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Abstract

The electrical properties of organic solar cells (OSC) have been investigated to
understand the charge loss mechanisms impacting the over all efficiency. The power
conversion efficiency of a solar cell is dependent upon the short-circuit current density
(Jsc), open circuit voltage (Vo) and the fill factor (FF). This thesis is mainly about
the investigation of these properties in two aspects: the current conducting mechanism
is studied via electrical resistance measurements of the OSC devices and the origin of
Voc is investigated through the fundamental studies using ultraviolet photoelectron
spectroscopy (UPS).

In the current conducting mechanism study, the series resistance of poly (3-
hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCB-
M) bulk heterojunction (BHJ) organic solar cells (OSC) has been investigated. The
bulk resistance of the active layer and the specific contact resistance between the
active layer and the electrode are extracted from the measured series resistance using
the vertical transmission line model (TLM) method. Results have shown that for an
annealed P3HT:PCBM device which has an active layer thickness of 85 nm (opti-
mum thickness for high efficiency), 17% of the total series resistance is attributed to
contact resistance and bulk resistance contributed the rest 83%. Thermal annealing
helps to reduce the contact resistance by a factor of 2 and the bulk resistance by a
factor of 8. The resistances of pure PCBM devices increase linearly with thickness,
while the increasing trend of the pure P3HT devices can be described as two different
increasing regions, mainly due to the recombination effect.

The origin of Vp¢ is investigated through UPS study. Vpe of P3HT and PCBM

organic solar cell devices is measured at temperatures ranging from 15 °C to 145 °C.
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The temperature dependence of the vacuum level shift and of the highest occupied
molecular orbital (HOMO) energy level of P3HT and PCBM are measured by UPS
in the same temperature range. The temperature dependence of the absorption edge
is also studied in the same temperature range to obtain the temperature variation of
the optical band gap energy (E,;). The measured Vo of the devices shows a clear
decreasing trend with the increased operating temperatures and the total decrease is
found to be about 0.1 V at the temperatures ranging from 15 °C to 145 °C However,
by utilizing the measured values of the HOMO for the P3HT (donor) and LUMO for
the PCBM (acceptor), the calculated values of Ve and its temperature dependence
shows an increasing trend with temperatures. The calculated values of Ve do not
agree with the measured Vpe values. This is a clear indication that the expression
(HOMO - LUMO) - exciton binding energy does not hold, and that other factors are
impacting the value of Ve

The thermal conductivities of PSHT, PCBM and P3HT:PCBM blend are mea-
sured by time domain thermoreflectance. Thermal conductivities vary from 0.031 +
0.005 Wm~ 'K for pure PCBM to 0.227 + 0.014 Wm~ 'K~ for pure P3HT near
room temperature. PCBM shows much lower thermal conductivity than P3HT. Ther-
mal conductivities of blend films follow a rule of mixtures and no percolation threshold
is found. Thermal annealing of blend films has a variable effect on thermal conduc-

tivity.
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Chapter 1

Introduction

1.1 Solar Cells

The sun is a vast source of energy. The intensity of the solar spectral irradiance
on the surface of the earth is 1000 W/m? (Air Mass 1.5) [1,]2]. Solar cells were
invented to harvest the energy from sunlight. A solar cell is a solid state electrical
device which converts light directly into electricity by the photovoltaic effect. The
conversion of light into electricity is accomplished by absorbing photons with enough
energy to ionize atoms, and thereby creating free, negatively charged electrons and
positively charged ions. The energy of the photons is therefore transferred into the
electrons and holes. These charge carriers can be collected by separate electrodes.
As a result, photovoltage formed between electrodes and electricity is generated. The
first modern solar cell was a silicon based single p-n junction device developed in 1954
at Bell Laboratories [3]. The developers, Gerald Pearson, Daryl Chapin and Calvin
Fuller, reported a power conversion efficiency of 6 % [4,5]. Solar cells were quickly
added to the Vanguard I satellite as a sustainable power source. It proved to be a

huge success in replacing the old battery power source. The booming semiconductor



industry helped to bring down the cost of silicon based solar cells from $ 100 per watt
in 1971 to $ 1.09 per watt in October 2011. This made it possible for solar cells to
be a competitive renewable energy source from only a power source of satellites [5].
There are many advantages of utilizing solar energy as a renewable energy source.
Solar cells can be used almost anywhere. They are cost effective solutions to energy
problems in places where there is no grid electricity. Solar cells are also clean, zero
noise and non-polluting. They produce no waste, they have no moving parts, and
they require little maintenance in a relatively long lifetime. Solar cells are also easy to
integrate. They can be placed on rooftops and roadside; they can be used as building
windows, walls or roof. Compared with other renewable sources, such as wind and
water power, solar power does not rely on turbines which are noisy, expensive and

vulnerable to breakdowns.
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Figure 1.1: Primary Energy Production by Source (2012)[6]

Figure [1.1]| shows the percentage of all energy production in United States by
source. By the year 2012, 10 % of the total energy produced in the United States is
from renewable energy sources [6]. Figure shows the percentage of all renewable
energy production by source. Solar energy provides 2 % of total energy produced from
renewable energy sources, compared with 50 % from biomass, 30 % from hydroelectric
power and 15 % from wind [6]. One may ask, with all the advantages, why solar energy

makes up only 2 % of the total renewable energy production?
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Figure 1.2: Renewable Energy Production by Source (2012)[6]

Despite all the advantages, there are several disadvantages which make solar en-
ergy less competitive in the renewable energy market. The main one is high cost.
The price of electricity generated from solar panels is relatively higher than the price
of electricity generated from most of the other sources. Single junction silicon solar
cell has a theoretical efficiency limit of 30 %, known as as the Shockley-Queisser lim-
it [7]. The silicon itself is not cheap, and as a result, the price of solar panels are
greatly dependent on raw silicon price. Solar cells can only generate power during
daytime under suitable weather, which makes the output unstable. Other complex
issues such as grid compatibility and electricity storage need to be addressed to make
solar energy more competitive. Tremendous efforts have been made on all those is-
sues, which helps solar energy to grow rapidly in recent years. However, to further

increase the competitiveness of solar power, massive investments are still needed to



further increase cell efficiency and lower panel cost.
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Figure 1.3: Photovoltaic market share (2010)[8]

Figure|l.3|is a chart that shows the market share of different photovoltaic technolo-

gies from 1999 to 2011 . Light blue and dark blue bars represent multi and mono

crystalline silicon respectively. Together they represented 87% of the market share in

2010. The green bars represent Ribbon solar cell, which is actually multi-crystalline

silicon solar but with different manufacturing process. By avoiding the need for saw-

ing of silicon blocks in the manufacturing process, ribbon solar cells benefit from less

expensive manufacturing techniques but do not have the same efficiency performance

as wafer cut solar cells. Together conventional silicon solar cells dominate almost 90

% of the solar cell market.



Thin film solar cells constitute the rest 10 %. Thin film solar cells are designed
to reduce the cost of solar cells by using less silicon or substituting silicon with other
light-absorbing materials. They succeed in reducing some of the cost, but other
problems arise at the same time. They suffer from low efficiency and complex and
expensive fabrication processes. Amorphous silicon (a-Si) solar cells are one of the
three mainstream thin film solar cells. The approach to reduce cost is to use much less
amount of silicon. A-Si cells use approximately 1 % of the silicon needed by typical
crystalline-Si cells. This makes the cells considerably cheaper. However, the efficiency
is much lower too. Cadmium telluride (CdTe) photovoltaics is a photovoltaic (PV)
technology that is based on the use of CdTe thin films. CdTe PV is the only thin film
photovoltaic technology that is cheaper than crystalline silicon PV. Copper indium
gallium selenide (Culn,_,Ga,Ses or CIGS) is one of the other mainstream thin film
solar cells. CIGS is a direct bandgap semiconductor. The CIGS absorber is deposited
on a glass or plastic backing, along with electrodes on the front and back to collect
current. Because the material has a high absorption coefficient, a much thinner film

is required compared with other semiconductor materials.

1.2 Organic Solar Cells

Organic solar cell (OSC) is a relatively new concept, yet hold the promise for further
price reduction due to its advantage of solution processable technique. Compared
with inorganic solar cells where the active layers are generally semiconductors, such
as silicon, the compounds used to make organic solar cells are small molecules and
polymers, which can be dissolved in solutions and then be printed as thin films (100
nm) on substrates [9]. With fairly high absorption coefficient, 100 nm thin organic

active layer can absorb a respective amount of sunlight which takes much thicker



silicon to absorb. Thus it is possible for OSC to further bring down the cost from raw
material in the solar panel production. On the other hand, the category of the organic
materials is constantly expanding as previous ones are modified to make new com-
pounds with better properties. The efficiency record of lab produced OSC jumped a
lot recent years. However, OSC is not very successful when entering the real market,
mainly due to its low efficiency compared with most of other solar cells. Konarka
Technologies, Inc., a famous organic solar cell company, filed for bankruptcy protec-
tion in May 2012. While many people suggest that an efficiency of at least 15% is
necessary for organic solar cells to establish a viable market [10], the highest efficien-
cy achieved in organic devices to date is 10.7 % reported by Mitsubishi Chemical in
April 2012, but efficiency continue to improve. The efficiency record are from Solar

cell efficiency tables (version 42) [11].

