Degradation of PSHT:PCBM-based
Conjugated Polymer Solar Cells
by

Shabnam Shambayati
B.A.Sc., The University of British Columbia, 2008

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE
in
The Faculty of Graduate Studies

(Electrical & Computer Engineering )

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
August 2011
(© Shabnam Shambayati 2011



Abstract

This work examines the effect of regioregularity (RR) and zinc oxide (ZnO)
nanoparticle doping on the degradation of poly(3-hexylthiophene) (P3HT):6,6-
phenyl Cgi-butyric acid methyl ester (PCBM) organic solar cells. This is
done through application of semi-compact models that relate experimentally
measured transport characteristics to structural properties. In this way, the
contribution of regioregularity and ZnO nanoparticles to the change in struc-
tural properties can be quantified. These models allow interpretation of ex-
perimental data and insight into the underlying degradation mechanisms. In
this thesis, the mobility edge model is used, and corresponding parameters
such as effective electron and hole mobilities are extracted and compared.
These results show that studying electron transport plays a critical role in
understanding the degradation of PSHT:PCBM solar cells.

Examination of regioregular devices reveals that the drop in effective
electron mobility with annealing for the high RR devices is greater than
that of the low RR ones. This is attributed to the greater tendency for
crystallization-driven phase segregation in blends of 98% RR P3HT and
PCBM. In hybrid polymer-ZnO devices, effective electron mobility improves
with the addition of an optimal concentration of ZnO. The decline in electron
effective mobilities with annealing is smaller for the devices containing ZnO
in comparison to devices without ZnO. Studying the morphology of these
devices shows that the phase segregation is identical for devices with and
without ZnO.
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Chapter 1

Introduction

1.1 Why Solar Cells?

In recent years, energy security has become a source of major concern. Inter-
national and geopolitical conflicts, reports of peaking resources, evidence of
environmental impacts of conventional energy production, rapid increase in
global energy demand, and the pace of growth in developing countries have
contributed to this concern [2]. One proposed solution to the problems of
pollution, climate change, and energy insecurity has been large-scale conver-
sion to clean, perpetual, and reliable energy such as wind, water, and solar
energy systems [3-6]. Over the past decade, a number of politically unaffili-
ated, peer-reviewed studies have proposed that large-scale renewable energy
plans to replace conventional energy production may be feasible. Fthenakis
et al. [5] have analyzed the technical, geographical, and economic feasibility
for solar energy to supply the energy needs of the U.S. and concluded that
“it is clearly feasible to replace the present fossil fuel energy infrastructure
in the U.S. with solar power and other renewables”. Jacobson [6] evaluated
several long-term energy systems according to environmental and other cri-
teria, and reported that all new energy could be supplied by the combination
of water, wind and solar by 2030 and all existing energy could be converted
to these sources by 2050. These reports highlight the important role of solar
technologies in moving towards a feasibly cleaner future.

In 2009, the world production of photovoltaic modules surpassed 1100GWh,
of which more than the 50% was produced in Europe [7]. The future of so-
lar cell is less bright in Canada: the 2007 report published by the National
Energy Board [2] has concluded that even though the energy demand in

Canada will continue to grow for the next 30 years, fossil fuel energy will



1.2. Why Organic Solar Cells?

continue to be the dominant source of supply, although non-conventional and
non-fossil fuel supplies will begin to play a larger role. The National Energy
Board report concludes that for photovoltaics to become more prominent
in Canada, better technology at lower cost is required, and proposes that
“these developments are assumed to occur through proactive investments
in research and development” [2], and adds that the future of solar cells in
Canada is highly dependant on the research and development in this area.

Interest in PV research in Canada is evident through the efforts cur-
rently taking place in research centers at universities, where the majority of
research and development is taking place. University level research underly-
ing photovoltaic technologies in Canada is carried out in about 50 university
laboratories, and about 200-250 full-time equivalent researchers are involved
in PV solar cell R&D. [8]. The Natural Sciences and Engineering Research
Council of Canada funding for PV research has doubled from 2006 to 2008,
and is currently at $5 million per annum for 21 universities.

In addition to expanding research and development, the future of solar
cells in Canada is also dependant on the successful commercialization of PV
technologies. Major obstacles in realizing the transformation of the energy
sector have been social and political, and therefore, as evident in Europe,
policy implementation can instill significant and rapid changes. Canada is
seeing some of these policy changes: In 2006 the Ontario Power Authority
introduced the Renewable Energy Standard Offer Program, and later the
2009 Feed-In Tariff program for renewable energy.

The newly instilled environmental policies, coupled with growing envi-
ronmental concerns and increasing interest in PV technologies highlight the

importance of research in an attempt to move towards a cleaner future.

1.2 Why Organic Solar Cells?

One of the major drawbacks with solar cells is the high cost to efficiency
ratio. The cost of traditional silicon solar cells remains high owing to expen-
sive materials and manufacturing processes. Subsequently, third-generation

solar devices such as polymer solar cells have increasingly become the focus
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of research. The efficiency of these cells remains low: currently, the high-
est recorded efficiency is approximately 7.5% [9], in comparison to 25% for
crystalline silicon [10]. The lower efficiency of these devices, however, may
be compensated by lower production cost and simple fabrication methods.
Conjugated polymers can be easily dissolved in common organic solvents,
or even water [11]; this property makes them an attractive choice for use
as ink in deposition processes in applications that require thin and homoge-
neous films [11]. Taking advantage of this property allows cheap and large
area roll-to-roll manufacturing of solar cells, resulting in high-throughput,
cheap production with clear advantages over classical semiconductor batch
processing. While organic solar cells may not fully replace conventional sil-
icon cells, there are certainly applications which benefit from the unique
properties of organic PVs. Some of these applications include use on bend-
able substrates and fabrics such as on curtains, clothing, or in locations and

architectures where cost is the overriding factor.

1.3 Motivation

In recent years, the main area of focus for improving organic solar cells has
been the efficiency; however, stability of these devices is also an important
factor for successful commercialization [12]. For this project, the main mo-
tivation is to perform an in depth study of initial performance as well as
stability of organic PVs. Specifically, the focus of this study is to examine
the effect of regioregularity and zinc oxide (ZnO) nanoparticles concentra-
tion on initial performance and stability of these devices.

Regioregularity is a measure of order in polymers, and is discussed in
depth in Chapter 4] and Appendix [Al Improving regioregularity has been
previously reported to improve the performance of the solar cells [13]; how-
ever, stability of these devices has not been studied. Similarly, despite the
reports of improved efficiency in hybrid ZnO-polymer solar cells [14-17], the
stability of hybrid ZnO-polymer devices and degradation mechanisms have
not been studied in much detail. The aim of this project is to methodically

and quantitatively study the effect of regioregularity and ZnO addition on
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aging properties of organic PVs.

The degradation mechanisms of organic solar cells, however, are not yet
fully understood [1, 12, 18]. One reason for this may be the complication
of the available conduction models [19]. Moreover, performance and degra-
dation of organic PVs strongly depend on the processing conditions (see
Section for more information), and widely differing performance values
are routinely reported for the same polymer [19]. As a result, a compact
(or semi-compact) model that can be used for interpretation of experimen-
tal data and allows insight into underlying mechanisms of degradation is
of great interest. Such a model is lacking for quantifying and analyzing
degradation. A secondary motivation is therefore to apply semi-compact
models that allow insight into the mechanisms responsible for improving
power conversion and stability.

The primary contributions of this thesis can be summarized as follows:

e The degradation of P3HT:PCBM solar cells with regards to the extent
of polymer regioregularity and ZnO concentration is quantitatively

reported.

e Degradation characteristics of the devices are captured through semi-
compact models which provide insight into the effect of varying re-
gioregularity and ZnO addition. These models are used to relate
current-voltage characteristics of the devices to the film properties

and their subsequent change with annealing.

1.4 Thesis Outline

This thesis explores the performance and degradation of PSHT:PCBM films
with respect to regioregularity and concentration of ZnO nanoparticles.
Chapter [2reviews principles of organic solar cells such as device architecture,
light to electrical current conversion, fabrication parameters and optimiza-
tion, and areas of current research. The fabrication, testing and charac-
terization strategies for this project are described in Chapter 3. Chapter

studies the effect of varying the polymer regioregularity on device perfor-
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1.4. Thesis Outline

mance and durability. In this chapter, the mobility edge model is introduced
in detail. Chapter 5|studies the effect of ZnO addition to the P3HT:PCBM
films, and examines the performance and stability of these devices. Finally,
Chapter [6] presents a summary of the work and comments briefly on the

proposed future direction of this investigation.



Chapter 2

Literature Review

The following sections give an overview of the state of technology in the
organic PV field. The operating principles of organic PVs are introduced
including device architecture, principles of incident solar irradiation conver-
sion to electrical current, a description of conduction models, an overview
of hybrid ZnO-polymer solar cells, fabrication optimization, and current re-

search efforts.

2.1 Basic Principles

In polymer chains, the overlapping p, orbitals of the co-planar polymers
result in conjugated systems which act generally like semiconductors. Con-
jugation allows delocalization of 7 electrons across all the adjacent aligned
pz-orbitals and results in a system of alternating single and double bonds
of sp?-hybridized carbon atoms. Conjugation allows the polymer chain to
lower its energy, and an energy gap opens between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO) [20].
The band gap becomes smaller with increasing number of repeat units as
predicted by distortion theory [21]. Upon light absorption, electrons are
excited from the bonding 7 into the anti-bonding 7* band.

The schematic of a polymer solar cell is displayed in Figure The
photoactive layer is sandwiched between a transparent electrode (usually
indium tin oxide (ITO)) and an aluminum back electrode. Illumination
takes place from the transparent ITO side of the device. The two electrodes
may be further modified by the introduction of a PEDOT:PSS (poly[3,4-
(ethylenedioxy)thiophene]: poly(styrene sulfonate)) coating on the ITO side

in order to improve the extraction of holes and smooth the ITO surface [22].
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The photoactive layer is composed of a hole-conducting donor polymer and
an electron-conducting acceptor. The most commonly used hole-conducting,
donor-type polymer is P3HT (poly(3-hexylthiophene-2,5-diyl)). Typically,
the electron-conducting acceptor is a soluble derivative of C60, called PCBM
([6,6]-phenyl C61-butyric acid methyl ester).

