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Abstract

Organic Photovoltaic (OPVs) is a promising alternative technology to provide clean and
inexhaustible energy due to their excellent optoelectronic properties of the active polymer
blends. The organic polymers have low weight, tunable electrical and optical properties besides
being relatively insensitive to film imperfections which in the long run enable low-cost high-
throughput roll-to-roll processing. However, their photo-conversion efficiency (PCE) and
instability to air remains their greatest drawback as these preclude their commercialization.
Indeed the highest power-conversion efficiency reported in literature is between 10-12 %
compared to their inorganic counterparts (40 %). Therefore there is great need for improvement
to make them competitive with grid parity. In this thesis, the major factors limiting the
efficiency of organic solar cells such as light absorption, exciton diffusion and dissociation as
well as charge collection are investigated and discussed.

Despite the high thickness dependent absorption coefficients (>10° cm™) within the
visible spectrum the materials exhibit short exciton diffusion lengths (10-20 nm) which limit
the optimal active layer thickness to a few nanometers. Improving optical absorption within
this thickness forms the basis of this project. We report the use of surface Plasmons
synthesized by both thermal evaporation and Radio Frequency (RF) magnetron sputtering
system to tune and enhance optical absorption and scattering using the surface Plasmon
resonance effect. The NPs were annealed at various temperatures and for different times to
reconstruct and modify their shapes, sizes as well as the inter-particle distance (coverage).
Stability is of paramount importance in organic semiconductor devices. Serious degradation in
air constrains their applications potential. The study further investigates the mechanisms that
determine the stability of organic photovoltaic devices. Our results depict the degradation
mechanisms and their circumvention through the use of high mobility pentacene to improve

stability.
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Chapter 1. Introduction

1.1 The solar emission spectrum

The Sun is by far the most important energy source for life emitting energy as
electromagnetic radiation at an extremely large and relatively constant rate. Its broad spectral
emission range spans through the ultraviolet, visible and infrared regions of the
electromagnetic spectrum. The incident flux of radiant energy per unit area is called irradiance
or insolation and it is measured in watts per square meter (W/m?). The energy emitted is

equivalent to a black body radiation at 5250 °C [1].

2.5
UV Visible Infrared

Sunlight at the top of the atmosphere

1.5 Radiation at sea level

10 m below ocean surface

spectral irradiance (W/m?/nm)

H,0 5250 °C blackbody spectrum
0.5
A7e / Absorption bands
H,O
0, H,0

250 500 750 1000 1250 1500 1750 2000 2250 2500
wavelength (nm)

Figure 1.1 Solar radiation spectrum AMO and AM1.5 as well as black body spectrum at 5250 °C [2].

The solar energy is normally partly absorbed by the atmospheric gases. This absorption
changes the shape of the emission spectrum such that the ultraviolet radiation below 300nm is
removed mainly by nitrogen, oxygen and ozone. Furthermore infrared photons in the range

1000-2000 nm are absorbed by water.
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The incident power is a function of the solar emission spectrum, and it is generally given in
terms of the air-mass (AM) coefficient which is the ratio between the optical path length to the
sun and the optical path length when the sun is directly overhead [3].

It given by:
AM =—— 1-1

where 0 is the angle of the sun, measured from directly overhead. The air-mass simulates the
amount of atmosphere propagated by light before reaching the Earth’s surface. For instance,
AMO corresponds to the extraterrestrial spectrum, AM1 to the sun in zenith (x°) while AM1.5
which is the standard for device testing corresponds to when the sun is at an angle of elevation
of 48.189° with a total power density of 100 mW/cm? [4].

Besides the aforementioned, diffuse scattering of the solar energy by cosmic particles and

molecules may also lead to radiation losses and this account for about 15% [1].

1.2 The importance of solar energy as alternative energy source

Thermal power plants (coal, gas, oil, biomass, geothermal and uranium) constitute 78%
of world electricity production. However concerns over the limited life expectancy of fossil
fuel reserves, global warming and other environmental implications continue to stimulate and
intensify research on renewable energy [5].
In recent years, components of the global carbon balance have changed substantially with
major increases in anthropogenic emissions [6] and changes in land and ocean sink fluxes due
to climate variability and change [7].

In 2007 an Intergovernmental Panel on Climate Change comprising a panel of scientists
convened by the United Nations, produced an elaborate report outlining the threats posed by

greenhouse gases (GHGSs). According to this report, there is need to reduce CO, emissions by
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80% below 1990 levels by the year 2050. This call for capping of the atmospheric carbon

dioxide concentration below 450 ppm is precipitated by inevitable drastic climate change.
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Figure 1.2 a) showing industrial emission into the atmosphere b) shows IPCC’s fifth assessment report on

various scenarios of future emissions [8].

Global carbon dioxide emissions from fossil fuel combustion and cement production
grew by 2.3 per cent to a record high of 36.1 billion tons CO; in 2013. In 2014 emissions
increased to a further 2.5%, 65 per cent above the level of 1990. The top emitters of CO, are
China with emissions growth at 4.2% due to faster improvements in carbon intensity of the
economy, USA at 2.9%, due to a rebound in coal consumption. Indian emissions grew at 5.1%,
due to robust economic growth as well as continued increase in the carbon intensity of the
economy while that of the European Union (EU28) decreased at 1.8%, due to a weak economy
and emission decreases in some countries offsetting a return to coal led by Poland, Germany,
Finland. With current emission rate recorded in 2014, it is likely that the remaining 'quota’ to
surpass 2°C of global warming will be used up in around 30 years (one generation) [8].

There is an urgent need for sustained and unprecedented reduction of global emission by about
7% per annum in order to stay within the quota [9].

Despite improvements to living standards as well as Gross Domestic Product growth due
to industrial development, this has not been without costs. The evidence for anthropogenic
global warming primarily due to the combustion of fossil fuels is overwhelming. To prevent

Page 16



environmental catastrophe, there is great need to end addiction to the use of fossil fuel. This is

a monumental task that necessitates a complex solution.

The renewable energy route is proving to be a potential solution to the growing energy
challenges due to its abundance and environmental compatibility [10-11]. Solar energy can
supply more than the global demands provided that it is efficiently tapped. Incoming solar
radiation is on order of 100W/m?. This implies that about 1.5 x 10'" W hit the earth’s surface —
10 000 times the global consumption per second. Currently the manufacturing and installation
costs of photovoltaics (PVs) prohibit them from competing favorably with fossil fuels.
Therefore the development on highly efficient and low cost photovoltaics continues to provide

the driving force of intense research.

1.3 Development of photovoltaics.
Photovoltaic was discovered by Edmund Becquerel, a French experimental physicist. He

reported the generation of photocurrent upon incidence of light on platinum electrodes covered
with silver bromide or silver chloride in aqueous solution [12]. The first photoconductivity
experiment was made by Smith in 1873 followed by William Adams in 1876 [13]. In 1896
Charles Fritts developed the first large-area photovoltaic device made of metal
electrode/semiconductor/semitransparent thin metal electrode. The difficulty in light
transmission led to a marginal power conversion efficiency of less than 1% [14].

In 1905, Einstein gave an explanation for the photoelectric effect forming the basis for
proper theoretical understanding of photovoltaic effect. In 1906, Pochettino discovered
photoconductivity in solid anthracene. This became the first organic compound showing
photoconductivity before the phenomenon was re-addressed by Volmer in 1913 [15]. Early

work in Organic solar cells was inspired by photosynthesis in which light is absorbed by
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chlorophyll (a member of the porphyrin family) to carry out photochemical separation and

finally store energy inform of chemical bonds [16].

1950-1960s saw the emergence of organic dye photoacceptors in imaging. Kearns and

Calvin in 1958 fabricated cells made of magnesium phthalocynines (MgPh) giving an open
circuit voltage of 200 mV [17]. The first polymer-based solar cells were fabricated in 1980s
[18-19]. They had their active layer made of a single layer of a polymer or a dye. These devices
were characterized by a low power conversion efficiency (PCE) (<0.1%). In 1986 Tang made a
great discovery in OSCs when he fabricated a cell composed of a donor-acceptor (DA)
heterojunction using phthalocyanine and perylene derivatives. A photo-conversion efficiency
of np = 0-95% was obtained with these members of the porphyrin family [20]. Since then
Polymer BHJ solar cells composed of interpenetrating networks of electron donor and acceptor
have gained considerable interest due to their low-cost, simple and cost-effective processes
based on the high-throughput roll-to-roll systems, and high application versatility. The hole and
electron mobility in the blend depends on the nanoscale morphology of the blend which is
determined by;

e The type of solvent used,

e Processing temperature,

e The composition ratios between polymer and fullerene,

e The solution concentration, thermal annealing, and the solubility and

miscibility of the blends [21-25].
Hiramoto demonstrated the first small molecular BHJ [26] while in 1994 Yu et. al,

fabricated the first polymer:C60 BHJ photodetector [27].
A blend of P3HT and PCBM which is investigated in this thesis was first reported by
Hummelen’s Group with a PCE of 0.2% [28]. The same year Padingger’s Group showed an
improvement in PCE to 3.5% after changing weight ratio to 1:1 from 1:4 before annealing the
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active layer at 75 °C [29]. This opened quite a number of groups to perform experiments
changing the ratio of blend constituents, annealing temperatures as well as duration of
annealing of the active layer. In April 2011, Mitsubishi Chemicals reported a PCE of 9.2% [30]
before Yang and co-workers achieved 10.6% PCE in 2012 [31].

From the progress made in organic solar cell, the future seems promising with new emerging
approaches such as quantum dots/organic hybrid OSCs capable of generating multiple of

electrons upon a single incident photon [32-33]

1.4 Conjugated polymers
A conjugated polymer is a long chain of repeating subunit molecules, or monomers with
a series of alternating single and double bonds within a molecule. They are composed of

discrete molecules held together by weak van der Waals forces [34]

i |
@ —C>c—C
!
CeHis

(b)

Figure 1.3 a) shows alternating single and double adjacent carbon atoms in conjugated polymer while b) and c)
shows The polymer poly (3-hexylthiophene) (P3HT) and the fullerene [6,6]-phenyl-C61 butyric acid methyl ester
(PCBM), respectively [35].

In the backbone of a conjugated polymer, each carbon atom binds to only three
neighboring atoms. This leaves one electron per carbon atom in a p, orbital. The mutual
overlap between the p, orbitals results in the formation of m bonds along the conjugated
backbone. This leads to delocalized = electrons formed along the entire conjugation path. Due

to delocalized m electrons filling up the whole band, conjugated polymers are said to be
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intrinsic semiconductors. The filled = band is known as the highest occupied molecular orbital
(HOMO) while the empty ©* band is the lowest unoccupied molecular orbital (LUMO). This
system can be excited without the chain held together by the o bonds falling apart. This makes
it possible to promote an electron from the HOMO to the LUMO level through light absorption
[36]. Conductivity in the polymers is mainly based on the motion of charged defects within the
conjugated framework. The charge carriers, either positive (p-type) or negative (n-type) are the
products of oxidizing or reducing the polymer respectively [37].

Polymers have been widely used as acceptor and donor materials. An example of a widely used
acceptor is fullerene. These are spherical, ellipsoidal or tube-like carbon molecules [38].

In this thesis, the polymer-fullerene based OPV cell is investigated with poly (3-
hexylthiophene) (P3HT) acting as the donor and the fullerene [6,6]- phenyl-C61 butyric acid
methyl ester (PCBM) as the acceptor [39]. In its pristine form, P3HT has a hole mobility of
10® m2Vv* s which first decreases when blended with PCBM and subsequently recovers upon
annealing [40]. On the other hand PCBM first synthesized by Heeger and coworkers in 1995

has remained a very dominant acceptor material [41].

1.5 Problem statement

Organic photovoltaics offer a better potential solution to the exigent energy challenges as
well as a means to reducing environmental pollution resulting from reliance on fossil fuel.
However, their low photo conversion efficiency remains their greatest drawback that precludes
their roll out. Indeed the highest power-conversion efficiency (PQC) reported in literature is
10-12 % which is incomparable to their inorganic counterpart (40 %).

Coupled to this challenge is their stability to air. Organic polymers degrade rapidly when
exposed to oxygen this is a feature that greatly limits their commercialization. For the

widespread usage of OPVs, high module efficiencies (>10%) and lifetimes suitable for
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commercial applications are required. The development of new light-harvesting materials, the
improvement of device structures, the development of cost effective device processing methods
and modification of the optoelectronic properties of the active layer are crucial to enhancing

efficiency as well as the device stability.

1.6 Aim and objective of the study
1.61 Aim

The aim of this project was to fabricate and characterize BHJ organic photovoltaic cell
incorporating noble metal (Ag) nanoparticles synthesized in various sizes and shapes obtained
by annealing both in air and Argon ambient. The optimum incorporation of the noble metal
nanoparticles in the OPV cell structure was pursued to achieve maximum light scattering and
absorption by plasmon resonance. In order to study stability of the device, the NPs were
encapsulated by thermally evaporated pentacene. This approach provides for presence of
multiple absorption peaks and thereby enhance not only stability but also the Js. and efficiency
of the device.

1.62 Objectives

% To fabricate a working BHJ OPV (P3HT:PCBM) as a reference solar cell.

% To synthesize and characterize noble metal (Ag and Au) nanoparticles of varied
shapes using thin film growth techniques and surface energy variations.

% To optimize the incorporation of noble metal nanoparticles into the OPV cell
device for light scattering leading to an improved light absorption.

% Investigate the optoelectronic properties of OPV incorporated with surface
Plasmon resonance effect.

+« To investigate optical properties of pentacene encapsulated NPs as well stability

check on device.
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Thesis structure

This thesis has its chapters laid out in the following structure:

Chapter 1 describes the background study of solar energy and the development road map of
photovoltaics as well as study on the structure of conjugated polymers.