1.2.1 Materials Properties

The core part of an OSC is the active layer consists of organic molecules and polymer-
ic semiconductors. Those molecules possess m-atomic orbitals and the conjugation of
these m obitals results in HOMO (highest occupied molecules orbital) and LUMO
(lowest unoccupied molecules orbital) levels, similar to valence band and conduction
band in semiconductors |12]. The optical prosperities such as optical band gap are
determined by the HOMO and LUMO levels. As a matter of fact, the unique optical
prosperities of these organic materials make them suitable for photovoltaic applica-
tions. Their light absorption properties can be summarized in two words: intense
and broad. They have a high extinction coefficient (> 10° cm™!) because of the large
wave-function between the ground state and the lowest excited state, which makes it

possible for sufficient light absorption with films thinner than 100 nm. They can be



fabricated to have a small optical band gap (as small as 1 eV), which allows them to
absorb most of the solar spectrum |13-15].

The organic molecular structure and their interactions determine their electrical
properties. These materials usually exhibit low charge carrier mobilities. Unlike crys-
talline material with highly ordered lattice, organic polymers and small molecules are
bonded by Van der Waals forces, and they are usually amorphous or semi-crystalline
in the solar cell active layer. On the other hand, the transfer of charges between
molecules is governed by weak intermolecular coupling or hopping. As a result, the

charge carrier mobilities are very low (typically 1072 to 1073 cm?V ~1s71), and strong-

ly depend on the morphology of the bulk material [12].
J_<—/_< R = 2-ethylhexyl
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Figure 1.4: Structure of M-PPV, Cq, P3HT, PCBM, PCPDTBT, PC7BM [16-21]

Initially Organic Photovoltaics (OPVs) were dominated by M-PPV (poly[2-methoxy,5-
(20-ethyl-hexyloxy)-p-phenylene vinylene]) /C60 [16-18], which was later on substitut-
ed by the better-processable and higher efficiency combination of PSHT/PCBM [19].



Nowadays, more new materials have been invented, such as PCPDTBT/PC;;BM
[20,21], as shown in Figure P3HT/PCBM had been the focus of OPVs research
for the last decade. Our focus on P3HT/PCBM material system was not only to
better understand its operation mechanism, but also to serve as references for various

new material systems and device architectures.
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Figure 1.5: Solar emission spectrum (AM 1.5) [1,2] and absorption spectrum of an 80

nm thick PSHT/PCBM blend film

Figure|1.5[shows the comparison of the solar emission spectrum (AM 1.5) and the
absorption spectrum of an 80 nm thick P3HT/PCBM blend film. An 80 nm thick
film will only absorb 20.1% of the solar spectra, mostly due to the 1.88 ¢V band gap

of P3HT. This means the efficiency limit of 80 nm thick PSHT:PCBM cell can not
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surpass 20.1 % even for a 100 % quantum efficiency case.

AM1.5 x Absorption d\
_J
B [ AM1.5 dA

1 ~ 20 % (1.1)

One could argue that 80 nm is too thin to achieve maximum absorption, the thick-
ness of film can be increased to enhance absorption. However, 80 nm is the optimized
thickness for PSHT:PCBM, with other considerations such as recombination. One
could increase the active layer thickness, but the diffusion length of the carriers are
limited. The thicker the layer is, the more likely recombination will occur, which
limits the efficiency. The newly invented material combinations are optimized mainly
in two aspects: decreasing the absorbing material’s band gap to increase the absorp-
tion range to fully utilize the solar spectrum; increasing the diffusion length of the

material for high absorption without sacrificing the active layer’s thickness.

1.2.2 Device Structure

The general structure of an OSC device consists of a transparent substrate (glass,
quartz, plastic), coated with a transparent electrode (indium tin oxide(ITO)), two
layers of organic materials, with one as the electron donor and the other as the elec-
tron acceptor, and finally one top metal electrode. Control of blend morphology at the
microscopic scale is critical for optimizing the power conversion efficiency of plastic
solar cells based on blends of conjugated polymer with fullerene derivatives. One of
the major advancements in device structure has been the introduction of bulk hetero-
junction structure (BHJ). Figure [1.6/shows the material distribution of a bilayer(left)
and a bulk heterojunction(right) OSC. By co-depositing the donor and acceptor ma-
terials or mixing them in the solvent and then spin coating, a bulk heterojunction

structure was formed, which greatly enlarged the donor/acceptor interface and thus
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shortened the distance for electron hole pair to reach interface for disassociation.

Top electrode

I —
—— Donor —F )

Bottom Contact

Substrate

(a) Bilayer Structure (a) Bulk Heterojunction

Figure 1.6: The structure of organic solar cells: bilayer (left),bulk heterojunction

(right)

To form a BHJ structure, the donor and acceptor materials are blended in the
solution and then spin-casted to form active layer. The morphology of the BHJ active
layer, which is the packing of the molecules and the formation of domains of different
compositions, is greatly affected by the processing conditions and the subsequent
treatments. Many studies have shown that the morphology of the the active layer
determines the device performance. There are several ways to control the blend
morphology, such as different pre-deposition and post-deposition procedures, different
solvent choices, slow drying of spin-coated films vs. quick drying, thermal annealing
(annealing time and temperature, annealing in air or vacuum). All these different
fabrication procedures will affect the formation of a phase-separated morphology with
crystalline P3HT chains (or network) and PCBM domains and in all cases lead to
differences in the photovoltaic device performance. For different fabrication processes,
the experimental procedures have to be optimized to achieve better solar cell efficiency

performance.
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Many techniques have been used to study the morphology of blend films, for
example: atomic force microscopy, optical microscopy and Raman spectroscopy. It
seems that the materials are not perfectly blended after the film formation. The
PCBM tend to form little crystal domains, while the PSHT forms long and complex
network. In order to explore the detailed composition variation of the film, variable-
angle spectroscopic ellipsometry (VASE) is used to characterize the film [22]. VASE
is a non-invasive optical probe that monitors changes in the polarization state of
light on reflection from a sample. It is a well-established technique to measure the
optical constants of thin films, as well as concentration-depth profiles of composite
films [23}24]. The results of VASE examination of P3BHT and PCBM distribution in
the active layer are shown in Figure |[1.7, The results show that there is a vertical

segregation of donor and acceptor materials probably due to the difference in surface

energy [22].
e T |
I — ]
_age g
» * — ( ]
e © (d ®
s ®o® © " |
Quartz Quartz
(a) beforeannealing (b) after annealing

Figure 1.7: Schematic representations of the model used to fit the ellipsometry data,

showing typical PCBM distributions (a) before and (b) after thermal annealing [22]

The invention of optical spacer [25] is another attempt to enhance the efficiency
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via altering the device structure.
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Figure 1.8: Electrical field intensity distribution in P3HT/PCBM solar cell device

with (a) and without (b) T%0, spacer

As shown in the Figure [I.8, 7%0, works as an optical spacer which shifts the
electrical field peak into the active layer. The shift increases the total light intensity

in the active layer by 50%, which increases the device efficiency by up to 50 %.
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1.2.3 Device Fabrication

Al

P3HT —|
pPcBM —+ '

ITO and PEDOT

Glass

Figure 1.9: PSHT:PCBM solar cells structure

The device fabrication procedure varies for different OSCs. A typical PSBHT:PCBM

solar cell fabricating procedure is described below:

e (0) P3HT and PCBM were dissolved in chlorobenzene 24 hours before fabrica-
tion. The blend solution was 1 wt.% in total, composed of a ratio of 45 : 55 of

P3HT (provided by Sigma-Aldrich) to PCBM (provided by Nano-C).

e (1) The indium tin oxide (ITO)-coated glass substrate (provided by Delta Tech-
nologies) was first cleaned with acetone and isopropyl alcohol and subsequently

dried by air.

e (2) Highly conducting PEDOT:PSS provided by H. C Starck was spin-casted

(4000 rpm) from aqueous solution. The substrate was baked for 15 minutes at
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110 °C in air.
(3) The blend solution was then spin-casted at 500 rpm on PEDOT layer.
(4) Then the sample was baked in a vacuum oven at 60 °C for 30 minutes.

(5) An 80 nm thin Al layer was then deposited as the top electrode using electron

beam vapor deposition.

(6) Finally, the sample was annealed at 130 °C for 2 minutes in air. Pure P3HT

and PCBM devices were fabricated similarly.

| |— ITO
| |— Glass
Step 1: glass with ITO as bottom contact Step 4: slow drying of active layer
— Al
— PEDOT
Step 2: spin coat PEDOT:PSS as a buffer layer Step 5: deposit Al as top contact

P3HT:PCBM Blend

Step 3: spin coat blend solution to form Step 6: final annealing

Figure 1.10: P3HT:PCBM solar cells fabricating procedures
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1.2.4 Operation Mechanism

HHllumination

ht 6.1eV

Acceptor

Figure 1.11: A general absorption and charge transport mechanism in an

P3HT:PCBM OSC device

A general operation mechanism of an OSC device can be explained by the follow-
ing five steps: (i)Light absorption (ii)Exciton generation and diffusion (iii)Exciton
dissociation (iv)Charge transport (v)Charge collection.

(i)Light absorption: Photons absorbed by the molecules can form an exciton. For
sufficient light absorption, the band gap of the molecules has to be small to cover
the solar spectrum. However, a small band gap light absorbing material would waste

the photon energy higher than its band gap. Another important parameter that



17

needs to be taken into consideration is the light intensity distribution within the
cell. For P3HT, the band gap is 1.88 eV, which will generate a maximum of 34.6
% efficiency due to the Shockley and Queisser limitation [7]. With other factors,
such as absorption with a limited thickness, the number could drop to 20 %, or even
lower if take into consideration of the charge transportation and collection loss. The
thickness of different layers has to be optimized to ensure sufficient light absorption
by the active layer.