Aluminum

Active Layer

PEDOT:PSS

Glass ITO

Figure 2.1: Schematic design of an organic solar cell

In organic solar cells, the incident solar irradiation conversion to elec-
trical current can be divided into a five-step process: the first step is the
creation of an exciton (bound electron and hole) after incident light absorp-
tion by the organic material. The second step involves diffusion of exciton
inside the organic material to reach the D/A interface. The exciton splits-
up into free holes and electrons at the D/A interface during the third step.
Free charges are then transported through the sample and are collected at
the electrodes.

Possible architectures for the photoactive layer include single layer, bi-
layer, or blends. Single layer cells consist of only one semiconductor material
and depend on charge separation at the rectifying Schottky junction between
one of the electrodes and the semiconducting material. These cells are inef-
ficient due to low light absorption by the single organic material and high
recombination losses. Double layer cells use two different semiconducting
materials as donor and acceptor material: the exciton is dissociated at their
interface. Bi-layer devices benefit from separated charge transport layers
that reduce the recombination losses [1]. However, photoexicton disassocia~
tion can only happen close to the junction, and the active zone is therefore

limited by the small exciton diffusion length. This limitation can be removed
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through the concept of the bulk heterojunction (BHJ), where the donor and
acceptor materials are intimately blended throughout the bulk [23, 24]. The
donor/acceptor (D/A) interface extends over the entire volume, and as a
result, excitons do not need to travel long distances to reach the D/A in-
terface, and charge separation can take place throughout the whole depth
of the photoactive layer. Consequently the bulk heterojunction concept has
led to major improvements of the photocurrent.

The following sections describe the light conversion to electricity in more
detail, and cover light absorption, exciton diffusion, exciton separation at

the D/A interface, charge transfer and collection at the electrodes.

2.1.1 Absorption

Upon incident light absorption, a bound electron-hole pair known as an
exciton is created within the photoactive layer of a polymer solar cell. While
silicon has a band gap and onset of optical absorption spectrum of around
1.1 eV (able to capture solar spectrum below 1100 nm, or about 77% of
AM1.5G), most organic semiconducting polymers used today in PVs capture
only the portion of the solar spectrum below 650 nm (larger than about 2
eV, or about 30%) [20]. The AMI1.5G spectrum in comparison with the
absorption range of P3HT and PCBM are demonstrated in Figure
Despite the small range of wavelengths over which absorption takes
place, the absorption coefficients for organic materials are comparatively
high (about 10°cm~!) and allow for efficient absorption even in very thin

active layers [20].

2.1.2 Exciton Diffusion

Once the exciton is generated, the electrostatic attraction between the elec-
tron and hole keeps them bound to each other. The electron-hole pair re-
mains localized on a few polymer repetition units or a molecule [11].

The exciton diffusion length is the parameter that accounts for the effi-
ciency of the diffusion of the exciton in the organic material. Larger diffusion

length corresponds to a greater probability that the exciton reaches the D/A
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Figure 2.2: Absorption coefficients of P3HT and PCBM shown together
with the AM 1.5 standard solar spectrum. Data used for generation of this
graph was taken from [20], with permission.

interface, in turn increasing the probability of free electrons and holes form-
ing. Diffusion lengths of organic materials are generally limited to about
5-20 nm [25-27]; therefore, the acceptor and donor material should be as
close to each other as possible for the charge association to take place effi-
ciently. If an exciton does not reach the D/A interface to be separated into

its component free electron and hole, it eventually recombines [11].

2.1.3 Charge Dissociation

In this step the positively charged hole remains on the donor material
whereas the electron becomes transfers to the acceptor [20]. This is schemat-
ically depicted in Figure 2.3, Exciton dissociation energies required to over-

come the binding mechanism range between 0.1 and 1 eV [28, 29].

2.1.4 Charge Transport

Once separated, charges need to travel through the materials towards elec-

trodes. Charge mobilities of organic polymers are typically low, and as a

9
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LUMO A
L
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ohmic non—‘ohmic
Voce Voc
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Figure 2.3: Electron and hole dissociation and transfer from an energetic
perspective. Open circuit voltage depends primarily on molecular energy
levels which are limited by the contact properties. In non-ohmic contacts,
the voltage is limited by the difference of work functions of electrodes, as
described in Section 2.1.5]

result, charge recombination becomes a competing mechanism with charge
collection and reduces photocurrent [30)].

In organic polymers, electron-phonon coupling results in the creation of
polarons, which cause the lattice to re-organize in order to allow the struc-
ture to energetically relax; these polarons may be regarded as defects in
conjugated polymer chains [1]. Such defects in essence stabilize the charge,
and the charge traps itself as a consequence. As a result, transport is gen-
erally dominated by a hopping process from one localized state to the next,
instead of band transport found in crystalline semiconductors [1].

The hopping model as developed by Vissenberg and Matters [31] assumes
conductivity in the polymer is equivalent to transport through a resistor
network. In this network, the nodes have different energies according to
the density of states (DOS). The percolation criterion through the network
is then related to the temperature, position of the Fermi level, and the
density of trap states [19]. The exact analytic treatment of carrier hopping

in energetically and spatially arbitrary material is notoriously difficult [32].

10
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Adding to the difficulty is that the degree of structural order may effect the
charge transfer mechanism even within the same class of polymer, and the
structural order strongly depends on the processing conditions (see Section
. As a result, widely differing mobility values are routinely reported
in literature for essentially the same polymer [19]. Because the electronic
structure of semiconducting polymer films is not well understood, a semi-
compact model which allows insight into transport properties becomes very
useful.

Street et al.[19, 33, 34] have proposed the use of a mobility edge (ME)
model. They have reported that based on the fit to the experimental data,
the ME and hopping models are comparable, and in fact difficult to dis-
tinguish [19]. The ME model assumes that there is a defined energy (the
mobility edge) in the DOS that separates mobile states from localized states.
Trapped carriers may become temporarily mobile by excitation to the mobile
states.

For studying the transport in organic materials, it is important to also
take note of the unbalanced hole and electron mobilities. Electron-hole im-
balance causes holes to accumulate at the immediate vicinity of the anode, in
particular at high positive voltages. The hole conduction through the space
charge region is therefore a bottleneck for conduction. The space charge
limited current (SCLC) in trap-free conducting materials can be described
by the Mott and Gurney model of space charge limited current. However,
for organic polymers, the influence of traps must be taken into consideration
[35].

2.1.5 Contacts

The final step is the charge collection at the electrodes. The open circuit
voltage is limited primarily by molecular energy levels [36, 37]; however, the
properties of the contact can also limit this voltage. The maximum V. is
equal to Eﬁ%cffg’r - E%%ll‘\’/fo. In the case of ohmic contact, the negative and
positive electrodes match the LUMO level of the acceptor and the HOMO

level of the donor, respectively. As illustrated in Figure [2.3, if the Fermi
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2.2. Hybrid Solar Cells

levels of the anode and the cathode are pinned to ESYF ) and Eicéﬁ’g) " then
open circuit voltage is Voo = Panode — Peathode [1], where @ is the work
function of the electrode. When there is a non-ohmic contact V. becomes
equal to A®lectrodes-

This simple relationship, however, can differ significantly from experi-
mental observations. The band-bending at the ohmic contacts reduces this
open circuit voltage (around 0.2V for each contact)[38]. Moreover, the en-
ergy levels of the contacts depend critically on the possible formation of
interface dipoles [20, 39, 40].

2.2 Hybrid Solar Cells

Hybrid solar cells combine the unique properties of inorganic semiconduc-
tors with film-forming properties of conjugated polymers: organic materi-
als are usually inexpensive, easily processable, and their functionality can
be tailored by molecular design and chemical synthesis [41, 42], and in-
organic semiconductors are stable, possess tunable band-gap and absorp-
tion/emission spectra as well as high intrinsic carrier mobilities [14, 43].
One extensively studied material system among the nanocrystal-polymer
blends is zinc oxide (Zn0O). Zinc oxide is a promising semiconductor for use
in solar cells due to high electron mobilities [14], and solubilities in organic
solvents [44]. Several mechanisms are reported for being responsible for the
power conversion efficiency of hybrid solar cells in the literature. Blending
crystalline ZnO nanoparticles in bulk heterojunction semiconducting poly-
mers may dissociate the excitons formed at the interfaces between organic
and inorganic semiconductor more efficiently [14]. Additionally, the con-
duction band edge position of ZnO is similar to aluminum (Al), which can
improve the performance of the device by decreasing carrier recombination
at the electrode [15], and act as an effective contact for electron selection at
the Al electrode [45]. Moreover, certain concentrations of ZnO nanoparticles
may improve the formation of percolation pathways for electron transport
[16]. Even though the absorption of ZnO in the visible region is insignificant,

embedding ZnO nanoparticles in bilayer PV cells may also result in photon

12



2.3. Device Fabrication and Operation

scattering mechanisms which may enhance the absorption of the film [17].

2.3 Device Fabrication and Operation

A heterojunction can be realized in several ways. The most straightforward
approach is to mix the donor and acceptor materials and spin-coat the so-
lution on top of an electrode (ITO covered glass, for example) [46]. The
following subsections discuss different parameters to be taken into consider-
ation for the fabrication of organic solar cells, and are used as guidelines for
fabricating devices in this project.

Thickness: Thicker layers of active material improve the photon absorb-
tion, however, due to the short diffusion lengths of these materials, sample
thickness must remain relatively thin [47]. In the case of the P3HT/PCBM
system, about 300nm layers maximize absorbance, but the optimum per-
formance of P3HT/PCBM devices is often observed in active layers with
thicknesses as much as half of this value [48, 49].

Solvent: The extent of solubility of organic materials in the solvent influ-
ences the morphology, donor/acceptor interfacial area [50] and photocurrent
generation [51]. P3HT and PCBM are highly soluble in in chlorinated sol-
vents, and most of the reported P3HT:PCBM films in the literature are
prepared using chlorine-based solvents such as chlorobenzene (CB), and
dichlorobenzene (DCB) [52, 53].

Drying Time: Dissolving the the organic material in a solvent with a
high-volatility temperature under elongated drying times optimizes phase
segregation during the solvent evaporation process and results in the forma-
tion of continuous pathways for electron and hole carriers and increased the
interface area between the phases [50, 54].

