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Abstract

This thesis incorporates the investigation of two methods for molecular control of the nano
morphology of opteelectronic devices. Firstly, a photocrosslinking mettiod creating
insoluble semiconductor layers suitable foganic photovoltaic devices. A large series of
squaraine based semiconductors are investigated in a bulk heterojunction device. This approach
is extended to diketopyrrolopyrrole and naphthalene diimide semiconducting cores. Detailed
study of the materialslm structure is carried out.

The second approach is an investigation of the applicability of latent pigments for organic opto
electronics. A series of organic photovoltaics are produced in planar bilayer and bulk
heterojunction architectures. The thilmfidevices are tested with a variety of interlayers and
processing parameters. The control of the nanostructure of these thin film devices is examined
with X-ray studies. Incorporating-Kay reflectivity, Specular-xay, Gradient temperature- X

ray and grang wide angle xay studies. In this manner the bulk and interfaces of thin film
devices can be examined and characteriBled latent pigment approach is also applied to the
field of organic field effect transistors as the active semiconducting layeisdlent resistant
nature of a parent semiconducting pigment shows a substantial benefit to the fabrication of
such devices. The unique crystalline rearrangement which occurs upon deprotection of a latent
pigment results in an improvement in charge camebility of up to three orders of magnitude
while extending the processing possibilities of the subsequent deposition steps required to

complete an organic field effect transistor

These two techniques are developed with the thoughts of indestmglatibility in mind. As

such, a novel synthetic method for facile, cheap, and environmentally friendly production of
organic semiconductors is explored. A micellar reaction environment is created through the
use of the common surfactant and drug excigi@iliphor EL. The unique oxygen free core

of this surfactant offers a new environment for carrying out common cross coupling reactions
such as Suzuliliyaura, Stille and Heck reactions in air and water at ambient temperature.
High Yields of over 90% areecovered for complex organic semiconducting cores. The
versatility of this approach is extended by the use of toluene asawvemt. This cesolvent

system results in the development of an emulsion which can be used to perform complex
chemistries. Emuisen chemistry offers a unique way to synthesis complex organic

semiconductors with low metallic catalyst loading at high yield.
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Chapter 1 Background and introduction to solar applications.

Organic devices

Chapter 1 Background andntroduction tosolar applications

1.1 Solar as an alternative energy source

The state of the environment is a matter of worldwide concern. The challenge of developing
energy isintrinsically linked to the environment. Roughly 80% of all current energy sources
are derived from fossil fuelsFossil fuels have proven to be very useful energy providers.
Unfortunately, they have some issues. The sourcing, refining, and burning of fossil fuels results
in the production of carbon dioxide and other greenhouse gases which contribute to the
greenhous effect. The limited supply and difficult access to fuels such as oil and gas often
require offshore drilling and environmentally expensive transportation systems to be
developed. Not to mention the unique geopolitical situation that often surroundpasitd.

These negative aspects of fossil fuels have driven research into investigating green renewable
energy sources such as wind, hydropower, biomass, geothermal and solar sources. Solar energy
has arguably one of the largest potentials of renewablg\eiseurces to date. In 2000 the

United Nations Development Programme estimated that between 1,575 and 49,837 exajoules
(EJ) of potentially useable energy irradiates the earth annually. This is many times the annual
global energy consumption. The use a$ tmassive source of free, clean energy could have a
large impact on the environmental footprint of global energy industry.

Solar energy, in a very general manner, can be harvested in two ways.

1) Concentrated solar power

2) Use of the photoelectric effect.

Coneentrated solar powdseen inFig. 1.1)is a relatively simple concept where solar energy
is concentrated into a focal point, often by large lenses or mirrors. The concentrated solar
energy irradiates a source of water or air, heating it. This powers stggimes or turbines

which can produce electrical energy.
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Chapter 1 Background and introduction to solar applications.

Fig. 1.1 Example of solar concentrator in Spain. The mirrors direct the solar energy onto the

water tower. The water powers a steam turbine to produce electrical ehergy.

The second method involves the use of organic and inorganic materials to carry out
photoelectric conversions by using the photoelectric effect. This method uses photovoltaic
devices to capture light and convert it to electrical current. fHtisnology is described in

detail below.

1.2 Photovoltaics a quick history

In 1839, Edmund Becquerel was attributed with the experimental discovery of the photovoltaic
effect. He discovered that useful electrical energy can be generated from sunlgjuieri@e

recorded small amounts of current being generated when certain materials were placed in an
electrolytic ceff. This work was later explained theoretically by Einstein in 9BBotons
incident on the metal contacts of Bewmomogsuerel 6
which instead of relaxing back to their initial state could be separated into a hole and an
electron. These free charges could then be collected at their respective contacts resulting in a
charge.

Photons have varying energies depending on the fregusnihe light. With sunlight, we
encompass ultraviolet (UV) to infrared (IR) wavelengths. Roughly 30% of energy from
sunlight is in the visible region of the solar spectrum whereas over 50% is in the IR region.
This 50% is usually too weak to generateeler i ci ty with todayébés tech
are being introduced with near infrared polymers for transparent photovd|taimaever the

visible and UV regions of the solar spectrum are energetic enough to be used for charge
generation.

In 1873, Willoughby Smith observed the photoconductivity of selenium while testing
underwater telegraph polesThree years later William Adams and Richard Day made the first
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Chapter 1 Background and introduction to solar applications.

solid photovoltaic cell from selenium with platinum contacts and a bottle neck opening for
light”.

The first largearea photovoltaic device was developed by Charles Fritts. It was made from
selenium on met al contacts in 1883, 44 year s

photoelectric effect. This cell reached power conversion efficiencies 8f 1%.

| t wasnot unt il 1954 before the world took r
to the world the firstihigh powered ( f o r sitichnesolar celtsesdirring The New York
Ti mes to forecast t hat sol ar cell s would | e:

suno.

Western Electric sold licences for silicon PVs in 1955 for small devices such as bl
changers. This marked the start of commerci a
when the US Vanguard | space satellite used solar powered radios that interest in solar power
began to peak.In the 1970s, photovoltaic research was further encouraged by an oil crisis that
highlighted the need for renewable energy sources. The race for higher efficiency silicon solar
cells began.

The first evidence of gitoconductivity in an organic compound was reported by Italian
scientist A. Pochettino in 1906 and German physical chemist Max Volmer in 1913 with work
on the polycyclic material, anthracéf¥. In the 1950s and 1960s the first work on organic
materials as photoreceptors was carried out which led to further study into photoconductivity
of organic materials, with notable input from Edwin Alan J. Heegerwhalin 1977 showed

a series of imple polymers that could have their semiconducting properties controlled by

doping with halideg?

Awareness ofjylobal warming and the eweising price of oil has led governments to offer
subsidies for PV research and installations allowing solar cell companies to get a foothold in
the energy production market. The high cost of fabricating inorganic solar celesihtasthe
development of a new field of photovoltaics, organic photovoltaics, which have the potential
to be significantly more cost effective than their inorganic counterparts.

The benefits of organic photovoltaics (OPV) are numerous. The main attractive feature of
organics is their potential for low cost in comparison to silicon photovoltaics. This is driven
mainly by the benefits of thin film fabrication techniques from sotutiSilicon requires
expensive refinement before high temperature deposition and careful crystal growth. Dyes and

pigments offer extremely high absorption coefficients allowing organic devices to be processed
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Chapter 1 Background and introduction to solar applications.

as very thin films resulting in low material gamption. Solution processability opens the door
for high speed printing techniques allowing for the development of organic materials in a high

throughput, low cost manner.

Organic materials also benefit from their inherent tuneability through struciloairtg. This

leads to tailor made organic electronics. Variations in colours and intensities lead to ample
selection for design applications in the building industry such as smart solar windows and
flexible integrated devices. The free form nature ofaarg materials allows architects and
designers to enjoy limitless creativity in integrating positive energy balance devices to a
building or structure. The lightweight and highly flexible nature of organic devices is also a
major bonus over the rigid, heavnorganic counterparts. The opportunities for low
temperature produced plastic cells offer countless opportunities for retrofitting of organic cells
to everyday technologies. The market for indoor light reclamation and low incident light

devices are quetwell suited for organic PV.

Organic materials have already seen successful integration into electronics at a commercial
level. The development of efficient organic light emitting diodes (OLED) for screen
technologies is a prime example of successfuhmmigdevices. The first OLED screens were
brought to market by Samsung in 2012. Further commercialisation is in progress for other
organic devices such as hand held organic photovoltaic devices. These devices are

commercialised for charging personal eleotc devices such as mobile phofieg). 1.2).

Fig. 1.2 AdvertisementforHebn i nf i nity PV A the worl dés

using polymer material so

11|Page



Chapter 1 Background and introduction to solar applications.

The lightweight and flexible ature of organic deviceand the ability of organic materials to
operate efficiently in areas of low light irradiance (where standard PV underperform) opens up
niche markets for indoor applications as showcased by companies such as Ribestech in Milan,
Italy. The availability of such organic based devices is expected to increase as research groups

are constantly reporting higher efficiency devices.

Basic principles of operation

1.3 Inorganic photovoltaics.

In crystalline inorganic semiconductors a 3D criysadtice allows for the formation of a
conduction band (CB) and a valence band (VB) through which charge transport occurs. For a
typical silicon solar cell, the energy ga@(dgap) between CB and VB is roughly 1.1

single material cell absorbs light which results in the gt of free charge carriers,

el ectrons which move through a material 6s c«
the valence band. These free charges can then diffuse to separate electrodes for collection. The
open circuit voltage (voltage whenetlturrent is zero) of this type of cell is limited to the
difference in work function of the positive and negative contacts. The single material inorganic

cell has some draw backs in that the charge recombination of hole and electron results in

photocurrehloss ®

p-material | n-material
conductionm
e
s °—
/\ Low w n metal
@ @ ®

high w on metal
g m

valence band

Fig. 1.3. A working schematic for a p/n junction inorganic device similar to the ones first

made at Bell labs
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Chapter 1 Background and introduction to solar applications.

To reduce this effect a p/n junction can be develdpied 1.3). This is a junction between two
semiconductis, one which has high electron density (negatively dopethterial) and one

that has high hole density (positively dopethaterial). The excess electrons diffuse from the
n-material to the pnaterial and the excess holes move from p-toaterial. Thisresults in
negative ions being formed in thenmaterial and positive ions forming in thematerial. This

area at the 4m junction is now known as the depletion region. This area now has an electric
field due to the separated charges at the junction. rédisces the chance for electrons and
holes to recombine as they do in the single material devices. The electric field at the depletion
region quickly sweeps out any free charge carriers driving them towards their respective

electrodeg®

1.4 Organic photovoltaics.

There is a striking difference between the operating principles of an organic device to one
formed with inorganic semiconductors. Organic semicondsitaok the strong intermolecular
electronic overlap required for the formation of the conduction and valence bands. Organic
semiconductors instead rely on localised frontier orbitathest occupied molecular orbital
(HOMO) and the lowest unoccupied maldar orbital (LUMO). Upon absorption, a strongly
bound (binding energy 0.3eV) electron and hole pair called an exciton is formed. The low
dielectric constant of organic materials hinders photovoltaic performance due to difficulties
with charge separationThe exciton requires a driving force to separate it into a free electron
and hole which can be then transported by a hopping process. This is a slow process compared
to transport in inorganic systems resulting in higher incidences of charge reconmbinatio
Organic materials have intrinsically lower charge mobilities than in inorganic systems. This

accounts, in part, for the lower power conversion efficiencies in BPv.

The low level of charge delocalisation and small dielectric constants of organic materials
results in the requirement of two organic materials to be used in a photovoltaic cell: a donor
(electron rich) and an acceptor (electronmpaoaterial. A bilayer system was first proposed

by Ching W. Tang in 1986 wi-kyeromanib phetavdltaich r o u g
¢ e 119Tkis cell differed from all single layer systems in that the interface between donor and
acceptor is the key element resporesiblf or phot ovoltaic performanc
the interface between semiconducting material and metal electrode had been the determining
factor in performance. C. W. Tangods cell s ha

a huge improven on single layer devices. The offset of the HOMO and LUMO levels
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Chapter 1 Background and introduction to solar applications.

between the two materials generates sufficient driving force to overcome the coulombic forces

holding an electron and hole together in an exciton.

The photovoltaic process is made up ofrfsieps:

1) Light is absorbed

2) Charge generation and separation

3) Charge transportation

4) Charge collection

1)

2)

Absorption is controlled by the bandgap of the material. Organic semiconductors tend
to have relatively high absorption coefficients (>50/dcm™*) when compared to

their inorganic counterparts. The absorption is strong, but a lot of the solar spectrum is
lost due to the narrow bandwidth of these absorptions. Generally, when fabricating an
OPV, the absorption features of the donor and aocepéterials are chosen to be as
complimentary as possible. Optimising the complementary absorption characteristics
of the two materials ensures as much of the light, incident on the cell, as possible is

harvested?®

Absorption of the photon results in the formation of an exciton. The binding energy of
the exciton is high, but it can be overcome by the frontier orbital energy offset of a
donor and acceptor materi al (the energy
the two materials). When the energy gap between donor and acceptor is larger than the
exciton binding energy the exciton can be split into a free electron and hole. The
difference between bound exciton free energy and that of the resulting dissociated
electon-hole pair is the driving force for this electron transfer process. If the energy
gap between HOMOs and LUMOs of the donor and acceptor is too large then the
electron transfer process wlileslow as shown by Marcus thediif the driving force

is larger than required, the excess is lost through thermalization. This results in a
reduction of the open circurbltage (Voc) of a cell. This tells us the HOMO and LUMO
energy offset of the donor and acceptor is critical for optimising the charge transfer

procesg??
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Chapter 1 Background and introduction to solar applications.

3) The holes and electrons are then transported through the material by a hopping process.
The electrons mafrom the LUMO of the photoexcited donor material to the LUMO
of the acceptor material. This process is driven by the internal electric field across the
electrodes. This photo induced electron transfer occurs at the interface between donor
and acceptor marials?® At this stage, a series of charge recombination processes can
occur due to charge traps and material defédse diffusion length of free charges in

each material is a key factor in the efficiency of this step.

4) If the charges do not recombine they can arrive at tiotretie interface where they are
collected. The work function of the electrodes must be optimised with the energy levels
of the semiconducting materials. Blocking layers can be added at the contacts to ensure
this process is optimized. Cathodes are usumdige from a low work function metal
such as aluminium while typically the anode is made from a transparent tin doped
indium oxide (ITO).

Each stage of the photovoltaic process can limit the power produced by a solar cell. It is
necessary to optimise allgf these processes to achieve a fpglwver conversion efficiency
(PCE) solar cell.