(ii)Exciton diffusion: The exciton generated with the absorbed photon energy
diffuses in the bulk before it decays or disassociates. The exciton has a diffusion length
related to the exciton life time and diffusion coefficient, which is usually very short.
This limits the thickness of a bi-layer organic solar cell, because if the bulk thickness
is greater than the diffusion length, most exciton will decay to the ground state, and
thus the device will suffer a low internal quantum efficiency. The bulk heterojunction
design, which mixes the donor and acceptor materials together, greatly enlarges the
donor acceptor interface, making it possible for both sufficient light absorption and
electron hole pair dissociation.

(iii) Exciton dissociation: At the donor acceptor interface, due to different electron
affinities of the two materials, the electron will be acquired by the one with a higher
electron affinity, which is the acceptor. As the electrons and holes dissociate and
captured by the acceptor and donor, electrons are now in the LUMO of the acceptor
while the hole is located in the HOMO of the donor. The energy difference between the
two levels: LUMO of the acceptor and HOMO of the donor is expected to determine
the maximum open circuit voltage produced by the cell.

(iv)Charge transport. There is no highly ordered lattice in bulk organic materials.

The overlap of the 7 orbitals between nearby molecules determines the intermolecular
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charge transfers, or in other words, hopping. The weak bonding between molecules
and the highly disorder morphology produces a low charge carrier mobility (typically
1072 to 1072 em?V~'s7!) compared with highly ordered crystalline materials (typi-
cally > 1 cm?V~1s71) [26]. Thermal annealing has been proved to be a great help
in improving morphology of the bulk heterojunction devices and thus enhances the
efficiency performance of the cells.

(v)Charge collection: Charge collection by the different electrodes is a complex
process. Metal-organic and metal oxide-organic interface, have their own complex na-
ture. Research has proven that a thin LiF layer between Al-organic interface will im-
prove the Voo of the PBHT:PCBM devices, and an additional PEDOT:PSS (poly(3,4
- ethylenedioxythiophene) poly(styrene sulfonate)) layer on top of ITO will great-
ly enhance the efficiency performance [27]. Modification of the interface have been
proven to improve the performance of the cell, yet more investigation is needed to

understand the physics at these interfaces.

1.2.5 Device Characterization

Below is a typical current-voltage characteristic curve of an OSC device. The max-
imum power output point is defined as Py ax, and maximum current density and
voltage is defined as Jyax and Vyrax. Short circuit current density(Jsc) is the cur-
rent density when the voltage across the device is zero, and open-circuit voltage(Voc)

is the voltage when the current density in the device is zero.
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Figure 1.12: Typical J-V curves for a PSHT/PCBM OSC device under AM1.5 illu-

mination with key performance parameters noted

The most important parameter of an OSC is the power conversion efficiency(n),
which represents the ability of the cell to convert light into electricity. Power conver-

sion efficiency is defined by the following equation:

M | Jnax | Varax

P Jsc| Ve
n=—MAX » 100% = % 100% — FFJsclVoc

x 100% 1.2
Pry Pry IN ’ (12

with the Fill Factor(FF) defined by:

pr = axViax o000 (1.3)
|Jsc| Voo

From Equation [1.2] it is obvious that a high efficiency could be reached with

higher Voo, Jso and FF. Ve is simply one parameter which can be measured direct-
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ly. However, the origin of V¢ is much more complex and still a subject of debate.
Voc is affected by many factors. The most important ones are: (1)the HOMO and
LUMO levels of the donor and acceptor [28] (2)the use of different anode or cathode
materials and their contact with the active layer (3)operating environment(light in-
tensity, temperature, etc.) and (4)morphology of the bulk. Detailed study is needed
to better understand these factors and their influence on the Voo. Jsc or Jyax is the
integral of photocurrent density at each wavelength, which relates directly to the Ex-
ternal Quantum Efficiency(EQE). A higher Jgc means more is absorbed, indicating
the need of broad band absorption, which can be achieved by lowering the band gap
or using tandem cells. Jg¢ is also limited by the charge carrier mobility of the bulk
material, as recombination is also an issue for power losses. FF is mostly affected by
the series resistance of the cell. A low series resistance would help to increase the FF.
These electrical parameters of OPVs need to be studied to help further enhance the

efficiency.

1.3 Thesis Outline

This thesis is mainly about the investigation of the electrical properties of organic
solar cells (OSC) to further enhance their power conversion efficiency. Chapter 2 is
about the electrical conducting mechanism study via resistance measurements of the
OSC device. Chapter 3 is the investigation of the origin of Voo through ultraviolet
photoelectron spectroscopy (UPS). Additional work includes: Chapter 4: study of
thermal conductivity of organic materials; Chapter 5: Investigation of femtosecond
laser interaction with fused silica.

In Chapter 2, the series resistance of poly (3-hexylthiophene-2,5-diyl) (P3HT)
and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) bulk heterojunction (BHJ)
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organic solar cells (OSC) has been investigated. The series resistance of thermal an-
nealed and un-annealed devices with different active layer thickness is measured. The
series resistance of the organic solar cells consists of the bulk resistance of the active
layer and the specific contact resistance between the active layer and the electrode.
The bulk resistance and contact resistance are extracted from the measured series
resistance using the vertical transmission line model (TLM) method. By fabricating
devices with different active layer thickness, a relationship of the series resistance and
thickness is established, from which the bulk and the contact resistance is derived.
Thermal annealing helps to reduce both the contact and the bulk resistance. The
contact resistance drops by a factor of 2, while the bulk resistance decreases by a
factor of 8. Results have shown that for an annealed P3HT:PCBM device which has
an active layer thickness of 85 nm (optimum thickness for high efficiency), 17% of the
total series resistance attributed to contact resistance and bulk resistance contributed
the rest 83%. The resistance of pure PCBM devices increase linearly with thickness,
while the increasing trend of the pure P3HT devices can be described as two different
increasing regions. The metal-semiconductor interface plays an important role for
the device performance. Capacitance study are designed to further understand the
charge transport mechanism of organic/Al and organic/ITO interface. The capaci-
tance data are explained using schottky diode model. The temperature dependence
of capacitance is also measured and the peak position and the slope of the curve are
found to vary with temperature.

In Chapter 3, the origin of V¢ is investigated through ultraviolet photoelectron
spectroscopy. The (Vo) of P3HT and PCBM organic solar cell devices was measured
at temperatures ranging from 15 °C to 145 °C. The temperature dependence of the

vacuum shift and of the highest occupied molecular orbital (HOMO) energy level of
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P3HT and PCBM were measured by ultraviolet photoelectron spectroscopy (UPS)
in the same temperature range. The temperature dependence of the absorption edge
was also studied in the same temperature range to obtain the temperature variation of
the optical band gap energy (E,). The lowest unoccupied molecular orbital (LUMO)
can then be obtained by subtracting (E;) from HOMO. The measured Vo of the
devices showed a clear decreasing trend with the increased operating temperatures
and the total decrease is found to be about 0.1 V. However, by utilizing the measured
values of the HOMO for the P3HT (donor) and LUMO for the PCBM (acceptor), the
calculated values of Vo and its temperature dependence show an increasing trend
with temperatures. The calculated values of Voo do not agree with the measured
Voc values. This is a clear indication that the expression (HOMO - LUMO) - exciton
binding energy does not hold, and that other factors are impacting the value of V¢

Chapter 4 discusses the thermal conductivity of organic materials. The thermal
conductivities of PSHT, PCBM and P3HT:PCBM blend are measured by time domain
thermoreflectance. Thermal conductivities vary from 0.031 £ 0.005 Wm™' K™ for
pure PCBM to 0.227 + 0.014 Wm ! K~ for pure P3HT near room temperature and
exhibit minimal temperature dependence across the range 319 to 396 K. Thermal
conductivities of PCBM are less than 0.030 £0.003 W m~' K~ ' at room temperature,
much lower that the thermal conductivities of P3HT, possibly due to the molecular
tails on the fullerene moieties which are responsible for lowering both the apparent
sound speeds and the characteristic vibrational frequencies. Thermal conductivities
of blend films follow a rule of mixtures and no percolation threshold is found. Thermal
annealing of blend films has a variable effect on thermal conductivity. Finally, the
thermal conductivities of P3HT films do not vary with changes in film thickness from

77 to 200 nm.



Chapter 2

Charge Transport Mechanism

Study

2.1 Statement of the Problem

Organic semiconductors can be broadly classified into two categories: small molecules
and polymers. In each case, various materials have been designed over the years that
preferentially transport holes or electrons. The fullerene derivatives, are generally
exploited as n-type materials, while conjugated polymers are generally exploited as
p-type materials. In the PBHT:PCBM organic solar case, PCBM is the small molecule
and P3HT is the polymer. One of the key quantity that characterizes charge transport
is the carrier mobility. The charge mobility is influenced by many factors including
molecular packing, disorder, presence of impurities, temperature, electric field, charge-
carrier density, size/molecular weight, and pressure. Efficient charge transport in solar
cells not only requires the charges to be able to move from molecule to molecule and
not be trapped or scattered but also to rely on efficient collection of the charge carriers

through electrodes. Charge mobilities can be determined experimentally by various

23
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techniques, such as Time-of-Flight (TOF) [29], Field-Effect Transistor Configuration
(FTC) [30] and the space-charge-limited-current (SCLC) method [31].

In the actual device case, charge carrier transport does not solely rely on the values
of charge mobilities, but also depend on other factors such as charge carrier life time,
charge carrier injection and collection by the electrodes, charge carrier recombination
at layer interface and general leakage through shunt resistance. Results from methods
that measure over macroscopic distance often take into consideration of impurity
level and the ordering of the material, while methods that measure mobilities over
microscopic distances are less dependent on these characteristics. Therefore, it would
be improper to evaluate a solar cell’s charge transport efficiency through measuring
just the charge carrier mobility of the organic material. This dissertation will not try
to focus all this studies of the impact of these different factors on charge transport
in organic semiconductors on the micro-scale. Rather, the goal here is to focus on
the macro-scale at the device level, by measuring the resistance. This methodology
of using the resistance to evaluate the PSHT:PCBM solar cells’s charge transport
properties can be extended to other solar cell material systems.