Blend Ratio: The blend ratio influences the microstructure of the active
layer. The optimum morphologies have been reported to occur at a 1:1 ratio
of the P3BHT:PCBM composites [55, 55, 56].
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2.4 Current State of Research

Organic materials are by nature more susceptible to chemical degradation
than inorganic materials [18]. While several degradation mechanisms have
been identified so far, the issues with stability are not yet fully understood
[1, 1,12, 18]. A general understanding of these mechanisms can aid with
the fabrication process, and some of these mechanisms are described below.

Temperature causes the films to lose the optimized form; the constituents
can unmix, recrystallize, chemically react, reorient or become isotropic de-
pending on the glass transition and melting temperature of the organic ma-
terial [57]. High transition temperature materials may therefore improve the
stability [1].

Isolated molecules under light can degrade due to effects of photochem-
istry such as in the formation of unwanted photo-isomers or photo-products
[58]. Photochemical degradation can be reduced by molecular engineering,
for example by designing conjugated molecules that do not give rise to pho-
toisomers [1].

Water may contain mobile ions and can act as an electrolyte, and favor
electrochemical reactions such as oxidation or reduction at the interfaces
between the constituents under bias [59]. Moreover, water is a bad solvent
for most organic materials and favors segregation in blends and mixtures.
The solution is to remove water and prepare the compounds in a water-free
atmosphere. Other encapsulation and protection methods against moisture
includes plastic films and coatings [1].

Oxygen may oxidize the material, or act as an electron trapping center
[1]. One solution to stabilize organic solar cells against oxygen is to use
small molecules which are more resistant to Oy. Oxygen diffusion reduces
due to a more compact molecular packing. In general, fabrication of or-
ganic solar cells must take place under a controlled atmosphere followed by
encapsulation of the devices [1].

Diffusion can occur at interfaces in solar structures— for example from
metal or semi-metal electrodes to the polymer films— especially when con-

cerning a Schottky junction between the active film and metallic electrodes
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[60]. Indium from ITO has been documented to diffuse into the electronic
polymers, and degrading performance [61]. Diffusion at the interfaces can

be shielded by interfacial layers made of densely packed small molecules.

2.5 Conclusion

This chapter presented a brief summary of the working principles of BHJ
organic solar cells based on P3HT:PCBM. The performance of the solar
cells is highly dependant on the morphology of intercepting donor/acceptor
networks, and several parameters influence morphology during fabrication.
These parameters were discussed, and are used further in the upcoming
chapters as rationalizations for the chosen fabrication methods. The order
of P3HT polymer was discussed, which can be influenced through the re-
gioregularity of the polymer. Moreover, based on the working principles,
some of the advantages of hybrid ZnO-polymer were described. The models
describing the transport of carriers, in particular the mobility edge model,
were also briefly introduced. The following chapters use these principles to

fabricate devices and analyze the results.
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Chapter 3

Fabrication and Testing
Methods

This chapter focuses on describing the fabrication process of P3BHT:PCBM
devices using 93% and 98% regioregular polymer as well as ZnO-polymer
devices. In addition to bi-carrier devices, the method of fabrication of single
carrier (hole only and electron only) devices are also included.

The active area of each devices is 0.2 cm?. For each experiment, a
minimum of 6 devices are fabricated. All devices are stored in a glove box
until testing. The glove box was operated under Oy and H»O levels < 0.1
ppm. For I — V measurements, devices were placed in a home-built holder

under vacuum.

3.1 P3HT:PCBM Devices

Figure 2.1 shows the schematic of the devices. Indium tin oxide (ITO)
(Delta Technologies, 25 €©/0) is used as the transparent electrode. A layer
of PEDOT:PSS (Clevios P VP Al 4083, HC. Starck) [22] is used for hole
blocking on the slides. The active area consists of P3HT purchased from
Rieke Metals (93% Regioregular MW=50,000 g/mol) and PCBM (purchased
from Aldrich). The cathode is made from Aluminum.

ITO is first masked by Kapton tape (DuPont) and etched from the mid-
dle of the substrate using a solution of 20 wt% hydrochloric acid. The slides
are cleaned in acetone, isopropanol and water and wiped out with kimwipe
to remove all glass particles remaining from cutting. The substrate is then
sonicated in isopropanol for 20 minutes at 50°C followed by acetone sonica-

tion at 50°C and in a solution of ammonia and water. The substrate is then
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3.2. Highly Regioregular Devices

sonicated in deionized water for 20 minutes.

PEDQOT:PSS is filtered through a 0.45 pm PP syringe filter and is spin
coated on the substrate at 3000 rpm resulting in a 404+10 nm layer, as verified
by a Fimetrics thickness measurement device. The PEDOT:PSS layer is then
annealed in an oven at 140°C for 10 minutes. Immediate baking is required
in order to minimize the effect of water on the performance of the devices:
PEDOT:PSS can react with ITO in the presence of water. This reaction
may change the ionization potential of ITO, and cause diffusion of indium
ions into the PEDOT:PSS layer, which lowers the efficiency of these devices
[62].

For the semiconductor layer, the P3HT and PCBM solution is prepared
in the glove box by mixing a 1:1 wt ratio of PSHT and PCBM in dichloroben-
zene, (20mg/500mL of DCB for each) which are stirred on the hot plate at
50°C for 2 hours. The two solutions are then further stirred and heated
overnight at 40°C. The solution was then filtered through a 0.45 um PP Sy-
ringed filter. A 180+ 20nm layer of P3BHT:PCBM is achieved by spincoating
at 100 rpm (1 s), 300 rpm (5 s), and 1000 rpm (15 s). The layer is then
dried slowly over 45 minutes under a petri dish. Slow drying of the semi-
conductor polymer layer allows the P3HT polymer to crystalize and stack
more effectively for a better electronic conduction [63].

The cathode consists of 100nm of Al thermally deposited through a

shadow mask on the active layer after evaporating 20nm of calcium [62].

3.2 Highly Regioregular Devices

The fabrication of these devices is identical to the control 93% regioregular
P3HT:PCBM devices described above, with the exception of using highly
regioregular P3HT (>98%, MW=64,000 g/moland) as purchased from Rieke
Metals.
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3.3 ZnO-Polymer Devices

The fabrication of these devices is identical to the P3HT:PCBM devices
with the exception of adding ZnO nanoparticles to the active film.

For the fabrication of the ZnO, p-type (100) oriented silicon substrates
are used. Substrates are cleaned in hot acetone and isopropyl alcohol (IPA)
followed by standard RCA1 and RCA2 cleaning treatments. Hydrofluoric
acid (HF) dip is used to remove the native oxide. Gold nanoparticles are
used as catalyst for vapor liquid solid (VLS) growth of ZnO nanowires.
Hydrogen terminated Si substrate is immersed in gold colloid solution for 2
min while 1uL of 49% HCl is added to the colloidal solution, which results in
an overall pH of 2-3. Then ZnO nanoparticles are grown in a horizontal tube
furnace using high purity, 99.999% Zn powder as precursor. The furnace is
then heated up to 700°C with a slope of 50°/min and under a constant flow
of 100 scem comprising 2% oxygen and 98% argon. Zinc crucible is placed
in the center of the tube; the silicon substrate was 10-20 cm away from the
precursor.

After ZnO was synthesized, the substrate was moved into the glove box,
and 20mg of ZnO was added to 1ml of distilled DCB. The powder was then
dissolved by stirring for 24 hours followed by high power sonication for 5
hours, and subsequently filtered though a 220nm PP syringe filter. Two
solutions were made, one consisting of 5-vol% of ZnO in DCB solution, and
the other of 10vol% ZnO in DCB.

3.3.1 Electron-only and Hole-only Devices

Hole-only and electron-only devices are fabricated using electrodes that ei-
ther suppress or allow the injection of electrons or holes, respectively. Top
electrodes for hole-only devices were fabricated by evaporating palladium on

the devices; the overall configuration was ITO/(PEDOT:PSS)/P3HT:PCBM/Pd.
The configuration of electron-only devices was Ag(100 nm)/P3HT:PCBM/A1(100
nm) [64, 65].
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3.4 Testing

For testing of the devices, the following methods are utilized:

Ultraviolet visible spectroscopy (UV VIS): Light absorption is studied
using ultraviolet to visible light at wavelengths 200-800nm. In UV-Vis ab-
sorption spectroscopy, the optical property of the materials is a function of

wavelength, and absorbance is described by the Beer-Lambert law as shown

in Equation

A = —log(T)= —log(é) =ecL (3.1)

In the above equation, A is absorbance, T is transmittance, Iy and I are
the intensity of the incident light and the transmitted intensity respectively
at a given wavelength, L is the sample thickness, and c is the concentration
of the absorbing species. For each species and wavelength, € is the extinction
coefficient, and is a fundamental molecular property. The wavelength of the

incident light was changed by computer-controlled monochromator.

Voltage-Current Measurements: Light and dark current-voltage char-

acteristics are measured using a semiconductor characterization system (KEITH-
LEY 4200, Keithley Co. Ltd.). Light characteristics are measured under

standardized air mass 1.5 solar simulated light irradiation of 100 mW-cm—2.
The AM1.5G illumination is equal to the solar spectrum at earth’s surface
when the sun is at an angle of 48.19° from its zenith, and is incident on a
south-facing surface (in the Northern Hemisphere) that is mounted at 37°
to the horizontal [66]. A xenon lamp (300 W, 6258 Newport) equipped with
an AM1.5G filter is used as the white light source. The optical power is 100

2

mW-cm™?, measured using a broadband power meter 841-PE (Newport)

equipped with an Ophir thermal detector head (3A-P-SH-V1).

Transmission electron microscopy (TEM): TEM is a technique for
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material characterization with nanometer-scale spatial resolution. transmis-
sion electron microscopes operate similarly to optical microscopes, but using
electrons instead of light; the smaller wavelength of the electrons makes it
possible to view objects on the order of a few nanometers with high reso-
lution. A source at the top of the microscope emits the electrons into the
microscope column under vacuum. The electrons are focused into a very
narrow beam, and travel through the specimen; a fraction of the electrons
diffract or scatter depending on the density of the material. The remaining
electrons hit a fluorescent screen at the bottom of the microscope, giving rise
to a 2-dimensional shadow image according to the density of the specimen.
The most common mode of operation for a TEM is bright field imaging. In
the case for the BHJ samples, regions with a higher degree of crystallinity
will appear dark, and less dense regions in the beam path will appear bright.