Chapter 2 describes the basic working principles of Organic solar cells. This includes exciton
generation, exciton diffusion to the donor-acceptor heterojunction where dissociation takes
place. The production of free electrons and holes, the concept of charge transport and
collection are presented briefly in this section. Subsequently the parameters used in solar cells

are discussed.

Chapter 3 presents an introduction to the theoretical framework of plasmonic resonance in
metal particles. Various applications of surface plasmons as well as mechanisms of absorption

in organic solar cells using plasmonic resonance are discussed.

Chapter 4 highlights a brief overview of thin film growth followed by the theoretical
description of RF sputtering and thermal evaporation techniques. After outlining the
experimental procedure of growing NPs, their morphology and optical properties are

characterized using AFM and UV-Vis spectrometer respectively and the results reported.

Chapter 5 discusses the steps used in device fabrication. The efficiency enhancement through
thermal annealing is reported as well through incorporation of NPs on top of ITO electrode.

The effect on V., Jsc and FF are also discussed.

Chapter 6 presents the degradation mechanisms in organic solar cell. The degradation trend of
OPVs exposed to air is also reported. The results of device encapsulation using pentacene

grown through thermal evaporation are also presented.

Chapter 7 gives a summary of most important parts of this thesis.
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Chapter 2. Working principles of Organic solar cells

The working principle of organic solar cells is based on photovoltaic effect. This entails
the generation of a potential difference at the polymer/fullerene interface as a result of a photo
response.

The conversion of light into electricity by an organic solar cell can be described by the
following steps:

e Photo-absorption to generate electron-hole pair (exciton).

e Exciton diffusion to the donor acceptor interface.

e Exciton dissociation leading to separate charge carriers.

e Charge transport within the device layers to the respective electrodes [1].

2.1 Photogeneration of charge carriers

Photo absorption by an organic molecule occurs due to the interaction of the oscillating
electric field component vector of the light wave with its electrons in the HOMO level. This
only takes place for incident light of a particular wavelength (resonance energy). In the event
that energy of the photon is higher than the optical band gap, then, excess energy is converted
into vibrational and rotational energy (thermalization) within the crystal. It’s also possible to
experience irradiative energy transfer to a molecule in case of a femtosecond intraband de-
excitations upon photo-absorption to excited states. However, absorption usually takes place
when the incident photon has sufficient energy to promote a transition. Upon absorption of a
photon, the excited molecule exists in the lowest excited singlet state for time scales of the
order of nanoseconds before finally relaxing to the ground state [2].
The organic conjugated z-system polymers have low dielectric constant (2-4) but typically,
they exhibit high thickness dependent absorption coefficients (>10° cm™) within the visible
spectrum [3].
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According to Gregg et al. the production of excitons in OPVs may be attributed to the
following:

e Weak interactions between organic molecules compared to strong covalent bonds in
inorganic counterparts resulting in spatial restriction to the potential well of
corresponding hole.

e Low dielectric constant relative to the dielectric constant of inorganic semiconductors
prohibiting the formation of free charge carriers upon photon absorption [4].

The choice of the donor and acceptor material is very crucial as absorber materials of
sufficient band gap and thickness should match the solar emission spectrum for efficient light
collection.

The probability of absorption of a photon with energy E is described by the absorption
coefficient a(E) which varies with the semiconductor used. In organic polymers where
absorption results in exciton generation, a(E) is proportional to the density of the HOMO from
which a hole is produced, and the density of the LUMO to which the generated electron is
excited to. Consider a(E) to be uniform throughout the polymer, then the light intensity
emerging out of a glass slab of thickness x is given by:

I =1, exp(-ax) 2-1
where |, is the incident light intensity [5]. P3HT used here as a donor is suitable as its band gap
(1.9-2.0 eV) spans within the longer UV and the visible (400nm-650nm) spectrum. It also has a
high hole mobility in excess of 10® cm™V™s™. Moreover, it is partially stable to air and soluble
(=50 mg/ml) in chlorinated solvents such as chloroform, chlorobenzene, dichlorobenzene and
trichlorobenzene. However, P3HT coverage is 30% of the AML1.5 solar photon flux (assuming
complete absorption of the solar emission intensity by the material) [3] while the rest of the
incident sunlight is wasted. On the other hand PCBM, fullerene based compound, has been
used due to its high electron affinity with an electron mobility of ~ 2x10 cm?/V.s and superior
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ability to delocalize negative charges but a relatively low absorptivity in the wavelength range
of 400 to 700 nm [6]. From this discussion, the P3HT - PCBM blend despite having nearly
insignificant series resistance less than 5 Qcm? for devices with active layer thinner than 100
nm [7], fails to achieve a high PCE due to inefficient usage of incident light. We thus propose
to increase the absorption spectrum in the inaccessible regions to increase the higher short
circuit current density and open circuit voltages. This is done using surface Plasmon resonance
effect.
2.2 Exciton diffusion

The photogenerated exciton has to travel a distance of the order of 10 nm to the interface
for dissociation [8-9]. This is the exciton diffusion length which predicates on the thickness of
the active layer of the OPV. There are two general mechanisms through which exciton

diffusion takes place in thin organic polymer films, namely:

« Through Forster transfer mechanism. The lack of molecular interaction in organic
semiconductors influences exciton transport, which according to Forster resonance energy
transfer (FRET) theory occurs through a hopping mechanism. For singlet excitons, the rate of
energy transfer between the molecules, Ker is proportional to the electronic coupling, V, and
inversely proportional to the sixth power of inter-molecular distance, Rpa.

2,,2
Ker V2 :/‘E—”GA 2-2

DA

Where pa is the transition dipole moments of the acceptor (A), pp is the transition dipole
moments of the donor (D). Photoexcitation of one polymer causes a change in the motion of
the m-electrons thus altering the charge distribution inside the molecule. This results in a
temporal electric dipole in the excited molecule. For two molecules adjacent to one another the
temporal electric dipole can induce a dipole of same magnitude in the neighbouring molecule

at ground state. As the originally excited electron relaxes, its energy may be transferred
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through dipole-dipole interaction to the adjacent molecule at ground state resulting in the
original molecule returning to the ground state without radiative relaxation while the adjacent
molecule is being excited without absorbing a photon. This mechanism allows for excitation of
singlet energy of a polymer from one chain to another. This process is also called singlet
exciton diffusion
e The Dexter exchange mechanism.

This mechanism involves the diffusion of triplet excitons by Dexter exchange. Triplet excitons
are formed as a result of intersystem crossing of a photoexcited system. The formation of
triplets in organic molecules is a forbidden process due to electron spin momentum
conservation [10].

If an exciton is not separated within its lifetime usually in picosecond time scale, the electron-

hole pair simply recombines [8-9]. An efficient solar cell should have the majority of excitons

reaching the interface within the exciton lifetime (7). The diffusion length |-EXC is related to

the exciton lifetime and the diffusion coefficient Dexc of the excitons according to the

expression,
Lexc = Dexcz-exc 2-3
For molecular materials 7. is several picoseconds and |-exc is about 10 nm [11].

In 1992 Sariciftci et al. demonstrated that ultrafast electron transfer takes place from a
conjugated polymer to the PCBM, showing the great potential of fullerenes as acceptor
materials [12]. The small diffusion length limits the thickness of the active layer contributing to
photocurrent to a very thin region near the donor/acceptor junction while the excitons

generated in the remainder of the device are lost.
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In the BHJ used in this work, the polymer-fullerene blend ensures that the correlation
length scales with the exciton diffusion length to enable most of the excitons generated diffuse
to the interface and separate efficiently [13-14].

Huijser et al. using analysis of the incident photon to current efficiency (IPCE) for P3HT and
porphyrin-based bilayer reported a diffusion length of 18 nm for P3HT [15]. However, this
value includes energy transfer between the P3HT and the porphyrin, which can greatly enhance

exciton harvesting [16- 17].

2.3 Exciton dissociation

Exciton dissociation occurs at the interface (heterojunction) of two materials provided
the offset between their bandgaps is greater than the exciton’s binding energy. A typical
exciton binding energy is of the order of 0.25-1 eV [18]. This is the minimum energy required
to dissociate the exciton. Thermal energy (~25meV) and electrical (electric field) energy are
therefore insufficient under normal operating conditions to dissociate the exciton, and instead
the chemical potential difference between two organic semiconductors is utilized [19-20]. The
probability of charge transfer is 100% as long as the energy offset between the LUMO of the
donor and acceptor is greater than 0.3 eV. This energy provides sufficient electric field to
enable exciton dissociation. The energetic driving force for separating the positive (holes) and
negative (electrons) charges relies in the difference between the LUMO levels of the donor and
acceptor.

The exciton dissociation efficiency is a function of the heterointerface area and the
ability of the exciton to diffuse to this interface [21]. To maximize exciton dissociation, a large
heterointerface is needed. This is normally achieved by the use of BHJ cells. Once the exciton

is dissociated, the electron and hole still experience significant Coulomb attraction and
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although structurally separated, they remain in a bound state with a finite lifetime. This bound

state is commonly referred to as a charge-transfer (CT) state [22-23].

2.4 Charge collection

Once dissociation has taken place at the donor — acceptor interface, the holes and

electrons hop through the p-type and n-type material, respectively. To reach the electrodes, the
charge carriers need a net “force”: This is provided by internal electric field and the
concentration gradient of the respective charge carrier species. The first leads to a field —
induced drift and the second to a diffusion current [24-27].
Since the performance of OSCs greatly depends on the interfaces between the various layers, it
IS necessary to minimize the energy barrier between the electrodes and the organic layers so as
to achieve a nearly Ohmic contact. Different interfacial layers between the electrodes and the
organic layers have been used to improve charge collection and reduce surface recombination.
Such interfacial layers include poly(3,4- ethylenedioxy thiophene): poly(styrenesulfonate)
(PEDOT:PSS), M00s3, V,0s, and NiOy for efficient hole collection. On the other hand LiF ,
CsF, Cs,CO; and TiOy interlayers deposited between the organic layers and the cathode have
been reported to enhance electron collection [28].

In this thesis the transparent conducting substrate (ITO) used for holes collection is spin
coated with PEDOT: PSS in an aqueous solution. The PEDOT:PSS layer improves the surface
quality of the ITO electrode (reducing the probability of shorts) as well as facilitates the hole
injection/extraction. Furthermore, the work function of this electrode can be changed by
chemical/electrochemical redox reactions of the PEDOT layer. On the other hand thermally
evaporated Aluminum thin film of a lower work function compared to ITO is used for electron

collection [29]. The summary of the operative overview of the device is as shown in figure 2.1.
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Scheme of operative sequence of an OPV

ITO ANODE

PEDOT:PSS

+~Donor- Acceptor junction.

Incoming light Excitor.1 Exciton ) Excit.on. Charge
generation transport dissociation collection
1 2 3 4 5

Fig 2.1 Schematic diagram of the photocurrent generation mechanism in organic photovoltaic devices.

2.5 Parameters used in solar cell

Pmax
A .
(a) J i (b)
P |
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1 > \ :
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i g
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Figure 2.2 a) The J-V characteristics of solar cell in the dark and under illumination b) equivalent circuit diagram.

The main parameters used in characterization of solar cell performance include; peak
power Pnax, short circuit current density, Js, open circuit voltage, V., fill factor FF etc. These
parameters are obtained from the illuminated as well as dark J-V characteristic as illustrated in

Fig 2.2. The power conversion efficiency is derived from these parameters.
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2.51 Short circuit current

This is the current flowing through the external circuit in the absence of a load (current
when voltage equals zero). Short circuit current is determined by the photon flux density
incident on the solar cell which depends on the spectrum of the incident light. For the standard
solar cell measurements, the spectrum is standardized to the AM1.5 spectrum. The current
density is roughly proportional to the area of the solar cell. The maximum current that can be
delivered by the solar cell mainly depends on the optical properties of the cell which include
absorption of the active layer and reflection from the back end electrodes.

When a load is connected across the terminals of the cell as shown in Fig 2.2 b, the
current decreases as charges accumulate at the terminals. The resulting current is a
superposition of short circuit current resulting from absorption of photons and the dark current.
Dark current is caused by the potential across the load when the device is not illuminated and it
flows in the opposite direction [30]. Considering solar cell as an ideal diode with an ideality

factor of 1, the dark current density is given by:

qVv
T V) = 3067 1) 24

Where J, is a constant, q is electron charge while V is voltage across the terminals. The resulting

current, approximated as a superposition of dark and short circuit current is given by:

qVv
J=Jge-Jo(e Vit ~1) 2-5
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2.52 Open circuit voltage

This is the voltage between the terminals when no current is drawn (infinite load
resistance). V. corresponds to the forward bias voltage when the photocurrent is compensated
by the dark current and it gives the maximum voltage that a solar cell can deliver.

At V. the two currents cancels out such that no current flows resulting in:

KT
Voc: .

In(% 1) 26

0

From the above equation, V.. is dependent on the dark current J,, the photo-generated current
Jsc and the temperature under which the device is subjected to. Studies on BHJ have shown that
the open-circuit voltage depends on the energy difference between the highest occupied
molecular orbital (HOMO) level of the donor and the lowest unoccupied molecular orbital
(LUMO) level of the acceptor so long as there is a good electrical contact at the electrode-
organic layers interface. The HOMO level is approximated as the ionization potential of the
donor while the LUMO as the electron affinity of the acceptor molecules.
2.53 Fill factor
The fill factor is the ratio of maximum power generated to the product of V¢ and Jg. It gives a measure

of how much of the open circuit voltage and short circuit current is utilized at maximum power.

FF = JmoVmsc 2-7
3.V

SC " oC
Fill factor (FF) of a solar cell may be termed as the quality of the cell. It reflects the ability of
the photogenerated charge carriers to be collected by the respective contacts. FF is influenced
by many factors interplaying with each other intricately namely;
e The level of the LUMO of the acceptor and donor that determines the nature of the Vo

and hence the fill factor.
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e The series and shunt resistances which have a pronounced effect on the shape of J-V
curve around Vo and Jsc respectively hence affecting the ‘square’ shape of the J-V
curve.