The power conversion efficiency of a solar cell depends on the Js¢, Voo and the FF.
It is well known that a high series resistance reduces the fill factor and thus reduces cell
efficiency [32134]. A typical multi-crystalline silicon solar cell has a series resistance
of less than 1 Qem? [35], while a PBHT PCBM organic solar cell has a series resistance
of around 20 Qcm? [36], and the loss due to I?R is around 30 % of the total output
power. In order to reduce series resistance to enhance efficiency, the series resistance of
organic solar cells needs to be better understood. Rakhshani has developed a method
of fitting dark I-V characteristics of CdTe/CdS solar cells for series resistance [37].

The TLM model is a well-established method to characterize contact resistance in
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semiconductor devices [38,39]. By varying the active layer thickness, Aernouts et
al. extracted the bulk and contact resistance from series resistance of MDMO-PPV:
PCBM solar cells under illuminated (AM 1.5) condition [40]. It has been shown
that thermal annealing can be used to reduce series resistance, which can lead to the
enhanced performance of organic solar cells [41,/42].

Investigation of the series resistance for annealed and un-annealed organic solar
cell devices has been conducted and the contact and bulk resistance has been ex-
tracted. It turned out that bulk resistance contributed the most to the total series
resistance, while annealing helped to reduce bulk resistance more than it helped to
reduce contact resistance. The research work of this study has been published in
Journal of Solar Energy Materials and Solar Cells [43]. To further understand the
charge transport mechanism, the conduction mechanism in each component(P3HT,
PCBM) have been carried out. A study of the organic/Al and organic/ITO inter-
face has been taken, and the research work of this study has been published in the
proceeding of the Photovoltaic Specialists Conference (2012 38th IEEE PVSC) [44].

2.2 Experiments and Data Analysis

Epoxy Resin
Al 80 nm
P3HT:PCBM 80 nm
PEDOT:PSS 40 nm

ITO 140 nm

Glass 0.9 mm

Figure 2.1: Device structure of P3HT:PCBM solar cell
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P3HT:PCBM solar cells (Figure were prepared according to the following
procedure: P3HT and PCBM were dissolved in chlorobenzene for 24 hours before
fabrication. The density of the blend solution was 1 wt.% in total. It was composed
of a ratio of 45 : 55 of P3HT (provided by Sigma-Aldrich) to PCBM (provided
by Nano-C). The indium tin oxide (ITO)-coated glass substrate (provided by Delta
Technologies) was first cleaned with acetone and isopropyl alcohol and subsequently
dried by air. Highly conducting PEDOT:PSS provided by H. C Starck is spin-casted
(4000 rpm) from aqueous solution. The substrate was baked for 15 minutes at 110
°C in air. The blend solution was then spin-casted at 500 rpm on PEDOT layer.
Then the sample was baked in a vacuum oven at 60 °C for 30 minutes. An 80 nm Al
layer was then deposited as the top electrode using electron beam vapor deposition.
Finally, the sample was annealed at 130 °C for 2 minutes in air. To keep the device
from degradation, a layer of epoxy resin is coated to encapsulate device. Pure P3HT
and PCBM devices were fabricated similarly. In order to prevent the solar cell from
degradation within hours. An additional epoxy resin coating was then apply to the
solar cell surface. Figure shows the efficiency comparison of devices with and
without epoxy resin coating. It is obvious that an additional epoxy resin coating
which sealed the cell could prevent it from degradation.

In order to study the series resistance, we measured the current-voltage (I-V) char-
acteristics using a Keithley 2611 source meter. Series resistances were then extracted
from the dark I-V measurements. The methodology of extracting series resistance
from dark I-V measurements will be discussed later. To extract the contact resistance
and bulk resistance from series resistance, we fabricated devices with different active
layer thickness by using different spin speeds. The contact resistance and bulk resis-

tances were then obtained by linear fitting the data of series resistances versus active



27

30 ———7——7—
[ [ J [ ]
251 o4 ® ° o
[ ]
n . . .
—_ . e Device sealed with resin
o . . .
s 20 = Device left in air .
> | |
o
c
2
(8]
£ 151 .
17T
|
|
1.0 | .

Time (Day)

Figure 2.2: Efficiency comparison of devices with and without epoxy resin coating,
both devices are left in air with room light on for one week

layer thickness. To study the effect of annealing on contact resistance and bulk resis-
tance, we measured the series resistance for both the un-annealed and the annealed
devices. Current-voltage characteristics were measured for the un-annealed devices.
The un-annealed devices were then annealed at 130 °C for 2 minutes. Current-voltage
characteristics were then again measured for these annealed devices. The purpose of
using the same devices for both the un-annealed and the annealed conditions was to
eliminate other variables for a more precise study of the annealing effect on contact
resistance and bulk resistance.

Extraction of series resistance from [-V measurements under dark was done using
one diode model of organic solar cell as given below:

a(V—IRs)

[=1I,— Ile"wr " —1] —(V = IR,)/Ru (2.1)
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I;, is photocurrent under illumination; Iy is the reverse saturation current; R, is
the series resistance; Ry, is the shunt resistance; n is the ideal factor; k is Boltzmann

constant; 7" is temperature. The corresponding circuit model is shown in Fig. 2.3

lL(') RsH v

Figure 2.3: Equivalent circuit model of solar cells

With no illumination, the photocurrent is zero and we assume that shunt resistance
is sufficiently high to eliminate the last term in Equation [2.I] Therefore, the dark

[-V characteristic can be expressed as

a(V—IRs)

I =Lle =1 —1] (2.2)

The voltage can be expressed as a function of current as

KT 1
V="""In(>+1)+ IR, (2.3)
q Iy

From this expression the current derivative of voltage can be written as
av nkT 1 1
— =" _ - 4R, 2.4
il g L1l (24)
In the high current region, the total current is much higher than the reverse

saturation current (I > Iy). Then, Equation becomes
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av nkT
I— =IR,+ — 2.
7 R, + . (2.5)

Under these assumptions /dV/dI is linearly dependent on I. Therefore, the series
resistance can be easily extracted from the slope by a linear fit in the high current

region. A typical dark IdV/dlvs.I characteristic curve is shown in Equation .

0.4 -
0.35 - "
0.3 -

0.25 -4

o

[ %]

Il

T
-

+ 1*dv/di

+
' =a
0.15 -
fﬁ —Linear (Fitting of the curve)

0.1 4

I dv/dl (V)

0.05 4

0 L] L] L] L] L] 1
0 0.5 1 1.5 2 2.5 3
I(mA)

Figure 2.4: The I dV/dI vs. I curve for an organic solar cell

The specific series resistance between two contacts can be expressed by the fol-

lowing equation

RS - Rbulk + Rcontact = Poulk X d + Rcontact (26)

Ryur (Q2em?) is the bulk resistance of the active layer itself. Repnracr (2cm?) is the
specific contact resistance between the active layer and the electrode. ppui (2em) is

the resistivity of the active layer and d (¢m) is the thickness of the active layer. From
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the above equation, one can see that by fabricating devices with different active layer
thickness, a relationship of the series resistance versus thickness can be obtained and

the contact resistance can be derived.

2.3 Resistance of P3HT:PCBM solar cells

Samples with different active layer thickness were fabricated. FEach sample had 8
individual devices. The thickness of the active layer was measured by an atomic force

microscope (AFM).
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Figure 2.5: Rg of PBHT:PCBM organic solar cells with different active layer thick-
nesses of 45 nm, 58 nm, 68 nm, 85 nm and 100 nm. The measurements were conducted
in dark.

From Figure [2.5, we can see that the Rg value decreased after annealing for all ac-
tive layer thicknesses. The thicker the active layer, the larger the reduction. For both

the un-annealed and the annealed devices, Rg increased rapidly for thickness > 80
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nm. This can be explained by the diffusion length of P3BHT:PCBM solar cells. When
the active layer is thicker than the typical diffusion length of carrier in PSHT:PCBM
solar cells, the probability of recombination will increase rapidly. This effect will be
manifested as less current in the devices, which will result in higher Rg.

To extract the contact and the bulk resistances from the total series resistance,
devices with active layer thinner than 80 nm were chosen. The results are shown in

Figure [2.6
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Figure 2.6: Linear fitting to Rg versus active layer thickness.

For the annealed devices, the specific contact resistance was calculated as 3.1
Qcm? and for the un-annealed devices, the specific contact resistance was 6.6 Qcm?.
This shows that the annealing helps to decrease contact resistance but the magnitude
of the change is only a factor of 2. For an annealed P3HT: PCBM device which has
an active layer thickness of 85 nm chosen for the highest efficiency, the average series

resistance was 18 Qem?. Therefore, contact resistance only contributes about 17 %
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to the total series resistance while bulk resistance is the primary component of series
resistance. As the series resistance is 126 Qcm? for un-annealed 85 nm thick devices,
by subtracting the contact resistance, we find that annealing causes the bulk part of
the series resistance to drop from 120 Qcm? to 15 Qem?, which is a factor of 8, a
much larger relative change than that observed for the contact resistance.