Bright-field TEM images for studying the morphology are captured with
a Hitachi 8100 system. Films are created as discussed in Section Im-
mersing the samples in water results in the film separating from the sub-
strate, and floating on the surface of water. The films are carefully removed
from water and placed on a 500-mesh TEM copper grid. For capturing
TEMs of the ZnO nanoparticles, drops of ZnO mixed in DCB were placed

on mesh copper grids, and dried.

Optical microscopy: The morphology is also studied using optical micro-
scope for features of the morphology that are > 1um. An Olympus LEXT
OLS4000 Laser Confocal microscope was used to examine the active layer
morphology when the surface features are > 1um, and allowed for rotation

of the sample and studying the surface morphology.

3.5 Photovoltaic Characterization

The dark characteristics of the organic solar cells result from the superpo-
sition of bulk transport mechanisms with organic/electrode interfacial elec-
trical properties [1], as shown in Figure . As discussed in section m,

in high voltage-high current regimes, the unbalanced hole and electron mo-
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bilities result in the current density being associated with the space charge
limited current (SCLC) law.

J o V2/d?
Space-Charge
Limited Current

J o exp(qV/kT)
Diffusion currents

J o V/d

Local leakage
\currcnts

Voltage

Current Density

v

Figure 3.1: I — V characteristics showing different domains [1]

A typical current-voltage I —V curve of a polymer solar cell under illumi-
nation is shown in Figure|3.2. The following sections describe the parameters
as noted on the figure in more detail.

Short Circuit Current(/,.): the measured current of the solar cell at
zero applied voltage, and is a function of illumination.

Open Circuit Voltage(V,.): the maximum voltage available from a solar
cell, which occurs at zero current.

Maximum Current and Voltage (/,,, & V,,,): current and voltage
at which the resulting power reaches the maximum absolute value, and rep-
resents the condition where the solar cell delivers maximum power to an
external load: this is called the maximum power point.

Fill Factor (F'F): the ratio of the maximum power to the external short-

and open-circuit values, respectively:
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Figure 3.2: Current versus applied voltage characteristics of a solar cell
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Ideally, the fill factor would be unity, but losses due to transport and

recombination result in values between 0.2 — 0.7 for organic photovoltaic
devices.

Photovoltaic Efficiency(n): efficiency is defined as the ratio of the
maximum electric power extracted to the illumination power intensity G
times the surface A of the module:

Pmax
Ax G

3.6 Accelerated Testing

For studying degradation mechanisms, accelerated testing is used. The de-

cay process, which may be chemical in nature, has been shown to follow an
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Arrhenius-type model where the rate of decay is determined by an expo-
nential (or stretch exponential) function [67]. In the case of organic solar
cells, accelerate testing is based on artificially shortening the lifetime of the
devices by increasing the temperature. De Bettignies et al. [68] have shown
in accelerated lifetime studies for PSHT:PCBM that the decrease in short
circuit current after 200h at 60°C corresponds to 1000 h at 25°C. In this
study of degradation mechanisms, all devices are thermally annealed for
lhour at a time at 140°C. This value was chosen based on common aging

temperature in literature [64, 69].
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Chapter 4

Degradation in Regioregular
P3HT Bulk Heterojunction
Organic Solar Cells

Since the emergence of polymer:fullerene bulk heterojunction solar cells, op-
timization efforts have been heavily focused on improving the nanoscale mor-
phology of the photoactive films [70, 71]. In bulk heterojunction solar cells
the morphology of the D/A interpenetrating networks is essential for both
exciton dissociation and charge transport. It has been shown that one way
of optimizing the morphology of the PSHT:PCBM networks and improving
charge transport is through enhancing molecular packing [72]; this can be
done through increasing the degree of regioregularity (RR). Regioregularity
is the percentage of monomers in the head-to-tail configuration rather than
head-to-head [13]. For more information on the definition of regioregularity,
see Appendix [Al

Previously, we have investigated the effect of annealing on the perfor-
mance of P3HT:PCBM devices with different (93% and 98%) regioregular-
ities, the results of which have been published along with the findings of
this chapter in [64, 65]. We compared different parameters of fabricated
photovoltaic devices, including power conversion efficiency, absorption spec-
tra as well as current-voltage characteristics, before and after annealing.
We also studied the morphology of the films for different regioregularities
using electron transmission microscopy. We found that higher RR P3HT
devices initially have a better performance. This initial enhancement in

performance with increased RR, however, does not hold with aging, as seen
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in Figure [4.1. P3HT and PCBM are not miscible; over time, blends of the
two may segregate, forming crystallized discontinuous microscopic domains
of each polymer. Crystallization is reported to exclude PCBM from the or-
dered polymeric domains in bulk heterojunctions [73]. Crystallization-driven
phase segregation is thought to be the main cause for a reduction in donor-
acceptor (D/A) interfacial area [73], which in turn lowers the performance

of solar cells.
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Figure 4.1: J — V characteristics of devices with different regioregularities,
for as-cast and annealed conditions.

In order to gain a better understanding of degradation mechanisms in
regioregular P3HT:PCBM devices, electron- and hole-only devices are fab-
ricated for this project. For more information on fabrication and testing of
these devices, please see Chapter 3l Electron and hole mobilities are ex-
tracted using the mobility edge (ME) model. The proposed model can be

used to:

e Extract effective electron and hole mobilities at reference carrier den-
sities, which enable a standard formalism for comparison of carrier

transport in different films. This is useful for organic films, where
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conduction depends non-linearly on carrier concentration and physi-
cal attributes of the devices [74].

e Relate experimental I — V' characteristics of the devices to material
properties and electronic structure: this is beneficial as it formulates a

method of identifying the effect of regioregularity with annealing time.

e Allow insight into the nature of conduction degradation: as discussed
in [2.1.4, the density of localized states of the polymer influences the
effective conductivity of the material. The proposed model captures
sufficiently well the contribution of regioregularity to localized states
with annealing, and can be used to estimate the energy distribution
of the carriers, electron and hole mobilities, mobility degradation with
the annealing time, and the effect of disorder-induced localized states

on transport properties.

From the points above, it can be concluded that this semi-compact model
is a powerful tool for capturing the aging characteristics of the polymer and
the effect of regioregularity. The following sections describe this model in
more depth, and drive an expression for effective mobility that takes into

account the effect of localized traps on the space charge limited current.

4.1 Mobility Edge Model

In the ME model, it is assumed that the density of states (DOS) of the
polymer is described by bands with exponential tails extending into the
band gap, as shown in Figure 4.2l The essential property of this DOS is
that it varies slowly with energy inside the band near the band edge, while
it varies exponentially with energy inside the band gap. The mobility edge,
Ey = 0, is defined at the top of the band-like states. Thus, the localized

states below the mobility edge are represented by an exponential tail [19]:

g(E) = 5, &P <Eb> (4.1)
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Figure 4.2: DOS and carrier density graphs: a wider localized band tail Ej
means more trapped carriers. Electrons at energies above the mobility edge
FEy are mobile and assumed to have a constant mobility equal to the band
mobility ug, while electrons located at energies below the mobility edge have
zero mobility.

where E is the energy, N; is the total density of traps, k is the Boltzmanns
constant, and Fj is the width of the exponential tail. In order to take
into consideration the effect of traps on transport, the correlation between
trap density and current density has to be found. Equation shows an
expression for the SCLC current density due to the carriers excited to the

hopping transport band [75]:

J = quNpk <€>a (Vp — V;)+1 jg2at1 (4.2)
aNp

where V; is the onset of the power-law regime, ¢ is the elementary charge,
Ny the density of states in the transport band, p; the carrier mobility of
the band, e the dielectric constant, Vp the diode voltage, ¢t the electrode
separation, kK = a“(2a + 1)a + 1/(a+1)2>1, and « is the power parameter.
Equation is derived from Poissons equation and charge conservation
equations [76, 77].

As seen in Equation [4.2 the current-voltage characteristics follow a
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power-law dependence on «. The power parameter, «, is a function of T}
(the characteristic temperature indicating the width of the exponential dis-

tribution) normalized by the ambient temperature, and is given as follows:

Ty  Ey
a = 5=z (4.3)

Equation 4.2 and relate the power-law behavior to the trap density,
by stating current is proportional to the width of the exponential tail, £, as
seen in Figure 4.2l The J —V characteristics can thus provide approximate,
yet critical, information on the material properties, including an estimate
for density of states and effective mobility that does not include device
attributes. Therefore, a can be treated as a measure of trap density; the
larger the « the higher the density of traps in the band tail. « is extracted
from the power-law J — V characteristics of the device, J = k(V — V;)*+L.
It follows that J/g = (V=Vt)/(a+1) where g = 9J/ov. Therefore, to extract «,
the slope of the J//g versus V' curve can be used [75].

In order to find an expression for p.g, the relationship between the mobile
density of carriers (nmenie) and the density of trapped carriers (ny.ppea) has
to be found, and is described in Appendix [74]. The expression for effective
mobility can then be found according to Figure and is summarized as
the following [19, 74]:

n .
o = pp—0obile (4.4)
Ntotal

By replacing Equation in Equation [4.2] effective mobility can be

extracted from measured J — V' characteristics:

c (0]
J = quegNor <N> (Vp — Vp)ott jg2att (4.5)
qiNo

where Ny represents effective mobility at a reference carrier concentration
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No =2 x 10'6 cm=3 [74].

The effective mobility provides a standard formalism for comparison of
mobility, and takes into consideration the disorder-induced localized states.
Moreover, the expression for a relates the current-voltage behavior to the
width of exponential band, and can be used to describe the energy distribu-
tion of the carriers and how the conduction varies as a function of regioreg-
ularity. The following sections use this concept to gain understanding into

the nature of aging in regioregular polymer based solar cells.

4.2 Results and Discussion

In the following sections, effective mobilities are extracted and the relation
between structural order and electronic conduction according to the ME
model are explored. To understand the electronic properties, the analysis
includes examining electron and hole mobilities, mobility degradation with
respect to annealing time, and an estimation of energy distribution of the

carriers. For more information on the fabrication method, please see Chapter

3L

4.2.1 Hole Mobility

Figure [4.3 shows the dark I — V' characteristics of the hole-only devices,
fabricated using 93% and 98%-RR P3HT:PCBM blends, before and after
2 hours of annealing at 150°C. For the complete set of data, please see
Appendix [C|

For the as-cast devices, the 98%-RR device shows slightly larger current
than the 93% device. This can be attributed to the superior organization
of P3HT domains, enhanced degree of crystallinity, and more efficient elec-
tronic conduction [64]. Neither degree of regioregularity or annealing seems
to significantly effect hole transport. Figure shows the J/g vs. V
curves for all devices. The slope of this graph can be used to find the value
of a, as discussed in Section [4.1 The extracted o = 0.1 indicates that con-

duction is near-ohmic. Extracted hole mobility is 6.2 x 10™% cm?V~!s~! and
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Figure 4.3: I —V and J/g vs. V characteristics of hole-only 93% and 98%
RR devices: o+ 1 = 1.1 and does not change significantly with annealing.

remains unchanged after annealing. Due to the insignificant changes with
annealing and regioregularity, change in effective hole mobility is ruled out
as the possible cause of the performance degradation.