Usually, there is a competition between charge extraction and recombination which are both
mediated by the mobility of carriers in the device. Though high mobility is necessary to
ensuring efficient exciton dissociation and transport of carriers, it may lead to charge
recombination hence the need for optimization to ensure maximum FF. However, limiting the
minority surface recombination by keeping a low Ohmic contact at the active layer- electrode
interface will allow maximum FF despite high carrier mobility [31-34].

Since most organic semiconductors have very low mobility (e.g., 10° — 10 cm? -V * s}
[35-36], they experience inefficient charge extraction. Various approaches have been adopted
to improve the carrier mobility in the OPV materials. One approach involves increasing the
nanoscale crystallinity and molecular packing of the polymer film through controlled annealing

conditions [37-38].

2.54 power conversion efficiency PCE
The power conversion efficiency is defined as the ratio of output power (maximum
generated power) to incident power Pj, expressed as a percentage. The AM1.5 spectrum
(100W/m?) has been used as a standard reference for measuring the power conversion
efficiency of solar cells according to the expression;

Pex  JmaxV, J V. .FF

77 — max max ~ max — SC " oC 2_8
Pin J SCVOC Pin

According to Kirchartz et al. the maximum theoretical efficiency for OPVs is calculated to be
above 20% [39]. This huge disparity with the experimental value may be attributed to:
e Optical losses; when part of the incident light absorbed by materials are not involved in

charge carrier production.

|
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e Exciton losses; due to part of excitons failure to reach the donor/acceptor interfaces.
e Recombination losses— charge carriers recombine at film defects or interfaces.
e Collection losses— charge carrier mobility is insufficient to ensure that the charge
carriers reach the electrodes.
By far the greatest loss mechanism is the exciton recombination at donor/acceptor interfaces

resulting from mismatched energy levels between donor and acceptor.

2.55 Parasitic resistances
The power in a solar cell device is normally dissipated through contact resistance and the
leakage current. These effects are equivalent electrically to parasitic resistances in (i) series and

(i) parallel as shown in figure 2.3.

series resistance Cument

_P-
NN N
Rg A
shunt
IL T ! resistance Voltage
RSH

Figure 2.3 Equivalent circuit for parasitic series and shunt resistances in a solar cell circuit.

The series resistance Rs, arises from cell material particularly through the front surface of the
contacts. In I-V graph series resistance is derived from inverse of slope at V.

On the other hand parallel or shunt resistance, Rg, arises from leakage of current through the
cell. It is represented by the inverse of slope at I in I-V graph.

For an ideal cell, Rq, should be infinite and would not provide an alternate path for current to

flow, while Rs would be zero, resulting in no further voltage drop before the load.
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Decreasing Rs, and increasing Rsreduces the fill factor (FF) (shown in figure 2.4) and

subsequently a reduction in Pmax. If Rgh is decreased too much, Vo will drop, while increasing

Rs excessively can cause Iy to drop instead.

Voltage (V) Voltage (V)

decreasing g,

1
slope ~ —
Ry

Current density (mA/cm?)
Current density (mA/cm?)

(a) (b)

Figure 2.4 a-b) The effect of parasitic series and shunt resistance (Rs and Rg;) on a solar cell’s I-V curve adapted
from [40].
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Chapter 3: Nanoparticle plasmonics.

3.1 Brief overview.

The free electrons in a metal may be considered electron plasma. In this case a plasmon is a
quasiparticle resulting from the quantization of plasma oscillations of the free electron gas
density with respect to the fixed positive ions. Plasmons are Bosons. Polaritons on the other
side are bosonic (quasi-) particles resulting from strong coupling of electromagnetic waves
with an electric or magnetic dipole-carrying excitation (not to be confused with the polaron,
which is a fermion). At the point where the two dispersion relationships of light and excitation

are crossing each other they have the same energy and therefore coupling occurs [1].

Electron Cloud

Electric Field

Figure 3.1 Surface plasmon resonance where the free electrons in the metal nanoparticle are driven into

oscillation. Reproduced from ref. [2]

The intensive research in nanometer-scale metal particles is driven by their large number of
potential applications such as ultrafast optical switches, optical tweezers, labels for
biomolecules, optical filters, biosensors, surface enhanced spectroscopies, plasmonics, and
chemical sensors. A number of these applications require that the nanoparticles be in metal
island film form supported on a substrate. These applications exploit the size- and shape-
dependent nature of the optical properties of nanoparticles. Optical absorption and scattering by
metal nanoparticles result from the collective oscillation of the free electrons gas known as

surface plasmons.
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This phenomenon of plasmonic effect is only observed in nanoscale metallic particles with
radius smaller than the incident wavelength, A, such that any applied fields can be considered
uniform across a particle. The induced electric field around nanoparticles may be much greater

than the incident electromagnetic field by several orders of magnitude [2].

The genesis of SPs goes back to 1908 when Gustav Mie came up with a rigorous theoretical
treatment on the optical properties of metallic colloids [3]. This was the first scientific
explanation despite evidences from ancient civilization showing the use of metal nanoparticles.
The most documented example is the Roman glass cage cup (Lycurgus cup) which appear red
or green when illuminated from inside or outside, respectively. This occurrence is attributed to

the presence of metallic nanoparticles in the glass.

Figure 3.2 The green Lycurgus cup containing tiny amount of metal nanoparticles (MNPs) giving it this unusual
optical characteristic [3].
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3.2 Localized surface plasmons.
Localized surface plasmons (LSPs) can be described as charge density oscillations which are
confined to metallic nanoparticle and nanostructures. LSPs are excited by incident
electromagnetic field at an incident wavelength when the two fields are at resonance (Fig 2.1
b). This results into: strong light scattering, appearance of intense surface plasmon (SP)
absorption bands as well as enhancement of local electromagnetic fields. Localized surface
plasmons (LSPRs) are non-propagating and can be excited directly by an incoming
electromagnetic field that matches the energy of an oscillation [4]. The energy of LSPRs is
determined by the type of material used, dielectric environment as well as size and shape of

nanostructure.

Locally enhanced electromagnetic fields around the particles are perfectly suited for enhancing
optical processes such as Surface Enhanced Raman Scattering (SERS) and fluorescence. Other
applications include lenses for high resolution near field optical lithography, antennas for

directing light emission or for light harvesting where the optical cross-section is increased [6].

3.3 Surface plasmon polaritons
Surface  plasmon  polaritons  (SPPs) are electromagnetic waves propagating
alongmetal/dielectric interface. They occur when incident electromagnetic field is coupled to
theoscillation of the electron plasma in the metal. This only occurs when wave vector of the

incident electromagnetic wave matches that of the SPPs for the same angular frequency, o.

Figure 3.3 Schematic representation of surface plasmon resonance effect along metal/dielectric interface [7].

Page 44



In contrast to localized modes seen with particles, surface plasmon polaritons whose
modes are associated with a planar interface are usually extended in nature and they may
propagate to a few tens of micrometres. As a result a lot of research has been ongoing on SPP
as a means of providing stronger integration of optical signals compared to the currently
obtained from the use of dielectric light-guides [7].

When a beam of light is incident onto a particle, part of the electromagnetic wave is
absorbed while other part is scattered in form of a new radiation. The amount of
scattered/absorbed by a particle as well as the angular distribution of the scattered light all
varies with particle characteristics such as shape, size, dielectric environment and material
properties. These characteristics determine the scattering/ absorption cross section. The
scattering/ absorption cross section refers to the area in which all incident photons are absorbed
or scattered. The sum of scattering and absorbing areas is called extinction cross-section [8].

The characteristic color and brightness of a given particle, and its experimentally
observable transmission spectrum, are often expressed as the “cross sections” for extinction,
absorption, and scattering (Cext, Cans, Csca, respectively). In the dipole approximation these are
very simply related to the quasistatic polarizability a by the optical theorem of wave scattering
[9].

The absorption and scattering cross-section of metal nanoparticles with much smaller diameter

well below the wavelength of light can be described using point dipole model [10].

The scattering and absorption cross-section are given respectively by the equations [11-12].

4

Cor = 2 lof 21
T\ A

Cp = 27” Im[e] 2-2
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Where a=3V M 2-3
EpEn+2

Cext = Csca + Caps. 2-4

Where a is the polarizability of the particle, V is the particle volume, ¢, is the dielectric

function of the particle and &, is the dielectric function of the embedding medium. At surface
plasmon resonance &, =—2¢,,@=c, Normally noble metals give a higher extinction cross-

section which may be up to ten times the geometrical cross-section of the metal nanoparticles
[14]. They are thus said to be more efficient.

At the excitation of surface plasmons, a peak is observed on the absorption spectrum of
metal nanoparticles. The absorbed light provides required energy to take electrons to the
excited states. Among metals, silver and gold are the two most often used for plasmonic
applications due to their relatively low loss in the visible and NIR ranges.

3.4 Applications of nanoparticle plasmon resonance
Plasmonic nanoparticles have gained a lot of research interest due to their specific optical

properties which make them have wide applications. Some of which are discussed below:

Spectroscopic technique

Since plasmonic nanoparticles have a greater enhanced electric field around them
compared to the incident light, they can be used in various spectroscopic techniques, where the
signal generated is proportional to the electric field and in many occasions in powers of 2-4.
Such techniques include fluorescence which usually aid in detection and studying organic
especially biological molecules. This is achieved when a fluorescent or a fluorescently labelled
molecule placed close to a plasmonic nanostructure substantially gains efficient optical

excitation/de-excitation and in turn giving fluorescence as well as enhancing fluorescence
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intensity. The interparticle spacing leads to strong local electric fields even to a factor of 1340
[14-15].
Raman spectroscopy

Raman spectroscopy and infrared spectroscopy is a technique used for studying
molecular vibrational modes. Plasmonic nanostructures can be used in enhancing the signal
upto 10* at plasmonic resonance [16]. Moreover plasmon enhanced Raman scattering enable
for detection of a single molecule due to its high sensitivity making it possible to study

processes inside a living cell [15, 17].

Imaging of living tissue and detection of diseases.

This is normally done using optical markers such fluorescent dyes as well as quantum
dots. However they face challenges for instance dyes are highly susceptible to photobleaching
while quantum dots are likely to be toxic. The optical markers may also interfere with the
function of the molecules being detected hence the discovery of plasmonic nanoparticles for
label free sensing is a great reprieve as they do not show any sign of photobleaching and are
relatively non-toxic[14]. Plasmonic nanostructures allows for signal detection by either optical
means through light scattering or by thermal means due to light absorption in the particle
leading to increased local temperature.

Heating of nanoparticles upon resonant absorption of light is also applicable for treatment of
diseases. To achieve this, plasmonic nanoparticles are selectively introduced through
illumination to increase the temperature. This can be lethal for the cells but can be used to
thermally release chemotherapeutic drugs attached to the plasmonic nanoparticles hence

obtaining a local release function [15].
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3.5 Plasmonics for organic solar cells

The use of NPs to enhance efficiency in photovoltaics was first carried out on organic and
dye sensitized solar cells. In 1991 Hayashi et al. reported an enhanced efficiency of organic
solar cells using surface plasmons excited in metal contacts of a cell [18]. The use of localized
plasmon excitation in metal clusters was first performed by Stenzel et al in 1995. In their report
Cu metal clusters performed better than Ag and Au particles. They attributed this to intensified
near-field around the particles [19]. However, Westphalen et al attributed this performance to
generation of excitons in the metal clusters which inject electron into the circuit. Since then
quite a number of research groups have dedicated their efforts to developing efficient organic
plasmonic based solar cells [20-23]. It is capable of enhancing absorption of organic solar cell
within a small thickness of the active layer. Hagglund et al showed by theoretical approaches
that it is possible to attain a maximum efficiency of 12 % through the use of Ag nanoparticles
using an absorbing layer of only 6 nm thick [24]. Changjun et al. on the other hand predicted
an enhanced overall optical absorption in the organic layers by up to 50% in thin-film organic
solar cells when the top transparent electrode is partially substituted by a periodic metallic

grating [25].