The effect of thermal annealing on PSHT:PCBM solar cells is a complex process.
Both bulk and contact resistance decreased due to thermal annealing. As to bulk
resistance, the decrease can be linked to the improvement of nanoscale morphology
which is mainly due to the reordering of P3HT molecular chains. This is due to the
increased crystallinity of P3HT, which helps to improve the charge carrier mobility of
the P3HT and thus provides lower bulk resistance. Thermal annealing has also been
shown to decrease contact resistance for organic solar cells. Ma et.al. have reported
that solar cell device results obtained by annealing prior to top electrode deposition
showed a clear decrease of efficiency compared with the results obtained by annealing
after the deposition of top electrode. Using ”sticky tape” technique, their AFM image
showed a rougher surface of the interface of bulk material and Al electrode, which
implies stronger interfacial adhesion, and stronger adhesion provided lower contact
resistance. Studies have also shown that the formation of metal-polymer bonds (C-Al
or C-O-Al bonds) and Al diffusion could also contribute to the decrease of contact
resistance due to thermal annealing.

The current-voltage characteristics of organic solar cells are governed by two basic
processes: carrier injection in the bulk material by the electrodes and charge trans-
port in the bulk material [32,/45]. In general, the injection process itself includes
two processes: one is the Schottky emission process due to thermionic emission; the

other is Poole-Frenkel emission due to field-enhanced thermal excitation of trapped
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charges and charge tunneling (Fowle-Nordheim tunneling) from the metal contact
into the HOMO and LUMO level of the polymer. Carriers injected by the electrode
have to overcome or tunnel through the barrier of the schottky junctions formed at
metal-organic interface. In our case, these barriers are formed at the PEDOT-P3HT
interface and the PCBM-AI interface, which are all small barriers (less than 0.3 eV)
and at room temperature, they will not dominate the I-V characteristic. This is con-
sistent with our reported low contact resistance values compared to series resistance
value,

Once the charge carriers are injected, their transport through the polymer lay-
er towards the opposite electrode is determined by the conduction properties of the
material itself. The transport in bulk is mainly explained using Ohmic conduction
at low voltages due to thermally excited carriers hopping from one isolated state to
the next and the space-charge-limited current (SCLC) due to carriers injected into
the polymer from the contacts [32]. In the P3BHT:PCBM solar cell, P3HT and PCB-
M form the percolated paths, and the charge carrier transport through these paths.
The holes are supposed to flow through PSHT channels and electrons through the
PCBM channels [46]. The transport of carriers in these separated channels is limited
by their own mobility and the total current will be limited by the one with lower
mobility value, which is P3HT in our case. Generally, the charge carrier mobility
in the organic polymers is very low. Low charge carrier mobility is related to struc-
tural disorder. In fact, as with inorganic amorphous semiconductors, conduction in
such relatively disordered materials is mostly a function of "mobility gaps” [47] with
phonon-assisted hopping, polaron-assisted tunneling, etc. between localized states.
However, the interaction between P3HT and PCBM molecules cannot be simply ne-

glected. The electrons and holes recombination is very likely to happen during the
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separated transport process. And if the bulk material was too thick, most carriers
will end up recombine before they get to the electrode. As shown in the devices with
active layer thicker than 80 nm, the total resistance went up exponentially. This is

due to the charge carrier recombination effect.

2.4 Resistance of Pure P3HT and PCBM

To further investigate the conduction mechanism of P3HT/PCBM OSCs, the con-

ductivity of pure P3HT and PCBM was measured.
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Figure 2.7: Rg of P3HT device(ITO/P3HT/Al) with different P3HT layer thicknesses.
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Fig shows the resistance of pure P3HT device. The device geometry is I-
TO/P3HT/AL and they were all annealed at 130 °C for 2 mins in air. The resistance
increases with thickness of PSHT and shows two increasing trend. This can be ex-
plained by the charge carrier recombination effect. For active layer thicker than 100
nm, most charge carriers will end up recombining instead of being collected by the

electrode. The contact resistance of pure P3HT device is 1.9 Qem?.
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Figure 2.8: Rg of PCBM device (ITO/PEDOT/PCBM/AI) with different PCBM

layer thicknesses.

Figure is the resistance of pure PCBM device. The device geometry is I-
TO/PEDOT/PCBM/AI and they are all annealed at 130 °C for 2 mins in air. The
PEDOT is used here to prevent the shorting of the two electrodes. A steady increase

of resistance with thickness is observed. Due to the limitation of PCBM solubilities
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in chlorobenzene, the most thick film obtained was around 85 nm.

The series resistance of both P3HT and PCBM devices show a very low value (less
than 5 Qem?) for devices with active layer thinner than 100 nm. The resistance of
P3HT and PCBM show an increasing trend with thickness. The resistance of pure
PCBM devices increases linearly with thickness. The increasing trend of the pure
P3HT devices can be described as two different increasing regions, mainly due to the

recombination effect.
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Figure 2.9: Curve fitting for P3HT devices (ITO/P3HT/Al) with different active
layer thicknesses.

As shown in Figure 2.9] the increasing trend of P3HT resistance can be divide

into two region with different slopes. For deice thickness below 110 nm, the slope
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is low; for device thicker than 120 nm, the slope suddenly increases. This can be
explained by the limited diffusion length of P3HT. When the thickness of the active
layer is within the diffusion length, the recombination of carriers are limited and the
resistance reflects the resistivity of PSHT under low transport loss condition; when
the thickness of the active layer surpasses the diffusion length, the recombination
begins to dominate. The more charge carriers end up recombining, the less charge

carriers are collected by the electrode, and thus the resistance increases dramatically.
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Figure 2.10: Reisitivity of P3BHT device (ITO/P3HT/Al) with different P3HT layer

thicknesses.

The 120 nm cross point can more easily be seen on the P3HT resistivity diagram

as shown in Figure [2.10, By subtracting the contact resistance and taking into con-
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sideration the thickness of the P3HT layer, the resistivity of PSHT can be calculated.
When the active layer is thinner than 120 nm, the resistivity of PSHT does not vary,
which is normal, because resistivity should not vary with thickness of the material
for most crystals. However, this rule does not apply in the conjugate polymer case.
For active layer thicker than 120 nm cases, the resistivity grows rapidly. The same
explanation can be applied here. That is the rapid increase of resistivity is due to the
dominating recombination effect.

On the other hand, the contact resistance of pure PCBM device is 0.9 Qcm?, less
than the value of P3HT which is 1.9 Qem?. Both contact resistances contribute a big
fraction in series resistance (1 to 4 Qcm? for device with active layer thinner than
100 nm), indicating the existence of charge carrier barrier at the interface between
the electrodes and the organic materials and the interface of the active layer and

functional layers.

2.5 Conclusions and Future work

The summary of our findings of the resistance measurements:

e We have shown a the resistance level of a PBHT:PCBM solar cell device is
around 10 to 20 Qem?. The values are mainly depend on the active layer

thickness.

e We have extracted the two components of the series resistance: which are bulk
resistance and contact resistance. Bulk and contact resistance consist of 80 %
and 20% of the series resistance, for an annealed PSHT: PCBM device which has
an active layer thickness of 85 nm chosen for the highest efficiency. Compared

with the bulk resistance, the contact resistance is relatively smaller but still not
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negligible.

e Thermal annealing of the devices reduces both contact resistance and bulk re-
sistance: a factor of 8 for the bulk resistance, and a factor of 2 for the contact

resistance(85 nm device). The factors depend on the active layer thickness.

e The contact resistance of pure PCBM device is around 1 Qem?, less than the
value of P3HT which is around 2 Qem?. Both materials’ bulk resistance is less

than 5 Qem? for thickness less than 80 nm.

e In both solar cell device and pure P3HT case, for films thicker than 80 nm, the
bulk resistance increased rapidly, suggesting a rapid increase of charge carrier

recombination rate when the active layer thickness are beyond 80 nm.

Series resistance has a big impact on fill factor which directly affects the efficiency.
As to the P3HT:PCBM solar cell, Jonathan et al. have shown by modeling that, for
R, = 100 Qcm?, n = 1.0 %; Ry = 10 Qcm?, n = 4.3 %; Ry = 1.4 Qem?, n = 5.2
%; Ry = 0 Qem?, n = 5.3 % [48]. Noted that the modeling result is based on the
same diode equation (Equation as we used in this thesis. The photo current,
the reverse saturation current, the shunt resistance and the ideal factor are set to
experimentally measured values for P3BHT:PCBM solar with n = 5 %. It is obvious
that for PSHT:PCBM solar cell, the current value of 10 to 20 Qcm? is still too
high. A boost of 1 % efficiency could be realized if we manage to decrease the series
to the 1 Qem? level. It can also be seen that if R, is smaller than 1 Qem?, further
reduction of R, inducing improvement on efficiency is negligible, based on the current
P3HT:PCBM solar cell performance.

The decrease of series resistance has to come from the reduction of both bulk

resistance and contact resistance. As we have shown in conclusion (2), bulk and
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contact resistance consists of 80 % and 20% of the series resistance. The major
reduction has to come from the bulk resistance part. We have shown that thermal
annealing greatly reduces bulk resistance. Basically what thermal annealing does
is altering the morphology of the active layer. In other words, the reordering of
molecular: chains of P3HT relaxes and extends and the PCBM molecules closely
packed to the chains. Other techniques that currently have been used to control
the morphology are either using different solvent, or varying treatment conditions
such drying atmosphere, speed, annealing time, etc. All these techniques have been
heavily investigated, and the best efficiency performance has been pushed to 5 %.
Another way we suggest is to focus on the PSHT and PCBM molecules, especially
P3HT. As its long chain is crucial in the charge transport process, we could chemically
increase the chain length, to ensure the formation of the network in the active layer
for charge carrier to transport. As to the decrease of contact resistance, the current
trend is to add another layer (LiF) under the Al contact to enhance the charge carrier
collection. Further research could be conducted on the effect of adding additional layer
on contact resistance values and optimizing post electrode deposition treatments to
further reduce contact resistance.