The hole mobility in PSBHT:PCBM blends is correlated with the degree
of crystallization of PSHT, and because annealing encourages crystallization
of P3HT, hole mobility is expected to increase with annealing [78]. The
insignificant change in hole mobilities may be due to the already optimized
morphology. This can be attributed to the dry annealing process: a slow rate
of solvent evaporation assists in optimizing the morphology by controlling
crystal growth of the P3HT. Therefore, after evaporation of solvent, an

optimum morphology is already obtained for hole transfer.

4.2.2 Electron Mobility

Figure shows the J/g vs V characteristics for the electron-only (a) 93%
and (b) 98% devices. For the complete set of data, please see Appendix
Comparing Figures |4.4(a) and |4.4(b)| shows that the increase in « with

annealing is more pronounced for 98%-RR devices. In the ME model, the
power parameter « is a measure of trap density, and therefore, the increase

in a suggests an increase in density of traps. The increase in traps may be
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Figure 4.4: J/g vs. V characteristics of electron-only 93% and 98% RR
devices, before and after annealing for 2 hours: the slope gives values for
a + 1, where o = T¢/T: increase in « corresponds to an increase in the trap
density.

due to a reduction in the continuity of the electron carrier phase [64], and
may be attributed to the crystallization-driven phase segregation of 98%-RR
P3HT. The phase segregation results in crystallization/exclusion of PCBM
molecules from ordered domains, and result in trap generation for electron
transport.

The formation of many needle-shape PCBM crystals has been studied
before. We [64] have shown that thermal annealing induces the formation
of many needle-shape clusters of PCBM crystals that are several tens of mi-
crometers in length in the PSHT:PCBM blend films. Specifically, the phase
segregation and formation of PCBM crystals are far more extensive in 98%-
RR films than in 93%-RR films. These clusters increase phase separation,
causing the electron mobility to decrease, and justifying the increase in the
power parameter. For more information on the formation of PCBM clusters
with age, please see [64].

Figure 4.5 shows the change in electron mobilities with annealing time
as extracted using Equation The electron mobility of the 98%-RR. de-
vices, initially larger than the 93%-RR devices, falls rapidly with thermal

annealing.
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Figure 4.5: Extracted mobility values for 93% RR and 98% RR devices
over annealing time: though initially the mobility for the 98%-RR devices
is higher, the mobility falls with annealing more sharply than the 93%-RR
devices. The sharp decline in electron mobility can be due to an increase in
trap density as a result of phase segregation between P3HT:PCBM.

4.2.3 Density of States

The observed difference in the voltage dependence of « is used to approx-
imately sketch DOS vs. energy, shown in Figure For obtaining this
graph, it is assumed that DOS varies gradually with energy inside the band
near the band edge (D(E)~E™ [19]) while it varies exponentially with en-
ergy inside the band gap, as given by Equation , where the value of Ny is
taken from literature [19]. The accuracy of this figure is limited due to the
assumptions regarding the shape of DOS and the value of N;. Despite the
limited accuracy, this figure indicates that the band tail in the annealed
sample is larger, which suggests the presence of more local traps in the band
gap. This is reasonable: in 98% RR blends, the PCBM exclusion is ag-
gressive with annealing, which results in interruption of bi-continuity of the

networks and the large segregated phases can start acting like traps.
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Figure 4.6: Difference between the shape of DOS vs energy graphs for
93%RR and 98% RR, at reference carrier concentration of Ng = 2 x 106

cm 3, as previously reported in [74]

4.3 Conclusions

The effects of annealing and regioregularity on the charge transport charac-
teristics of P3HT:PCBM photovoltaic cells are investigated. Hole mobilities
are comparable for 93% and 98%-RR devices, before and after annealing,
and therefore, the change in hole mobility is ruled out as a possible explan-
tation for performance degradation. The electron mobilities for the 98%-RR
devices experience a sharper decrease in comparison to the 93%-RR devices.
This is reflected in the increase in the power parameter « in the mobility
edge model. According to the ME model, the increase in o upon thermal
annealing is attributed to an increase in trap states in the exponential tail
for electrons. The increase in the trap density may be due to phase segre-
gation in blends of 98%-RR polymer and PCBM. These results show that
electron transport plays a critical role in the degradation of effective mobility

of P3BHT:PCBM solar cells.
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Chapter 5

Degradation Mechanisms in
Hybrid Zinc Oxide-Polymer
Organic Solar Cells

Hybrid organic-inorganic photovoltaic cells combine the unique properties of
inorganic semiconductors and conjugated polymers, as discussed in section
2.2, One attractive material among the crystalline nanoparticles for use in
polymer blends is zinc oxide (ZnO), and has become the topic of recent fo-
cus. Despite the reports of improved efficiency in hybrid ZnO-polymer solar
cells [14-16], the stability of hybrid ZnO-polymer devices and degradation
mechanisms have not been studied in much depth.

The following sections aim to give an in depth overview of the effect of
incorporating ZnO on the degradation of PSHT:PCBM devices. The devices
are compared based on their current-voltage (J — V') characteristics, optical
density and power conversion efficiency (PCE). Electron and hole mobilities
are extracted for these devices and compared with annealing time. The
morphology of devices with and without ZnO are investigated for as-cast

and annealed samples. The following section describe each in more depth.

5.1 Results and Discussion

In order to investigate the underlying mechanisms that contribute to PV
performance in ZnO-polymer solar cells, three sets of devices with ZnO
concentrations of 0%, 5% and 10% are studied. For more information on

fabrication and testing methods, please see Chapter (3. . The bars in the fol-
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lowing figures represent the standard error for the results of each experiment;
for each experiment, a minimum of 6 samples were fabricated and studied.
For the complete sets of data for all tests, please see Appendices [EHH. From
the set of 6, the results for the top performing 4 samples are reported in the
following section. This is done to remove outliers in a systematic way.
Figure shows a plot of the current density-voltage (J — V') charac-
teristics under illumination. The 5%-Zn0O devices exhibit the largest short
circuit current density (Js.) as well as the highest efficiency and fill factor
among all samples before annealing. Increasing the concentration past a

critical point, however, lowers the performance as seen in the results for
10%-ZnO devices.
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Figure 5.1: Performance characteristics of as-cast devices with various con-
centration of ZnO nanoparticles: the devices with 5%-ZnO show the high-
est short circuit current, fill factor and efficiency. The performance pa-
rameters in Figure m are normalized to the values of 0%-ZnO devices
(Ve = 0.565V, Joe = 58.57TA - m~2,n = 1.69% and FF = 52.9%)

Not only does ZnO improve the performance, but it also increases the
stability of the devices. As seen in Figure the 10%-Zn0O devices are the
most stable, and the 5%-ZnO devices are not only more efficient, but also
more stable than the 0% -ZnO devices. Accelerated aging for three hours
results in the highest drop in efficiency for devices with no added ZnO, while
the 10%-Zn0O devices experience virtually no decline. The decline in the fill
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factor is also largest for the 0%-ZnO and smallest for the 10%-ZnO devices.
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Figure 5.2: Performance parameters for devices containing different concen-
trations of ZnO nanoparticles, and their subsequent change with accelerated
aging. The values are normalized to the values of 0% as cast ZnO devices
(Ve = 0.565V, Joe = 58.57A - m~ 2,1 = 1.69% and FF = 52.9%).

In the following sections, the absorption spectra of the polymer film,

photovoltaic characteristics, extent of recombination, charge transfer and

the surface morphology are studied in detail in order to gain more insight

into mechanisms that are responsible for the observed increase in efficiency
of 5%- and stability of 10%-ZnO devices, with respect to 0%-ZnO devices.
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5.2. Optical Property

5.2 Optical Property

The solid-state absorption spectra for the films containing as-cast 0%, 5%
and 10% ZnO are shown in Figure [5.3.
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Figure 5.3: Absorption of devices containing various concentrations of ZnO

In this figure, the difference between the mean values of absorption for
the 0, 5 and 10%-ZnO devices is not statistically significant, as shown by
the overlapping values for standard error. Though the results are not con-
clusive, the mean of the 5% ZnO devices show slightly lower absorption in
comparison to no-ZnO devices over the entire wavelength range. This may
be due to dilution of PSHT-PCBM films by the addition of ZnO; the ab-
sorption of ZnO is minimal in the visible range [79]. Annealing does not
effect the absorption of the devices. For the complete experimental data for
the absorption, please see Appendix [Fl Despite similar or lower absorption,
5%-7ZnO devices show higher short-circuit current, as seen in Figure 5.2, It
can thus be concluded that absorption of the films is not responsible for the

improved performance and stability of the devices containing ZnO.
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5.3 Photovoltaic Characterization

The incident light absorbed by the organic material results in the creation
of an exciton. If an exciton does not separate into an electron and hole, it
eventually recombines [80]. After the exciton is dissociated at the D/A inter-
face, free charges must travel to the electrodes to be collected; however the
amorphous and disordered nature of these organic films hinders transport
[11]. The following sections describe a model that relates these properties to
the measured current-voltage characteristics. This model can then be used
for examining performance and stability of the hybrid devices.

Figure m shows a typical equivalent circuit of a solar cell. Though
this representation was primarily developed for inorganic solar cells, good
correlation has been reported for organic solar cells. Waldauf et al.[81] have
proposed this model to be used as an “expanded pn juntion”. This model
explains the pn-junction-like behavior on the device parameters and perfor-
mance. The expanded pn junction takes into account the difference between
the characteristics of bulk heterojunctions and metal-insulator-metal (MIM)
model, which has previously been applied to BHJ devices. In the MIM
model, the intimate mixture of acceptor and donor materials is treated as
a homogeneous film, and unifies the parameters of both materials. The ex-
panded pn junction model proposes that the exponential behavior depends
on the properties of the two materials involved, and the observed character-
istics is assumed to be an average of the behavior of the total D/A interface

throughout the bulk. From the equivalent circuit, it can be derived that:

qV + Rsl
nkT

V+ R

I = I, —1I |exp( R

p ) -1 -

(5.1)
where n represents the ideality factor of the diode, I represents the satu-
ration current, g is the elementary charge, k is the Boltzmann constant, T’
stands for the temperature. R and R, are series and shunt resistances,
respectively.