In organic photovoltaics, the absorption of light results in the formation of an exciton. Excitons
are neutral species so their movement through a cell is not influencibe ®jectric field
created by the electrodes. These excitons move through random diffusion in a cell until one of
two things happen®.ideally, the exciton will find the interface between donor and acceptor
material and be split into charged species. The second possibility is that the exciton will run its
diffusion length and simply decay back to the ground state. Short exditosiah lengths
significantly inhibit cell performance as they are typically much smaller than device thickness.
Limiting the cell thickness results in much lower light absorption which also results in fewer
photo generated charges. A balance betweenr Enekness and light absorption must be

established to enhance cell performance.

Once an exciton reaches an interfacewdombic chargdransfer state forms. In this situation,
the hole is in the HOMO of the donor and the electron is in the LUMO otteptor material,
but they still require an external electric field to act as a driving force for charge dissod@ation.

From this state, where the charges are now free to travel to their respective electrodes, charge
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Chapter 1 Background and introduction to solar applications.

transport properties become the important factor in dictating the cell performance. The charge

transport competes directly with chargeambination.

The hole mobility generally limits the charge transport properties as they are usually lower than
electron mobilities in organic semiconductét€nce the charge carriers have been transported
to the electrodes the energy levels of the semiconductor must be well tuned to the electrodes

work function. If hey are not aligned carrier loss will occur.

The design of organic semiconductors has restrictions as a result. The organic materials must
be optimised in terms of absorption and extinction coefficient. Secondly, the energy levels must
be well aligned wit both cathode and the semiconductors organic counterpart and thirdly, the
transport properties which are often related to a materials crystallinity or morphology must also
be optimised. Practical elements must also be taken into consideration. Semmonduct
processability, stability and often miscibility with other semiconductors must be considered
within chemical design. OPVs are relatively complex devices and their optimisation, on both a

molecular and architectural level, is an area of massive resatentst.

1.5 Basicell structures

Single layecells (Schottky type)

Schottky type cells are made from an organic material sandwiched between two metal contacts
with different work functions. The area near the semiconductor/low work function metal
intef ace forms whatodés known as a Schottky barri
into the organic p type material results in a depletion zone. This causes a small field which
raises the HOMO and LUMO levels in this barrier region. This deplegadcan then be used

to dissociate excitons. If atgpe organic material (electron donor material) is used in this
sandwich style cell a Schottky barrier (a potential energy barrier for electrons) is seen between
the organic layer and the cathode. Th& tepletion area at the cathode that causes the material

to act as an electrical rectifier (converting alternating current into direct current). dfyae n
material (acceptor material) is used the Schottky barrier forms at the anode. The low
photoelectrt efficiency of this type of cell is attributed to the small diffusion lengths of the
exciton. Only excitons generated in the close vicinity of the Schottky barrier will result in

charge generatiol\s a result, this type of cell is rarely studied.
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Chapter 1 Background and introduction to solar applications.

In 1993, S. Karg proposed thaily(p-phenylenevinylene (PPV) ) may be used in photovoltaic
applications while he was studying optical properties of the material for light emitting dfodes.
The following year R. N. Marks et al. designed a single layer organic solar cell with a standard
photodiode structure. 100nm thin films of PPV were saolded between two electrodes of
Indium/tin oxide (ITO) and Al/Mg/Ca. Device efficiencies were in the order of 0.1% due to
low exciton diffusion lengths in the organic material. The energy required for excitons to split
into free charges reduces the opewutrvoltage of a device, resulting in OPV efficiencies
lower than the estimated Shoclki®uessier limit (a measurement for defining the upper limits

of efficiency for a pn junction for inorganic cells)t was also seen that PPV has a chemical
reaction vith aluminium contacts with the formation of an insulating layer which results in the
increased electron injection barrier. Today, it is common to evaporate a thin layer of hole
blocking material in between the aluminium and the semiconductor to redsiedféait?%031

Heterojunction celldilayer system)

It was found that excitons dissociate more effidigat donor acceptor interfaces. First realised

by Chien W. Tang, the bi layer or heterojunction solar cell consists of two electrodes and two
organic materials (a donor and an acceptor). This is the second generation of organic PV cells.
Essentially, g-n junction forms between two organic materials with a band edge offset. The
frontier orbital offsets at the organscganic interface is the key driving force for electiaie
separation. The donor is a material with low lying HOMO levels and rehkatigth ionisation
potential while the acceptor is a material with a comparatively high affinity for electrons and
ideally a low lying LUMO level. Separated holes hop to the HOMO of the donor material.
Electrons hop from the LUMO level of the donor to teeeptor. The internal field across the
electrodes then drives the separate charges away from the interface towards their respective
electrode. The electron and hole are kept in separate materials, so the chances of carrier

recombination are greatly reducasla result.

Although this structure has many advantages over the single layer device, they are still limited
by the exciton diffusion length, typically in the order e2Gnm for organic semiconductors.

As such, very thin films of donor and acceptor enal must be made. This restricts the light
harvesting capabilities of the device and restricts the efficiency of this type of deisadso

quite a difficult task to layer two materials on top of each other in very thin films without the

use of relively expensive low throughput processes such as vacuum deposition.
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Chapter 1 Background and introduction to solar applications.

Bulk heterojunction

The bulk heterojunction (BHJ) was proposed in 1995 as a method to circumnavigate the
necessity for very thin films resulting from low exciton diffusion lendgth#A bulk
heterojunction consists of an intimately mixed donor and acceptor layer. The BHJ is a
continuous interpenetrating network of donor and acceptor. It results in a massive increase in
donor acceptor interface area which significantly reduces thendestar an exciton to travel

for splitting. The increased likelihood of a generated exciton dissociating at the interface results
in a substantial improvement to power conversion efficiencies. The layer thickness can also be

increased so more light is hasted.

This is the most common type of organic photovoltaic seen in literature. This architecture has
seen many rigorous studies for adopting ideal morphologies within the bulk

heteroju nctiory2333435.

Issues with theBHJ arise from the lack of control of morphology and the thermodynamic
instability of the nanoscale morphologies in the intricately mixed bulk layer. Carrier loss is
common due to poor phase continuity. Thecamtinuous donor and acceptor blend often
resuts in isolated domains of donor or acceptor materials which cannot connect to their
respective electrode. If the conduction pathways in each material are not of desirable
morphology the poor charge carrier mobilities of organic materials will dictatréctien to

the thickness of the active layer (usually between@@hm, this is still an improvement on
bilayer heterojunctions which usually have a maximum thickness-@0@@m). In contrast to

this charge trapping issue, if a material is simultangangontact with both electrodes carrier
recombination at the organ@ectrode interface will become an isgti&o, for a BHJ to be
successful it is evieht that the control over the blend morphology must be very strict. Stability
and reproducibility of these blends are a significant issue. The morphology is strongly
dependant on conditions of processing. Lakalbdiscrepancies are a serious issue withen

field of OPV. Low levels of reproducibility often stem from the many variables associated with

non-standardised fabrication methods.

Tandem cell

The first example of an organic tandem solar cell was shown in 1990 by M. Hiramoto. In this
study, a celmade with two sets of identical materials separated by a thin layer of g&tofn(2
resulted in almost doubling of the open current voltage when compared to the material in a

single bilayer3®
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Chapter 1 Background and introduction to solar applications.

The absorption spectra of organic semiconductors are typically of a narrow bandwidth with a
mismatch in absorption between donor and acceptor. Organic semiconductors absorb light of
an energy close to the optical energy gap. Thick devices are desiraletifoal light
absorption. Unfortunately, transport properties of organic materials limit the thickness of OPVs
but by using the tandem cell architecture we can combine various materials with
complementing absorption spectra. This method uses a humbem@bsducting materials

stacked upon each other connected in series. Connecting these sub cells in series covers more
of the solar spectrum while overcoming the transport issues of thick BHJ devices.

In a tandem cell, the top cell will absorb the sectbthe solar spectrum not covered by the
bottom cell. The broader spectrum of light absorption (in some cases from the UV as far as the
IR regions) increases the Voc of a tandem cell (as the subcells are connected in series the photo
voltage of each subdeddds up). This architecture offers a method to obtain high efficiency
organic devices with the highest performing devices being produced in the order of 13.2% by
Heliatek in 2016. Obviously, the downside to these devices is the high level of control over

processing parameters which is required to successfully deposit multiple layers within a device

1.6 The IVcurve

To characterise the performance of an OPV device one must measure the current generated in
the cell over a sweeping range of voltages, irddmk and under illumination (standard AM1.5

G illumination). The resulting output from such a measurement is called a current voltage curve
(IVcurve)(Fig.14. Thi s is the main characterisation

performance.
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Chapter 1 Background and introduction to solar applications.
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Fig. 1.4. Schematic diagram of a typical current density vs voltage output curve under

illumination in red and under dark conditions in black
The resulting information is obtained from an IV curve:
1. Open circuit voltage, (Voc).

This is the maximum voltage ohé cell: occurring at zero current the Voc correlates the

forward bias on the cell to the bias of the cell with light generated current. The maximum Voc
of a cell is generally limited by the energy difference between the HOMO of the donor and the
LUMO of the acceptor material. For inorganic devices, the work function of the electrodes

plays an important role in dictating the Voc of a cell.

A loss of energy is expected when the exciton splits into its individual free charges. It costs
roughly 0.3 eV to drivehe electron and hole apart. If the difference between the HOMO and
LUMO of the materials is less than this exciton splitting energy the exciton is unlikely to split

into charges. Thus, the donor and acceptor materials must be chosen carefully.

A donor slould ideally have low lying HOMO (5eV/5.5eV) with good offset from the
acceptor to increase the Voc. Although, lowering the HOMO can also result in a band
broadening which will reduce the short circuit current (JSioding a balance is key for the
design of efficient donor acceptor systems. One approach for lowering the HOMO levels of a

material is to extend the conjugation with groups with strong donating character, such as
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thiophene. It must be noted that while loimg the HOMO level can result in an increased
Voc, the energy alignment of the accepting material and the work function of the metal

electrode holds a great importance to the Voc of the device.

2. Short circuit current, (Jsc).

When measuring an OPV in tkark it is expected that almost no current will flow until the
forward bias surpasses the Voc. When the system is illuminated with zero bias the
photogenerated charges are collected at their respective electrodes and a current is recorded.
This value is tk Jsc. The applied forward bias supresses this current until the applied voltage

reaches a value where the current is reduced to zero (Voc).

Jsc is a value for the current passing through a solar cell when the voltage is zero. The Jsc is
related to the ditiency of transport of free carriers in the device and the extraction at the
electrodes. Therefore, Jsc is a combination of the quality of materials within the device; the
area of the cell, the power of the light source and the optical propertiesarfytirecs (only
photons with an energy matching the optical energy gap of the absorbing material will be
absorbed). Increasing the band gap of the organic semiconductors generally decreas¥s the Jsc.
Some methods for ensuring a low band gap involve alternating electron rich and electron
deficient groups along a conjugated chain. Also, increasing conjugation should redo@edh

gap of a material accompanying a red shift in absorption. Materials with low lying HOMO

levels coupled with a low bandgap should generally be a good material fof?OPV.

A method for controlling the bandgap has been outlined by J. Roncali in 1997. This acts as a

useful tool for designing materials for OPV
%C %0, @A MYMOC A5 wET O
Eg=Optical bandgap Eres+Edr€onjugated backbone and conjugation length

Esub=Electronic effects of substituerfisc= Steric effects of substituentEint = Interchain

interactions
3. Fill Factor, (FF).

The fil/l factor 1 s a comparative value for
comparison with the ideal. It is a general reflection of the recombination processes within the

cell. Recombination rates in a BHJ are typically an order ajnitade lower than charge
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generation rates, allowing for the ionized stated to be long lived. FF is a measure of squareness
fit of a cell és performance and can be used
maximum power of a solar cell. Additially, electron and hole mobilities in donor and
acceptor materials should be relatively balanced as a slower mobility of either electron or hole
will result in a buildup of spacecharge in the active material. This results in a distortion to the
electricfield resulting in a slower charge extractiidigh mobilities results in efficient charge
extractionfrom the interface which in turn reduces steady state build up. The consequent low
density of charge carriers at the interface reduces rates of recombination in a device, improving
the FF

Materials with excessively high mobilities can be detrimental to device performance as it can
result in a device with reduced charge accutiaa This effectively reduces the Voc of a
device by shifting the energy levels of the donor and acceptor. This has negative effects on
both FF and power conversion efficiency. The fill factor and general shape of the IV curve tells
a lot about the qualitof the material layers. Low shunt resistance, for example, will present
itself as a Shaped IV curve. This may be indicative of poor film quality and pinholes in the

device.

Using these above parameters, we can calculate the power conversion effi¢iéme\cell

(being the efficiency of conversion of light to energy) with the following formula.

FF=Fill factor, Jsc = short circuit current, A= area of device, Pmax= maximum incident power,

Voc=open circuit Voltage.

1.7 Materials and state of the art

At this point in time, polymer based bulk heterojunctions are the most likely system to be
upscaled. This is not only because polymer based cells tend to have higher PCE, but rather
because they are highly solution processatrid tend to provide higher quality films than
highly crystalline small molecules. Solution processability is a key to significantly reducing

fabrication cost when compared to vacuum deposition proceSsing.

Organic photovoltaics are complex muttiaterial devices. Rigorous optimisation edich
individual layer and material is required to produce high performance devices. The interlayers

between active semiconductor and electrode are hugely important for the transport properties
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of a cell.Howeverthis thesis is concentrating on the morglgyl of the active semiconducting

layers of organic electronics and these are the materials which will be discussed.

Working with small molecules with pesgeposition processes, we look to make a level playing
field with polymer based cells in terms of pessability. The possibility of lowering costs with
small molecule solar cells is large. Small molecules also carry the added benefit of having well
defined structure, higher purity, wide variety of synthetic procedures and a generally more

ordered nanostoture.

The structure of organic semiconductors is b
resul ts i nelceocntjruognastl edlthreesres "have much -higher
el ectrons. Mu tonbitals throughmut lacanjugatedf species allows for the

delocalisation of the wave function through the conjugated portion of the material. This system

has the perfect electronic features for light absorption and charge gen&ration.

Conjugated pi bonds

M

s

isolated pi bond
sp® hybridised carbon
Fig. 1.5. conjugation allows for the delocalisation of electrons across a molecular backbone.

Isolated” b o muoscontribute to this conjugation

Organic semiconductors, whether they be used for transistors, solar cells, or light emitting
di odes a-tohjugater ktyuctuodiig.1.5. T h e d e-¢élestmomsladt ia @&sdnilar

way to the free delocalisexlectrons in a metal. The sofgtiate structure of organic materials
relies on weak van der Waals forces between neighbouring molecules. This gives organic
materials both semiconductor and insulator like properties. The metal like conductivity of
organicmat er i al s s t-eomjugyatioh.r A ra resuh, enovel semiconductors are

generally based on a series of conjugated aromatic ring structures.
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Below is a table showing examples of a few common organic semicond{itprk.6). Most

of these materialeave a high level of aromaticity. Crystallinity and molecular alignment of
materials in a device plays an important part in the performance of an organic semiconductor.
High mobilities often come from very planar, 2D materials such as pentacene or pbigtieo
Although great advancements have been made with high performance organic materials, poor
environmental stability, processability and low performance in comparison to inorganic
counterparts remains an issue. The systematic study of novel semicosdact®y to
furthering the understanding of charge transport efficiencies in relation to film morphologies,
molecular structure and organisation.