One may think that reducing the 10 to 20 Qcm? series resistance level to 1 Qem? is
enough, as further reduction of the resistance provides very little efficiency increase.
However, the 10 to 20 Qem? series resistance level is the series resistance for device
with about 80 nm to 100 nm thick active layer. The efficiency drops rapidly for
devices with an active layer thicker than 100 nm. This is due to the rapid increase of
resistance after certain thickness. With thicker device, more photons will be absorbed,
which ideally will lead to an increase in efficiency. However, the efficiency turns out

to be decreasing. The explanation is that the increasing recombination rate, causes
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most of the charge carriers to end up in recombination instead of being collected
by the electrodes. The next step of resistance reduction should be focused on this
recombination issue. Doubling of the photocurrent density without the increase of
resistance will directly double the efficiency. Basically there are two ways to solve
this problem. One is to reduce the distance by inserting the electrode into the active
layer, collect the charges before their recombination. The other way is to directly
increase the diffusion length of the charge carriers to increase either its life time or
increase its mobility. The first method can be implemented but it might also increase
the complexity of fabrication process. The second method is a more direct way to

solve the problem.



Chapter 3

Origin of Vo

3.1 Statement of the Problem

Although factors influencing V¢ are still not fully understood, it is generally believed
that the energy level offset between the HOMO of the donor and the LUMO of
the acceptor (E5ouy0 - Eivyo) minus the exciton binding energy (E,,) directly
determines the value of Voo [28]. Studies on different donor/acceptor systems have
been reported [28,149,50]. In 2006, Scharber et al. [28] studied 26 different organic
solar cells (different donor materials and PCBM) and suggested that Vpo should be
linearly related to (E5ou0 - Efviro) and an offset for bulk heterojunction devices.
Rand et al. [49] investigated different small-molecular donor/acceptor systems and
also obtained a similar relationship without an offset. All above could be summarized

in the following equation:

Voc = Efono — Etvmo — Fea (3.1)

Barry et al. [50] proposed a modified explanation of almost the same equation

42
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Equation, claiming that it would only determine the maximum Vy¢.

quj%aI = EI?OMO - EfUMO — Ee, (3.2)

In 2008, Potscavage et al. [51] further modified the relationship by studying the
Voe of multilayer heterojunction organic solar cells.

Voo = 25 (ERowo ~ Blusio) — nkTin() (33
n sc

Note that the second term on the right hand side of Equation |3.3|is based on the
values of the reverse saturation current density (Jyo). n is the ideal factor. n’ is the
ideal factor take into consideration of the effects such as vacuum level misalignments
at the heterojunction caused by energy level bending and interface dipoles and the
formation of charge-transfer states. The (E5,,0 — EEro10) term is renormalized
by ideality factor n’. k is Boltzmann constant, 7" is temperature.

However, comparison of measured Voo with theoretically calculated Ve based on
the (E9ouo0 - Efvuo) can not explain the complexity of Voo. Many other factors,
such as the film thickness, illumination intensity and temperature dependance can not
be explained by these empirical formulas. Hence, further research work is required to
understand the mechanism which drives the Ve of organic solar cell devices.

To study the origin of Voo of PSHT/PCBM solar cells, a study of the HOMO
and LUMO levels and exciton binding energy of P3HT and PCBM at different tem-
peratures were conducted to better examine the empirical equations. Ultraviolet
Photoelectron Spectroscopy(UPS) was used to measure the HOMO levels of P3HT
and PCBM in the temperature range from 25 °C' to 145 °C. The UPS measured
HOMO and LUMO levels and the measured Voo [52] were compared. The exciton
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binding energy was also measured to further examine the reported empirical formulas.

Results have been published in IEEE Journal of Photovoltaics [53].

3.2 Experiments

The samples for UPS measurements were prepared by following steps: P3HT, PCBM
and their blend solutions were spin-coated on a heavily arsenic doped (1.06 x 10
/cm?) n-type Si substrate. These substrates were cut into 15 x 15 mm? and cleaned
using Radio Corporation of America (RCA) cleaning procedure. P3HT, PCBM and
their blend were dissolved in chlorobenzene 24 hours before the fabrication process.
The solution concentrations were all 2 wt. %, and were spin-coated on the RCA
cleaned wafers at 900 rpm for 1 minute. Then the samples were baked in a vacuum
oven at 60 °C for 30 minutes. Finally, the samples were annealed at 130 °C for 2
minutes in air.

UPS measurements were then carried out in a vacuum chamber after the samples
were exposed to ambient conditions for at least two days during shipping. [[] UPS
measurements were performed in the dark on a Kratos AXIS-165 multi-technique
electron spectrometer system with a base pressure of 5 x 10719 Torr. UPS data were
collected with a He lamp source which produced a resonance line He I (21.21 eV) by
cold cathode capillary discharge. The spectra were acquired using hybrid lens that
focused the ejected electrons into the Kratos spectrometer. A bias of - 20 V was
applied to the sample to shift the spectra out of the nonlinear region of the analyzer
(0 - 10 eV kinetic energy). The energy resolution was determined at the Fermi edge

of a clean Ag foil to be better than 150 meV.

LA collaboration was established with Professor Louis Scudiero’s group of Washington State
University
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3.3 Data Analysis

3.3.1 Capacitance Measurements for Exciton Binding Ener-

gy Calculation

The capacitance of OSCs was measured to calculate the permittivity for the investi-
gation of the origin of Vpo. The capacitance of OSCs were measured by HP 4275A
Digital LCR Meter.

Figure [3.1]is the measured capacitance of P3HT/PCBM solar cell at different bias

voltages.

—+— Capacitance of P3HT:PCBM solar cell
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Figure 3.1: A typical C-V characteristic curve of P3HT /PCBM BHJ solar cell

The trend of the capacitance could be explained by introducing the schottky diode
model as shown in Fig3.2}

The depletion capacitance (Cy) follows the relation as Equation shows.
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Figure 3.2: Equivalent circuit model of a schottky junction

C, = A[Q%O&Nd } ) (3.4)

(V = Vi)
Cy is the depletion capacitance which is caused by the depletion region. R, is the
diode resistance. Rg and Lg are series resistor and inductor of the device. Cyeorm is
the geometry capacitance determined by the structure of the device such as the area
of contact. Note that Ny is the doping concentration and Vj; is the built-in voltage.
At high reverse bias, V < V};, the organic layer becomes fully depleted, and Cy
decreases dramatically. However, the total capacitance will not drop to 0 because
the capacitance levels off to the geometric value Cyeom. The Cyeom could be used
to calculate the permittivity. At potential slightly negative to the built-in voltage,
the C-V characteristic shows an increasing trend as shown in Equation [3.4] following
the schottky diode behavior. The capacitance peak position reveals the V;;. At V
= Vi (flat-band conditions) the depletion layer adjacent to the organic/Al contact
disappears and the neutral region extends along the whole bulk. The Schottky barrier
vanishes at V > V};, the device capacitance keeps deceasing as electrons are injected
into the LUMO of PCBM. It is then expected that the device capacitance is governed
by a chemical capacitance due to the excess minority carriers 3254, 55].

In order to calculate the permittivity of P3HT for binding energy calculation, the
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geometric value Cyeop, is collected.

EPSHT * €0 S
Cyeom = ST (3.5)

With the area of the device, S, and the thickness of the device, d, the permittivity

can be calculated.

3.3.2 HOMO LUMO levels and Exciton Binding Energy

To calculated the Ve from Equation HOMO level of the donor (ionization
potential of P3HT) and LUMO level of acceptor (electron affinity of PCBM) are
required. The HOMO levels of both materials were obtained via UPS measurements
as a function of temperature ranging from 25 °C to 145 °C. The LUMO levels of PCBM
are then obtained by subtracting the band gap energy from the HOMO levels. The
values of HOMO of P3HT and LUMO of PCBM are shown in Figure [3.3]
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Figure 3.3: Ionization energy of PSHT (Ipp) and electron affinity of PCBM (E44)

as a function of temperature ranging from 25 °C to 145 °C.
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The exciton binding energy value we used for the V¢ calculation can also make a
difference for the Voo comparison. For P3HT /PCBM system, it is a common practice
[28,56,57] to set the the exciton binding energy as 0.3 eV. The V¢ equals ionization
potential (Ipp) - electron affinity (F44) - 0.3 eV. However, it is very likely that the
exciton binding energy is also temperature dependent. The exciton binding energy
origins from the Coulomb force between the electron and hole E,, = €?/4mege,d with
e, the elementary charge, gy, the vacuum permittivity, €., the dielectric constant of
the organic material, and d, the initial distance between the electron and the hole,
d was set to 2 nm in this calculation. With specific dielectric constant and distance
selected, the Coulomb interaction energy can be calculated, and W. J. Grzegorczyk

et al. reported values between 0.2 to 0.4 eV [58].
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Figure 3.4: (a)The capacitance of P3HT in the temperature ranging from 25 °C to
145 °C. (b)The permittivity of P3HT from 25 °C to 145 °C. (c)Calculated exciton

binding energy with the measured permittivity of P3HT.

The permittivity was then obtained by measuring the capacitance of pure PSHT
device. (P3HT was spincoated on ITO coated glass and then Al was deposited to
create a parallel capacitor). The capacitance was measured from 25 °C and 125 °C,
as shown in Figure (a). As the capacitance of a parallel capacitor is given by
C = e, A/l, with A, the area of the parallel capacitor and [, the distance between
the two plates(A = 0.12 em? and [ = 81 nm), the permittivity of the dielectric can be
calculated as shown in Figure (b) The exciton binding energy was then calculated
as shown in Figure [3.4[c). Note that the measured permittivity is a bulk value at the

thickness of around 100 nm and may be different at a separation distance of 2 nm
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between the electron and the hole.