3.6 Mechanisms of absorption enhancement by plasmonic resonance
The enhancement of light absorption in solar cells takes place in four different ways:

e Scattering of light into the active layer
At resonance frequency, the noble metal nanoparticles may be used as a subwavelength
scattering elements to couple and trap freely propagating plane waves from the sun into the
active layer by folding the light into the thin layer. This will lead to an increased effective path
length in the active layer. For a nanoparticle surrounded by a homogenous medium, light

scattering is nearly symmetric in forward as well as backward directions. However with an

|
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introduction of a different media of a higher dielectric constant around the nanoparticles, the
scattering would most likely be into the medium with high dielectric constant. Even though
scattering efficiency increases with particle size, it has been shown that small particles are

more efficient in scattering in the forward direction [26].

e Through enhanced electric field

The strong local field enhancement makes metal nanoparticles act as subwavelength
antennas in which the plasmonic near field is coupled to the active layer increasing the
probability of electron excitations which is proportional to the square of electric field, hence
effective absorption cross-section. This ensures that the incident energy is stored in a localized
surface plasmon mode on a femtosecond timescale [27].
According to Hagglund et al the use of enhanced near-fields is to absorb a substantial light
energy within an active layer as thin as 10-20 nm which make the phenomena quite appropriate

for thin film organic solar cell with small exciton diffusion length [24].

e Creation of electron-hole pair within the plasmonic nanopatrticle

Excitations at plasmons resonance may decay by exciting an electron-hole pair within the
nanoparticle itself. If the nanoparticle work function matches the conduction band of the
semiconductor then the created electron may be transferred to the conduction band of the
semiconductor. This makes the nanoparticle charged and may add to the solar cell current
provided the particles are not electrically isolated. However White et al. showed that solar cells
based on plasmon-enhanced internal photoemission faces severe efficiency limits due to the
properties of metallic absorbers, with maximum theoretical efficiencies of 7% predicted even

with perfect optical absorption. This is attributed to schottky barrier formed between metal
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nanoparticle and the semiconductor. These excited electrons may not have sufficient energy to
overcome the schottky barrier. Thus, the key to improving the efficiency lies in modifying the
density of state of the absorber, but this may be difficult to achieve in practice. In the short
term, plasmon-enhanced internal photoemission may offer more benefits for Schottky junction

photodetectors where increased optical absorption is important for improved performance [28].

e Formation of propagating surface plasmons excited at the rear metal film.
Propagating surface plasmon polariton (SPP) may be excited metal/dielectric interface at
the rear of the solar cell. This leads to formation of electromagnetic waves that travel along the
interface between the metal back contact and the active layer (Surface plasmon resonance).
This can efficiently trap and guide light into the active layer. In this way the incident photon
flux is effectively turned by 90° making light to be absorbed along the lateral direction which

has larger dimensions compared to the absorption length [25].
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Chapter 4. Methodology

4.1 Brief overview.
The growth of thin films from atoms deposited from the gas phase is intrinsically a non-
equilibrium phenomenon governed by competition between kinetics and thermodynamics [1].
Plasmon growth involves deposition of controlled amount of atoms onto a clean substrate at a
well set of growth conditions such as pressure, time, surface energy and temperature. Upon
deposition of an atom on a substrate, the ad atom diffuses on the flat surface. The ability to
diffuse is described by the surface diffusion coefficient D defined as:
D=a’k, 4-1

Where a is the effective hopping distance between sites while k; is the site-to-site hopping rate

of an ad atom and

k, ocexp{:} 4-2

Where v, is the potential energy barrier from site to site, T is the substrate temperature while
Kg is the Boltzmann constant. D determines the average distance an ad atom will have to travel

before either reaching and joining an existing island or meeting another ad atom for a possible
nucleation [1].

In this project, the NPs have been grown using both RF magnetron sputtering and thermal
evaporation techniques at room temperature. Thermal annealing of the films in air and Argon
ambient was carried out exsitu. Different process parameters such as RF power, deposition
time and the angle of inclination of substrate relative to source were varied to produce NPs of

different sizes, shape and inter-particle distance.
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4.2 Radio Frequency (RF) Sputtering.

l substrate |—| I—

Figure 4.1 Schematic diagram of RF magnetron sputtering apparatus and b) sputtering mechanism.

Magnetron sputtering has rapidly developed over the last decade becoming popular in a
wide variety of industrial coatings. This is due to rising demand for high quality functional
films. The most common uses for sputtering are: interconnects in electronics, magnetic disks in
data storage, anti-reflective coatings in optics, anti-corrosion coatings in surface coatings, and
anti-rejection coatings in medical applications [2].

Sputtering is a physical vapor deposition (PVD) process used for depositing materials
onto a substrate. This is done by ejecting atoms from the target which in turn condense onto a
substrate (anode) in a high vacuum chamber.

The target acts as the source of material to be deposited. The chamber is first evacuated
using a rotary pump up to 10 mbar, before the turbo pump is switched on, lowering the
pressure further to 10" mbar. The vacuum reduces impurities associated with air or humidity in
the chamber.

Once the desired vacuum has been attained, electrically neutral Argon atoms are
introduced into the chamber. A RF power is applied to the target to generate a self-bias voltage
placed between the target and the substrate. This DC voltage then creates a field which

accelerates the free electrons present in the chamber. There is a stochastic probability that these

1
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accelerating free electrons will collide with the Argon atoms introduced. If a free electron

collides inelastically with an argon atom then there are two possible outcomes:

e The electron may cause excitation of the Argon atom making the gas atoms to glow. This
electron will then either cause an outer-shell electron to be ejected or will be re-ejected,
thus having one electron hit the Argon atom and one electron leaving the Argon atom.

¢ In case the electron has enough kinetic energy on collision with the Argon atom, it will
ionize the atom resulting into ejection of two electrons. This secondary electron creates a
cascading effect, with one electron producing two electrons and an ionized Argon atom. If
a large number of Argon atoms undergo this process, then plasma (hot gas-like phase
consisting of ions and electrons) is formed. The plasma is also known as glow discharge
since it emits light.

The formed ions are then accelerated to the cathode target, which is held at negative
voltage where they forcefully collide with the target surface. This collision provides enough
energy to break the bonds between atoms of the target material and physically eject/sputter
target material atoms. The ejected atoms will move in more or less a line of sight path and may
get scattered as they collide with Argon atoms in the chamber.

The ejected atoms then travel some distance before they condense on the substrate to
form a film. However, since electrons have a much higher velocity than the Argon ions,
positive charges accumulate near the cathode. This will cause the area around the cathode to
become depleted of electrons resulting into fewer collisions of electrons and Argon atoms, and
in turn causing this area to be void of plasma. This area is called the dark zone and it can be
minimized using a magnetron sputtering head.

The magnetron sputtering system has an additional strong magnetic field close to the
target area which causes electrons to spiral along a magnetic flux lines adjacent to the target

rather than being attracted towards the substrate. This ensures that the plasma is confined near
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the target surface thereby minimizing film damage during growth. Besides, electrons are able
to move through a longer distance, hence increasing the probability of further ionization of the
argon atoms. This way, stable plasma is generated with high density of ions. In return the
efficiency of the sputtering system is enhanced by the more ions formed. The faster ejection
rate brings about increased rate of deposition. This reduces chances of formation of impurities
in the thin-film while the long distance between the plasma and the substrate reduces chances
of damage as a result of stray electron and Argon ions.

The rate of deposition known as sputtering yield is defined as the amount of atoms
released from the target for every incident argon of given kinetic energy. For instance, a
sputtering yield of 2 means that two target atoms are released for every incident Ar* of given
kinetic energy.

DC is commonly used in sputtering involving conducting targets. On the other hand RF
power supply is convenient for insulator and semiconductor targets. RF has automatic or
manual matching impedance capable of matching the network between the power supply and
the sputtering gun with the automatic network being the most recommended for micro
Magnetics magnetron sputtering system. The micro Magnetics magnetron sputtering guns are
capable of operating with both DC and RF power supply. However, in most cases the
magnetron sputtering has limited capability to using magnetic target materials. This is because
of it magnetic nature of its target material that can interfere with magnetic field produced by
the sputtering gun hence making the magnetron system less efficient. This can be solved using
varying the design of the Micro Magnetics sputtering gun or the use of two sputtering gun i.e.

the magnetic as well as non-magnetic [3].
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4.3 Thermal evaporation
Thermal evaporation is one of the oldest and most inexpensive techniques used in growing thin
films. Our interest in thermal evaporation for metal island film deposition stems from the
following: the technique offers a great deal of promise in terms of general simplicity of
operation, minimal requirements for sample preparation, ease of adaptation to automated
operation, and potential for scale up to production levels of material throughput [4]. In contrast
to all of the thin film deposition techniques, thermally evaporated thin films are built without
the use of solvents. Thermal evaporation involves vaporizing a solid by heating the material to
sufficiently high temperatures in high vacuum (10®° mbar). The vaporized material diffuses
vertically before re-condensing on a cooler substrate positioned above the evaporation site. On
this substrate, the vaporized molecules are allowed to deposit. During this process, a quartz
crystal monitor is used to measure the film’s thickness and the deposition rate [5]. There is no
damage associated with resistive thermal evaporation since there are no particles with high
velocity incident to the growing film. Film properties strongly depend on chamber pressure
(vacuum level) and film thickness [6], deposition rate, geometry of source relative to substrate,

substrate temperature as well as the material concentration [7].
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Figure 4.2 a) Schematic diagram of thermal evaporator fitted with quartz crystal monitor b) thermal

evaporation mechanism.
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The growth of thin film by physical deposition technique may assume different growth
mechanisms such as:

e Frank van-de Merwe (FM) in which atoms are strongly bonded to the substrate than to
each other resulting in two dimension growth of nucleus forming planar sheets,

e Volmer-Weber growth model in which the nucleus grows in 3-dimension forming
islands on the substrate,

e Stransi-Krastanov growth which contain both Frank van-de Merwe and VVolmer-Weber
models. Here first one or two monolayers are formed followed by island formation on
top,

e Polycrystalline and columnar growth models which occurs due to limited atomic mobility
at the surface. Columnar shaped grains is mainly obtained on rough surfaces where peaks
receive more atoms from all directions compared to the valleys as a result of geometrical
shadowing while in case of low atom mobility on the surface, peaks tend to grow faster

than the valleys.

4.4 Growth and characterization

4.41 Morphology of plasmons
Thermally evaporated and the RF sputtered silver NPs were characterized using Atomic

force microscope (Veeco Di3100 AFM).

The Atomic Force Microscope is designed to measure local properties such as height, friction,
and magnetism, using a sharp probe which is adjusted into close proximity with the sample
surface [2]. The probe is fitted with a cantilever-type spring which has a fixed end and on the
opposite side is a pyramidal tip attached on the underside [8]. In response to the Van der Waals
force between tip and sample the cantilever, also called lever, is deflected. The tips normally
have spring constants ranging between 0.001 to 100N/m driven to vibrate at a certain frequency

o with oscillation amplitudes of a few nanometers (~ 10 nm) [9]. When the tip is far away

|
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from the sample, the tip and sample interaction can be ignored. The model of a damped
harmonic oscillator can be applied as the probe is moved in a raster pattern relative to the
sample, and measurements are taken in a serial fashion at discreet locations.

Surface morphology of deposited films can be studied using various modes: non-contact mode
where the harp tip on a cantilever is brought into very close to a sample surface; contact mode
where it is in contact with the surface; or in tapping mode where the cantilever vibrates on a
resonance frequency in the very close vicinity of the sample surface so that the tip is
intermittently touching the surface. A laser beam is incident on the cantilever and the reflected
laser monitored. The tip-sample interaction causes a deflection of the cantilever hence causing
a displacement of the reflected laser. This displacement is used to construct an image showing
the surface morphology of the sample [2].

In this project “Tapping Mode” was used. Here the probe is driven to the natural
resonance frequency using a piezoelectric motor such that the tip touches the surface only for a
short time, thus avoiding the issue of lateral forces and drag across the surface. A direct tip-
sample force is not actually measured instead the force is constructed by adding the short-range
repulsive Coulomb and long-range attractive Van der Waals forces. The desired set point is
maintained by processing the resulting error signal by a proportional-integral-differential (P1D)
feedback controller that drives the piezoelectric motor to minimize the error signal [9]. It is
essential to adjust the feedback system to achieve reliable information from the AFM due to the
inherently unstable feedback situation in Tapping Mode operation making it difficult to
automate some of the scan adjustments. Forces can vary when going away from a steady-state
situation. The higher the tip amplitude, the higher the energy stored in the lever and in the
imaging forces. Drift due to temperature changes and/or fluid levels change may also affects

the operation in fluids [10]
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Figure 4.3 Schematic diagram of the cantilever-tip assembly used in an AFM b) Resonance curves of a
Tapping Mode cantilever above and close to the surface c) Force curve highlighting the motion of an
oscillating cantilever in Tapping Mode adapted from [2].

The force curve or direct forces between the tip and the sample (shown in Fig 4.3 c)) shows an

average response of many interactions throuah the lock-in amolifier.
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Figure 4.4 AFM images of as-deposited Ag nanoparticles a) thermally evaporated film with substrate
directly above the source b) AFM derived dimensions of the films ¢) RF sputtered Ag film.

5

Figure 4.5 AFM images of as-deposited thermally evaporated Ag nanoparticles with the substrate
inclined at an angle of 70° with the source.

In order to attain isolated islands at a constant target-substrate distance (~6 cm), argon
was let in at a flow rate of 13 sccm at STP and a low deposition time of about 10 seconds was
used. The 4.6 nm film deposited by both thermal evaporation and sputtering system onto an
ITO substrate was found to yield a discontinuous morphology consisting of a dense structure of

highly irregular nanostructures with a high surface coverage of ~ 79%. When the substrate was
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inclined at an angle of 70° to the Ag source, the surface coverage is irregular as the distance
from the source is not uniform (Figure 4.5). This gives regions closest to the source to be
densely populated compared to other areas as shown in fig 4.5. This shows that the orientation
and surface distribution of the particles on the surface is also affected by the angle of
inclination of the substrate to the source. The surface statistical analysis indicated various size
distributions ranging from 5nm to 70 nm. The inter-particle distance derived from grain
analysis using image J programme showed that the particles are very close to one another
resulting into high surface coverage.

The films were then annealed in Argon filled furnace with a one cycle of ramping and dwelling
with the ramping set at a rate of 100 °C/ minutes and a dwelling time of 10 minutes. With these

settings, the annealing temperatures were varied between 100-250 °C and the annealed samples

scanned ex-situ at room temperature using the AFM.

Figure 4.6 AFM image of RF sputtered Ag nanoparticles after thermal annealing process in Argon filled
furnace at different temperatures a) as-deposited b) annealed at 100 °C c¢) annealed at 150 °C d) annealed at
200°C e) annealed at 250 °C.
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Films which were grown using thermal evaporation also showed similar morphology upon
annealing.

The AFM images show that increasing annealing temperature leads to the formation of
large Ag nanoparticles coupled with reduced coverage (Fig. 4.6 & 4.7). This is seen by the
increase in the inter-island spacing with annealing as corroborated by the values in Table 4.1.
The Ag nanoparticles reconstruct to assume a “hemispherical” like shape with increasing
temperature. From size distribution analysis, the mean particle diameter increased with

increasing annealing temperature as shown in Figure 4.7.