Pentacene

~o PBDTBO-TPDO
S s CHa(CH,)sCH3

7 \ n / \ P3HT

Fig. 1.6. A series of common organic semiconductors used in photovoltaic, transistor and

light emitting diode technologies.

The current state of the art for organic photovoltaics can be split into two categories: those

which have achieved scale up and those whiclamemat a laboratory scale device.

Perhaps the two most w&hown and studied materials in the OPV industry are
Poly(hexylthiophene) (P3HT), a versatile donor polymer, and an acceptor material called
PhenylC61-butyric acid methyl ester (PCBM) which is algble Buckminster fullerene
derivative.(Fig. 1.7)

/\

Fig, 1.7. chemical structure of P3HT (left) and PCBM (right)
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When used in tandem with each other, P3HT acting as a donor material and PCBM acting as
the acceptothese materials have reported power conversion efficiencies ardi¥nd®4>The
variations in PCE are due here to the processing conditions. These two materialst aféemo

used in a BHJ architecture. The initial mixture of these materials is dynamic and complex. The
ratio of donor to acceptor, the thickness of the resulting films, and the interlayers and substrate
types all effect the narmorphology and resulting®E of these devices. Furthermore, thermal
annealing processes can be used to control and enhance the morphologies within this system.
Thermal annealing has been proven to be a useful post deposition method for controlling the
phase distribution within thactive layer of intricately mixed donor and accef}f4?.Organic
materials have low exciton diffusion lengths so the improvements in PCE after thermal
annealing have been attributed to an improved phase distrififfioAs a result, a large
portion of research has been allocated to optimgithe thermal annealing of P3HT: PCBM

BHJ films. This has led to a strong understanding of charge carrier injection and recombination

processes as well as the interface nature of this complex system.

These materials have also undergone the upscalinggs¢e roll to roll printing systems. The
upscaling of OPV is a complex proce@Sg. 1.8). Many articles claim that the high
performance systems produced in a laboratory on small glass slides-tmeotfltompatible

and industry applicable. These statements are often untrue as the larger devices have unique
challenges not seen in small lsckaboratory devices.

I n the words of ThHewviewheldherkis tkat dabming te lhe +mlroll and i
industrially compatible without such instruments is similar to claiming that one can learn how

to swim dn a floor. o
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Printing Techniques

Printed pattern
Printing
plate X
cyllinder

Doctor
Impression blade -

cylinder

N

Doctor

blade —

Printed Anilox Impression
pattern roller roller
Gravure Fountain

~ cylinder roller

Ink bath
Ink bath

Gravure Printing Flexographic Printing
_’(‘/“ Rotating
i ~ N screen
W j\
- 7 Squeegee
JTTA
|4 w || ,
—— Printed pattern
/ B \
Screen printing Rotary screen printing

Fig. 1.8 A variety of differensolution based fabrication techniques are available for large

scale RoHto-Roll process

The general observation when moving to the large scale is that the PCE of well optimised
smalktscale systems, such as in the case of PCBM and P3HT, is substardiatigdes cell

size increases. This is partly due to the parasitic series resistance of large contacts but is also
due to the methods used for fabricatemgallscaledevices, spincoating in inert conditions in

a glovebox with a thermally evaporated intgeaand contacts is not made compatible with

roll to roll technologies easily.

The requirement for processing parameters such as deposition method, solvents used and the
drying/annealing techniques to be changed devalues the highly optimised performances
achieved from small scale devices. Difficulties arising from lower levels of film homogeneity

in larger area devices account for lower FF and PCE in these large devices.

The thickness of industrial scale OPV is generally in the order eR230AGm. This thtkness

causes some issues for the standard P3HT: PCBM system. Typically, a decrease in
photocurrent is observed as device thickness is increased, away from the small scale optimised
thickness. This has led to the development offadlerene based systemaere low bangyap
polymers such asdacenodithiophenoindacenodithioph€l&TIDT -IC) replace the fullerene

acceptors. This appears to createet ofdevices with performances which are insensitive to
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device thickness. This more robust and forgiving coiaion is more suitable to industrial

applications®

Recently new methods for coating large scale devices such as the partially overlapped spray
coating method has been refinedpt@duce higher levels of homogeneity in films. A high
efficiency of 5.27% on a 38.5¢msell was achieved using this technique with the conjugated
donor polymerpoly[N-(2-hexyldodecyl)2 , ziljiophene3 , Jisarboximidealt-5,5(2,5
bis(3-decylthiopher2-yl)- thiophene) (PBTI3T) and aEfullerene derivative PEBM.*°
Although these materials showcase an impressive PCE of 8.42% when optimised in a small
scale laboratory device with FF approaching 80his novel largescale fabrication technique
illuminates the progress being made for roll to roll upscaling.

Moving away from large roito-roll devices we can note a strong importance has been placed
on the highpower conversion efficiency throughout relevant OPV literature. Small molecules
are an attractive possibility for organic solar cells. High purity, solutongssability, batch

to batch homogeneity and versatile, tuneable molecular structures are some of the most enticing
properties of small molecules. Characteristics such as absorption properties, charge carrier
mobilities and energy levels are all contrdlley the carefully designed electronic structure of

a material. This tailorable character results in the possibility to use a wide variety of different
core structures for optoelectronic applications. A number of different techniques can be

combined to degn materials for OPV applications.

Donor-acceptor architecture

Recently, it has been revealed that high performance small molecule donor materials can be
developed using a donacceptordonor type structure. This type of material (see schematic
belowFig. 1.9.) consists of a weakly accepting core connected by a conjugated linker to cores
with strong donating character. Generally, a series of solubilising chains are added to these

structures to increase the processability of the material.

Fig. 1.9. General structure of donesicceptor small molecule. Donor moiety (blue) is

connected by a conjugated bridge to core with acceptor like character (red).
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A number of these don@cceptor materials have become promising candidates for BHJ style
devices. Forxeample, a dialkylthickubstituted benzo[1;8:4,5bRdithiophene material called
DR3TSBDT was incorporated into a BHJ with /Z8M with a short annealing resulted in a
impressive PCE of 9.95%. The device exhibited good light absorption and a balanced charg
mobility with a FF of 7596+

Planar materials

Highly planar materials have also shown good potential for small molecule OPVs. Recent
studies show high PCE of 7.23% for a porphyrin mateffay. 1.10) symmetrically
functionalsed with two diketopyrrolopyrrole (DPP) units, used in BHJ format withBg.>2
Porphyrins are a class of heterocyclic macromolecules which exhibit planar character over an

extensive conjugated core.

Fig. 1.1Q Structure of high performance porphyrin functionalised with DPP units

Having a material of high planarity <taaclkhedp
structures within a film. High levels of order throughout a film can lead to optimal charge
carrier transport. Generated charges travel

levels of exciton recombination or charge trapping.

Side chain engineering

Choosing a suitable side chain can be a difficult decision. The side chain is usually the portion
of a semiconductor which donates a solubilising ability to the material. The length and degree
of branching must be carefully optimised so that a matersdlidle enough to be processed

into a film. The issue being that these long alky chains have an insulating character and can
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disrupt the packing modes of a material. The steric contribution of side chains can have a drastic
effect on a semiconductor. Inasng carbon chain lengths has been known to lower HOMO
levels and raise LUMO levels. This is due to steric changes straining localised conjugation
which restricts the del ocaétiok®ti on of el ectr
In BHJ cells it is ften the scale of side chain engineering which will control a materials
tendency to aggregate and has a profound effect on the phase segregation within the bulk
mixture>>°

Diketopyrrolopyrrole dyes

The DPP dye is a popular semiconducting core for both OFET and OPV applications. This
accepting core consists 8f5-Dihydropyrrolo[3,4c] pyrrol-1,4-dione unit whichhas a high
thermal stabilityThe most famous of these dyes is perhaps pigment 254, also known as Ferrari
red. This material is of interest for photovoltaic and OFET applications due to its good stability,
rigid planar backbone, and facile functionalisativhich can be adapted to tune the absorption

and emission characteristics of the material.

CroHas PDQT

Fig. 1.11 Jozel Tan et. al developed higkrformance transistors with a thiopheB®P

polymer without the need for thermal anneafihg

Many examples are available where functionalisation of this core with thiojhzsee
donating groups has resulted in high performance devickgaod charge transfer properties.
This material has been successfully incorporated into OPV, OFET and OLED devices. The

DPP core is regularly seen in use as a copolymer semiconductor within thesé’fié¥s.

Squaraine dyes

For a time squaraine based semicondudteig. 1.12)received a lot of attention due to the
short synthetic procedures required to synthesiseflonor cors. Extremely high extinction
coefficient near the visiblR regin, deep lying HOMO levels and easily tuneable bandgap
make this highly stable and crystalline material a very attractive option for incorporation into

organic electronic&5?
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Although devices involving heterojunctions of squaraine dyes acting as a donor material in
conjunction with C60 have surpassed 5% P€How charge carrier mobility and relatively
thin absorption bandwidth coupled with low solubiljtynless extensively functionalised with

alkyl chains) restricts the potential of this material for OPV use.

1,3-symmetric 1,3-methine bridged

symmetric

cationic bis-squaraine cationic aminosquraines nonsymmetric enamincsquaraing 1,2-symmetric

polysquaraine

Fig. 1.12 The diverse library of squaraine materi&fs

Evolution of OPV

From a device architecture point of view huge steps have been takie field of OPV.

Record performance has been achieved by the German fabricator Heliatek. The 13.2% PCE
device was fabricated with a tandem architecture in 2016. This is an important marker of the
success of OPV. 10 years previously Heliatek was boag#rfigrmances of only 3%. This

improvement over the short timescale indicates the potential of this technology in the future.

The two main production techniques used in the fabrication of OPV are wet processing and
thermal evaporation. The latter of whigffers the benefits of precise control of thickness and

facile access to multilayer depositions which are difficult with solution methods.
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Unfortunately, thermal evaporation is not suitable for-tmst, largescale production as high
temperatures and strg vacuum are required for this process. This leaves solution processing

as the most viable method for roll to roll fabrications.

To truly be more cost effective than silicon PV, organic materials must be processed with a
high throughput in a low tempetae roll to roll manner. The nature of organic materials opens
the possibility of integrating standard higheed printing processes in the fabrication of large

scale devices.

The solution processability of organic materials also offers the possibibtyasfuction in the
energetic payack time of solar cells but at this point the scale up of devices has been difficult

as often the efficiencies of devices see a dramatic drop upon upscaling.
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Chapter 1 Background and introduction to solar applications.

Aims

A key issue with organic photovoltaics, and indeed the majority of optoelectronics, is that there
is a misconeption that organic materials offer cheaper, (when compared to inorganic
counterparts) easily processable devices from a very abundant material, carbon. This
misconception enforces the idea that organic materials are directly comparable to inorganic
counerparts. This is, at this current date, a false claim. The reality is that organic materials do
have the potential to provide cheap, processable devices from an abundant material but the
current methods of synthesis, design and fabrication of organic bleseckes limits this

potential.

The somewhat combinatorial approach to semiconductor design has resulted in the creation of
evermore complex molecules. Although this approach has resulted in high performance organic
photovoltaics, the synthetic technigaes often complex with multi step synthesis require high
financial and environmental costs. High performance devices are typically reported on small
scale devices incorporating extended solvent annealing or expensive evaporation depositions.
Organic mateals have limited performance in comparison to inorganic materials, this is an
intrinsic characteristic of the materials. It could be suggested that instead of aiming for
increasingly complicated materials to achieve small gains in performance we iriste&tl s

look to develop methods to separate organic photovoltaics from the inorganic devices.

Niche market applications concentrating on indoor light reclaiming and the powering of small
electronics is an area in which flexible organic devices could eXoete types of applications

rely less on high performance but rather on ease of fabrication with the use of cheap accessible
materials and processes. Roll to roll printing through liquid media is key to establish this field.
The issue with processing desgfrom a liquid solution is that it is very difficult to control the

film quality and the morphology of the material in the resulting thin film.

The aims and objectives of this work are to estapéich proof of concept levaiew methods

for controlling the morphologies of active layers within optoelectronics on the sade.

These methods have been developed with the thought of technology transfer to larger scale
industrial processes in mind. So far in literature there has been a strong emphapi®oing

the power conversion efficiencies of organic solar cells. Generally, this has been achieved by
two approaches. Firstly, by providing conditions to create optimum material morphology to
tailor electron and hole mobilities for a specific devicegmfaichieved by adapting the

crystallinity of common semiconducting cores. Secondly, by providing conditions to create
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good interaction between donor and acceptor materials at the interface, often resulting in the
extension of conjugation which creates aque orbital level alignment between the two
semiconductors. Through these approaches, at a laboratory level, the main benefit of organic
materials (the low cost) is completely lost.

To this end we have developed two novel methods for controlling filnpmodwgies in a post

deposition manner.

1. Photocrosslinking of active layers

2. Latent pigment activation

Both processes are aimed at ensuring a practical modification to morphology post deposition.
The principle idea behind these new methods is to allow for facile, low cost device fabrication
with the potential for scalability. An aim was to ensure soluti@tgssability coupled with

techniques that could be easily incorporated into an industrial set up. The nature of the
chemistries involved also has potential to instil a level of stability to these organic devices

which has been an issue of rising impor&anc

Photocrosslinking has been seen to stabilise OPV devices by reducing the phase segregation
that i s seen over time in bulk devices. The
even with low levels of crosslinkifity Pigments, themselves, are also known to be intrinsically

stable matcules in comparison to their difke analogues.

In this work a series of novel organic semiconductors have been synthesised, characterised,
and fabricated into devices. A comparison of how these methods can be applied in both linear
and bulk heterojunatin devices has been made. Detailed surfaceXaray studies have been
carried out, morphological changes are compared while examining notable features in the IV

curves such as series and shunt resistance.

Furthermore, the use of organic semiconductor®idimited to photovoltaics. Organic field
effect transistors have also been fabricated from a series of latent pigments. The latent pigment

approach takes advantage of latent hydrogen bonding sites that can be activated thermally.

Fabrication of transiers allows us to examine more closely the effects of this approach on the

mobilities of the material throughout the different crystalline phases seen with this approach.

As cost and environmental issues are of serious concern to the general field o organ

optoelectronics, an interesting new approach to semicondym&parationwas also
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investigated in this work. A novel reaction media was created with the surfactant Kolliphor EL
and was investigated for carrying out cross coupling reactions in watsrsurfactant forms
oxygen free micelles which are ideal for carrying out palladium catalysed coupling reactions

such as Suzuki Miyaura and Stille couplings.
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Chapter 2 Photocroasking

Introduction

Photocrosslinking is the process of forming a covalent bond between two molecules through a
photoinduced reactiohBy functionalising a material with photocrosslinkabl@ctionalities

we can generate a negative photoresist. A negative photoresist is a material which reduces its

solubility after exposure to light.