3.4 Discussion

The Vo was then calculated using Equation and compared with the experimen-
tally measured Voe as shown in Figure [3.5
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Figure 3.5: Comparison of calculated and experimental values of Ve as a function
of temperature.

Figure is the comparison of the measured value of V¢ and the calculated value
of Ve as a function of temperature. A clear linear relationship of the experimental
value of Voo with temperature is observed. A monotonic decrease of V¢ is noticed
with increasing temperature for a total decrease of about 0.1 eV. The calculated
Voc shows a nonlinear increasing trend. There are two major differences between
the calculated and the experimentally measured Vpe. First, the calculated value is

different from the value obtained experimentally. The two curves only overlap at
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one temperature point. Secondly, they show completely different trends. This drastic
difference between calculated and measured values of V¢ as a function of temperature
indicates strongly that factors other than the offset between HOMOp and LUMO 4
affect the open circuit voltage of the device in the temperature range from 25 °C to
145 °C. Possible factors could be (1) the effect of electrode that is neglected here in
this study and (2) the barrier of metal-organic interface that could play a key role in
the origin of Vo and its temperature dependence. These factors are not considered
in Equation [3.1] Modification of the equation is needed to better fit the calculated
and experimentally measured values of V¢

By using Equation Potscavage et al. [51] introduced the term nkT'n(Jy/Jsc)
into the calculated Voo to take into consideration of the electrode factors and the
interface factors. Jy, is the constant term indicating the reverse saturation current,
and Jg¢ is the short circuit current for the device. We calculated the Vo again and
compared with the previous ones, as shown in figure 3.6

As shown in figure [3.6] the two calculated Voo have little difference, indicating
the new term nkTIn(Joo/Jsc) is not large enough to compensate the increasing trend
of ERoyo — Efvao- Several assumptions have been made when Potscavage et al.
deduct Equation [3.3] which can not be accepted in the P3BHT:PCBM solar cell case.

Potscavage et al. applied the one diode model showm in Equation [2.1] in their
theory. At the V' = V¢ point, I = 0, Equation becomes:

aVoc—1Rs)

0= IL — ]0[6 nkT — 1] — VOC/Rsh (36)

Which can simply be written as:

q

Voc
[0[6 nkT  — 1] = [L — VOC/Rsh (37)
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Figure 3.6: Comparison of calculated Voo with experimental measured values of Vo
as a function of temperature.

From the data collected from the PSHT:CPBM solar cell produced in our labs,
and also other work which reports the performance parameters of the PSHT:CPBM
solar cell [48]. Iy is in the range of 10 mA - cm™2, Ry, is around 4000 Qcm?, Voo
= 0.65 V, Voc/Ra, = 0.175 mA - em™2, much smaller than the value of I, as 10

mA - em™2, so the term Voo /Ry, can be neglected.

qVoc _
nkT

In(I,/To + 1) (3.8)

As IL %ISC > Io,

qVOC = nlen(]Sc/]O) (39)

The assumption Potscavage et al. made was that
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D A
Egomo-FLumo

I() = ]006 nkT (310)

They considered the value of effective bandgap, A¢ is equal to ER ;0 — Eivuro-
In a inorganic solar cell, Si solar cell for example, effective bandgap is the bandgap of
the Si; in an organic solar cell, it is fairly reasonable to think that (EL,,,0 — Eivao0),
which is offset between donor HOMO levels (similar to conduction band) and the
acceptor LUMO levels (similar to valence band), would be the effective bandgap.

With this assumption, the equation becomes:

I
¢Voc = (Efono = Ervmo) — nlen(%) (3.11)

With the ideal factor corrected, Equation [3.11]is the same with Equation (3.3

The key assumption is [, = Iooew. Potscavage et al. proved this
empirical relation of A¢p = ELy,,0 — Evao by fitting a pentacene/Cgy solar cell’s
I-V characteristics. The relationship was correct for the material system, they then
assumed all other donor acceptor systems would follow the same A¢ = EE,,,o —
Ef o trend.

However, recent researches have shown that for different material systems, A¢
could be & 0.1 eV off with ER,,,0 — Eii a0 at room temperature, and the offset is

even larger at higher temperature [59]. The temperature dependance offset between

A¢ and EEqy0 — Efvaro, named Aé(T)', should be added into Equation .

n J
oo = Sl Efowo — Flowo) = AT = nkTin(32)  (3.12)

Our fitting results of PSHT:PCBM solar cell also proved that an extra A¢(T)" is

needed to compensated the offset, as the calculated Voo from Equation [3.3| can not
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fit with the experimental data.

Several models have been introduced to explain why E5q,0 — Efyao is not the
effective bandgap in organic solar cells.

(i)Disorder induced tail state model. The tail states are density of states tail ex-
tended from HOMO and LUMO levels into the bandgap. Disorder induced tail states
have been reported in several organic materials [60-62]. The value of the HOMO
and LUMO level is often determined by means of photoemission yield spectroscopy,
but the disorder induced tail states decline rapidly as the tail extends deeper into
the bandgap, which is eventually beyond the range that the instrument can detec-
t. However, the presence of the disorder induced tail states will trap charge carrier
and decrease the potential difference. Therefore, the effective bandgap of organic
materials is smaller than (E5 .0 — Efvio)-

(ii)Charge Transfer state, or CT state model [63-66]. CT state complexes are
interfacial electron hole pairs residing at the donor acceptor interface. In a donor
acceptor system, once an exciton reaches the donorCacceptor interface, it faces two
kinds of energy states: the acceptor singlet state and the CT state. If the energy of
the acceptor singlet state is lower than that of the CT state, energy transfer from
donor to acceptor will occur. In this case, CT states will not affect V. If the energy
of CT state is lower, the exciton will populate the CT state, and the newly formed
CT exciton will then either decay to the CT ground state or dissociate into polaron

pairs. In this case, CT states will affect Vpc.

3.5 Conclusion and Future work

The Voo of organic solar cells is dependent on many factors. Temperature, illumi-

nation intensity, the work function of the electrode, and material microstructure are
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particularly important among these factors. We have used the Ve dependence on
the temperature factor to study the relationship between (E55,,0 — Efio) and
Voc. The HOMO and LUMO levels of P3HT and PCBM have been measured via
UPS. Different empirical equations were used to calculate Voo and the results were
compared with the measured Ve of P3BHT:PCBM organic solar cell devices. The
calculated Voo does not match with the measured Voo due to Voo loss mechanism
and empirical equations fail to take into consideration. In organic solar cells, V¢ can
be generally estimated to the scale of the difference between the HOMO level of the
donor and the LUMO level of the acceptor with certain amount of loss (usually 0.3
eV in the P3BHT:PCBM solar cell case). However, complex loss mechanisms due to
disorder induced tail state and charge transfer state have to be take into consideration
for exact computation of Vpo. In the disorder induced tail state model, the loss is
mainly through electron tail states in the acceptor and hole tail states in the donor,
whereas in the CT state model, the loss is directly through CT states at the donor
acceptor interface. While both models can explain the Vpe to some extent, further

research work is needed to gain a deeper understanding of both models.



Chapter 4

Thermal Conductivity Study of

Organic Solar Cell Materials

4.1 Background

Organic polymers have received attention as protential thermoelectric materials very
recently [67-69], base on the the fact that they are semiconducting and that they
could exhibit relatively low thermal conductivities. Disordered polymeric chains often
exhibit thermal conductivities an order of magnitude smaller than that of silica glass
[69-74]. Thermal characteristics of polymeric thin films are very sensitive to the
arrangement of the molecular chains. For example, well-aligned polymeric chains
can exhibit exceptionally high thermal conductivities [75], in stark contrast with the
disordered polymeric chains described above [69-74]. In disordered polymeric films,
thermal conductivities exhibit temperature-dependence that are typical of amorphous
solids, and heat transfer is limited by a random walk of localized energy on the
time and length scales of atomic vibrations and interatomic spacing, respectively

[76-78]. Thermal annealing of common bulk heterojunction blends can lead to the

56
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alignment of polymer chains and the formation of large crystallites [79,80], further
demonstrating a need for the adequate thermal characterization of these materials.
The issue of molecular arrangement is of particular interest in the context of the
present material systems (e.g., PSHT:PCBM blends) as thermal annealing of common
bulk heterojunction blends can lead to the alignment of polymer chains and the

formation of large crystallites [79,80].

4.2 Experiments

[

We measured the thermal conductivities of PCBM, P3HT, PSHT:PCBM blend,
and PEDOT:PSS thin films as a function of temperature from 319 to 396 K. Experi-
mental details have been described in [81}82].

The organic thin film samples were prepared according to the following procedure:
indium tin oxide (ITO) coated glass substrates (provided by Delta Technologies) were
first cleaned with acetone and isopropyl alcohol and subsequently dried in air. Highly-
conductive PEDOT:PSS provided by H.C. Stark was then spin-casted (4000 rpm)
on these substrates from aqueous solution. The PEDOT:PSS films had an average
thicknesses of 56 nm, and were baked for 15 minutes at 110°C' in air. Of these
substrates, one was set aside to serve as the PEDOT:PSS reference sample, while the
others received further processing. For the PCBM, P3HT, and blend films, P3HT
and PCBM (provided by Sigma-Aldrich and Nano-C, respectively) were dissolved in
chlorobenzene 24 hours before fabrication. The PCBM, P3HT, and blend solutions

were 1wt % and the blend solutions were composed of a variable ratio of P3HT to

'For thermal conductivity measurements, a collaboration was established with Professor Patrick
Hopkins’s group of UVa, all thermal measurements were carried out by John Duda in Professor
Hopkins’s laboratory.
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PCBM (10:90, 45:55, or 90:10). The solutions were then spin-casted at various speeds
on the PEDOT:PSS coated substrates, producing film thicknesses from 25 to 200 nm.
All but one series of PBHT:PCBM blend films were annealed in air at 130°C' for 2
minutes. A nominally 80 nm thick Al film was then deposited on the films (including
on the PEDOT:PSS reference sample) via electron beam evaporation.