As seen in equation the J — V characteristic depend on the ideality

38



5.3. Photovoltaic Characterization
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Figure 5.4: Comparison of ideal and real I — V characteristics in terms of
series and shunt resistances using the equivalent circuit for expanded pn
junction model: R, and R, are linked with the slope characteristics at
V =V, and V = 0 respectively.

factor n and the reverse saturation current Js. The ideality factor reflects the
recombination behavior where opposite charge carriers meet, i.e., at the D/A
interface, and reflects the properties of the interface and the morphology
[81, 82]. In organic BHJ devices, it is reported that a unity ideality factor
corresponds to band-to-band recombination and an ideality factor of 2 arises
from the generation-recombination mechanism, which requires states near
the middle of the interface gap [83]. The saturation current Js reflects the
current caused by thermal activity; in the reverse bias region, this current
is not affected by the magnitude of the bias, but changes with temperature.
In other words, this current is a measure of the number of charges which are
able to overcome the energetic barrier in the reverse direction.

The major contributions to series resistance R are the bulk resistance of
the organic materials, resistance of the electrodes and the contact resistances
between the electrodes and the organic material [84]. Shunt resistance takes
into consideration the conduction through single polymer paths connecting

the electrodes [81]; due the random nature of the bulk, continues paths of
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5.3. Photovoltaic Characterization

either PSHT or PCBM may cause shunts between the electrodes. As seen in
Figure the series and shunt resistance change the slope characteristics
at V = V,. and V = 0, respectively. The changes in the slope directly
translate into changes in the fill factor and the efficiency of the cell.

The dark current is limited by values of shunt resistance at low currents
and series resistance at high currents, and shows exponential behavior under
moderate voltage. Saturation current and ideality factor can be found by
fitting Equation to the exponential part of dark voltage-current char-
acteristics (see Figure 3.1). The values for shunt and series resistance can
be found by fitting the I — V' characteristics to Equation at low and
high bias regimes, respectively. The following sections describe the extrac-
tion of diode parameters (i.e. saturation current and ideality factor), shunt
and series resistances, and effective electron and hole mobilities. Similar
to Chapter 4, the ME model is used to examine the effect of ZnO on trap

generation and relate conduction to the density of localized traps.

5.3.1 Diode Behavior

The values for the ideality factor and saturation current are summarized
in Table [5.1. The ideality factor increases with ZnO addition. This is rea-
sonable: the diode ideality factor reflects the interface properties and BHJ
morphology [81, 82], and ZnO may increase recombination in the organic-
ZnO interface. The ideality factor also increases with annealing time. This
may be due to the resulting phase segregation between P3HT and PCBM,;
as the total D/A interface area decreases, the ideality factor of the diode
increases. The extracted values of n is consistent with the values reported in
literature, and may imply the presence of generation-recombination mech-
anism [83]. The reduced value of n < 2 may be due to the presence of
recombination centers that are not at the center of the gap, or may be due
to electron-phonon coupling which may increase the sum of the two transi-
tion energies to values larger than the interface band gap [83].

The total D/A interfacial loss as a result of annealing in terms of film
morphology is further discussed in Section [5.4)
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0%-7Zn 5%-Zn0O 10%-Zn0O
Js \ n \ Js \ n \ Js \ n
As-cast 6.2E-9 | 1.54 || 4.3E-9 | 1.57 || 2.6E-9 | 1.62
Annealed 2hours || 5.9E-9 | 1.61 || 4.4E-9 | 1.64 || 2.7E-9 | 1.65

Table 5.1: Values for current density (A.cm~2) and ideality factor for 0%,
5% and 10%-ZnO devices, before and after annealing

Saturation current decreases with ZnO addition. This may be explained
by studying the energy bands of the constituents, shown in Figure [5.5. The
valence band edge of ZnO is at about -7.6 eV. This is much lower in en-
ergy than the HOMO energies of PCBM and P3HT (-6.1 eV and -5.2 eV,
respectively). As a result, the presence of ZnO may reduce the hole car-
rier contribution to the saturation current density, and in effect reduce the

saturation current by blocking holes.

e
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6.1eV
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Figure 5.5: Energy band diagram for PSHT:PCBM devices with ZnO, indi-
cating ZnO may improve hole blockage

5.3.2 Shunt and Series Resistance

In organic cells, shunt resistance may result from single polymer paths con-
necting the anode and cathode [81]. Under illumination, light induced charge
generation (“photodoping”) reduces the shunt resistance dramatically [81],

and the bulk becomes loaded with a significant charge density. Examining
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5.3. Photovoltaic Characterization

the values of shunt resistance shown in Figure 5.6/ suggest that ZnO addition
improves shunt resistance; this may be a secondary evidence that ZnO acts
as a hole blocking barrier.

Despite showing lower initial values, however, the increase in shunt re-
sistances for the 5% and 10% devices with annealing is comparable to the
increase in shunt resistance of 0%-ZnO devices, as seen in Figure This
implies change in shunt resistance is not responsible for the stability of the
devices containing ZnO - for measurements suggesting stability, please refer
back to Figure |5.2
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Figure 5.6: Effect of accelerated aging on shunt and series resistances. Ide-
ally, Rs = 0 and Ry, — oo. ZnO addition improves initial series and shunt
resistances, and results in a smaller decline in R in comparison to devices
without ZnO.

As seen in Figure 5.6} the series resistance of the 5%-ZnO devices is lower
than that of the 0%-Zn0O devices. Additionally, the 5%-ZnO devices show a
smaller change in series increases with annealing in comparison to 0%-ZnO
devices. This implies that ZnO addition improves not only series resistance,
but also stability. While the series resistance of 0%-ZnO devices increases
by more than 200%, R, of 5%- and 10%-ZnO devices increases by only 50%

and 17% respectively after 3 hours of annealing.
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5.3.3 Electron and Hole Mobilities

In order to further study the effect of ZnO nanoparticles on the charge
transport properties, electron-only and hole-only devices are examined. Ef-
fective charge mobilities for the devices with ZnO (5%) and without ZnO
are extracted using the space charge limited current (SCLC) model with
traps. This model is described in detail in Section The effective mobil-
ity representation is advantageous as it provides a standard formalism for
comparison of mobility in disordered semiconductors. Kymakis et al. [75]
have proposed that effective mobilities of a polymer film containing carbon
nanotubes can be extracted as means of carrier transport comparison. Their
work shows that the extracted effective mobilities of the polymer films con-
taining single walled carbon nanotubes are in accordance with experimental
data. The extracted electron and hole effective mobilities are plotted in

Figure [5.7] as a function of annealing time.
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Figure 5.7: Effect of accelerated aging on electron and hole effective mobility:
adding ZnO nanoparticles not only increases the electron mobility, but also
suppresses its degradation with annealing time. Hole mobility is not changed
by adding ZnO or annealing

As seen in this figure, adding ZnO improves electron mobility, and the
hole mobility remains the same. The improved effective electron mobility
can be attributed to the parallel conduction through ZnO nanoparticles
which posses higher electron mobilities that are several orders of magnitude

higher than the typical mobilities found in organic semiconductors [43, 85].
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In addition to exhibiting lower initial mobilities, devices without ZnO
also experience steeper declines in electron mobility. The comparative sta-
bility of the electron mobility in devices containing ZnO may be responsible
for the overall stability of the devices. The small decline in electron mobil-
ities can be examined by studying the morphologies of the D/A networks,
and is described in Section In this section, it is shown in detail that
the change in morphology for devices with and without ZnO is similar; and
therefore, the suppression of phase segregation is not the underlying mecha-
nisms for the overall stability. The stability of electron mobility may be due
to the stability of ZnO nanoparticles. ZnO nanoparticles continue trans-
porting electrons as the P3HT and PCBM phase segregation takes place
and PCBM crystals forms. For more information on the morphology, please
refer to Section

5.3.4 Trap Density

As mentioned in Section the power parameter o in Equation relates
trap density to the power-law behavior, and is a powerful tool in examining
the underlying aging mechanisms. This is a semi-quantitative method which
can be roughly used to investigate the density of trapped states, and suggests
that current is proportional to the width of the exponential tail, Ej, which
is as a measure of trap density (see Figure . These principles can be
used to extract the contribution of ZnO to the total trap density, and the
effect on conduction. As previously described, a can be extracted by using
the slope of the J/4 versus V, and is shown in Figure The values for «
shown in this figure suggest that introduction of ZnO does not significantly
change the shape of the the exponentially tail or the trap density affecting

electrons or holes.

5.4 Morphology

This section examines the film and particle morphology in an effort to show

the effect of annealing on devices with and without ZnO. Figure [5.9 shows
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Figure 5.8: « extraction for 0% and 5% ZnO devices: J/g vs. V character-
istics of electron-only devices, before and after annealing for 2 hours: the
slope gives values for «, and an increase in « corresponds to an increase in
the trap density

the ZnO particles captured by transmission electron microscopy (TEM).
The particle seems to be composed of a lump of several smaller particles in
the order of tens of nanometer. This may be because high surface tension
of very small inorganic nanocrystals makes them unstable, and thus they
have a tendency to grow to larger particles by a process called “Ostwald
ripening” [41].

As discussed in Section [3| the TEM samples were prepared by dispensing
a drop of ZnO in DCB on a copper mesh grid sample and, therefore, it may
be possible that the drying of DCB in fact encourages the aggregation of the
Zn0O. The ZnO particles may be more evenly dispersed in the P3HT:PCBM
film than shown, and further evidence is required for conclusive results.

The morphology of PSHT:PCBM is examined by TEM images. The
binary network of P3HT and PCBM can be observed in Figure before
and after thermal annealing. The higher electron density of P3HT compared
with PCBM cause electrons to be scattered more efficiently, thus, the darker
regions in the TEM images are regions of phase-separated P3HT. In the
TEM images of the as-cast samples, the morphology is well developed and
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Figure 5.9: TEM images of zinc oxide nanoparticles.

the donor and acceptor domains show a typical feature size of 10-20nm.
After thermal annealing and adding ZnO, the domain sizes are practically
the same.