(a)

=

3 N 2 =

Surface coverage (%)
Surface coverage (%)

o N & o ®

20 40 60 80 100 40 60 80 100
(C) Diameter (nm) (d) Diameter (nm) (e)
T T T T T

Surface coverage (%)
Surface coverage (%)
Surface coverage (%)

60

4 50 60 70 80 90 40 60 80 100
Diameter (nm) Diameter (nm) Diameter (nm)

Figure 4.7 Size distribution of RF sputtered Ag nanoparticles upon annealing pristine Ag islands and those
annealed at a temperature range of 100-250 °C in argon ambient.
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Table 4.1 Summary of AFM analysis on the Ag nanoparticles annealed at different temperature in Argon filled
furnace.

Annealing Mean diameter Surface coverage
temperature (nm) (%)
°C)
As-deposited 39 79
100 41 77
150 46 61
200 58 49
250 71 38
80 T T T T T T T T T
-~ Mean diameter (nm) -80
n -m- Surface coverage (%)
704 -
- - 70
w60 - D
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Figure 4.8 Graphical variations of mean diameter and surface coverage with annealing temperature.

During thermal annealing of thin films, plastic and elastic effects produce the partial
collapse of the boundary network of surface protrusions (SPs). This in turn promotes relaxation
processes driven by surface diffusion, diffusion into grain boundaries, and bulk diffusion [11].
According to Porath et al. grain-coarsening occurs when films are annealed at high temperature
exceeding 300°C as a result of a combination of grain boundary migration as well as bulk-

defect diffusion. This mechanism is normally associated with high activation energies.
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However, at lower temperatures (T< 300°C) surface diffusion dominates over bulk defect
diffusion [12].

Surface tension causes the metal atoms in thin films coalesce together to form clusters at
high temperature. This is attributed to the reduction in surface energy inducing surface
migration which leads to restructured Ag nanoparticles which have more hemispherical shapes
relative to pristine islands formed after sputtering [13]. The ad atoms in the as-deposited Ag
film initially form islands with irregular shapes. This conforms to the Volmer-Weber film
growth mode. The shapes and sizes of these nano islands are reconstructed by annealing due to
increased diffusion of ad atoms at high temperature. Further annealing modifies the surface
energy approximated to be in the range of 0.97-2.17 J/m? inducing surface migration and
reconstruction of the Ag nanoparticles to more hemispherical like shapes relative to their ‘as
deposited’ counterparts [14]. This is further corroborated by the decrease in surface coverage
with increasing annealing temperature (Table 4. 1). The AFM data show that the surface
coverage decreases from 79% as-deposited Fig 4.7 (a) to 38% at 250 °C shown in fig 4.7(e).
Since these temperatures, are far below the melting temperature of Ag (Tm = 1235 K), the
reduction in surface coverage can be attributed to migration of Ag atoms at the surface which
leads to an increase in Ag nano-island diameter after coalescence [15].

We have determined the activation energy required for the reconstruction of the Ag
islands to be 50 + 13 meV and this is consistent with the values obtained for Ag diffusion in a
monolayer of Ag [16]. The results of this measurement have been extracted in the Arrhenius

Ea/ksT

plot of fig 4.9. This is a plot using Arrhenius equation K= Ae" such that the slope gives

the activation energy of the particle.
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Figure 4.9 Arrhenius plot to show the dependence of coverage with temperature, the activation energy has

been determined to be 50 +13 meV.

After annealing at 100 °C (Fig. 4.4 a) Ag islands of 20-50 nm lateral dimensions become
more pronounced. With increasing temperature, the lateral dimension increases gradually. At
200 °C and 250 °C (fig 4.4 c-d), only a trace of the initial 20-30 nm islands is still apparent.
The island size of 50-60 nm and 60-80 nm, respectively dominate in these temperature
regimes. Surface migration of particles enhances coalescence resulting in fewer, larger particles
[15]. The reduction in surface coverage can be attributed to an increase in nanoparticle

diameter as the particles coalesce resulting in fewer, larger particles.
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4.42 In situ annealing
Annealing can also be achieved by mounting the samples on a heated stage such that the

deposition surface is energized.

Figure 4.10 AFM image of RF sputtered Ag nanoparticles annealed in situ at different temperatures a) 150 °C b)
200°C c) 250°C.

At low substrate temperature the particles remain rather immobile since their adhesion to the
substrate and surface tension are larger than surface diffusion energy. This is attributed to
possible partial submersion. This can be explained by the fact that the surface energy of Ag
nanoparticles derived from Kelvin equation of 7.2 J/m?[18] is larger than that of the glass
substrate ranging between 0.25-0.5 J/m% Annealing in situ enhances surface diffusion of the

nanoparticle leading to formation of larger particles with increased inter-island distance.
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4.43 Optical properties of NPs.

When a particle is illuminated by a beam of light, part of the light is absorbed by the
particle while the other is inelastically scattered to produce radiation of lower energy. The
amount of light scattered and absorbed by the particle, as well as the angular distribution of the
scattered light, depend on the particular characteristics of the particle, i.e., its shape, size and
material properties. The attenuation of an electromagnetic wave by the phenomena of
scattering and absorption is called extinction [19]. At plasmonic resonance excitation, strong
scattering and absorption of the light results in intense surface plasmon extinction bands [20].
The ability of a material to absorb at a particular wavelength is described by the absorption
coefficient; a good material for solar cell application should have a high absorption over a wide
range of wavelengths. In this project the silver NPs grown by different power and time were

characterized using UV-Vis NIR-500 Carry Spectrometer.
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Figure 4.11 Optical absorption spectra of Ag nanoparticles grown by RF sputtering system at different powers for

8 seconds before being annealed at different temperature in Argon ambient.
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From Fig 4.11, the sputtered NPs show broad LSP resonance band around 600 nm except

for the sample sputtered at 10W, 8 seconds that only shows an absorption peak upon annealing.
The reduction in the full width at half maximum (FWHM) upon annealing indicates that
annealing decreases the lifetime of the surface plasmons.
Setting high sputtering power in magnetron sputtering system energizes inert argon gas hence
providing sufficient kinetic energy to ad atoms. The surface diffusion of these ad atoms is
therefore expected with the increased momentum transfer to enhance nucleation and growth in
the film. As the power increases, the surface mobility of the ad atoms also increases resulting
in formation of continuous film hence the reduction in LSP absorption seen in figure 4.11. On
the other hand the low sputter power produce low deposition rate as the Ar” are less energetic
to knock out the target species resulting in slow nucleation and growth related to a few small
grains on the surface [19]. This may have led to the disappearance of absorption peak when the
power was set at 10W for 8 seconds.

NPs sputtered at 15W (Fig 4.11 (b) showed blue shifted absorption peaks with enhanced
absorption upon annealing in Argon ambient. The broad LSP resonance band before annealing
can be explained in terms of LSP multi-pole effects according to the Mie theory [22].
Annealing in argon ambient leads to a blue shift in plasmon band and sharper peaks. The blue
shift in plasmon absorption coupled with the size and shape changes evidenced by the AFM is
attributed to the net surface Plasmon changes. Although it is expected that an increase in
particle size leads to a red shift in plasmon absorption maximum, the decreased interaction of
neighboring nanoparticles dominate due to increased particle separation since mass is
conserved on the surface during annealing [23-24]. Hence as nanoparticles become more
spherical, larger and more spaced, the width of the absorption band is determined by the inter-
particle dipole-dipole interactions [4]. Annealing at 100 °C, 150 °C and 200 °C, causes surface

reconstruction of the Ag island resulting from surface diffusion which aids in the migration of
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the ad atoms on the Ag island. With further increase in temperature, the smaller size nano
structures coalesce to form larger size clusters. At 250 °C the Ag nanoparticles absorption
eventually red shifted. This red shift is attributed to the increase in the Ag island size and also
on island interspacing which weakens dipole-dipole interactions. At this juncture the plasmonic
absorption is dominated by the size and shape of the isolated nanoparticles [4]. This result from
dipole resonance redshift when size is increased, which is mainly attributed to retardation of

the depolarization field across the sphere diameter [17]
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Figure 4.12 Optical absorption spectra of Ag nanoparticles grown by RF sputtering system at different power

before being annealed at a particular temperature in Argon ambient.

The broad absorption band when NPs sputtered at 10W before they are annealed may be
as a result of few nanoparticles of varied shapes and sizes formed on the surface. As the power

change at constant temperature, the position of the absorption peak is not greatly affected as
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evidenced in figure 4.12, all peaks for a given temperature seems to be at the same wavelength
except for the 10W NPs.

During annealing in Argon ambient, an increase of temperature up to 200 °C, a blue shift
is observed as well as enhanced absorption seen in the increased absorption peaks. This could
be as a result of surface reconstruction of the Ag island resulting from surface diffusion which
aids in the migration of the ad atoms on the Ag island. With further increase in temperature, the

smaller size nano structures coalesce to form larger size clusters.
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Figure 4.13 Optical absorption spectra of Ag nanoparticles grown by RF sputtering system at a DC power of 15 W
for 10 seconds before annealing in air.

Annealing in air and at elevated temperatures induces a change in the surface energy
and curvature of the Ag nanoparticles, this in the presence of atmospheric O, leads to the
possible formation of the thermodynamically stable Ag,O (at low temperatures < 170°C) and
AgO phases on the surface of the Ag nanoparticles. This assertion corroborates with the study
by De Rooij on the nature of the silver oxide polymorphs formed under diverse annealing
conditions of Ag surface [16]. The oxidation of Ag nanoparticles reduces the SPR effect. At
200°C the oxide layer is somewhat thicker causing a reduction in absorption [17] as witnessed
in fig 4.3. Oxidation reduces the amount of atomic Ag present in the nanoparticles and thereby
decreases the density of free carriers. In addition the formation of an oxide envelops on the Ag
nanoparticles leads to the screening of the local field by the oxide. While we have not provided
sufficient experimental evidence on the oxidation state of silver due to the limited volume of
the oxide present which precludes precise measurement of the oxidation state, the possible

phases of silver oxide present on the surface of the Ag nanoparticles have been postulated
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solely from thermodynamic arguments. The oxidation of Ag is dependent on the O, partial
pressure and the energy of formation (AH; = -31.1 kJ/mol) of the Ag:.xOx at the surface of the
Ag islands [24-27]. Further annealing of Ag islands in air increases the thickness of the Agi.
xOx envelop over the Ag nanoparticles, thus decreasing the size of the Ag nanoparticles and
shifting the absorption maximum towards the blue

According to De Rooij silver readily forms unstable Ag,O at room temperature. Above
100 °C, a stable oxide layer formed may show heavy flaking [28]. The variation in the high
frequency dielectric constant of e.(Ag) and e.(AgixOx) Yields a decrease and shift in the
optical absorption,a..

Another important factor to consider during thin film deposition is the deposition time.
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Figure 4.14 Optical absorption spectra of Ag nanoparticles grown by RF sputtering system at power of 10W for
different periods of time before being annealed in air.

The thickness of the film gradually increases with deposition time. Very thick film are
not suitable for incorporation into organic solar cells as they are likely to cause short circuiting
in case there exist hillocks making the islands penetrate from one electrode to the other.
Furthermore presence of continuous film may bring about a mismatch in work function with
semiconductor energy level making them act as recombination sites. NPs at low power and
time exhibit no LSP absorption as the particles are quite few and are too far from one another

as shown by the 10 W, 8 seconds graph (dotted) in fig 4.14.
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A similar trend is observed for Au NPs upon annealing. This behavior is further
dependent on variation of deposition power and time. The fundamental difference is in the
position of resonance in which case these absorption peaks are observed at higher wavelengths.
At sputtering power of 10W, gold require more deposition time in order to realize reasonable
absorption peak as shown in figure 4.15. Increasing deposition time leads to a red-shift in
absorption peak as the particles sizes increases as well as the distance between the particles

gradually decreases. % T— 70 sec
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Figure 4.15 Optical absorption spectra of Gold NPs grown by RF sputtering system at DC power of 10W for

different periods of time.

An attempt to incorporate Au plasmons sputtered at low power of 15W and 10W into the OPV

device showed minimal enhancement.
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Chapter 5. Efficiency enhancement.

The potential for inexpensive renewable energy relies heavily on organic photovoltaic
technology, due to their low cost of production and mechanical flexibility. However for
commercialization purposes, more efficient OPV devices are necessary. Besides numerous
attempts to developing new materials, significant efforts are focused on device performance
improvement upon optimization of the active layer morphology, either by solvent selection,
temperature and solvent annealing processes [1]. In this chapter we present the effect kinetics
and energetics of thermal treatment of the reference device on the efficiency of OPV upon

incorporation of Ag nanoparticles.

5.1 Effect of thermal annealing

Figure 5.1 shows the structure of a standard BHJ Organic solar cell used as a reference cell.
Each reference device includes three main layers starting with indium tin oxide as a transparent
positive anode, 0.16 cm? of the active area (P3HT:PCBM) sandwiched between the hole

transport layer PEDOT:PSS and a layer of Aluminum (Al) acting as the cathode.

Aluminium

P3HT:PCBM

ITO

Glass Substrate
Figure 5.1 Device architecture of reference cell.

The fabrication process starts with cutting ITO-coated glass into 1.25 cm x 1.25 cm slices
using a diamond tip scriber. The half portion of cut ITO glass was then etched away through
wet chemistry with zinc powder and hydrochloric acid. This helps in reducing chances of short-
circuiting the device during I-V measurements. The samples were then cleaned with detergent

and rinsed with deionized (DI) water. After ultrasonicating the samples with acetone, methanol,
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ethanol and DI water for 10 minutes each, the substrates were dried with nitrogen and baked at
150 °C for 20 minutes. PEDOT:PSS (Baytron PH 500) was then spin cast on the cleaned ITO
has received and baked for 15min. at 130°C. 10 mg of P3HT and PCBM each were then
separately dissolved in 0.5 ml of chlorobenzene and stirred for 3 hours before being mixed and
again stirred for two hours to form 1:1 wt %, 20mg/ml in chlorobenzene solution. To achieve
highly reproducible performance of Organic solar cell, the film quality of P3HT and PCBM is
critical. Both P3HT and PCBM have functional side groups that give solubility in organic
solvent. However, the solubility of polymer and the fullerene varies with type of solvent used.
Therefore, the blend solution should be carefully prepared to produce a homogenous film.
Figure 5.2 shows microscopy images of the spin cast film from 1:1 wt % of P3HT and PCBM
solution in chlorobenzene solvent (a) before and (b) after proper dissolution in chlorobenzene.
The big particles in Figure 5.2 (a) are the aggregates of P3HT/PCBM due to their limited
solubility. The aggregates of organic semiconductor are believed to cause charge accumulation
and/or localized charge trapping [2]. Proper dissolution enhances good morphology
development necessary for efficient exciton generation, diffusion as well as ultimate charge

transport to the respective electrodes.