The thermal conductivities of these films were measured by TDTR (Time-domain
Thermo Reflectance), a non-contact, pump-probe optical thermometry technique [83-
86]. In short, TDTR is a pump-probe technique in which 100 fs laser pulses emanate
from a Spectra Physics Tsunami at an 80 MHz repetition rate. The time delay of
the probe pulse reaches the sample relative to the pump pulse was achieved by way
of a mechanical delay stage (for a maximum delay of ~ 5.2ns). Our pump and probe
spots are focused to 1/e* radii of 25 and 12 pm at the sample surface. At these
sizes and at the 11.39 MHz pump modulation frequency we are negligibly sensitive
to any in-plane transport in the films, thus decreasing the uncertainty associated
with determining the cross-plane thermal conductivity [87]. A total of six TDTR
measurements were carried out on each film at ambient temperatures from 294 to 375
K in a cryostat with optical access that is kept under vacuum (< 1.0 mTorr). The
maximum temperature was limited to 375 K to prevent the melting of or structural
changes to the polymers [79]. In addition, the total incident laser power was limited
to ~ 20mW,; still, due to the low thermal conductivity of thermal sink (glass base

plate), the temperature rise due to the incident laser beams was ~ 22 K [83)].

4.3 Results and Discussion

Thermal conductivities of the PEDOT:PSS, P3HT, and P3HT:PCBM blend films

are shown in Figure [£.1] In addition, we plot the thermal conductivity of amorphous
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carbon from Ref. 88 (p = 0.9 g cm™?), thin film PCBM from Ref. [82], and a previous
room temperature measurement of PSHT from Ref. 89, The thermal conductivities
of P3HT (0.185 4+ 0.011 Wm™! K_l) near room temperature are in good agreement
with those previously reported (see Refs. [74,189]). Also in Figure we report
data on PCBM films with different thicknesses and processing conditions than those
reported in Ref. [82]. At this time, we do not understand the origin of the variation in
thermal conductivities of the different PCBM films. However, we speculate that the
different processing conditions and substrates can lead to different packing densities
or inhomogeneities in the structure or composition in the spin-casted PCBM films.
This could be reflected in the variations of heat capacities that we inferred from our
TDTR data. Even still, PCBM films represent ultra-low thermal conductivity solids,
as we discuss in detail in Ref. |82l

Also shown in Figure 4.1] is that annealing PSHT:PCBM blend films can lead
to an increase in thermal conductivity of approximately 40 %. This correlates with
the evolution of P3HT:PCBM morphology during annealing as increased molecular
mobility will lead to P3HT crystallite formation and PCBM aggregation [80,/90].
However, we believe that any increase in thermal conductivity is due to alignment

alone and not aggregation.
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Figure 4.1: Thermal conductivities of the PEDOT:PSS, P3HT, PCBM, and
P3HT:PCBM films, along with previously published thermal conductivities of amor-
phous carbon (dashed line), thin film PCBM (open squares), and P3HT (open cir-
cle).[81]

From the plot, it is clear that while thermal annealing can lead to increase in the
thermal conductivity, this effect is variable and a large discrepancy is found among
the thermal conductivities of 45:55 blends (which are horizontally offset in the figure
for clarity). At present, we are unsure of the cause for this variability, though we
hypothesize that our annealing procedure led to different degrees of polymer alignment
within those films [90]. Also of interest is the fact that a rule of mixtures holds for the
thermal conductivity of polymer-blend thin films, as opposed to the dramatic decrease

in thermal conductivity observed in bulk and thin-film semiconductor alloys [91,/92].
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Figure 4.2: Thermal conductivities of the PSBHT:PCBM blend films as a function of

weight percent P3HT.[81]

Filled squares represent data taken from annealed samples and hollow circles from
unannealed samples. The dashed line is a linear interpolation between the conductiv-
ities of pure PCBM and P3HT thin films fabricated in an identical fashion. The data
suggest that a rule of mixtures applies, where thermal conductivity is a linear function
of film composition. The three measurements taken on annealed 45:55 blends have
been (horizontally) offset slightly for clarity

In agreement with the literature reporting on the structure of PCBM films pro-
cessed via chlorobenzene solution [79,93|, the observation of distinct rings in the
diffraction pattern generated by electron beam diffraction (shown in Figure con-
firmed the microcrystallinity of the films. As one might expect, the diffraction pat-

terns also indicate that annealing lead to further crystallization.
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Figure 4.3: Electron diffraction patterns of (a) unannealed and (b) annealed PCBM
films. Note the rings in diffraction pattern from the annealed sample are more distinct

than they are in the unannealed sample, indicating an increase in crystallinity.[81]

Finally, the thermal conductivities of P3HT films near room temperature (319
K) are plotted as a function of film thickness in Figure 4.4, Conductivities of films
77 to 200 nm thick) range from 0.185 & 0.011 to 0.213 £ 0.013Wm~'K™*. The
relatively small changes in conductivity with film thickness, together with the non-
monotonic trends, suggest that the “thinness” of the films is not responsible for the
low thermal conductivities (boundary effects would scale with thickness). This lack of
size dependence is consistent with earlier observations of the thermal conductivities
of CuPc [73] and PCBM [82] thin films. Furthermore, this reaffirms our treatment of
the polymer films as semi-infinite in our thermal model despite their relative thinness
(the thermal penetration depth at our modulation frequency is roughly 60 nm in the
P3HT films). The data is thus consistent with the picture that thermal transport in

polymeric films is dominated by a random walk of vibrational energy.
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Figure 4.4: Thermal conductivities of P3HT (filled circles), CuPc (hollow squares)

and PCBM (hollow diamonds) films as a function of film thickness.[81]

4.4 Conclusions

In the thermal conductivity of organic materials study, the thermal conductivities
of PEDOT:PSS, PCBM, P3HT and P3HT:PCBM blend thin films were measured
by time domain thermoreflectance. The thermal conductivities of these films are
insensitive to changes in temperature from 319 to 396 K. The thermal conductivities
of blend films follow a rule of mixtures and thermal annealing of these films leads to
an increase in thermal conductivity. The thermal conductivities of PSHT thin films
exhibit no sign of size effects down to film thicknesses of 77 nm. At this time, we do
not understand the origin of the variation in thermal conductivities of the different
PCBM films. However, we speculate that the different processing conditions and
substrates can lead to different packing densities or inhomogeneities in the structure

or composition in the spin-casted PCBM films.



Chapter 5

Conclusions

This thesis is mainly about the investigation of the electrical properties of P3HT:PCBM
organic solar cells: the conducting mechanism is studied via resistance measurements
of the OSC devices and the origin of V¢ is investigated through ultraviolet photo-
electron spectroscopy (UPS).

In the conduction mechanism study, the investigation of the series resistance of the
OSC devices have been completed. Contact resistance and bulk resistance have been
extracted from series resistance measurements. Compared with the bulk resistance,
the contact resistance is relatively small but still not negligible. The effect of thermal
annealing was studied. Thermal annealing reduces the series resistance, especially
for devices with an active layer thickness greater than 80 nm. This is because the
diffusion length of charge carriers in P3HT:PCBM solar cells is around 80 nm. For
devices thicker than 80 nm, recombination can be expected to increase rapidly, which
will lead to a rapid increase of series resistance. Thermal annealing of the devices
reduces both contact and bulk resistance: the contact resistance dropped by a factor
of 2, while the bulk resistance dropped by a factor of 8. This factor depends on the

active layer thickness. Further research work is suggested on the effect of adding
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another layer on contact resistance values and optimizing post electrode deposition
treatments to further reduce contact resistance.

In the origin of V¢ study, the HOMO and LUMO levels of P3BHT and PCBM have
been measured, and then the calculated Voo and the measured Voo were compared.
The Voo of P3HT/PCBM solar cell steadily decreased linearly when increasing the
temperature between 25 °C and 145 °C, while the V¢ calculated by using the offset
between HOMOp and LU MO 4 showed a non-linear increasing trend. Other possible
factors such as the effect of electrode and the barrier of metal-organic interface could
play a key role in the origin of V¢ and its temperature dependence. Further research
work on the effect of illumination on the energy levels and electrode-organic interface
is described.

The results of thermal conductivity of organic materials and investigation of fem-
tosecond laser interaction with fused silica are presented. In the thermal conductivity
of organic materials study, the thermal conductivities of PEDOT:PSS, PCBM, P3HT
and PSHT:PCBM blend thin films were measured by time domain thermoreflectance.
From 319 to 396 K, the thermal conductivities of these films were found to be in-
sensitive to changes in temperature. The thermal conductivities of blend films follow
a rule of mixtures and thermal annealing of these films leads to a variable increase
in thermal conductivity, which we attribute to changes in morphology that results
from the annealing. Lastly, the thermal conductivities of P3HT thin films exhibit no
sign of thickness effects down to film thicknesses of 77 nm. The room-temperature
thermal conductivities of PCBM thin films are the lowest reported of any fully dense
solid.
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