Thermal annealing, however, induces the formation of many needle shaped
PCBM crystals in the order of several tens of micrometer in length, which
are shown in the smaller frames in Figure 5.10(c) and (d). These needle-
like formations can better be observed with the optical microscope, and are
shown in Figure The crystal formations in effect decrease the total
D/A interface [86], which may explain the observed drop in J,. with anneal-
ing. Similar to the TEM images, the morphology for the annealed devices
with and without ZnO remains practically the same, indicating that the ob-
served stability may not be due to phase stability, despite the reports that
planting nanoparticles in the films may slow phase segregation [87].

Using the optical microscope, disjointed islands of PSHT-PCBM can be
observed for the 10%-ZNO devices, as seen in Figure These disjointed
islands of film are in the order of several microns. This may explain the
decline in performance with increasing ZnO addition from 5 to 10%, as
seen in Figure The decline is mostly observed in Js., and the J —

V' characteristics retains its general shape: short circuit current falls by
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(b)

Figure 5.10: TEM images of 0% and 10% devices before and after anneal-
ing: (a) As-cast, no-ZnO (b) As-cast, high-ZnO, (c) Annealed, no-ZnO, (d)
Annealed, high-ZnO.

around 40% while the fill factor falls by only 15%. This can be explained
by studying the morphology of the films. As seen in Figure the 10%
ZnO films are no longer smooth and consistent, and instead islands of film
separated by micro-scale cracks form on the surface. The edges of these
disparate film segments may result in imperfections where recombination
takes place, essentially deceasing current. Moreover, the formation of these
cracks may effectively decrease the total active area, resulting in a decrease
in performance. The latter may explain the general retainment of the I —V
shape and fill factor of these devices despite the significantly lower Jg..
One possible reason for the formation of these islands may be the in-
teractions between the hydrophobic surface of PSHT:PCBM film [88] and
hydrophillic ZnO. It has been shown that varying degrees of surface hy-

drophilicity contributes to varying polymer accumulation [84, 89]. Addition
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Figure 5.11: Optical micrographs of the P3HT:PCBM films (a) before and
(b) after annealing for 2 hours: the formation of the needle-like PCBM
clusters was similar for devices with and without ZnO nanoparticles

of ZnO may cause spatial changes of surface energy and charge transfer of the
film. If the concentration of ZnO particles becomes high enough, formation

of the film may become more favorable on certain areas of the film.

5.5 Electrode Interface

Figure shows a small decrease in the open circuit voltage, which was
consistently observed for all the tested devices containing ZnO. Moreover,
there is a slight s-shape to the I — V curve for the 10%-ZnO devices. This
s-shape becomes more pronounced with annealing, as seen in Figure [5.13
Kumar et al. [40] have proposed that this anomalous feature is due to
the presence of strong interface dipoles, which are reported to reduce V..
Interfacial dipoles, defects, and traps generated as a result of ZnO addition
can create barriers for carrier extraction leading to the s-shaped current-
voltage graph, and reduce V,.. These defects and traps may become more
pronounced with increasing ZnO concentration past an optimal point as well

as aging, as showcased in the more pronounced s-shape of the graph.
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Figure 5.12: Microscopic morphology change with the addition of ZnO
nanoparticle: while the samples containing no-ZnO and 5%-ZnO remain
consistent, islands of film seperated by micro-scale cracks form on the 10%-
ZnO films

5.6 Areas for Improvement

The following recommendations can be implemented as a part of future
work:

Reduce nanoparticle size: for this project, the nanoparticles used are less
than 220 nm, which is on the same order as the P3HT:PCBM film thickness.
In order to maximize ZnO-polymer surface area, it is suggested to fabricate
smaller nanoparticles. Some evidence exists that smaller nanoparticles may
improve the performance by a larger extent than it was observed in this
project [43]. Moreover, decreasing the nanoparticles size may stabilize the
phase segregation, and induce stability [87].

Increase nanoparticle size uniformity: the nanoparticles used for this
project ranged from tens of nm to 200nm, with a wide and unknown disper-
sion. In order to properly study the effect of nanoparticles, it is suggested
to use a finer and more controlled particle dispersion.

Use weight percentage as a measure of ZnO concentration: because
the ZnO nanoparticles are filtered out from a wet solution, there is no reliable
method for measuring the weight of ZnO, and therefore, solution vol% was
used as means of keeping track of ZnO concentration. Knowing the exact

amount of ZnO in wt% will improve the confidence and the repeatability
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Figure 5.13: S-shaped J — V curves of 10%-ZnO devices, with subsequent
change with annealing

of the results. Currently, in order to acquire more accurate concentration
measurements, X-ray diffuse scattering (XDS) tests are being carried out.
This test can be used to analyze the amount of each material in the films,
and get an understanding of what fraction involves ZnO.

Use surfactants: high surface tension of very small nanocrystals makes
them unstable, and thus the ZnO nanoparticles show a tendency to grow to
larger particles, as seen in Figure The use of surfactants can prevent
the aggregation of the nanoparticles, and improve the solution/dispersion
characteristics of the particles in the polymer matrices [41]. The use of
surfactant, however, can change the the optical and physical properties of
ZnO nanoparticles [90, 91]. The change in ZnO properties upon surfactant

addition must therefore be taken into consideration.

5.7 Conclusion

In the quest for stable, efficient, low-cost polymer solar cells, the pressure

is often on the power conversion efficiency, and other equally important
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areas of research, such as stability, are often neglected. While the use of
Zn0O in organic solar cells has been reported to improve power conversion,
the degradation mechanisms have not been studied in much depth. In this
chapter, the effect of doping P3HT:PCBM solar cells with ZnO nanoparticles
is examined on efficiency and stability of these devices.

It is observed that adding small amounts of ZnO can increase both the ef-
ficiency and stability of the PVs. The observed improvements, however, are
a function of concentration; while the 5%-ZnO devices seem to experience
improvements in photoinduced current, fill factor, efficiency and stability,
addition of further ZnO results in a loss of power conversion. This is at-
tributed to the formation of cracks on the surface of the active area films.
For the 0, and 5% devices, the morphology of the films shows no difference
between the samples with and without ZnO for as-cast and annealed devices.

ZnO-P3HT:PCBM cells do not seem to differ in incident light absorp-
tion. By using an expanded pn junction concept, photovoltaic parameters
are extracted. The ideality factor for the devices increased with ZnO addi-
tion, implying recombination increases between ZnO and the polymer film.
The phase segregation of the D/A with time also seems to contribute to
the ideality factor. Saturation current and shunt resistance improve upon
5% ZnO addition; this may suggest that ZnO demonstrates hole blocking
properties. Most importantly, conductivity not only improves with ZnO ad-
dition, but also experiences a slower rate of decline with annealing time. The
extracted effective electron mobilities for 5%-ZnO devices are improved and
show comparative stability. The hole mobilities do not change with ZnO ad-
dition or annealing. It is concluded that the stability of electron mobilities

with aging may be be responsible for the overall stability of hybrid cells.
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Chapter 6

Thesis Summary and Future
Work

One of the major problems with organic solar cells is low charge mobilities,
and therefore, some research effort has been focused on improving the trans-
port properties. Conduction in organic films depends on the morphology,
polymer phase segregation, and degree of polymer order. Two mechanisms
reported to improve conduction are regioregularity enhancement and ZnO
nanoparticles doping. While improvements in performance have been re-
ported, stability has not been quantitatively documented for these devices.
The aim of this thesis was to report the effect of RR and ZnO nanopar-
ticles on degradation of organic PVs. Conduction mechanisms in organic
materials, however, are not well understood, and are extremely difficult.
This is further complicated by the fact that the degree of structural order
and conduction strongly depends on the processing conditions. Therefore,
semi-compact models that help with understanding and optimizing the per-
formance of organic bulk-heterojunction are extremely valuable. A suitable
model takes the effects of disorder and charge trapping as well as recombina-
tion processes into account. This thesis aimed to apply such models to gain
insight into the mechanisms responsible for the degradation of the devices.

The mobility edge model was used to explore the relation between struc-
tural order and electronic conduction in regioregular P3HT:PCBM films as
well as PSHT:PCBM films with ZnO nanoparticles. This model provides
approximate, yet critical information on the material properties, including
density of states, trap generation with annealing, changes in effective mo-

bility with annealing and the effect of disorder-induced localized states on
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transport. The use of effective mobility allows the separation of conductiv-
ity from device and bias attributes. This model, however, has been applied
to this project in a minimal capacity, and has the potential of significantly
increasing the understanding of transport properties of organic solar cells.
Even though the model captures the essential features of the organic films,
more accuracy in modeling the charge transport properties of the devices
must be obtained. One method is by introducing a more realistic density of
states, which can be determined experimentally. As a part of future work,
a suitable theoretical description of the charge transport and recombina-
tion processes can also be developed to predict the performance of organic
bulk-heterojunction solar cells. Ideally, this model should be capable of re-
producing dark and illuminated current-voltage curves. Such a description is
currently not available for degradation of organic solar cells. For this model,
the major assumption would be that the leading recombination mechanism
is the recombination via tail states, which is currently a source of debate
[83,192-94].

The loss mechanisms in BHJ solar cells raise interesting physics ques-
tions, and an understanding of these processes is required for the effort to
improve solar-cell performance. One model that has been used recently
to gain better understanding of these process is the expanded pn junction
model. This model was used in this thesis to investigate the relationship be-
tween fill factor and ZnO concentration as well as aging. This work aimed to
systematically investigate the effects of the characteristic properties of the
organic layer to the FF, and relate the photovoltaic properties to the mor-
phology characteristics. Recently, Street et al. have used this model in an
in depth study of recombination processes in polycarbazole/fullerene blends
[83]. Recommended future work includes carrying out similar in depth anal-
ysis to find what recombination mechanism is most likely at ZnO-polymer
interface. Moreover, the expanded pn junction model can be further devel-
oped by integrating the voltage-dependance of photocurrent into the equiv-

alent circuit.
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Appendix A

Regioregularity

P3HT belongs to a class of polymers for which the monomers (3-alkylthiophenes)
are asymmetric. Non-regiospecific polymerization can result in three types
of structures: Alkylthiophenes may couple head-to-head (HH), head-to-tail
(HT) or tail-to-tail (TT) as depicted in Figure |A.1. A regioregular P3HT
contains HT couplings. This allows the polymer to readily self-assemble
and adopt planar conformations both in solution and in the solid state.
The highly ordered structure shows strong interchain electronic interaction
and electronic delocalization, high hole mobility, improved absorption in the

visible region, and a tendency to crystallize into ordered domains [64].