Photoresists are usually implemented in different photo patterning processes such as

lithography or photoernrgving?

Crosslinkable organic electronics leathe potential to address the issues of low stability and
reproduciliity in photovoltaic devices. The following section explains the background and
main principles of this approach followed by an explanation of the reasoning for developing

materials to king this approach to small molecule OPV.

Fully functional photo patterned organic semiconductors have been previously reported with a
post deposition photo induced polymerisation. This method provides access to processable and

patternable electronic deés.

Fig. 2.1 Electrochromic materials photo patterned with acrylic crosslinking in various

oxidation states.

In 2008 Reynolds et al successfully fabricated a series of photo patternable electrochromic
devices seen ikig. 2.1 above. UV curable conjugated oligomers resulted in insoluble thin
films. The relevant portion of this work shows that acrylic functionalities on a conjugated core
can flocko a f il nitiwasobeervadrthatithe photbcrosslinked matedats e .
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had a high stability in both oxidised and reduced states. Furthermore, the crosslinked oligomers
retained the high contrast rate and cycle stability which are important features for

electochromic devices.

The thermodynamically instable nanmmrphologies found in a BHJ are vulnerable to large

scale phase separation over time. This is typically observed as a crystallisation of PCBM

acceptors.
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Fig. 2.2 A plethora of crosslinkable chemists are applicable for this technique. The divers

array above is a small selection of possible fictionisations for crosslinkable semiconductors.

The thermal cycle experienced by a solar cell during daily operation can drive this phase
separation causing an OPVs carefully controlled frangphology to changeThis, coupled
with general photodegradation of the active materials residtbss in performance over time.
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The stabilisation effect of crosslinking has been previously observed in polymeric photovoltaic
and OLED deviceS.

A
3
o : SN Substrate/Electrode
ZC. d azide, RT, 30min N =
Ph,P~ ¥ lLPth Charge Transport Layer
Z N  NZ | Z N A ] Crosslinked
S = R Emitting Layer
ES F
Substrate/Electrode

Fig. 2.3 The concept proposed by Stephan Brase et. al for an auto catalysed crosslinking of

the active layeof an OLED devicé.

A prime example of the stabilisation effect of crosslinking can be seen in the above example
(seeFig. 2.3). In this study an autoatalysed crosslinking reaction occurs on the polymer
backbone of a light emitting coppéj-complex. The resulting emitting layer demonstrates a
drastic increase in thermal stability with only a negligible decrease in lighsiemi&Not only

was the thermal stability of these devices improved by over 100°C but the emission layer was

seen to have high solvent resistance upon crosslinking.

Liquid crystal cepolymers with a thiophenrthienothiophene backbone incorporate
crosslinkable bromide units for photovoltaic applications. BHJ cells showed impressive
thermal stability over 4thours at 150°C while retaining 94% of the power conversion
efficiency (best cells performed with 2.57% PCE). The crosslinking of alkyl bromide
functionalities dispersed along the polymer backbone freezes the optimal bulk morphology.
The bulk is kinetically froen which eliminates the tendency of PCBM to migrate and
crystallise (as seen by AFM beldvig. 2.4.). 8
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A(PC4,BM, crosslinking) B(PC,;BM, non-erosslinking)

C(PC,,BM, crosslinking) D(PC,,BM, non-crosslinking)

Fig. 2.4. AFM of crosslinked and necrosslinked BHJ films. These films were subjected to
thermal annealing of 150°@ver 24 hours. It is evident that PCBM is crystallising in large
agglomerates on the surface of the these fifms.

Crosslinking is not only restricted to bulk heterojunction photovoltaics. The access to single
material crosslinked films in OLEDs and electrochromic devices (see ¥HfpvEhe basis of

this offers an interesting prospect for crosslinkable small molecules for planar bilayer devices.
Not only does it appear that crosslinking affords high thermal stability but also the &mces

insoluble material layers.

The crosslinking approach has been made with many different functionalities and stimuli such

as thermal, photo and acid catalysed crosslinking. Each approach must be tailored for specific
materials during device fabricatias compatibility with other layers of the device is required.

Acid induced crosslinking usually requires a-gel based acid generator. This system can be

quite efficient in crosslinking thin layer, but it can be detrimental to semiconducting cores. The

DPP core for example does not have strong acid stability. Excessive thermal treatment can also
be detrimental to a filmés morphology. Therm
morphology, further treatment to initiate a crosslinking reacteonact negatively and disrupt

this proces$® UV induced crosslinking avoids this disruption to any previous thermal process

although the photoinduced crosslinking may require catalytic initiators which will be trapped
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within the film. Generally, crosslinking a small portion of @ymer backbone results in a
significant stabilisation of a polymer BHJ morphology. The device stability is a key area of
development for OPV. If the lifetime of a device is high, then the environmental payback is
low as replacement of devices is requilests often.

Abstract

In this chapter the development of a method for fabricating OPV devices from a series-of photo
crosslinkable small molecules is explored. Initial investigation was carried out on a large series
of squaraine dyes incorporatingariety of crosslinkable functionalities. This method of post
deposition crosslinking benefits from the high purity, synthetic accessibility and
reproducibility of a small molecule starting material. This work differs from the studies of
stability for polymeric materials in that each small molecule contains two reactive crosslinkable
sites. The high level of crosslinkable units will induce a phase segregation of donor and
acceptor which has the potential to be controlled through intensity of light andét@mtation

of photoinitiator. As such initial investigation does not concentrate on the stabilisation effects
of this technique but rather on the general effect of large scale crosslinking on device

performance and thin film morphology.

Squaraines

Interes in squaraine based semiconductors has peaked in the last few years. The facile synthetic
routes, diverse array of structures, high absorption coefficients, low toxicity and high stability
offer an attractive option for small molecule organic electror8cgiaraine dyes have been
incorporated into OPVs, with fullerene derivatives as acceptor materials, recording PCEs

upwards of 6.6% with tandem device architectdtes.
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Fig. 2.5. Derivatives ofsquaraine with various photorosslinkable end groups
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Squaraine dyes are an example of a material which has good absorption capabilities, short
synthetic pathways, and high chaxgerier mobilities. Unfortunately, squaraines also tend to
have high lying HOMO levels which results in relatively low Voc in photovoltaic devices.
These materials were used as a proof of concept for the photocrosslinking strategy for small
molecule OPVThe high accessibility to a variety of squaraine based structures is beneficial
when making comparison of potential lead functionalities for this crosslinking approach.
Methacrylic, acrylate and cinnamic derivatives were synthesised with differing rdtios o
crosslinkable sites as a base to examine this techrfgpegig. 2.5. for structurep

The general procedure for producing these andigoaraines is a straight forward
condensation of a desired substrate to squaric acid in the presence of excess ethyl orthoformate
in isopropanol iPrOH). Although these highly stable squaraines have a slyothetic path

they also have a relatively low synthetic yield. The highly crystalline monomer units all
demonstrate typically high but narrow absorption bands betweet®5D0On in solution.
Significant broadening of the absorption band occurs in the-stte due to the disorder
associated with aggregation states of the material.

Initial solubility tests were carried out on thick films covering microscope slides. A solution of
each Squaraine in dichloromethane with 3% by weight etiRvizthoxy1,2- diphenylethan

1-one (photoinitiator) was spread on the slide and allowed to dry. A mask was then placed over
the slide and the open section was irradiated with standard laboratory UV lamp light at 365nm

for 20 minutes under a nitrogen atmosphere.

The resulihg film was then dipped in a solutiondithloromethane@CM). The area that was
open to the light has undergone a photocrosslinking reaction resulting in a highly solvent
resistant molecular network. This is the typical effect of a negative photoidsstesulting

film showcases the high solvent resistance of the irradiated crosslinked material. This
characteristic insolubility can be advantageous for processHiaydr devices. Common
processing solvents that would normally dissolvesthmraine dg act instead with a perfectly
orthogonal nature. The macro structure of the film is frozen by the polymerisation process.
Subsequent deposition can be carried out from the same solvent without resulting in

intermixing of the squaraine layer with a subsatumaterial.
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Squaraine device fabrication

Glass substrates with patterned ITO (150nm) anodes were deposited with a thin layer of
thermally evaporated MoOThe surface of this film was modified by a-tfinute ozone
treatment. A subsequent BHJ layer (Sairee:PCBM 1:1) was then deposited by spincoating

at 2000rpm for 30seconds from solutions of 3% photoinitiator in IHThe resulting films

then undergo a 2thinute UV treatment at 254nm. This causes rapid polymerisation and phase
segregation of squararand fullerene, accompanied by a large decrease in solubility. Finally,
cells are transferred to a high vacuum thermal evaporator for hole blocking layer and cathode

deposition.

Aluminium (120nm)
Lithium Fluoride (1nm)
Active layer (45nm)
MoO, (6nm)

ITO (280nm)

Glass

Fig. 2.6.Device structure fosquaraine: PCBM bulk heterojunction soleells.

AWW—@
Rs

b ) %Rsh

> ©

Fig. 2.7. Circuit schematic for organic solar cell Rsh=shunt resistane Rs=series resistance

Iph=photocurrent
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The initial results from bulk heterojunctions made with trsgsmraine dyes were overall quite
positive (table 2.1) Generally, photovahic activity was retained and in some cases improved
see Table€.1 below. Close examination of the materials with AFM showed that small grain
boundaries are formed upon photocrosslinking. This is due to the shrinking of the films as
polymerisation occursvhich induces stress on the film resulting in cragkg. 2.8). These

pinhole cracks have the potential to reduce the performance of a device by decreasing shunt

resistance. The pinholes also act as hotspots for charge trapping and current'feakage.

Ratio D/A Photoinitiator Voc[V] Jsc[mA/cr] FF[%] d [ %]

A2X 11 No 0.25 0.43 32 0.03
A2X 11 Yes 0.46 3.52 27 0.42
A2XOH |11 No 0.35 063 27 0.06
A2XOH |11 Yes 0.45 0.7 31 0.10
A4XOH |11 No 0.14 0.07 26 0.002
A4XOH |11 Yes 0.23 0.44 28 0.03

Table2.1 IV Characterisation of squaraine dyes with comparison of crosslinked and no

crosslinked devices.

The relatively low performance of these materials before and after UV treatment is due in part
to poor film quality, and in part to the high levels of insulating linear chains and restricted
absorption bandwidth of these squaraine dyes. The donor accaceind film thicknesses

are also most likely unoptimized.
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Fig. 2.8 a-e) AFM images showing grain border formation upon photocrosslinki). F
microscope images of the complete bulk heterojunction, the ITO border can be seen and
large-scale agglomeration of what is expected to be PCBM clearly seen as large dark

particulates against the light blue squaraine background.

The low homogeneity seen in the macroscale morphology of these films explains the low fill
factor and overall pesfmance of these devices. PCBM and these squaraine dyes do not appear
to mix very well. Regardless of the poor performance these tests have shown a good proof of
concept for the use of phetwosslinkable photovoltaics. It is seen that no significantiloss
performance occurs upon crosslinking and in some cases significant performance
improvements occur. It has also been reported that gladymnerisation reduces charge

mobility as a higher degree of disorder is reached within &%ilm
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Fig. 2.9. Microscope images of squaraine A2XOH: PCBM bulk heterojunction devices, large
scale agglomeration and possible phase segregation seen in both photocrosslinked (left and

middle) and noncrosslinked (right) films.

From microscope imagébig. 2.9) of the surface of a completed device with A2XOH: PCBM

we can see there is a largeale phase segregation or agglomeration of one species into very
sizeable patrticles. This roughness in film quality result in poor performance due to pinholes,
trapped chayes and poor exciton splitting rates. Below we show the typivaturves for

these devices before and after UV curifkg. 2.10)
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AX20H/PCBM 1:1 BHJ Not crosslinked
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Fig. 2.10 (Top) J\curve of norcrosslinked BHJ (bottom) BHJ made during the same batch
butincludes a photocrosslinking step. This cell shows evidence of pinhole formation through
S shape of the curve indicating issues with leaking current seen in the shunt resistance of the
cell. The majority of other cells which underwent crosslinking hadehnigfficiencies than the
noncrosslinked counterparts. This is an output curve which shows the negative effects of the

grain boundaries formed during crosslinking
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In the case of AX20H: PCBM 1:1 devices, low shunt resistance is seen in both models. This
is due to defect sites in the device which allow alternative current pathways for charges to
move, thereby reducing the amount of current flowing through the heterojunction and resulting
in an overalldecreasen voltage within the device. In the case oé trosslinked device, the

issue with shunt resistance is exaggerated with a typieshafe 4V curve. The
photocrosslinking of AX20H results in larger phase segregation and a less desirable macro
morphology as seen in the microscope images. The veryHaavd=also a strong indicator that

large series resistance is occurring in these devices. The rough interface between metal contact
and active organic layers could act as an area of high resistance with possible cracking of the
active layer due to shrinkgnresuling in the development of graimoundaries which in turn

promotes this issue of series at contacts.

The observed improvements in performance are possibly due to the increase in density of the
films as the polymerisation occurs, resulting in a meffecient light absorption. It is also
possible that the squaraines undergo a degree of rearrangement during the photo excited
crosslinking leading to more efficient packing modes as individual molecules are pulled closer

to one another.

Further materials

The squaraine dyes provide a facile route to test the efficiency of a variety of different
crosslinking units. This is achieved due to the short synthetic procedure used to produce
anilino-squaraine dyes. Of the produced materials the acrylate functiedalerivatives
showed the most promise as crosslinkable small molecules. No thermal treatment and low
photocatalyst loadings of 3% by weight make this photocrosslinking approach scalable and
device fabrication compatible. The issues shown for this techrgtem from the tendency of

the films to shrink during the UV treatment. The resulting grain boundaries are detrimental to

device performance.

To reduce shrinking upon photocrosslinking another set of materials with extended conjugated
core was developedt was speculated that by reducing the size ratio of the crosslinking group
to the length of the conjugated core the grain boundary formation could be reduced. The steric
stress created by polymerisation in the solid state is spread across the copjoigetedf the

material.

Although squaraines have some of the highest absorption coefficients of organic materials, the

narrow bandwidth limits the harvesting of the solar spectrum. A symmetrical
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diketopyrrolopyrrole(DPP) terthiophene core wasynthesised as this class of material are
known to have strong absorption and comparatively broad absorption bands in comparison to

typical anilinasquaraines. See appendix 2 for Experimental procedures

MaterialFDPP

Fig. 2.11 Molecular structure of photocrosslinkable donor mateD&P11

This material is considered a doramceptordonor small molecule. Derivatives of this central

core are known in literature to have impressive power conversion efficiencies of up*to 7%

Secondly, a noffullerene acceptor material was also synthesised to substitute PCBM, a
component which did not mix well with the squaraine dyes. PCBM is well known for its
tendency to migrate through blends. The crosslinking approach can be used tothieduce
effect, but the use of this approach should not be limited to controlling the aggregation of
PCBM. This technique holds the potential to create stable solvent resistant layers. This in itself

is a valuable asset to all mudiep fabrications.

