were used on the organic device. A low illumination intensity was used to

illuminate the inorganic photodiode. Figure C.4 shows that at increasing illumination

intensities on the organic solar cell the performance is dictated by the VOC of the

inorganic photodiode, the shunt resistance of the organic solar cell, and the

photogenerated current of either one or both devices.
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FIGURE C.3, I/V curves are shown for combinations of an organic solar
cell and an inorganic photodiode. (A) The organic device under
illumination. (B) The inorganic device under illumination. (C) Both
devices under the same illumination and in parallel. (D) The inorganic
device held in the dark but in parallel to the organic device under
illumination. (E) Both devices in parallel and in the dark.
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FIGURE C.4, I/V curves are shown for combinations of an organic solar cell
(OSC) and an inorganic photodiode (ID). The two curves indicated by A
correspond to the organic solar cell in the dark and under illumination (1).
Curves indicated by B are for the two diodes connected in parallel and the
illumination was varied as discussed below.
(0) ID illuminated using a low light intensity level. OSC in the dark.
(1) OSC illuminated using a high light intensity level. ID in the dark.
(1b) OSC illuminated using high light intensity level and ID illuminated as in (0).
(2) OSC illuminated with a higher light intensity and ID in the dark.
(2b) OSC illuminated as in (2) and ID illuminated as in (0).
(3) OSC illuminated with highest light intensity and ID in the dark.
(3b) OSC illuminated as in (3) and ID illuminated as in (0).
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C.2.2 Opposing Diodes in Parallel

Figure C.5 shows the performance of the diode system where the organic solar cell is

forward biased at positive applied potentials and the inorganic photodiode is forward

biased at negative applied potentials. The dark I/V behavior of each diode was

essentially unchanged until the turn-on of the other diode allowed current to flow. A low

level illumination on the inorganic diode gave a decrease in the photocurrent obtained by

the organic solar cell.
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FIGURE C.5, Diodes in parallel but in opposing directions. The
organic solar cell is forward biased at positive voltages while the
inorganic solar cell is forward biased at negative voltages.
(0) ID illuminated using a low light intensity level. OSC in the dark.
(1) OSC illuminated using a high light intensity level. ID in the dark.
(1b) OSC illuminated using high light intensity level and ID illuminated
as in (0).
(2) OSC illuminated with a higher light intensity and ID in the dark.
(2b) OSC illuminated as in (2) and ID illuminated as in (0).
(3) OSC illuminated with highest light intensity and ID in the dark.
(3b) OSC illuminated as in (3) and ID illuminated as in (0).
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C.2.3 Diodes in Series

Open circuit potentials add when diodes are placed in series. Figure C.6 shows the I/V

performance of the inorganic photodiode and organic solar cell placed in series and both

were under dark conditions. An increase in the turn on voltage was observed. When a

low level illumination was used on the inorganic device a slight increase in turn on

voltage was observed but no photocurrent was allowed to flow. Similarly, Figure C.7,

when the inorganic diode was left in the dark but increasing illumination levels were used

on the organic solar cell, a general increase in turn on voltage was observed but no

photocurrent was allowed to flow. When both devices were illuminated a photocurrent

was observed, Figure C.8. A constant low level illumination was used for all three curves

in Figure C.8, but the level of illumination on the organic solar cell was sequentially

increased. The current and shunt resistance of the organic solar cell were apparent when

the current level from the organic device was less than that of the inorganic device.

However, when the illumination intensity on the organic solar cell was increased and the

photocurrent was greater than that produced by the inorganic device an apparent negative

shunt resistance was observed as the inorganic device limited current towards short

circuit.
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FIGURE C.6, (A) Inorganic diode under dark conditions.
(B) Organic solar cell in the dark. (C) Inorganic
photodiode and organic solar cell placed in series and
under dark conditions. (D) Both devices in series but a
low level illumination was applied to the inorganic diode.
Some increase in rectification is observed but little to no
photocurrent is obtained.
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FIGURE C.7, Inorganic photodiode and organic solar
cell placed in series. If the inorganic device is kept in
the dark but the organic is illuminated at increasing light
intensities the rectification increases slightly but little to
no photocurrent is obtained.
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FIGURE C.8, Inorganic photodiode and organic solar cell placed
in series and both are under illumination. A low level illumination
intensity is used on the inorganic photodiode in all cases.
However, the illumination level on the organic solar cell increased
from (A) to (B) to (C). The I/V characteristics for conditions (A)
resemble the performance of the organic solar cell with some
additional photovoltage. When the photocurrent from the inorganic
photodiode becomes less than that produced by the organic solar
cell, (B) and (C), an apparent negative shunt resistance is observed.
In theses cases the FF and VOC are dictated by the diode
combination but the JSC and reverse current are attenuated by the
inorganic photodiode.
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C.2.4 Opposing Diodes in Series

Open circuit potentials subtract when diodes are placed in series opposing one another,

Figure C.9. When both devices were under dark conditions no current was allowed to

flow. When a low level illumination was used on the organic solar cell, photocurrent was

allowed to flow when the inorganic diode became forward biased. As the applied bias
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FIGURE C.9, (A) The inorganic photodiode and organic solar cell
effectively limit any current flow across the range of applied voltages
when they are placed in series opposing one another and both are under
dark conditions. (B) If the organic solar cell is illuminated no current is
obtained in forward bias where the inorganic photodiode stops current
flow. However, photocurrent does flow when the inorganic diode turns
on, around 0.3V. (C) If the inorganic photodiode is also illuminated the
turn on and photocurrent of the inorganic device are clearly observed.
The turn on of the inorganic diode is the VOC of the organic solar cell
minus the VOC of the inorganic photodiode.
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forward bias.
Organic in
reverse bias.
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decreased the inorganic diode became forward biased at ca. 0.3 V, or the turn on voltage

of the organic solar cell minus the turn on voltage of the inorganic device. A low level

illumination of the inorganic diode in combination with the illuminated organic solar cell

gives photocurrent across the range of applied bias. The photocurrent is from the reverse

biased inorganic device at high applied potentials. At low applied potentials the

inorganic device is forward biases and current is limited by the organic solar cell.

Increasing illumination levels on the organic solar cell show and increase in photocurrent,

Figure C.10.
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FIGURE C.10, Diodes in series but opposing one another are shown
under illumination. Thick lines indicate the organic solar cell under
two levels of illumination while the inorganic device was under dark
conditions. Under low level illumination on the inorganic diode a
photocurrent is observed from ca. 0.3 to 1 V.
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