3 N .
AT 5 5 TANCUN ~ =

Figure 5.2 The morphology of P3HT:PCBM blend before and after proper dissolution in chlorobenzene.
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The P3HT:PCBM blend was then spin coated at 2000 rpm for 1 minute to yield a
homogeneous film of 165 nm film measured using Surface profilometer. 200 nm layer of
aluminum was then thermally evaporated at a pressure of 2 x 10° mbar to form
ITO/PEDOT:PSS/P3HT+PCBM/AI device. One glass slide was characterized as casted while
the other was annealed at different temperature for 10 minutes. Another set of the devices were
annealed at a constant temperature (50 °C) over varied time intervals to ascertain the effect of
annealing time and temperature on the device.

The absorption of the device was measured using UV-Vis NIR-500 Carry Spectrometer
while the current density—voltage (J-V) characteristics were obtained using HP 4141B source
measure unit (SMU) under 70 mW/cm? illumination (AM 1.5G). All the measurements were
carried out at room temperature under standard conditions.

The photovoltaic activity of the P3HT:PCBM layers may be increased remarkably by
varying the film composition (ratio of polymer to fullerene or introduction of a third organic
molecule), thickness and/or growth conditions, including the processing solvents and annealing
temperatures. The morphology and the molecular parking of both P3HT and PCBM within
their respective domains must be optimized in order to ensure maximum charge-carrier
mobilities as well as exciton diffusion. Moreover, the nanophase segregated heterojunction
domain size must be less than the diffusion length to ensure efficient conversion of adsorbed
photons into useful electrical current to be collected at the electrodes. In BHJ solar cells, the
charge must travel perpendicular to the substrate in order to reach the electrodes hence the need
for m — mr stacking (delocalized = electrons) oriented perpendicular to the substrate [3]. This
can be achieved by controlled thermal annealing or molecular self-assembly. A first clear
visual observation upon annealing is the change in color of the active layer from orange/brown

to purple/red.
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Figure 5.3 UV-Vis absorption spectra of P3HT: PCBM blend films as cast and after annealing for 10
minutes at 50 °C, 70 °C and 90 °C + 10 °C.

The singularity at 350 nm in the absorption data in figure 5.3 and 5.4 could be attributed
to change in the spectrometer lamps during measurement.
The three apparent vibronic absorption shoulders at wavelength range of 550 - 650 nm,
observed from the absorption spectra in figure 5.3 can be attributed to the strong interchain-
interlayer interactions of P3HT [4].
From the UV-Vis spectrometer measurements, it is evident that the absorption maximum of
annealed samples is red shifted from 488nm to 512nm and the overall absorption efficiency
increases due to the formation of the ground state aggregation and backbone planarization. The
shift in absorption peaks towards longer wavelengths with increasing annealing temperature,
results in broader absorption range of the solar cell that is beneficial for the short-circuit current
especially since after annealing the cell absorbs more closely to the maximum photon flux in
the solar spectrum [5]. However, at higher temperatures, a reduced absorption is observed from

figure 5.3 and reduced fill factor in figure 5.5.

Page 79



|
Although the absorption increases with annealing time as shown in figure 5.4, optimized time

for annealing is very crucial as long time heating may lead to degradation of the polymer layer

causing an increase in series resistance and poor charge transport mobility.

0.7

—— Reference cell

—— Annealed (5 minutes)
Annealed (10 minutes)
—— Annealed (15 minutes)
—— Annealed (20 minutes)

Machine artefact
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0.5

0.4

0.3

Absorbance (au)
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0.1
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Figure 5.4 UV-Vis absorption spectra of P3HT: PCBM blend films as cast and after annealing at 50 °C + 10 °C for

5 minutes, 10 minutes, 15 minutes and 20 minutes.

The increased absorption with annealing time could be attributed to rearrangement of the P3HT
polymer chains in the blend forming a more aggregated (or crystallized) P3HT moiety which

has an increased local density or with a lower free volume [6].

The increased intensity and red shifting of the absorption spectrum as a result of crystallization
of the P3HT enhances the short circuit current due to generation of charge carriers. This is

observed in J-V characteristic curve in figure 5.5.
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Figure 5.5 J-V characteristics (AM1.5, 70Mw/cm?) of as-fabricated device and the annealed at 50 °C, 70 °C and

90 °C + 10 °C for 10 minutes in Argon ambience.

Table 5-1 Summary of the performance of the OPVs as-fabricated and after annealing at different temperature for

10 minutes in Argon ambience.

Device Jsc Ve FF PCE R Rsh
(mA/cm?) V) (%) (%) Qcem’)  (Qcemd)
Reference 1.01+£0.12 0.52+0.02 31.84+1.2 0.16+0.10 54.4+0.23 277813

Annealed at 50°C 4.36+0.15 0.58+0.02 41.9+1.1 1.02+0.08 4.6 0.18 710.2 £22
Annealed at 70°C 3.39+0.13 0.59+0.01 35.7#1.4  0.71x0.12 11.2x036 439.1%16

Annealed at 90°C 2.95+0.12 0.59+0.12 343+x0.6  0.59%0.12 13.6+0.22 436.7+21

Figure 5.5 shows J-V characteristics of P3HT:PCBM (1:1) devices annealed in Argon at
different temperature (50 °C, 70 °C and 90 °C + 10 °C) for 10 minutes). From the table of
results annealing at 50 °C led to an increase in Jsc from 1.01 mA/cm? to 4.36 mA/cm?®. This
could be due to the increased absorption efficiency (figure 5.3) as well as reduced resistivity of
the blend layer. Charge transport in the organic semiconductors is due to intramolecular charge
transport and intermolecular charge transport hence enhancing intermolecular packing and

crystallization through thermal annealing ensures more efficient charge transport. This

|
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enhanced charge transport can be seen in the reduced series resistance from 54.4 to 4.6 Q cm®.
This shows that the series resistance of OPVs is greatly affected by the molecular packing of
the conjugated polymer. Resistivity may results from the defects due to kink and torsional
disorder along the conjugated polymer backbone. Reducing the kink and torsional disorder
leads to densely packed backbone conjugated polymer with a reduced series resistance.
Furthermore, densely packed conjugated polymer backbone may enhance more efficient
intermolecular charge hopping [2]. Heat treatment may also enhance contact at the organic
polymer-Aluminium interface by forming C-Al or C-O-Al covalent bonds hence lowering the
injection barrier height. The reduction in resistivity resulted in an increase of FF from 31.8 to
41.9. The PCE increased from 0.16% to 1.02% due to the increased Jsc and FF. This remarkable
improvement in PCE upon thermal annealing as a result of induced high crystallization or
ordering of intra-chain interaction in P3HT chains [7-8] is quite instrumental before
incorporation of Ag nanoparticles.

Annealing at higher temperature of 70 °C and above causes a deterioration of the device
performance characterized by the reduced, Jsc and the FF. At high temperature, the polymers
could get damaged, resulting in degradation of transport properties of the blend as well as
deterioration of the contact with the electrodes [9].

Another parameter to consider during annealing process is time. Figure 5.6 shows the effect of

time variation at a temperature of 50 °C in argon ambient.
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Figure 5.6 J-V characteristics (AM1.5, 70mW/cm?) of as-fabricated device and the annealed at 10minutes,
15minutes and 20 minutes at a temperature of 50 °C + 10 °C in Argon ambience.

Table 5-2 Summary of the performance of the OPVs upon annealing for different time interval at a temperature of
50 °C + 10 °C in Argon ambience.

Device

Jsc Voc FF PCE

Annealed (mA/cm?) (V) (%) (%)
10 minutes 3.49+0.05 0.58+ 0.04 37.6x0.8 1.08+£0.06
15 minutes 4.90+0.11 0.58+ 0.01 41.5+1.2 1.68+0.02
20 minutes 5.22+0.14 0.58+0.13 40.3x1.0 1.74+0.05

Figure 5.6 shows that increased annealing time leads to an improved solar device performance.

This is attributed to enhanced ordering of intra-chain interaction in P3HT chains and hence

better carrier transport [6]. The short circuit current density gradually increases with increase in

annealing time while the short circuit voltage remains relatively constant.

From this observation, it is evident that a lower temperature (50 °C) or a longer

annealing time (20 minutes) is necessary to achieve optimized nano morphology of

P3HT/PCBM blend for efficient charge separation and transport for optimal performance.
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5.2 Absorption enhancement using NPs

Silver (Ag) NPs of varied sizes and inter-particle distance were developed using both RF
sputtering and thermal evaporation on top of cleaned ITO coated glass as described in chapter 4
of this thesis. Spin coating of PEDOT:PSS and P3HT: PCBM was then carried out before
metallization of the aluminum electrode. The architecture of the device with incorporated NPs

is depicted in figure 5.7.

. P3HT:PCBNI

0000t 000 0 e c—nrs
ITO

Glass Substrate

Figure 5.7 Device architectures of OSC with NPs on top of ITO.

The nanoparticles grown on top of the ITO film were annealed at 100 °C, 150 °C, 200 °C and
250 °C + 10 °C respectively for 10 minutes in Argon ambience. Morphology check using
tapping mode of AFM showed that NPs placed on top of the ITO do not affect the morphology
of the polymer blend (fig 5.8a) in comparison with those placed on top of the active layer
(fig5.8b). This shows that PEDOT:PSS fully covers the Ag islands. The identical polymer
blend morphology in both reference and Ag nanoparticle embedded device is attributed to

complete coverage of the Ag islands by the hole transport layer.
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(a) (b)

Figure 5.8 Morphology of film of P3HT:PCBM blend with a) NPs beneath (On top of ITO) and b)

NPs on top of the active layer.
The use of metal nanoparticles in organic semiconductors allows a considerable reduction in
the physical thickness of absorber layers. This ensures that the thickness is in the range of
diffusion length of the excitons as well as enhancing efficient light harvesting. This is achieved
when the nanoparticles act as a subwavelength scattering elements to couple and trap freely
propagating plane waves from the sun into the active layer by folding the light into the thin
layer (fig 5.9a). This will lead to an increased effective path length in the layer. Strong local
field enhancement around the noble metal nanoparticles may also act as subwavelength
antennas in which the plasmonic near field is coupled to the active layer increasing its effective
absorption cross-section (fig 5.9b). This ensures that the incident energy is stored in a localized
surface plasmon mode.The metals may also enhance electromagnetic waves that travel along
the interface between the metal back contact and the active layer (Surface plasmon resonance).
See fig 5.9c. This can efficiently trap and guide light into the active layer [9-10] as shown in

figure 5.9.
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Figure 5.9 Different plasmonic geometries for light-trapping for thin-film solar cells adapted from Ref [9]

The incorporation of Ag nanoparticles resulting in efficient light absorption was observed in

enhanced peaks from UV-Vis measurements shown in figure 5.10.
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Figure 5.10. The optical absorption spectra of the P3HT:PCBM BHJ without NPs as well as with NPs annealed at
100 °C, 150 °C, 200 °C and 250 °C (the absorbance is baseline corrected with Indium tin oxide (ITO) coated glass
as the reference standard).

Figure 5.10 illustrates the optical absorption of ITO/Ag
nanoparticles/PEDOT:PSS/P3HT:PCBM film after Ag nanoparticles are annealed at different
temperatures. A broad enhancement observed from 450 nm to 550 nm is attributed to the z-r*
interaction of the P3HT while the absorption peak at 340 nm is attributed to PCBM. The
reference device (black) shows a slight shift of absorption peak to higher wavelength as well as

in intensity compared to reference in figure 5.4.
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5.3 Device results and discussions

The NPs inside the OPVs could also act as the scattering centres which improve the
photo conversion efficiency by increasing the optical path length inside the active layer.
However, for Ag nanoparticles of diameter less than 100 nm, the light absorption cross-section
is higher than the light scattering cross-section. In this study, the average particle radius used
ranged between 39-71nm, therefore, the improvement in the performance of the OSCs would
be prominently be related to the LSPR effect [11].
Annealing the Ag nanoparticles increases the size as well as the inter-particle distance leading
to a shift in plasmonic absorption bands towards higher wavelength as discussed in chapter 4.
The positioning of the Ag nanoparticles beneath the hole transport layer enhances the
absorption intensity and produces a red shift in the absorption band as shown in figure 5.9.
Furthermore thermal treatment promotes adhesion of islands to the substrate.
Figure 5.11 shows the J-V characteristics for devices fabricated with incorporated Ag

nanoparticles upon annealing at 100 °C and 250 °C in Argon ambience.
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Figure 5.11 (a,) shows a J-V characteristics of both devices under illumination of devices with incorporated Ag
sputtered on top of hole transport layer (ITO) and annealed at 100 °C and 250 °C while (b) is a semi-log plot of the
J-V characteristics in the dark.
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Table 5-3. Summary of the performance of the OPVs with different Ag nanoparticles size sputtered on top of the
ITO.