This aceptor is a symmetricabphthalene diimide (NDI) with extended conjugation through
bithiophene groupsSimilar polymer structures of the NDI have been implemented in
photovoltaics with PCEs in the order of roughly 4% when used in conjunction with a PTB7

Th donor materialst®

MateriaFNDI 7.

Fig. 2.12 Molecular structure of photocrosslinkable acceptor matevial 7
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Bilayer
Initially, bilayer devices were attempted using the DPP as a donor material in conjunction with
standard PCBM as an acceptor. The heterojunction cell was carried out by sequential spin

coating processes with a UV treatment after deposition of the doneriahat

ITO patterned glass substrates were supplied by TFD Inc. with a work function of 4.8eV. These
substrates were sonicated at 50°C for 5 minutes sequentially in 1) deionised water 2) a Mucasol
detergent solution 3) Acetone #WrOH. Drying with a nitogen supply line was carried out in

between each washing. Substrates were then exposed to ozone treatment for 20 minutes.

Film spray coated

UV treatment with mask

Washed with DCM

Fig. 2.13 an example of the photo patternability of DPP The film is created by airbrushing
a solution of the dye with 3% by weight photo initiator from a chlorofwhation. The film is
then masked and irradiated with UV light under a nitrogen atmosphgve.resulting film is

then washed with chloroform to reveal the crosslinked pattern.

For photoactive solution preparation, 8mg of DEIRvas dissolved in 1mL of a 9:1 solution

of chloroform: chlorobenzene containing 3% by weigHtydliroxycyclohexylphenyketoe
(photoinitiator). This solution was spincoated in a nitrogen filled glove box onto the previously
cleaned substrates. After the films dried the substrates were treated to ultraviolet exposure

254nm by a laboratorywoodd Emp in a nitrogen atmosphere for 20 minutes.

Issues were uncovered immediately with the processing of the DPP donor. Poor wettability and
a tendency to agglomerate resulted in a very rough thin film. The most homogeneous films
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were achieved from spincaag with CHdas:chlorobenzene 80:20 solution§ig. 2.14).
Average thicknesses from the best solutions were seen to be 30nm with an average of ~140nm

roughnessis measureldy atomic force microscopy (AFM).

Z-range 524.8 nm

Marker Red-
(46.19nm)

Marker Blue-
(-131.5 nm)

Marker
difference -
(177.67nm)

y-range 5 [um]

0
x-range 5 [um]

Fig. 2.14 left) AFM image of a DPR1 Film spin®mating from CHCk: Chlorobenzene 9:1 at
1500rpm. Right) roughness average histogram for this film showing maximum roughness of
140nm.

y=58.5528 -0.0683131x +1 63347E-5x* -1.05861E-Oc*

Fig. 2.15 3D representation for AFM image of DAR film spin coated from CHIG:
chlorobenzene 80:20 average fittickness 35nm. Maximum roughness 140nm.
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This film quality is norideal for photovoltaic devices. We moved forward regardless with
solution deposition of PCBM (12mg/mL of chloroform, spincoated) and thermal evaporation
of bathocuproine (a hole blockingyler) with silver contacts. The resulting cells had no
photovoltaic activity and acted with resistor like characteristics. To fully examine this bilayer
method, thermal evaporation of C70 fullerene was carried out, replacing the spincoated PCBM
layer. Thishigh mobility acceptor was evaporated in a relatively thick layer of 200nm to ensure
good coverage of the very rough underlying donor layer. This thickness is much higher than
the ideal for a bilayer device, but it was used as a compromise for the resighinthe
underlying layer. The resulting cell performance showed essentially no photovoltaic activity
(Fig. 2.16).The substrate wettability of this material from solution is too poor to generate useful
or reproducible thin films. Surface passivation with an ozone treatment was also attempted to
no avail.

DPP 11 : C70 Thermal depositionThick film

Voltage[V]

CurrentmAfem?)

Voc 0.069673V

Jsc 0.110094mA/crh
FF 26.22418%
PCE 0.00201%

Fig. 2.16.1-V curve MR20/C70 100nm. The typicadt@&pe of this curve indicates

problematic shunt resistance caused by poor film homogeneity.

Bulk heterojunction

The failure of these novel materials for use as intended in bilayer plaraion devices
resulted in an attempt to incorporate them into a BHJ archite@tige2.17) The benefits of

possible device stabilisation due to crosslinking remain in a BHJ format. Furthermore, as seen
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with the squaraine materials, crosslinking canlduce a fine phase segregation of donor and
acceptor. If a crosslinkable donor material has the right miscibility with PCBM it is reasonable
to believe that crosslinking could result in a stable and finely interpenetrated bulk

heterojunction. The stanahdevice architecture used is seen belowign2.17.

ITO anode
]
Glass or flexible substrate

Fig. 2.17. BHJphotovoltaic cell architecture

Choosing contacts and interlayers

Lithium fluoride (LiF) was used as an interlayer between organic material and metal contact.
It has been seen to lowtre of workfunction the aluminium metal contact and also acts as a
protective layer to reduce the penetration of the metal into the organi. tiitkium is
thought to diftise into the aluminium resulting in the formation of alumirdithium clusters,

aiding charge transfer to the aluminium bulk.

It has also been noted that aluminium is superior to silver as a negative contact as silver
interfaces appear to lower perforneas in terms of device stability Aluminium is also cost
effective and readily available. Annealing after evaporation of contacts has been seen to
sometimes improve both fill factor and shunt resistance within photovoltai€selle/e have

tested completed cells where possible for such an improvement.

Unfortunately, both DPR.1 and NDI7_have very poor miscibility with PCBM and P3HT
respedvely. Even with attempts to form a DPP: NDI blend poor miscibility and wettability
was seen throughout. Attempts to passivate substrate surfaces with ozone was to no avail as
resulting spincoated films were rough and sparse in their covering of theasegsfttempts

were made to form good films with an airbrush. This technique has the potential for creating

good coverage of a substrate, but the high roughness caused by nebulised droplets of active
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material solution makes this approach unsuitable for @RMilm fabrication. However, using
the airbrush to form very thick films of a donor or acceptor material which becomes completely

solvent resistant has the potential to be used in the field of organic batteries.

Although BHJ films of high enough quslito fabricate photovoltaic devices could not be
achieved, thick airbrushed films of both DEPand NDIZ7 could be successfully crosslinked
and examined by cyclic voltammetfsee Fig. 2.18 below). This characterisation highlights
the impressive solventsistance of the photocrosslinked small molecules. Throughout this
characterisation, materials are forced into highly oxidised and reduced states. These states
typically have high solubility. In the case of DRPand NDI7 the thick airbrushed films blot
remained insoluble on their respective ITO substrates. This level of stability, along with the
ability to form solution processed thick and rough films, makes these materials prime
candidates for use in organic batteriésdifference of roughly 1ev pential between the two
materials could lead to the development of a small lithium free organic battery

Cyclic voltammetry 20mV/s

Electrolyte TBACIO, 0.1M in CH,CI,

HOMO: +0.26V vs Fc*/FcC
0.3 LUMO: -1.04V vs FciiFc

0.2
0.1
0.0
-0.1

Current density/ mA

-0.2

——DPP11EDG
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01—
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
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Fig.218 superi mposed cyc/Tinbiueand DPPAdimbleek r y 6s of

For each material DPP1 and NDI7 two reversible processes are observed. lDs$een in

Fig. 2.18 as a blue trace exhibits electrochromism from blue in the neutral state to a brown
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colour in its reduced state. Good reversibility and stability is seen for both materiashapee

of thefirst process while cycling DPEL, seen as a black trace indicates a kinetically dependent
swelling of electrolyte into the film with slow electron transfer occurring. A low level of
solubility is also observed for the fully oxidised state of the OMRR. From further
voltammetry experiments this is pertaining to an incomplete photocrosslinking process.
Thicker films require longer UV exposure to ensure full polymerisation in the interior of the
film. As the film swells with electrolyte during oxidati some unpolymerized monomer can

leak from the interior of the film. No charge trapping states are evident within these films

NDI 7 layered on top of DPP11
0.6- Cyclic voltammetry 20mV/s
' TBACIO, 0.1M CH,CI,

0.5-
0.4-
0.3-
0.2-
0.1-
0.0-
-0.1-
0.2-
0.3

Current density/ mA

20 15 -10 -05 0.0 0.5 1.0
Potential vs Fc*/Fc

Fig. 2.19 cyclic voltammetry of Bilayer NOI coated onto a film of DPR1

When these materials are layered one on top ohanthe reversibility of the processes are
preservedFig. 2.19) It is still evident that both materials have two redox features although the
bottom layer DPPL1 has less resolution to its peaks and the dense films are not easily
permeated by the electybé.
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This system is rather robust and an investigation into the operation of such materials should be
carried out with the development of coin cell batteries. For the moment this remains a work in

progress.

Conclusion

Photocrosslinking offers a method for a fiomasive and scalable process to achieve insoluble
photoactive films. This method has the potential geevent and restrict PCBM
agglomeration/crystallisation in a BHJ architecture through increasing the thetaidity of

the phase segregated bulk. When applied to small molecules this approach offers a way to
process devices in a bilayer architecture without the requirement for strict control of processing
solvents for subsequent layers. Initial results forasgjne dyes showed improvements in
photovoltaic performance after a photocrosslinking process for acrylate functionalised
materials. Performance increaseshe order of 14 timefor the most improved system were
recordedrom 0.03% to 0.43% PCE

This appoach was extended to a DPP donor material and a NDI acceptor material.
Unfortunately, the low quality of the initial film depositions prevented this method from
showing its true potential. Large agglomeration effects and low wettability of chosen materials
on glass/ITO substrates limited this investigation. The low yield and length of synthesis for
these materials also limits the upscaling of these materials. For this approach to be useful in an
industrial setting simpler synthetic processes must be urem\er similar materials with

better film forming characteristics.

What has been achieved is a thorough investigation into the negative photoresist character of a
variety of different small molecule organic semiconductors. Organic photovoltaics are not
necessarily the best use for said materials, but it has been shown through electrochemical
characterisation these materials have good potential to be developed into organic battery
installations. This can be achieved through solution fabrication with theofua@gbrush
technologies which allow access to very thick and rough films which are desirable

characteristics for this technology.
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Chapter 3 Latent pigment

Introduction

In the field of organic optoelectronics, device fabrication requires the layering of multiple
different materials one on top of another. Finding materials with differences in solubility
remains a substantial challenge. For organic photovoltaics attemygsblean made for
developing roll to roll devices using orthogonal materials. These devices are made by a
standard bottom up build with sequential layering of active materials. This should be
achievable by standard printing methods. Generally, to achigeed highly resolved, and
reproducible interlayer orthogonal solvent processing is used: the bottom layers of material are
completely insoluble in the solvent used to process the subsequent layers. This is a very
restrictive method for processing mtlliyer devices. The nature of the donor and acceptor
materials commonly used in OPV are such that their solubility is often similar. Completely
orthogonal solvent approaches are thus quite rare. Generally, what occurs even in the case of
materials which areaenpletely orthogonal is a fine intermixing of the interface between donor
and acceptor. Although this may be beneficial for device efficiencies, it is not a very
controllable process. Even when completely orthogonal systems can be established, underlying
layers are susceptible to swelling with the orthogonal solvent allowing for the sequential
deposited materials to permeate into the bulk of the underlying layer, in effect, forming a rough
interface more like a bulk heterojunction than that of the deslegdhpbilayer. This diffusion

is an inherent problem of organic materials which is advanced by processes such as thermal
annealing. Although this intermixing at the interface can often be useful for exciton splitting in

photovoltaics, the resulting repradhility and stability remain a concerh.

A multitude of different approaches have been devised for fabrications without the use of

orthogonal solvent processing.

Vapour phase deposition

Vapour phase nanoparticle deposition of a thermo cleavablefhgopyhene/PCBM blend is a
unique method for processifagge scale devices from aqueous solutions while also controlling
the scale of phase segregation in a film-Xfeng Nanet. al successfully produced large scale
devices by using an ultra micronization method to produce nanoparticléseoire cleavable
poly-thiophene/PCBM blend. The deposition technique operates by nebulizing & micro
emulsion of the active materials into a carrier gas (in this ages) which flows through a

high temperature tubing. Thi s t hepromedthest ep
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active polymer. The resulting nanoparticles then adhere to the desired substrate. This method
offers an environmentally friendly method for active layer depositions without the need for
orthogonal solvent$This is a novel method for depositing active layers in an envirotathen
friendly manner with a lower influence of solvent on underlying layers. A possible downside

to this method however is the high temperature used across the evaporation tubing. The thermal
treatment experienced here is over 300°C. This process may gieethermal stability of a

number of common organic semiconducting materials.
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rgon

‘ L TTTTLE LA

. SN TIIINEIFN)
¥ -
o 9®
%% %
* s
se e

. 0.0 O -OH
L~ \,--"\/\/\,/" ﬁ/\ S ~200°C /j/\ S =300°C /\ S
o s” { J s” 1/ " 1)
AN n n n
o PT

P3MHOCT P3CT

N A S N
Ultrasonic Nebulizer

]

Fig 3.1. Vapour phase nanoparticle deposition techrfique

Simultaneous deposition

Double slot dye depositions for simultaneous multilayer fabrications is possibly a viable
method for the quick, low cogtroduction of deviced Attempts have been made with this
technique by creating dispersions of active materials in water as a solvent. Simultaneous
deposition of PEDOT: PSS in water and a P3HT: PCBM digpem water through two slot
parallel slot dyes results in a roughly formed bilayer. Intermixing and high interface roughness
results in poor PV PCE in comparison with a weelhtrolled single slot dye deposition.
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a 3

Fig. 3.2. a) schematic diagram of a siltaneous double slot dye deposition technique b)

experimental photo c) close up of subsequent3film.

Emulsion processing

Emulsions and micellar solutions can be used to produce semiconductor films warch af
formation can be integrated into a multilayer device. The principle idea of this method is that
hydrophobic core of micelles and emulsions provide a good environment to load organic
semiconductors. This environment collapses upon the removal of teewusgportion of the
solution. In this way organic semiconductors can be deposited from water, the resulting films
after evaporation of water will be completely insoluble in aqueous solutions. Emulsion cast
films have been shown to have charge generatianackeristics which are similar to those
found in solution deposited devictBrederik Krebs et. al also demonstrated 0.55% PCE roll

to roll all-printed devices using an aqueous solution based method incorporating a détergent.
Emulsion processing gives access to nanoparticle based films with tuneable particle size
(through solution concentration variation) between ~30 and 560Fms method is an area

with great potential as a aqueous solution processed organic solar cell is a very appealing idea.