OO o e

Head

Figure A.1: coupling possibilities of 3-alkylthiophenes, printed with permis-
sion from Bob Gholamkhass
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Appendix B

Description of the Mobility
Edge Model

B.1 Transport in Exponential Tail

The density of carriers excited to the isoelectronic transport band npgng is
shown in equation B.1| in accordance to Boltzmann’s approximation [74],
where N, is the effective state density for the transport band, and Ep is
the Fermi Fermi energy that is defined negative with respect to the mobility
edge.

F
Mhand = INpexp (k;> (B.1)

The density of trapped carriers as a function of Fermi energy is retrieved

from the density of states g(F) using equation 4.1}

Ey
Ntrapped = /O g(E)f(E> EF)dE (B2)

where f(E, Er) is the Fermi-Dirac function:

~1
f(E,Ep) = (1 + exp (E;TEF)> (B.3)

Combining equations [B.2| and |B.3;
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B.1. Transport in Exponential Tail

Eqg
Nirapped = A g(E)f(E7 EF)dE (B4)
— Neexp( P u(Er 10, T) (B.5)

Where Eg is the bandgap and w(FEr,T;,T) is defined as:

Xro dy
uw(Ep, Ty, T) = 1 " (B.7)
XeF +z

In equation 3.3, the bounds for the integral are Xgp = exp(£S=LE) and
q KTy

Xp = exp(jﬁf ). Based on numerical solutions, the integral u in equation
approaches unity at low T, and approaches %exp(f—ﬂ) at high T. For

intermediate temperatures, u attains a value between these two extremes.

Although this integral is not analytically solvable over all temperatures, one
finds that n¢apped as a function of Er has a general exponential character-

istic in typical temperature ranges, and thus can be written as

Er

N exp(kT,
t

rapped ) (B.8)
The values relating N; and N/, T; and T} at room temperature are found
numerically using the model purposed by Servati et al. [74], and are shown
in Figure B.1
Nband aNd Nirapped are related by combining equations and , where
o =Ti/T [75]. Since nyyypg <K Nirapped> it can be assumed that total carrier

concentration, n = Ngrapned + Mhand = Mrapped- LRis gives:

!
I
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B.2. Effective Mobility

251

1S P \ 05 . L .
88 o9 1 2 3 84 05 06 070809 1 2
/T T

Figure B.1: « extraction, yielding ohmic transport for all devices, regardless
of regioregularity or aging

0 = Ny/(N/)*'. This equation has been found to empirically hold for
determining the equilibrium between free carrier density and total carrier

concentration for many organic semiconductors [39].

B.2 Effective Mobility

The effective mobility can be found according to Figure 4.2. Using a ref-
erence point Ny as reported by [19]., and using Equations effective

mobility at a reference carrier concentration Ny can be defined as:

Mmobile Ny No T
Heff = MO~ = Hband 77 (777) T B.10
) Ntotal * NO(Nt/) ( )

By replacing Equation [B.10 in Equation effective mobility can be

extracted from measured J — V' characteristics:

€ (03
J = quesrNok <> (Vp — Vp)ott jg2att (B.11)
qNo

Where Ny represents effective mobility at a reference carrier concentra-
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B.2. Effective Mobility

tion Nog = 2 x 1016 em=3 [74].
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Appendix C

Hole-only, 93% and 98%-RR
Dark Currents

Measurements

The following figures show the data for all samples, numbered from 1 - 6,
for hole only devices, and includes both 93% and 98% RR devices. The first
figure shows as is devices, while second and third show devices after being

annealed for 1 hour and 2 hours, respectively.
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Appendix C. Hole-only, 93% and 98%-RR Dark Currents Measurements
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Figure C.1: Hole only, 93% and 98%-RR dark currents - as is devices
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Appendix C. Hole-only, 93% and 98%-RR Dark Currents Measurements
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Figure C.2: Hole only, 93% and 98%-RR dark Currents - annealed 1 hour
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Appendix C. Hole-only, 93% and 98%-RR Dark Currents Measurements
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Figure C.3: Hole only, 93% and 98%-RR dark currents - annealed 2 hours
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Appendix D

Electron-only, 93% and
98%-RR Dark Current

Measurements

The following figures show the data for all samples, numbered from 1 - 6,
for electron only devices, and includes both 93% and 98% RR devices. The
first figure shows as is devices, while second, third and fourth show devices

after being annealed for 1, 2 and 3 hours, respectively.
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Appendix D. Electron-only, 93% and 98%-RR Dark Current Measurements
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Figure D.1: Electron-only, 93% and 98%-RR dark current measurement of

as-cast devices
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Appendix D.

Electron-only, 93% and 98%-RR Dark Current Measurements
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Figure D.2: Electron-only, 93% and 98%-RR dark current measurement of
devices annealed 1 hour

7



Appendix D. Electron-only, 93% and 98%-RR Dark Current Measurements
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Figure D.3: Electron-only, 93% and 98%-RR dark current measurement of
devices annealed 2 hours
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Appendix D. Electron-only, 93% and 98%-RR Dark Current Measurements
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Figure D.4: Electron-only, 93% and 98%-RR dark current measurement of
devices annealed 3 hours
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Appendix E

[ —V for As-cast and
Annealed 0%, 5% and
10%-ZnO

The following figures show the I-V characteristics measured for devices con-
taining 0%, 5% and 10%-ZnO, and are numbered from 1 - 6. Each figure

shows the performance before annealing.
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Figure E.1: I — V for as-cast, 0%-ZnO devices
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Appendix E. I —V for As-cast and Annealed 0%, 5% and 10%-ZnO

1%10° ——— ' ' ' |
5x10* - Sampie2 ]
,,,,,,,,, Sample2
_ Sample3
$ ol ----—-- Sample4 |
= - Sample5
£ — Sample6
5 5x10°
-5x ]
O
-1x10° ]
-2x10° + |

00 01 02 03 04 05 06 07
Voltage (V)

Figure E.2: I —V for as-cast, 5%-Zn0O devices

The following figures show the I-V characteristics measured for devices
containing 0%, 5% and 10%-Zn0O, and are numbered from 1 - 6. Each figure
shows the performance after 1 hour of annealing.
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Appendix E. I —V for As-cast and Annealed 0%, 5% and 10%-ZnO
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Figure E.3: I —V for as-cast, 10%-Zn0O devices

The following figures show the I-V characteristics measured for devices
containing 0%, 5% and 10%-Zn0O, and are numbered from 1 - 6. Each figure
shows the performance after 2 hours of annealing.
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Appendix E. I —V for As-cast and Annealed 0%, 5% and 10%-ZnO
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Figure E.4: I —V for 0%-Zn0O devices, annealed for 1 hour

The following figures show the I-V characteristics measured for devices

containing 0%, 5% and 10%-Zn0O, and are numbered from 1 - 6. Each figure
shows the performance after 3 hours of annealing.
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Appendix E. I —V for As-cast and Annealed 0%,

5% and 10%-ZnO
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Figure E.5: I —V for 5%-Zn0O devices, annealed for 1 hour
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Figure E.6: I —V for 10%-Zn0O devices, annealed for 1 hour
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Appendix E. I —V for As-cast and Annealed 0%, 5% and 10%-ZnO
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Figure E.7: I —V for 0%-Zn0O devices, annealed for 2 hours
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Figure E.8: I —V for 5%-Zn0O devices, annealed for 2 hours
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Appendix E. I —V for As-cast and Annealed 0%, 5% and 10%-ZnO
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Figure E.9: I —V for 10%-Zn0O devices, annealed for 2 hours
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Figure E.10: I —V for 0%-ZnO devices, annealed for 3 hours
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Appendix E. I —V for As-cast and Annealed 0%,

5% and 10%-ZnO
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Figure E.11: I —V for 5%-Zn0O devices, annealed for 3 hours
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Figure E.12: T —

V for 10%-Zn0O devices, annealed for 3 hours
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Appendix F

UV-VIS for As-cast and

Annealed Devices

The following figures show the results for the UV-VIS for 0%, 5% and 10%-

ZnO devices, before and after annealing.
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Figure F.1: UV-VIS for of 0%-ZnO devices, before and after annealing
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Appendix F. UV-VIS for As-cast and Annealed Devices
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Figure F.2: UV-VIS for of low-ZnO devices, before and after annealing
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Figure F.3: UV-VIS for of high-ZnO devices, before and after annealing
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Appendix G

Electron-only Dark Currents
for 0%, 5% and 10%-ZnO

Devices

The following figures show the results for electron only dark I-V measure-
ments of all samples, numbered from 1-6, for devices containing 0%, 5%
and 10%-Zn0. The first figure shows the measurements for devices before
annealing, and the second and third figures show the measurements after 1

and 2 hours of annealing, respectively.
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Appendix G. Electron-only Dark Currents for 0%, 5% and 10%-ZnO Devices
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Figure G.1: Electron-only dark currents for as-cast devices
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Appendix G. Electron-only Dark Currents for 0%, 5% and 10%-ZnO Devices
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Figure G.2: Electron-only dark currents for devices annealed for 1 hour
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Appendix G. Electron-only Dark Currents for 0%, 5% and 10%-ZnO Devices
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Figure G.3: Electron-only dark currents for devices annealed for 2 hours
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Appendix H

Hole-only Dark Currents for
0%, 5% and 10%-ZnO

Devices

The following figures show the results for hole only dark I-V measurements
for all samples, numbered from 1-6, for devices containing 0%, 5% and 10%-
ZnO0. The first figure shows the measurements for devices before annealing,
and the second and third figures show the measurements after 1 and 2 hours

of annealing, respectively.
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Figure H.1: Hole-only dark currents of as-cast devices
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Appendix H. Hole-only Dark Currents for 0%, 5% and 10%-ZnO Devices
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Figure H.2: Hole-only dark currents of devices annealed for 1 hour
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Figure H.3: Hole-only dark currents of devices annealed for 2 hours
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Appendix H. Hole-only Dark Currents for 0%, 5% and 10%-ZnO Devices
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Figure H.4: Hole-only dark currents of devices annealed for 3 hours
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