Device Jsc Ve FF PCE R, Rqn
(mA/cm?) (V) (%) (%) Qcm?)  (kQcmd)
Reference 5.05+0.12 0.54+0.02 43.2+1.2 1.68+0.10 125+023 20+3

With Ag (100°C) 5.47+0.15 0.54+0.02 41.4+11 1.74+0.08 30.4+0.68 10+2
With Ag (250°C) 6.16+0.13 0.55+£0.01 42.6+1.4 2.06+0.12 25.6+0.56 19+2
With Ag (250°C)  5.68+0.10 0.54+0.02 36.5+1.0 1.60+0.01 42.3+0.14 14+ 1

in air

The dark current in fig 5.11(b) shows elevated reverse saturation current suggesting that
the Ag nanoparticles significantly introduced surface recombination centers, leading to a higher
leakage current density. This is also adduced by the reduction in shunt resistance upon
incorporation of Ag nanoparticles annealed at 100°C. However further increase in the Ag
nanoparticles size engenders a protrusion through the hole transport layer (PEDOT:PSS)
closer to the photoactive layer. Additional current pathways are formed through the cell which
leads to reduced excitons quenching and charge recombination resulting into the increased
shunt resistance [11]. Under AM 1.5 G filtered spectral illumination at incident intensity,
70 mW/cm?, Jg increased with incorporation of NPs due to the enhancement of the
photogeneration of excitons near the plasmon resonance. The increase in Jg for the large sized
Ag nanoparticles of mean diameter of 71 nm is attributed to the formation of preferential
current paths inside the hybrid layer through the particles, leading to substantial increase of the
electric field between the electrodes. The large size particles created through high temperature
resulting in islands of 71nm ( at 250 °C) as reported earlier could create high field density
points that extend to the P3HT:PCBM) as well as protrude through the PEDOT:PSS close to
the P3HT:PCBM photoactive layer hence increasing contact interface between the anode and
the photoactive layer providing relatively shorter routes for holes to travel to the anode hence

enhancing hole collection efficiency of the anode [12]. The V. remained relatively the same
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indicating that Ag nanoparticles addition does not alter the position of the HOMO level in the
donor (P3HT) and the LUMO level in the acceptor (PCBM) respectively [11]. However, the
specific series resistance (Rs) (slope of the J-V curve at J=0 mA/cm?) also increased to
30.4 Q cm? for device with NPs annealed at 100 °C but reduced to 25.6 Q cm? for the device
with NPs annealed at 250 °C. The shunt resistance (Rs,) defined by the gradient at V=0 reduced
to 10kQ but later rose to 19kQ upon incorporation of Ag nanoparticles annealed at 250 °C [13].
The deposition of annealed Ag nanoparticles on ITO-coated glass could also modify the
charge transport and collection process through the anode due to their higher conductivity
compared to PEDOT:PSS.
The reduction of series resistance by up to 16% upon annealing at 250 °C indicates remarkable
improvement of the electrical properties of the device. From the results presented it is worth
noting that incorporation annealed Ag nanoparticles not only enhances the optical response of
the device but also its electrical properties being improved significantly.

The spectrophotometry results revealed that the absorption spectra of P3HT:PCBM became
more intense and shifted towards higher wavelengths as compared to that without annealed Ag
nanoparticles. In overall, the absorption enhancement from the metallic nanoparticles
contributes to the overall photocurrent and efficiency of the device. It appears that the surface
Plasmon’s evanescent field coupling to the P3HT: PCBM blend extends to several nanometres
to enable the absorption enhancement.

In air, the formation of Ag,<Ox envelope when annealing is done at 250 °C could have led

to increased series resistance resulting in low current density.
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Chapter 6 Encapsulation using Pentacene

6.1 Degradation mechanisms

Recent research efforts have aimed at optimising the device performance of organic

photovoltaics by studying the efficiency enhancements through device geometry and phase
morphology. However, to realize commercialization of organic solar cells, the device stability,
cost as well as processing must be looked into. Traditionally non encapsulated organic
polymers have shown a limited lifetime of the order of 1 day compared to their inorganic
counterparts which possess lifetimes in excess of 25 years [1].
Some of the earliest study on the importance of degradation and stability include work by Yu et
al . In their findings, devices kept in the dark had a stability of over 3 months under a low
illumination intensity of 20 mWcm™ [2]. In this project we explore the study of the stability of
devices by analysis of the degradation mechanisms.

6.2 Chemical degradation.

Chemical degradation of organic solar cells is usually as a result of reaction with oxygen
and water as well as aluminium electrode reaction with the active polymer layer. The devices
in this project were all fabricated in air. UV illumination of the devices easily activated oxygen
in the presence of organic molecules forming superoxide or hydrogen peroxide capable of
attacking the active polymer.

6.21 Effect of oxygen and water in device.

In air ambience, water and oxygen diffuse into the device leading to the degrading of the
performance of the solar cell. The diffusion into the active layer is mainly through the
microscopic pinholes in the outer electrodes. Moreover, the diffusion may also be through the
metal grains making up the evaporated electrodes. Entry of oxygen causes a sublayer of the
organic material to be oxidized causing the material to expand in all directions. This may lead
to formation of either hillocks to the outer electrode and microscopic pinholes at the centre of

the outer electrode surface [3]. The diffusion through the microscopic metal grains is found to
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take place regardless of whether device is illuminated or stored in darkness; however, it is
accelerated by UV illumination. Furthermore, oxygen may also diffuse through the active layer

uncovered by the aluminum electrode.

6.22 Effect of photochemistry and photo-oxidation
Most conducting polymers are susceptible to photo-oxidation resulting in reduced

lifetime of the devices. This degradation occurs when singlet oxygen is formed by energy
transfer from photo-exited polymer to adsorbed ground state oxygen molecules. This occurs
when the polymer has higher energy than the singlet state of oxygen for energy exchange to
take place. The intersystem crossing from the polymer excited state to the triplet states may be
favored. Moreover, the triplet states must be long lived enough to boost the probability of the
energy exchange. If all these are met, then the singlet oxygen reacts with the vinylene groups in
conducting polymers through a 2+2 cyclo addition reaction before the intermediate adduct
breaking down leading to chain scission [4]. P3HT used in this project as a donor, may have
their simple thiophenes reacting with oxygen at low temperatures under irradiation forming
thio-ozonides which may further degrade at room temperature [5].
6.23 Chemical degradation of the Aluminum electrode.

According to Logdlund et al, aluminum reacts with conducting polymer at the inter-face
forming AI-C bonds leading to single-electron transfer creating anion radicals on the polymer.
These anion radicals are highly reactive species and thus may react with proton donors such as
traces of water introduced by PEDOT:PSS during device fabrication. This may lead to
reduction of vinylene groups hence loss in conjugation [6]. PCBM used as an electron acceptor
has a high electron affinity thus more likely to react with metal electrodes. According to
Nishanaga et al., molecular distortion induced by Al-Cg, bonding may permit the formation of

the symmetry forbidden HOMO-LUMO transition [5]. Although the Al-Cg interaction may
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enhance charge transport across the interface, this can only be efficient when a buffer layer is
placed or when the Cg is slightly doped. In organic solar cells, an ultra-thin layer of lithium
fluoride may be used between aluminum and polymer to act as a buffer layer. This according to
Brabec et al.: lowers effective work function; eliminates reaction between aluminum and the
polymer; leads to formation of a dipole layer and may also lead to protection of the polymer
layer from alumina during thermal evaporation of the aluminum electrode [7].
6.24 Chemical degradation of ITO electrode

According to Jong et al., indium contents increased on the PEDOT:PSS layer when a
device is kept in nitrogen atmosphere. The rate of erosion of ITO film increases when the
device is exposed to air. This is attributed to ITO/PEDOT interface being highly sensitive to air
and that the hygroscopic nature of PSS may permit water absorption leading to etching of the
ITO layer.

6.25 Degradation of PEDOT:PSS film

Poly(ethylenedioxythiophene) poly(styrene sulfonic acid) is usually used to facilitate
hole injection/extraction. It can also be used to improve surface quality of the ITO electrode
due to its higher conductivity and better film-forming ability. This helps in reducing pinhole
density and stifling current leakage that occurs along shunting paths. Furthermore, it may be
used to modify the work function of ITO by chemical/electrochemical redox reactions [8].
However, it may contribute to the overall degradation of the organic solar device. According to
Pacios et al., hydroscopic PEDOT:PSS layer takes up water from the atmosphere leading to an
increase in sheet resistance [9]. Norman et al. on the other hand suggests that PSS which is
normally in excess compared to PEDOT, may diffuse into the device possibly reacting with
other components of the device. Moreover, PSS undergoes what Norman et al. calls oxido-de-

sulfonato-substituition resulting in phenolate which may ultimately react with PSS to form two
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PSS chains linked together through sulfonic ester group. Carbon in this group may easily be

oxidized changing the molecular structure of the particles [10].

6.3 Physical and mechanical degradation mechanisms

The efficient functioning of organic solar cell device greatly depend on the spatial
organization of the different materials into layers spin coated such that they attain precise
thickness in order to realize optimum photon harvesting and charge-carrier transport. One class
of particular interest is the concept of BHJ. This constitutes a network of nano-separated
domains of an electron donor and an electron acceptor formed from a blend of a conjugated
polymer with a fullerene derivative. The optimal blend should have a nanophase separation of
the active layer into an interpenetrating network of donor and acceptor material. Maintaining
such structure is not certain during the device fabrication. P3HT and PCBM used as donor and
acceptor respectively have small organic molecules with some freedom to diffuse slowly or
recrystallize over time moreso at elevated temperature. Therefore, even the best structure for
device performance will not have 100% probability of being thermodynamically stable [5]. The
OPVs are therefore prone to degradation as a result of the gradual changes in the

microstructure.

6.31 Morphology degradation

The BHJ organic solar cell makes it possible for exciton diffusion within the small
diffusion range normally in the order of 10 nm. Such small diffusion lengths ensure that
continuous paths to the outer electrodes for the charges formed at the donor-acceptor interface
are attained. However, obtaining optimal nanophase separation still remains a challenge. This
is because, apart from thermodynamic effect, it also depends on the kinetics of segregation and

crystallization of the donor and the acceptor respectively. Achieving optimal morphology
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depends on various factors such as choice of solvent, concentration ratios of donor and

acceptor, temperature and speed and time of spin coating as well as post annealing effect.

According to Klimov et al [11] and Yang et al [12] post annealing of P3HT:PCBM blend

results in a more stable morphology with a long device lifetime. The degradation mechanisms

mentioned previously impacts on the OPV devices through gradual loss of the benchmark

parameters such as V., Jsc, FF and PCE as illustrated in figure 6.1
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Figure 6.1 a) 1-V characteristics for ITO/PEDOT:PSS/P3HT:PCBM/AI solar device degrading with time in air
ambience b-c) Photovoltaic performance of unencapsulated device as a function of exposure time to ambient air

under AM 1.5 G filtered spectral illumination at incident intensity, 70 mW/cm?.
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Figure 6.2 (a) I-V characteristics for ITO/PEDOT:PSS/P3HT:PCBM/AI solar device in the dark as a function of

time in ambient air (b) Semi-log graph of reference device compared to device after 137 hours.

Figure 6.1 and 6.2 shows photovoltaic response of the reference solar cell
(ITO/PEDOT:PSS/P3HT:PCBM/AI) as a function of exposure time to ambient air. I-V
characteristics data shown represents cells measured both in the dark and under continuous
simulated AM1.5 solar irradiation of ~100mWcm™. The V., Jsc, FF and PCE first gradually
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degrade within the first 24 hours before a distinct trend of rapid degradation. The J, FF and
PCE later on after 65 hours gain a relatively low degradation rate. The loss in Jsc may be due to
introduction of photo-activated interfacial states caused by the rapid degradation due to oxygen
induced doping of P3HT:PCBM. This is corroborated by increase in series resistance with time
shown in figure 6.1(c). These interfacial states or increased trapping density may lead to
increased series resistance that in turn inhibits charge extraction/transport. Besides,
absorption/desorption of water by the PEDOT:PSS layer may also adversely affect the
performance as this results in poor transport at the PEDOT:PSS interfaces as well as
PEDO:PSS bulk. V. on the other side is determined by the HOMO-LUMO difference of the
donor and acceptor materials respectively as well as the work function difference of the
electrodes. The slow degradation of V. in the first 24 hours shows that there is no significant
change in the nano-morphology with aging and that the interconnected network is marginally
affected as well, this is consistent with the absorption data of fig 6.3. The decrease in
absorption could be an interface effect but the absorption finger prints of the polymer fullerene
blend remain unchanged. Since PEDOT:PSS is hydroscopic in nature, it may absorbs water
from the surrounding causing an alteration in carrier density in PEDOT:PSS close to the
interface or formation of a dipole layer at the interface leading to reduced work function.
Besides, PEDOT:PSS may etch part of ITO making it possible for indium to diffuse from ITO
into the active layer. This change causes a reduction in work function of ITO/PEDOT:PSS
interface leading to reduced work function difference between the two electrodes hence low
Voe. The FF showed a first rapid degradation before slowing down after 60 hours. After 40
hours, FF reduced drastically such that the illuminated characteristics showed an S-shape
curve. The reduction in FF was caused by a change in series and shunt resistances, reduced
charge carrier mobilities in P3HT:PCBM blend as well as introduction of traps that in turn act

as recombination centres affecting the distribution of electric field in the device. Moreover, the
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reduction in FF may also be attributed to formation of space charges due to imbalance in
charge carrier mobilities as a result of degradation. BHJ solar cells have 100% exciton
diffusion probability. This reduces drastically due to degradation as a result of formed traps
that minimize the mobility and lifetime of the charge carriers. A change in work function of the
electrodes may lead to reduced internal electric field. This is the energy required to split an
exciton and further reduces its diffusion length leading to an increase in recombination loses.

In such instances the excitons formed are unable to reach the donor-acceptor interface
for dissociation to occur. This implies that only charge carriers close to the electrodes would be
collected hence reducing the photocurrent [12].