Vacuum deposition

Sequential vacuum evaporation deposition is a method to access planar bilayers with crisp
homogenous interfaces. This technique can be considered more expensive and less scalable
than solution processing which should give facile acaesslitto roll processes. The level of
interface control offered with this technique is clearly of higher quality sudutionbased

techniques. Thermally deposited films also have the benefit that they are not subject to issues
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of material wettability® The limiting factor of this technique is the low throughput potential
wi t h stteclth@logy A combination of solution processing and thermal evaporation is a
possible compromise for organic oggtectronic device fabrication. OLED technology has
seen relatively successful development with deposition of active light emitting lagiags b
produced by solution means while subsequent electron blocking layers are thermally
evaporated.Photovoltaics are comparatively complex devices. Multiple layer depositions with

large devices areas limits the use of thermal evaporation.

Latent pigment

To address this issue, we have investigated andapea the latent pigment approach. An
organic pigment is a highly coloured organic material which has a characteristically low
solubility. These materials are highly coloured due to scattering effects or selective light
absorption dictated by alternatisgp bonding networks. Pigments are generally very stable
materials, with regards to temperature, solvent, and atmosphere. Furthermore, organic
pigments tend to have low toxicity. Many common pigment cores are commercially available
at relatively low priceslue to their high demand in fabric and paint industi@e intrinsic
stability of organic pigments makes them a very attractive option for investigation as light
harvesting donor andcceptor materials for organic photovoltaics. The only issue is that the
low level of solubility makes device fabrication rather difficult as common solution fabrication
techniques cannot be useWhile vacuum deposited pigments can afforery high
perfomance devices the solution processed devices are less performing. A latent pigment
approach can be successfully integrated into the fabrication of a solution processed organic

device with performancesapproacing that of the vacuum deposited devi¢es.

The principle idea of the latent pigment approach is that a pigment can be functionalised with

a chemically or thermally removable solubilising functionaltyThis results in dydike
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solubility which can be easily processed by methods such as spincoating or printing.

S /

Thermal removal in solid state Insoluble Pigment with active H-Bonding Activation of hydrogen bonding network

site available

Fig. 3.3. An example of process fdhe dgrotection of tBoc functionality on a common

DPP pigment core

The termlatent indicates that the pigment is still available, lying dormant. By using common
protection group chemistry, we can afford materials with good solubility that can be solution
processed into thin film@ig. 3.3). Simple post deposition treatments résulthe activation

of this latent pigment. The resulting removal of the solubilising protective m@ieth as the
tert-butyloxycarbonyl protecting groQiaffords the initial pigment processed in a thin film with

a complete solvent resistant charactdre iow insolublestable layer of organic material is

thensuitable for use in electronic devices such as transistors and photovoltaics.

The basis of this approach is that organic pigment insolubility stems from intermolecular
interactions such as-bonding or " 13 AAdd#iankof chegnically or thermally labile
protecting groups disrupt these strong intermolecular interactions resulting in-l&kedye
solubility. The latent pigment approach opensersatile avenue for affording a variety of
organic electronic devices such as organic photovoltaic (OPV), organic light emitting diodes
(OLED) and organic field effect transistors (OFET).

Abstract

In this chapter, the use of latent pigments as a metbogroviding true bilayers without the

use of orthogonal solvents or vacuum evaporation is examined. Furthermore, this approach is
extended to incorporate methods to provide stoichiometric solvent annealing throughout the
latent pigment activation proceDiketopyrrolopyrrole based semiconductors functionalised
with thiophene units were developed as efficient donor materials which incorporate thermally
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labile solubilising functionalities. Two such materials were studied extensively. Both bulk
heterojundbn and bilayer heterojunction photovoltaics with a variety of architectures are
fabricated and characterised. The morphologies of these materials were examinedyby X
spectroscopies including single crystal studies, reflectivity experiment@rakzangincidence

wide angle Xray scatteringtudy(GIWAXS).

Chemical design

Latent pigments have been established in a wide variety of organic devices: from patternable
thermochromic timéemperature indicators for food industffeso luminescent solar
concentrators as well as being incorporateiito OPV. The nature of the material
crystallisation through this process with additives has been exafhametithe possibility of
creating thirsingle material filmsand BHJ films from mateais of very lowsolubility has been

exemplified through pigments such as indigo

A common protection group useddstert-butyl dicarbonate {Boc protection). This group
allows for facile protection of amines at near quantitative yi€idghis functionality is
sterically bulky and affords a simple and quantitative deprotection by a thermal treatment. The
thermal derotection window for this protective group is usually far below the degradation
temperatures of common pigments such as diketopyrrolopyrrole (DPP), quinacridone (QC),
perylenediimide (PDI) and ismdigo!%2%2> The removal of the-Boc is observed by the
evolution of two gases G@nd isobutylene. The functionalisation of heterocyclic amines with
t-Boc can be used to disruptbdnding néworks. Thetertbutyl portion of this protection
group also acts -quistt @ c weée h gBod cemadt m$ dneefident ~ t
functionalisation to provide a |l arge increa:
this is shown belowvith the protection of the lactamiitrogen of a bithiophene functionalised
DPP(Fig. 3.4).

Diketopyrrolopyrrole cores are recognised as high performance industrial pigmaihis
possibility for mass production and relatively facile functionalisation timogommon
palladium based € chemistries makes them an appealing prospect for industrialidaRén.

small molecules and DPP containing polymers are among the highest performance materials
available for OPV and OFET applicatiofig?

It has been recorded that in a pigment form DPP crystals have improved charge transport and
mobilitesoverNa | kyl at ed Andyeo counterparts. This p

aHbonding network resulpimgédg in more efficien
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Fig. 3.4. Mechanism for chemical protection (above) and thermal deprotection (below).

A noteworthy contribution to the field of latent pigments for eplectronics comes from the
Beverinagroup(Fig. 3.5). A small molecule bulk heterojunction photovoltaic was developed
incorporating a latent pigment Diketopyrrolopyrrole. Thermal deprotection of this DPP at
200°C resulted in the parent pigment and the activation of a hydrogen bonding network.
Photovolaic characterisation showed a remarkable increase in Jsc upon deprotection of the
DPP. This resulted in a Z0ld increase power conversion efficiency to 0.15%. The increase

in current is attributed to the improved charge carrier mobilities which arisetfi®hydrogen

bonding network which improves material packifty

DPP34 DPRy (Beverinagroup)

Fig. 3.5. Right) the structure initially proposed Bgverinaet al. Left) Adjustment to the
HOMO and LUMO levels of this semiconducting core is made by the replacement of phenyl

functionalities with thiophene groups which have a higher donating character.
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This DPR molecule was designed as a latent pignienuse in a BHJ as a means to control
phase segregatidn The issues with this material was that the HOMO levels of the DPP and

PCBM were misaligned, causing issues with charge separation.

To address this issue, we subsétuthe Phenyl rings for thiophenes in order to raise the
HOMO levels of this molecule and reducing the optical gap. The resulting materi@d4®P
a tBoc protected material. HOMO levels estimated fieywlic voltammetry(Fig. 3.6) of the
protected DPR34 have been successfully raised from the reported HOMO level ofi DPP
6.22eV to the DPB4 HOMO level of-5.9eV. This HOMO level is much better suited for
alignment with PCBM which has a HOMO level-6f1eV.The effect of protecting with the
t-Boc functonality, a strong electron withdrawing group, is the lowering of the LUMO level
to-4.01leV.
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Fig. 3.6. Cyclic voltammetery of DP® reversible redox steps evaluate HOMO levels te be
5.9eV and LUMO levels e4.01eV.

Although the HOMO is now situated at an appropriate level, the optical band gap has also been
reduced. The LUMO levels of DR now in the same region to the LUMO levels of PCBM
(-3.7eV to-4.2eV). The deprotection of the electron withdrawHpt groupsshould raise the

LUMO level to a more suitable alignment between PCBM and BfFhe small difference
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between these levels is not ideal and results in the limitation af Maecyclic voltammetry
levels of the deprotected pigments cannot be measurdad theeinsolubility of the materials

In order to circumvent this conjugation was further extended by the addition of two more
thiophene units. The solubility of this moiety comes into play so a derivative with hexyl
sidechains on the ternary thiopheneswsgnthesised DP®7. The extended conjugation raises
the LUMO levels slightly ta3.9eV(Fig. 3.7). This is expected to rise again upon deprotection

which will result in a good alignment with PCBM.

Initially these two DPP materials DRHF and DPP34 were synthesised by micellar coupling

(see chapter 5). These relatively simple latent pigments have high yielding synthetic routes (see
experimental appendix 2). The extended conjugation througphém@sub units raises the
HOMO levels so that they are compatible with standard acceptor materials such as PCBM and
PC1BM.
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E/eV vs vacuum

-3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -6.0
2.0 T T T T T T T T T T T |
1.5 HOMO: -5.6eV
R
£ 104
<
S
~ 0.5
P
2
o 0.0+
©
=
L 051
>
(@)
-1.0 1
LUMO: -3.9eV
-1.5

T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Potential vs Fc*/Fc (V)

Fig. 3.7. Cyclic voltammetry of DP27

Within thin film technologies there are currently two areas of research investigated for
improving efficiency in organic photovoltaics. Firstly, by improving exciton and charge carrier
mobilities and diffusion lengths with molecular design. This is often achieved by fine tuning
molecular structures to control molecular pacKitid.In regards to photoactive materials, high
levels of molecular order is beneficial for efficient charge transport and extraction in many thin

film organic photovoltaic device§?9°

Secondly, improving the narstale morphology of films to bring donor and acceptor domains
within the exciton diffusion rang&:32333435 This is usually achieved by developing materials
with a tendency to phase segregate in a finely intermixed morphology with regular domain
structures. These two techniques work together. An efficient device requires both an ordered

molecular paking as well as an optimised nanomorphology.

In this study it is expected that the activation of latent pigment materials will result in highly
crystalline domains due to the activation ebbnding networks which become available after
removal of the salbilising functionality from a relevant aryl amine. It is also possible that the
evolution of gas during deprotection, from within the crystalline domains formed by spin

coating active layers, could break large crystallites into a finer powdered crystsiicA an
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extensiveX-ray study has been carried out on OBRand DPP34. The effect of such crystal

size reduction is of importance to the nanorphology of thin film devices.

PCBM is used as the acceptor material for the photovoltaic devices madedhapter. This

is based on the strong track record of PCBM and its derivative in the photovoltaic irfflustry.
PCBM is a material which exhibits agh affinity for ITO substrates. This characteristic can
disrupt the donor acceptor ratios withina film It i s evident that a
aggregate is of key importance to device performance. As such, it is necessary to examine the
effects of depraction on the density of each film. It is speculated that by activating latent
pigments the strong HHonding network will establish tight, dense packing modes. The
increased density in donor material may hinder the migration of PCBM through the thin film.

Fig. 3.8. Examples of latent pigmentap left to right DPB4, DPP 27, and isoindigd32
Bottom left to right NDR2, isoindigd@6, and isoindigd33
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Results and discussion

Initially DPP 34 and27 were established in planar bilayer devidgitayer devices have a

lower interfacial area than BHJ and thus are often less efficient. Theoretical limits of roughly
15% PCE are quoted. The benefit of this setup lies in the high accessibility and

reproducibility of planar bilayer devices when accessed byaodll means.

DPF34

Fabricaion of planar bilayer devices was initially performed on DBE ITO substrates
underwent a standard sonication for 10 minutes subsequently in 2% mucasol solution, distilled
water, acetone an®iOH Substrates were then dried under a nitrogen flow before 10 minutes
ozone cleaning. PEDOT:PSS was then spincoated at 2000rpm for 60 seconds before being
annealed at 110°C for 10 minutes in a nitrogen glove box. Active layer deposition was then
carried outwith DPP 34 with 8.5 mg/mL solutions in chloroform spincoated at 4000rpm for
45seconds. The substrates were then placed on a hot plate for deprotection at 200°C for 7
minutes. The insolubility of this deprotected films allows PCBM to be also be spiddoate

a chloroform solution of 8 mg/ml at 5000rpm for 45 seconds. The cells were then placed in a
thermal evaporator where 1 nm of LiF was evaporated. The cells were closed-100r90

of aluminium. Each substrate contains 4 cells and 3 substratesiseslger fabrication with

a total of 12 cells made in tandem per fabrication. The active area of each cell i€.0.2mm

Interlayer choice
The interface between the active later and the electrode is of key importance for the

performance of OPV.

PEDOT: PSSd the most common electron blocking layer. It is solution processable from water
dispersions which make this higierformance interlayer very attractive for inclusion in
photovoltaic devices. Furthermore, the acidic nature of PEDOT: PSS which is gevievadig

as detrimental to device stability may aid in the deprotectioiBottmaterial. LiF was initially
chosen as a hole blocking layer between the photoactive semiconductors and the aluminium
cathode LiF has been seen to improve the reliability ofrocgdevices, it is thought that LiF
provides an ohmic contact between semiconductor and metal contact and lowers the work
function of aluminiumLithium has also been observed migrating into active semiconductor
layers, it is possible that the lithium isging the organic layers of the c&éllmprovements to

FF and Voc due to an optimised charge transfer across the interface is commonly seen with the
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use of this interlayet®3*4° This very thin buffer layer also acts to protect the organic
semiconductor from the heat of evaporated aluminium.

Initial results from this architecture resulted in power conversion efficiencies in the order of

0.31%. This result is already an improvement on #iees obtained fdDPRy.

—— DPP34/PCBM not annealed

5 |—— DPP34/PCBM annealed
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Sample Voc FF [%] Jsc [mA/cm?] PCE [%)]
[V]
Not annealed ‘0.43 0.50667 1.44 0.31%
120°C annealed (closed cell‘ 0.45 0.38032 1.33 0.23%

Fig. 3.9. Initial IV curve for ITO/PEDOT:PSS/DPRYPCBM/LiF/Al device. Annealing
processwas carried out on this cell at 120°C for 5 minutes on closed cell. The remeasured

cell showed a reduction in current and fill factor.

A short annealing of 120°C for 5 minutes was carried out on closed ITO/PEDOT:PSS/DPP
34/PCBMI/LIF/AI cells. This resulteth a noticeable reduction in short circuit current. LiF

has also been seendxystaliseinto plate islands on the surface of semiconductors. It is
possible that the short annealing process causes the crystallisation of LiF into islands within

these devies The resulting heterogeneous interlayer may not be optimal for this device. To
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investigate the possible effects of LiF dissipation during annealing, the cellsestesigned
with two alternative hole blocking layers: Barium and ZnBarium was evapotad as an
8nm interlayer. Zn@nanoparticle films were prepared by spincoating at 1000rpm from a
dispersion in ethanol and isopropanol. Both are well known hole blocking interlayer

material§*? The resulting device performances are seen below in table 3.1

VodV] JsdmA/cm?] FF[%] PCE [%]
ZnOx annealed 120C 7 mir 0.45 1.64 0.450974 0.33%
Barium 0.455 0.96491 0.431655 0.0019
Barium annealed 0.441 1.254683 0.46415 0.002571
LiF 0.3975 1.4558 0.4987875 0.002882
LiF Annealed 0.436 1.295613  0.3739425 0.002117

Table 3.1. Average device data taken over 12 cells for each interlayer and annealing
treatmentZnOx film preparations always required a thermal annealing so neanoealed
devices are possible.