The gradual followed by rapid degradation may also result from increasing oxygen intake by
the P3HT and PCBM which corroborates with Norman et al. observation. Oxygen diffuses
through the pinholes in the aluminum electrode causing a chemical degradation of P3HT
forming a charge transfer complexes with oxygen which may lead to formation of cation and
anion radical species. Sulphur from P3HT may also react with water or oxygen from the

atmosphere leading to the degradation of the cell [3].
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Figure 6.3 UV-Vis spectrometer measurement of absorbance of P3HT:PCBM film with time before annealing at

50 °C and 70 °C in Argon ambience.
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In an attempt to verify the effect of air exposure on optical properties of organic solar device,
the absorption of reference device annealed at 50 °C after exposure to air was measured using
UV-Vis spectrometer as shown in figure 6.3. From figure 6.3, the absorbance of the BHJ film
reduces with significant drop in the vibronic peaks at 360, 520, 550 and 600 nm as a result of
photo-oxidation or photo bleaching. It is interesting to note that after an exposure of 114 hours
to air, the film lost its absorbance significantly. We then annealed the device at 50 °C and
another at 70 °C for 10 minutes and measured absorbance. After thermal treatment in Argon
ambience, the film absorbance was never reset to its pristine value. This experiment clearly

shows that photo-oxidation is an irreversible process.

6.4 Growth and characterization of pentacene.

Ricardo et al. defines Pentacene (C2,H14) as a planar molecule consisting of five benzene
rings with triclinic structure in its bulk phase with lattice constants a=7.90 A, b=6.06 A and
c=16.01 A, bandgap of 2.5 eV, ionization potential of 5.1 eV for an electron in the HOMO
level. It has a relative dielectric constant of 4 and effective density of states of 5.8 x 10 ? cm .
When grown in vacuum, pentacene assumes “thin film phase” structure. At
pentacene/inorganic interfaces, the orientation of pentacene molecules depends on the

molecular interactions between pentacene and the substrate. Usually when deposited on metals

and reactive semiconductors form structures with the molecules lying flat on the surface that

(a) (h) (c)

are quite stable.

Figure 6.4 (a) Molecular structure and (b) triclinic bulk structure of pentacene (c) thin film phase.
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Pentacene has gained a lot of research interest as a model molecule among organic
semiconductors as a result of its ability to form well-ordered polycrystalline thin films that
show a high charge carrier mobility of 1cm?V™s™and even above have been recorded. This is
due to the efficient m-orbital overlap between its molecules [13-16]. Thus it can be used as a

hole transport layer when encapsulated on a Ag nanoparticle.

6.5 Experimental results

ITO coated glass was cleaned in ultrasonic distilled water-acetone-methanol-ethanol-
distilled water baths in that order before drying with Nitrogen. NPs were then grown and
annealed in Argon ambience and then placed in a thermal evaporator that was then evacuated
using rotary and diffusion pump to a pressure of 1.5 x 10° mbar. The solid pentacene source
was heated to 170 - 200 °C during the deposition. The Ag nanoparticles on ITO acting as the
substrate were kept at room temperature during the evaporation of pentacene. The deposition

rate was monitored using the crystal monitor that showed the film thickness of 22.2 nm.

Figure 6.5 (a-bh) AFM image of RF sputtered Ag nanoparticles annealed at 100 °C and 250 °C

respectively in Argon ambience (c-d) 22.2 nm evaporated pentacene on the annealed Ag nanoparticles.
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From the morphology studies using Veeco Di 300 AFM, pentacene thin film on Ag
nanoparticles shows rough surface with voids that may modify the electronic states associated
with the molecules surrounding each vacancy. This molecular vacancies may trap or scatter
charge carriers. The distortion of the crystalline lattice near vacancies can usually be used to
determine the energy required to form the vacancy and the thermodynamic stability of this
defect. According to Craig et al. the environment with relaxed molecules surrounding a
vacancy is energetically more stable than that in a perfect crystal [17]. However, the deformed
lattice near a vacancy may change the electronic states of molecules in the vicinity of the defect
region. Such distortion in the crystalline lattice may lead to formation of traps for charge
carriers [13] as witnessed in the I-V characteristics later in this thesis.

Thin film of pentacene on top of annealed Ag nanoparticles may couple with the surface
plasmons to produce enhanced absorption as shown in figure 6.5.

Pentacene thin film on its own may experiences singlet and triplet exciton formation on an
ultrafast time that may be due to polymorphism. It may also exhibit singlet fission, i.e. splitting
of a singlet exciton into two triplets hence the multiple absorption peaks.

From the UV-Vis measurements shown in figure 6.6, pentacene thin film has four different
absorption peaks with energies of 1.85 eV (at A= 671 nm), 1.97 eV (at A= 630 nm), 2.12 eV (at
A= 585 nm) and 2.27 eV (at A= 545 nm). Since the excited states in pentacene thin film are
singlet states, the excitation at A= 671 nm can be assigned to the S; state while that at A= 630
nm corresponds to the second level of the Davydov doublet after Davydov splitting. The
absorption bands at A= 545 nm (2.27 eV excitation) corresponds to an electron-hole pair, which
is situated on two neighboring molecules of adjacent unit cells while that at A= 585 nm may be
due to a charge transfer state with the hole and electron being at the sites of the two molecules

of one unit cell [18].
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Figure 6.6 UV-Vis spectrometer measurement of absorbance of pentacene film on top of annealed Ag nanoparticles.

The black line shows that pentacene film has multiple absorption peaks which are useful in
enhancing absorption of Ag nanoparticles as shown by the blue line. This could also be as a result
of coupling of pentacene with the surface plasmonic resonance.

When P3HT:PCBM blend was spin coated on top of the pentacene film, a different dielectric

environment is created producing an enhanced absorption as shown in figure 6.7.
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Figure 6.7 UV-Vis spectrometer measurement of absorbance of PEDOT:PSS, P3HT:PCBM active layer on top

of annealed Ag nanoparticles encapsulated with pentacene thin film.
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The conspicuous enhanced absorption at a wavelength of 670 nm extends the absorption
spectrum of the active layer to a higher wavelength. This is needed for multiple absorption
tuning in the active layer of the device. However the conductivity of the encapsulated layer
remains a fundamental parameter in the determination of the current that flows within the solar
cell. From figure 6.8, pentacene introduces a contact barrier of ~0.8 eV. This could cause hole

trapping at the PEDOT:PSS-pentacene interface leading to reduces Jg.
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Figure 6.8 Band energy diagram for ITO/Ag nanoparticles/Pentacene/PEDOT:PSS/P3HT:PCBM/AI device.

Despite the clear absorption enhancement upon encapsulation of Ag nanoparticles with
pentacene, the Js, Voc, FF and PCE drastically reduced but with improved device stability when

exposed to air ambience as shown figure 6.8.
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Figure 6.9 I-V characteristics for ITO/PEDOT:PSS/P3HT:PCBM/AI solar device degrading with time in air

ambience under AM 1.5 G filtered spectral illumination at incident intensity, 70 mwW/cm?.
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Figure 6.10 Photovoltaic performance of encapsulated device as a function of exposure time to ambient air.

Analysis of Js. shows that devices without pentacene encapsulation acquired same value
as the one with encapsulation after 118 hours despite its high original Jsc upon fabrication, thus
encapsulation reduces the rate and magnitude of degradation. Beyond this time, the
encapsulated device showed a greater Js.. A similar trend was seen with the V. where after 140
hours, encapsulated plasmonic device recorded a higher Vo, compared to the device without
encapsulation. The long electrical activity upon encapsulation could be as a result of pentacene
forming a thin layer that separates PEDO:PSS from ITO. In this case the pentacene prevents
the etching of ITO layer by the acidic PEDOT:PSS. The encapsulation of Ag nanoparticles
could also be used for passivation of the silver surface hence reducing the rate of oxidation of
the Ag nanoparticle that could reduce the plasmonic absorption. However such passivation
only requires a very thin layer in order not reduce the field around the nanoparticles as well as
molecular self-assembly to enhance charge transport due to better = orbital alignment.

The reduced Jsc compared to plasmonic devices without encapsulation can be attributed to

formation of large Schottky barrier (~ 0.7 eV) between pentacene and Ag nanoparticles
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Chapter 7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion

This research project focused on Ag and Au nanoparticles grown by physical vapor technique
and incorporated into organic solar cells on top of the ITO coated glass with the aim of
enhancing efficiency through increased light absorption due to surface plasmon resonance
effect. The Ag nanoparticles were grown using both thermal evaporation and RF sputtering
system. In addition, the power and time of deposition was varied with a view of obtaining
correct sizes capable of being covered by the PEDOT:PSS such that the centers of the
nanoparticles are close to the active layer but not protruding through the active layer that may
make them interfere with active layer morphology or even short circuit the cell. The
nanoparticles were then annealed both in air and Argon ambience to vary their geometry,
density, size and shape in an attempt to obtain match between their resonance peaks and
maximum absorption. As deduced from the characterization data, Ag nanoparticles annealed at
250 °C showed a reduced surface coverage up to 38% with particle mean diameter of 71nm. An
attempt to anneal Ag nanoparticles in air ambient showed different results from samples
produced at the same time. This could be as a result of oxidation which varies depending on the
environmental condition of the day.

In order to understand the mechanisms responsible for enhancing efficiency, a reference
cell was fabricated with ITO/PEDOT:PSS/P3HT:PCBM/AI structure. This device was then
annealed at different temperatures and time interval in order to realize most effective reference
cell. The device performance upon annealing improved and annealing at 50 °C for 10 minutes
showed best performance resulting in 3 times the Jsc and 5 times PCE. Higher temperatures
caused deterioration of the device giving low Js; and PCE.

The Ag nanoparticles with different sizes and shape resulting from annealing effect were then

incorporated into the device. They were grown on ITO before completing the device. In
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making the device PEDOT:PSS was first spin-coated followed by P3HT:PCBM blend before
thermally evaporating Al electrode to form ITO/ Ag NPs/PEDOT:PSS/ P3HT:PCBM/ Al
structure. A morphology check using tapping mode AFM showed that the Ag nanoparticles did
not interfere with the morphology of the active layer. The optical characterization using UV-
Vis spectrometer showed enhanced absorption with increasing particle sizes. This was also
reflected in enhanced Js; and PCE though FF and V.. remained relatively constant.

Enhancement in light harvesting is believed to have led to greater exciton generation
leading to increase in Jsc and PCE. The results showed a significant efficiency enhancement
upon incorporation of annealed NPs. The PCE and Js. went up by 24% and 23% respectively
for NPs annealed at 250 °C.
We further explored the potential causes of degradation, degradation trend as well as effect of
encapsulation of Ag nanoparticles before incorporation into organic solar cells.
Air exposure of ITO/Ag nanoparticles/PEDOT:PSS/P3HT:PCBM/AI device showed a gradual,
followed by rapid degradation. This was more so when the devices were illuminated in air.
The degradation could result from water absorption by PEDOT:PSS layer causing its
degradation forming a spatially inhomogeneous that is associated with formation of insulating
patches leading to loss of current and device efficiency. Another cause of degradation of OPVs
could be resulting from change in electrode work function as the react with the PEDOT:PSS.
The diffusion of oxygen into the active layer through the pinholes in the aluminum electrode
causing a chemical degradation of P3HT forming a charge transfer complexes with oxygen
could also have led to cell degradation.

Encapsulation of Ag nanoparticles using thin film of pentacene showed an improved
stability to air as well as increased light absorption as seen from the UV Spectrometer
measurement. However the Js; reduced drastically probably due to introduced contact barrier of

~0.8 eV at the PEDOT:PSS- pentacene interface which could cause hole trapping.
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7.2. Future work and Recommendations

There is need to vary device geometry during fabrication of devices with incorporated NPs to
achieve a comparison in plasmonic effectiveness at various positions in the device.

Study of change in contacts angles on annealing of NPs and their effect on light absorption
should be carried out in future.

The effect of tandem multi-junction should be investigated by incorporating both Ag and Au
NPs on a device such that the absorption may be tuned sequentially from short to long
wavelength.

Deeper analysis on the cause of reduced Js upon incorporation of pentacene
encapsulation despite the increased optical absorption as discussed in this thesis should be
carried out in future. This will require the measurement of surface energies to enable better
self-assembly of the pentacene molecule when encapsulating Ag nanoparticles using contact
angle measurements.

It would also be suitable if the kinetics and energetics of the annealing process for solar cells
annealed at optimum temperature be investigated. This is essential in understanding the
diffusion mechanisms and rates of the PCBM in P3HT or otherwise. Understanding of the
kinetics is useful in the establishment of the optimum nano morphology that gives higher

efficiency.

|
Page 110



Workshop/ Conferences attended

i)

vi)

Oral presentation: Held (23/10-27/05/2014). 7" International Symposium on Macro-
and Supramolecular Architectures and Materials entitled (MAM-14): Surface Plasmon
Resonance effect to enhance photo-conversion efficiency of organic solar.

Oral presentation: Held (29/10-31/10/2014). Material for energy research group annual
workshop. ‘Enhancement of photo-conversion efficiency of organic solar cells by
surface Plasmon resonance effect’. held in Free- State in South Africa.

Poster presentation: Held (28/10-29/10/2014). The 6™ Cross faculty graduate
symposium showcasing graduate research at Wits. ‘Enhancement of photo-conversion
efficiency of organic solar cells by surface Plasmon resonance effect.’

Oral presentation: Held (28" June- 3" July 2015). The 2015 South African Institute of
Physics annual conference held in Boardwalk Convention Centre. Port Elizabeth-
South Africa.

Attended the International school for material for energy and sustainability IV (ISMES
IV) - 13-20™ July 2015 held in Colorado school of Mines — United States of America
(USA).

Won 1% prize in the team challenge at the International school for material for energy
and sustainability 1V (ISMES 1V) - 13-20" July 2015 held in Colorado school of Mines

— United States of America (USA).
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