The ZnOx interlayer showed the most promise due to the slightly higher short circuit current
of 1.64mA/cni. Interestingly in the case of cells fabricated with barium as a hole blocking
layer the closed cell annealing improves the device performance. This is in contrast to the LiF
devices.

To establish a greater understanding of the processes at play hemalejiantum efficiency
(EQE) measurements were made on annealed andm@aled devices. EQE measures the
ratio of collected charge carriers to the external photons of a given wavelength incident on the
cell. The measurements involved examining the ahargrrier extraction rates at each
wavelength. In this way we establish which portion of the light spectrum is causing charges to
be generated within our cell.

High performance devices have recently been reported with EQE measurements showing very
high chage carrier collection rates, in the order of 70%. This shows that devices are now
capable of absorbing a large portion of incident fijih our case, we see an unusual feature
within our bilayer devices for material DPR. (Fig. 3.10)
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Fig. 3.10. Above) EQE for neannealed ITO/PEDOT: PSS/ DRF/ PCBM/ LIF/ Al device.
Below) EQE for annealed ITO/PEDOT: PSS/ DB PCBM/ LIF/ Aldevice.

A short annealing of just 120°C for 5 minutes causes a significant change in charge generation.
Prior to annealing the PCBM has a much larger role to play in the charge generation. A sharp
strong feature is seen at 350nm. The main charge geneisatbaourring in the 50850nm

absorption range.
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After annealing the wavelengths of absorption typical for PCBM are somewhat decreased (300
400nm). The main charge generation occurs in the region of the deprotected DBBQ5%).

This activity is typicalof a cell which shows strong migration of PCBM. This was an
unexpected result as it was thought that the active deprotected layer would be very dense and

unlikely to be permeable. To investigate this a thin filma)} study was carried out.

X-ray data sugests that the process of deprotecting the highly crystalline materials causes
crystallites to break apart, reducing the crystal size. This is seen as a broadening and reduction

in intensity of theGIWAX S Bragg peaks (sdeg. 3.11.below for an example dhis feature).
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Fig. 3.11.Abovg GIWAXS of thin film of protected DPR7 Below) GIWAX S of thin film of
deprotected DPR7. Thick weak Bragg peaks seen as light blue bands indicate small

crystallites with a random orientation in respect to the substrate.

Although the deprotected film exhibits an increased density when compared to protected films,
(seeX-ray appendix IX-ray reflectivity for thorough analysis) the resulting films are powder

like in nature on the surface of the substrate. The films exhibit very small crystal structures in
a random orientation with respect to the substrate. When the device is annealed percolation

pathwaydikely appear through this very fine poweie film. PCBM traves through these
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percolation pathways. The device, in turn, becomes more like a BHJ thil@yexr and less

photon absorption occurs within the now dispersed PCBM layer.

The high eystallinity of the donor material, although good ébrarge carriemobilities, also
results irhigh levels ofight scattering which coupled with the tendency of the PCBM materials
to agglomerate and migrate to the ITO contact significantly reducegtical@bsorption and

contact area of these donor pigments.

DPP27

Initially the poor open circuit voltage of these devices was accounted for bigsaeregoor
LUMO level alignment with PCBM materia(§ig. 3.6). The further symmetrical extension of
the DPP34 core with a further hexyl thiophene to form the DEFstructure was thought as a
facile means to enhance the Voc. Unfortunatelyd#ésred increase in Voc was not achieved
when DPP27 was substituted fdbPP 34 (table3.2).

A variety of different film thicknesses were achieved by adapting the spincoating speed for the
deposition of the donor layer. By increasing the thickness of this active layer, we see a very
small improvement in the fill factor of theéevices (see tabld.2 below). Further thermal

annealing after deposition of PCBM at 120°C for 5 minutes does not appear to have a

substantial effect on device performance.
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DPP 27 spin speed ant Voc [V] Jsc [mA/lcm2] FF% PCE%
post PCBM annealing
8mg/ml 2000rpm| 0.369344 2.186748 39.21958 0.317025

thermally annealed

8mg/ml 1000rpm 0.371826 2.099005 42.33023 0.329675

thermally annealed

8mg/ml 800rpm thermall} 0.375439 2.10513 42.58695 0.3365
annealed

8mg/ml 1000rpm as casi 0.368743 2.277294 39.40063 0.330475
8mg/ml 800rpm as cast | 0.353816 2.242067 42.23608 0.33486

Table 3.2. Device characteristics for ITO/PEDOT:PSS/2BPP CBM/LiF/AI cells. All data

is averaged over 3 substrates containing 4 cells each.

The average short circuit current for devices fabricated with PPiAcreases but the Voc

decreases in comparison to DB

In fact, both sets of devices (bilayer DB#PCBM and bilayer DPZ7/PCBM) exhibit lower

than expected Voc and Jsc values. Tleerttal treatment of these latent pigments is carried out

at 200°C. It is possible that the action of this deprotection causes a delamination effect of the
semiconductor from the substrate and from the individual semiconductor crystallites. In effect
this wauld reduce the conductivity through the semiconducting core.

Possible delamination from the ITO contact and the high level of permeability of these films
could be reduced by increasing the thickness of the donor layer. However, increasing the
thickness igletrimental to the device efficiency as exciton diffusion lengths limit the possible
thickness for bilayer devices. In order to increase the thickness of the devices a bulk
heterojunction architecture can be established. Although the latent pigment metbod
developed to produce planar bilayer devices, the BHJ helps to establish if the low performances

are caused by ITO donor interface issues or a mismatch between donor and acceptor.
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Bulk heterojunction

It should also be noted that in the case of badlerials a series of BHJ architectures were also
attempted. The BHJ were completed and characterised with and without deprotection.
Interestingly the noweprotected BHJ had no photovoltaic acyiwt all This may be due to a

low level of miscibility wth PCBM. Upon deprotection a low level of photovoltaic activity
could be recorde(Table 3.3) This could suggest that upon deprotection the large immiscible
domains of DPP break into small crystals which can be permeated by PCBM during annealing,

althoughit should be acknowledged that these results are very poorly performing

DPP27/PCBM BHJ VocV Jsc mA/crh Fill Factor Efficiency
1:1 ratio 0.332411 0.057498 23.50494 0.004493
Table 3.3. Device characteristics for deprotected BHJ device of JrRd PCBM

(The reasoning for the low performance of these materials is further discussed in chapter 4
latent pigmentransistors). Mainly, it seems as if the thermal deprotection of these materials
results in a delamination and disruption of the pathways for charge gathering. It is thought that
perhaps the release of two volatile gases from within a crystalline mateaialbm an
aggressive approach. As such this work has been extended to the development of latent
pigments which instead of releasing gas will release a high boiling point solvent. This is
achieved simply by using a protecting group which substitutes a loylgchain for the short
tertbutyl portion of tBoc. In doing so we have the possible access to a stoichiometric solvent

annealing approach.

Long chain pyrocarbonate.

The use of a long chain pyrocarbonate to act in placeBokct(Fig. 3.12)provides a éw
benefits. Namely, the extended chain has far superior solubilising character thankibgytert
functionality of tBoc. This allows for larger, more complex conjugated systems to be

processed through solution approaches.
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t-Boc pr_OteCted Long chain pyrocarbonate
amine protected amine

Fig. 3.12. structure of an extended chain protection group.

Another key factor when extending this solubilising chain is that the resulting deprotection
affords one gas (C{pand one high boiling point solvent as opposed to the two gases released
upon decomposition of theBoc. This high boiling point solvent can be very useful for film
morphologies. It acts as a stoichiometric annealing solvent. Similar processing solvents used
as additives such as diiodooctane (DIO) have been shown to implmvedirphologies?

This additive has been known to enhance the edge on crystallinity of P3HT in BHJ cells. This
enhancement results in an improved chargeier transport within the cell which leads to

improved device performancéx®

Solvent additives can afford higher crystallinity films to form. In the latent pigment system
rearrangement due to-bbnd network activation may be aided by a high boiling point solvent
annaling. It is expected that systems using the long chain pyrocarbonate to protect a pigment
will result in a more ordered morphology with a reduction of grain boundaries throughout the
film. The grain boundaries are thought to be formed by the harsh dejmotef tBoc which

produces gases that is most likely causing-¥egthed crystalline domains to crack.

Although this longer chain protection group affords high solubility semiconductors, synthetic
processes proved difficult with this material. Standdremical procedures such as Stille and
SuzukiMiyaura cross coupling reactions often afforded mono cross coupled products rather
than the desired symmetrical cross coupling productsntigo core units protected with this

long chain protection group weepf very high crystallinity and struggled with compatibility in
micellar cross coupling approaches as a result. Rapid deprotection on silica during material
purification also caused difficulty in the synthesis of semiconductors incorporating this unique
thermally sensitive protection group series of organic semiconductor cores could be
developed successfully for this approach. Further functionalisation of these materials is

necessary before incorporation into devices can be realised. This approaaiteresting
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potential for incorporation into copolymer structures. Latent pigment polymers could be a
possible solution to the poor film quality which evolves during the activation of small molecule
latent pigments. A similar approach has been investigatethermo cleavable ehienyl
benzothiadiazole polymers. Thermal cleavage of long chain thermo cleavable esters to afford
solvent resistant bulk heterojunction solar cells. The observed effect of deprotection is a slight
decrease in performance from 19820 1.49%. This is most likely caused by the thermally
induced phase segregation of polymer and PCBApproaching a planar bilayer device based

of thermaly cleavable polymer could offer a method for access to facile device fabrication of
efficient OPV.

Effects of crystallinity and agglomeration on optical properties

Some unusual behaviour was observed during device fabrication for a number of these
materals. Unexpected absorption shifts and significant lowering of extinction coefficient after
thermal cleavage of theBoc moiety was recorded. It was thought that significant change in
film crystallinity could result in either significant agglomeration efhiesults in an absorption

shift or in a significant increase of light scattering throughout the film. This unexpected
reduction in extinction coefficient is particularly interesting. When photovoltaic devices are
made with PCBM or its derivatives the dommaterial used is generally expected to have good
optical absorption properties. PCBM is not perceived to be a strongly absorbing material in

regard to its optical properties.

: | Protected material

1 2 3 4

e o S P . G P ST R X

- Deprotected mterial

I~

Fig. 3.13 (central image) Thin films cast on glass/ITO substrates. Above protected below
deprotected. (borders) related WWis spectra of films cast on glass substrates (black)
protected (red) deprotected 1=is0digo 32 2=DPP 27 3=iso-indigo 334=DPP 35
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The tical shift of the DPR34 observed in these EQE (abokigy. 3.13) is also a further
indication of material agglomeration. To examine this effect polymethylmethacrylate (PMMA)
slabs were prepared where materials could be deprotected with limited @astalliPrevious

studies on latent pigment solar concentrators has reported that a fine homogeneous dispersion
of latent pigment can be created in partially polymerised methyl methacrylate. As the
polymerisation process progresses the latent pigment igcted from crystallising or
agglomerating. The thermal deprotection of the latent pigments can still be achieved by heating
fully polymerised PMMA slabs. The highly dispersed nature of the latent pigment in the
PMMA slab offers an opportunity to examitie optical properties of the material without the

effect of crystallisation and agglomeratiéh.

PMMA slalpreparation

100ml of freshly distilled methyl methacrylate is added to 100mg of the free radical initiator
azobisisobutyronitrile (AIBN). This mixture is stirred vigorously and heated slowly until just
under the boiling point. The viscosity slowly changdeat until the solution becomes a
viscous syrup. Evolving bubbles should be slow to rise through the solution. Quench this
reaction in an ice bath to 20°C. In a separate beaker dissolve 150mg of lauryl peroxide and the
latent pigment of interest (1x2®) in 60ml of freshly distilled methyl methacrylate. Add this
solution directly to the partially polymerised syrup. Stir until homogeneous before casting into
a square mould. Heat the mould in a water bath for 24hours at 58°C. Remove the slab from the
mouldand heat in an oven for a further 12hours at 100°C to ensure complete polymerisation.
The optical absorption of a series of PMMA slabs was measured using a &B&2dNV-

spectrometer before and after thermal cleavage in a heated oil bath.
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Fig. 3.14.Comparison of W-vis of thin films (left) vs PMMA dispersions (right). Black

illustrates the protected spectra and red depicts the deprotected absorption spectra.

Following the full polymerisation of methyl methacrylate (MMA) to PMMA the dispersed

latent pignent shows an absorption spectrum with characteristics similar to the solution state

spectra. The benefit of using PMMA is that once polymerisation is complete the PMMA slabs

can be heated in an oil bath to the deprotection temperatures of the latemtpigméact, it

has been shown that the PMMA environment facilitates the deprotection allowing the process

to be carried out at lower temperatute§he resulting deprotected material is somewhat frozen

by the PMMA. Agglomeration effects are significantly reduced with notably different

absorption characteristics irMd spectra measured in PMMA slabs compared to thin films on

glass substrates. Likewise, the sublimation effect that is seen with the lower molecular weight
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iso-indigo derivatives is completely counteracted. From this short study, we examine the direct
effeds of deprotection on the optical properties of our materials. This experiment illuminates

certain issues with the technique.

Thin film PMMA slab
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Fig. 3.15. Comparison of W-vis of thin films (left) vs PMMA dispersions (right). Black
illustrates the protected spectra and retbpicts the deprotected absorption spectra.

Sublimation of thin film is evident for the isaligo 32 latent pigment (bottom left corner)

The spectra taken of the PMMA slaf#sg. 3.14-3.15)all have higher resolution peaks than
those of the thin films. Bprotection generally results in a lowering of the extinction coefficient

of the materials.
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Fig. 3.16. Left) image of shards of PMMA slabs of four materials (structures bottom right)
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before and after deprotection. Slight colour changes can be observed during deprotection. It
is possible to pattern these materials with localised heat sources. Tapragvant UWVis

spectra of each PMMA slab (before deprotection in black, after deprotection in red).

The 206800nm region of a U\spectra is the region in which photons will be absorbed-by pi
electron systems or heteroatoms which have-bwrding valene shell electrons. The
withdrawal of electron density from the semiconductors core lowers the HOMO levels of the
material. In effect this causes the core to behave with a more aclieptraracter. All of the

latent pigments studied here are deaocepor-donor materials. The removal of th&dc

group reduces the acceptor strength of the semiconducting core which lead to a reduction in
oscillator strength, an affect which is partially balanced by the effective planarization resulting

from the activatia of intramolecular hydrogen bonding.

Energetically favourable electron excitation occurs from HOMO to LUMO. The energy levels
of these states are related to the wavelength of light which is absorbed by a species. The HOMO

level of the material shifts dung the deprotection process. As the level of conjugation
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increases in a molecule the energy gap between the HOMO and LUMO decreases. This results
in lower energy light being required to excite an electron within the electronic structure,
absorption wavelggth is increased in this was. As such, the bathochromic and hypsochromic

absorption shifts observed are expected upon deprotection.

Hyperchromic

A

Hypsochromic Bathochromic

< >

A4

Molar absorption

Hypochromic

Wavelength

Fig. 3.17. UV vocabulary

The degree of this shift is attributed to the electronic contribution of the protection greup o
molecules conjugation. The loss of extinction coefficient observed in the PMMA slabs when
materials are deprotected is comparatively lower than the loss observed when the materials are

deprotected as thin films on glass or ITO.

The high crystallinity 6 the deprotected thin films is partially responsible for this loss in
absorption due to high levels of internal scattering occurs within the finely powdered material.
In the case of istndigo derivatives32 and 33 there is strong evidence of an unexpécte
sublimation process occurring (this is further observed during transistor fabrication Chapter 4)

below the deprotection temperature.

From this quick experiment we can conclude that thin film agglomeration and high levels of
crystallinity are having a mative impact on the quality of light absorption for deprotected
latent pigment. For the field of organic photovoltaics, high optical absorption is key for high

performance devices. Possible solutions for this issue may come in the form of further
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processig procedures such as solvent annealing or through the addition of film additives which

could reduce the effect of agglomeration within the latent pigment films.

Conclusion

A latent pigment strategy has been developed to fabricate planar bilayer orgaouofihics.

Two lead diketopyrrolopyrrole based semiconductors were chosen for a detailed study in both
device characteristics and film quality. The morphologies of these materials were examined by
X-ray spectroscopies including single crystal studidkeatevity experiment and &IWAXS

study.

From this work it is established that the small molecules in question undergo a significant
crystallographic rearrangement upon thermal cleavage of solubilising groups which affords the
parent pigment. A significant reduction in crystal size is noted avitesulting powdelike

film. No crystal orientation is observed after deprotection. This results in a disordered and

possibly permeable layer of material.

The resulting device characterisations show evidence for poor charge generation and a high
level ofthermal instability. This is most likely attributed to the disordered morphology of the
donor layer. Upon heating permeable channels are available for PCBM to migrate through
causing unbalanced weakly performing devices which probably have a structersimiar

to an intermixed bilayer or bulk heterojunction device. The highest performing devices for
these materials was an average of 0.33% PCE. This is double the power conversion efficiency
produced by a bulk heterojunction of DIPFPCBM produced by &wrina et. al. The
improvements in performance is account for the more appropriate alignment of HOMO and

LUMO levels between donor and acceptor.

Attempts were made to extend this approach with a deprotection mechanism which provides
the stoichiometric rele® of a high boiling point solvent which could alleviate some of the

issues of morphology which arise from this approach.

PMMA slabs containing highly dispersed latent pigment were created in order to examine the
optical properties of the latent pigmentedahe effects of agglomeration and crystallinity on

the absorptive properties of these materials in thin films. A shift in the absorption spectra is
accounted for by the electron withdrawing natureBdt on each of the materials examined.

It is estabkhed that the decrease in extinction coefficient seen during deprotection is greatly
exaggerated for a thin film on a substrate compared to the highly dispersed materials trapped
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within the bulk PMMA. It is evident that the crystallinity and agglomerat&velencies of the

deprotected films has an adverse effect on the absorption properties of these materials

From the experience of working with small molecule latent pigments the high level of
crystallinity seems to work against the device performartEe®nsive device optimisation

may result in useful POV devices from this approach with the use of film additives or solvent
annealing. This is a situation which may undermine the original purpose of this approach as

being a facile, reproducible, roll tolrecompatible fabricating technique.

However, these materials are robust and designed to be compatible with a variety of different
opto-electronic devices. The following chapter will investigate the incorporation of this
technique into the fabrication ofganic field effect transistors. This offers the possibility to
examine the charge carrier mobilities of these materials and the effects of this reduced
crystallite size without examining interactions with PCBM (information which could be useful

in explainng the low yielding Voc and Jsc values achieved for the devices above).
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Chapter 4 Latent Pigment Fieldffect Transistors.

Introduction

Standard transistors found in todayds techno
such as silicon or germanium. These materials affdrabte, high performance devices. In

this respect, organic materials may be limited to market sectors such as integrated
optoelectronic devices in displays or for light emission and sensor applications. The first
transistor devices were developed John Bardeen, William Shockley and Walter Brattain

working for bell labs between 194%948 during a war time effort to produce high purity
germanium crystals. The teamorked together to develop this first transistor from germanium

crystals sandwiched betweendjoontacts

The possibility to develop organic devices on flexible substrates is a main marketable aspect
of these devices. The future of organic field efteantsistors (OFET) looks bright with a lot of
research currently concentrating on developing further understanding of charge carrier
recombination rates and light emission properties in organic materials. Advanced displays,
microelectronics, portable elechics and optical communications are but a few areas sorely

in need of the development of advan@eET.23*>*Whether acting as an amplifier (always on

with varying current levels resulting in varying voltages) or as an on/off switch (on with
maximum current or off with no current) transistplay a hugely important role in all modern

circuitry.

Conceptually patented by Lilienfeld et.al in 1938n FET is essentially a capacitor with a
conducting channel between two contacts. A modulation of charge is created by an applied
voltage to the @pacitor. The first organic polymeric field effect transistors came into existence

in the mid to | ate 8006s with the devw®l opmen
4.1)78
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Polythiophene Au
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Gate

Fig. 4.1. Schematic diagram of the first generation of polymer FETesdi

The development of the fir@FET started a new fieldf research which quickly gathered

interest due to the possible technological benefits of such devices. In recent years this field has
continued to expand with increasing numbers of publications in the area of organic thin film
transistors. Remarkable inguements to charge carrier properties has been seen over the years

with modern materials performance beginning to challenge amorphous silicon devices with
alternating donor acceptor polymer FETs surpassing A0¢st. This high molecular weight
DPRdithienylthieno[3,2b]thiophene polymer was solution processed and integrated on
flexible substrates to develop reproducible high mobility devices.

The development of high mobility polymer and small molecule materials is attributed to
design of i ncreasingly pl-ansest aokdepgedandcahenqg
crystallinity. Field effect mobility has a close relationship molecular order.

Rigorous studies of conjugation length engineering show the importance of raplexér

for thin film OFETs. One such study examines high mobility DPP copolymers. With
conjugation length engineering it is possible to achieve edge on alignment of thiophene bridged
DPP copolymers. Solution processing of these highly crystalline matersalts in impressive

hole mobilities of over 4cAv-1st. By varying the conjugation length and donating level of this
copolymers bridge units the HOMO and LUMO levels can be tuned and optithised.

As always, small molecules have benefits over the-pggfiormance polymers. High purity,
reproduceable synthesis and easy accesautlmm ct i onal i sati onds makes t

performance small molecules essential.
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Field effect transistors working principles.

The field effect is the phenomenon of an external electric field changing the conductivity of a
semiconductor. In an orgarfield effect transisto(Fig. 4.2), a voltage is applied to a metallic

gate electrode which controls the current between drain and source electrodes. A voltage is also
applied between source and drain. For an OFET to operate this voltage must be\abose a
known as the threshold voltage. When the voltage is applied to the gate electrode, electrons or
holes (depending on whether the semiconductor is a p or n material) accumulate along the
semiconductor/ dielectric itretoeroffader.e Thiam sii st
linear response in current is seen when increasing the voltage between source andgjrain (V
and the voltage between source and gate)(M his is known as the transistors linear current
regime. A second effect is seehen the drain voltage begins to exceed the gate voltage, this

is a nonlinear current regime known as the saturation régibmhe voltage used to turn on

the transistor is negative the semiconductor is said to béypepdevice as holes are the

majority carrier. This is the most common type of organic deVite.

Fig. 4.2. Schematic diagram of transistor in top gate bottom contact configuration. S =source
D=drain G= gate.

When the current travels positively from source to drain in the presence of a positive voltage
the semiconductor is considered to be agp® semiconductor. In4type devices, electrons

are the main charge carrier-tipe materials are usually less stable (due to reactivity with
radical anions in air) thanmaterials and electrons tend to have lower mobilities than holes.
Ambipolar devices aralso possible where one semiconducting material can have both p and

n-type character?
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Two important features of an OFET are the carrier mobility and the on/off ratio. The carrier
mobility is a measure of the performance of the device. This pamnarmgtmoportional to the
semiconductors conductivity. The switch like behaviour of an OFET is also very important.
The on/off ratio is the ratio of the saturation current, when the voltage between the gate and
source is high, to the leak current that orded when the voltage between gate and source is

low. Generally speaking, the higher this ratio the better.

Efficient charge transport in a semiconductor is desirable for good OFET device performance.

For efficient transistor performance a good ohmintatt must be established between the
semiconductor and the source/drain. A major determining factor in charge mobilities is the
intermo | ecd |l abrond di st anc e-comductot®Hdeallyomolgcalesiwidl s e mi
orient themselves parallel to each other with close i nt er act i on, opt i mi
transport through the semi conductor. This is a reason why most of the more effeicient charge
transporting materials are higtl yagdk@magr ma
Smooth films and interfaces between semiconductor and dielectric are also desirable as
interface roughness can affect the charge carrier mobility. The film quality is of great
importance. Uniform, snaih films should ideally form a continous network between drain

and sourcé?® The dielectric should also be smooth and uniformiaboles in this layer result

in undesirable leak current.

Although simplein  ar chi tecture than OPVO6s, the OFET
layered structure of these devices still requires sequential deposition steps. The similar
solubility characteristics of independent materials within a maijter stack reduces the
flexibility of processing significantly. The use of orthogonal solvents or evaporation techniques

is often required for sucessful device fabrication. The field of soki#ibricated transistors is

in need of a novel method which allows the deposition of semiconductor layers that can readily

become insoluble post deposition.

98|Page



Chapter 4 Latent Pigment FieldEffect Transistors.

Fig. 4.3.Microscope image of a complete device with a very thin layer of semiconductor. A

measuringorobe is seen touching the gate contact.

gate
VSG ;

VDG

]
1
L

source drain

Fig. 4.4. Circuit schematic of organic field effect transistor
- P O :
(@] c p e
The equation used for measuring the field effect mobility in the saturation region.

I=drain to source current=mobility Ci=capacitance of dielectric W=channel width L=channel

length Ves=gate voltage Y=threshold voltage
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Materials for OFET

A diverse array of organic semiconducting materials have been shown to be suit@bETfor
applications.

Pentacene and TpBntacere

Fused ring acene materials are prominent in OFET research. Pentacene is one such material
which has shown high performance as an active layer for OFET. It has been established that
the charge carrier transport in field effect transistors occurs witkifirst few nanometres of

the semiconductor layer. As such the crystallisation of these layers is very important for device
performance. Pentacene is a highly ptaarad rigid material which has undergone extensive

optimisation in this respect.

Optimisaton of thermal deposition rates, underlying surface energies, annealing temperatures
and cooling rates of the active semiconducting layers and subsequently deposited dielectric
layer have also been extensively studied for this maf@a&l>?32* Highly optimised

pentacene devices can result in charge carrier mobilities as high as /0%2tht®

Pentacene TIPS-Pentacene

-

CCooe
!

)<

Fig. 4.5. Chemical structure @entacene and TIRfentacene

The development of TIRBentacene enabled the solution prooessf this high performance
semiconducting coré?’ Films of TIPS-pentacene with high levels of molecular alignment
have resulted in OFET devices with hole mobilities as high as ' éeh'.28
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Rubrene
Another well documented acene semiconductoulsene.Rubrene is an example of wide

bandgap semiconductor which can be grown as single crystals that exbdgitagnbipolar

behaviouf®

Rubrene

D0
200
O

Fig. 4.6. chemical structure of Rubrene

This material holds the record for the highest hole mobility observed in an organic small
molecule. Single crystal platelets of high punithorene transferred to silicon dioxide gates

have established incredible hole mobilities ranging betweet0ga7V' s 13031

This material represents the cutting edgesmfll molecule and illuminates the potential for

small molecules to establish themselves competitively with inorganic materials

Benzothieno[3;b]benzothiophene BTBT

BTBT and its derivatives are gaining attention as high performance materials for OFET
apdications. The developing chemistry for this material is leading to a diverse array of

molecular analogues of this highly planar and crystalline material.

Sgbe

S
Fig. 4.7. Chemical structure oflienzothieno[3,2b]benzothiophene

This material is comparatively one chemically stable than acene materials such as
pentacené? BTBT materials have loiying HOMO levels good chemical stability and high
p-type charge carrier mobilities in the order of 2ufrts 1.33 The chemical adaptability of this
material allows access to alkylated BTBT or evengrdgon into a high performance o
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polymer*3 Impressive mobilities of 10 fv' s 1 were demonsttad for a symmetrical G8
BTBT material which was epitaxially grown as few layer molecular crystals from 2D materials
graphene and boron nitride which shows the potential of BTBT materials as high performance

semiconductorg®

Diketopyrrolopyrrole

Diketopyrrolopyrrole semiconductors are well knowtype cores used in a variety of different
opto-electronic devices such as organic photovoltaics and organic field effect transistbrs. S
examples as dimeric thiophene functionalised DPP small molecule materials have
demonstrated mobilities 0.07 for holes and 0.03 for electrons. Side chain engineering has seen

the development of donor acceptor DPP materials with field effect mobilgidiga as
3. 0 4V tsh3"%8

Fig. 4.8. AFM images of morphology upon thermal annealing of DPP small moleebjes a
LGC-D117 and LG@ED118 unannealed-d) LGGD117 and LGED118 annealed®

Furthermore, polymeric derivatives of DPP with thiophene side groups havigygep
mobilities in the order 010 cnf/Vs from solution have been reported, showing some of the

highest performances for solutioropessed devices to déte.

Perylenaliimide

PDI materials are also wethown ntype materials. Notable works coming from the Facchetti
group report electron mobilities of up to 0.15%amt s from solution after a thermal annealing
process. The air stability shown for this material (more than 20 days in air) is quite rare for an

n-type OFET. Ntype devices are notoriously environmentally unstaBle.
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Fig. 4.9. Perylene diimide

This semiconducting core can be readily functionalised on the nitrogen of the cyclic imide as

a method to access soluble derives which are suitable for OFET devic#s.

Abstract

Within this chapter the unique effeaflatent pigment activation for several materials on the
device characteristics of organic field effect transistors is examined. The work is initially
carried out on two materials, a #ityloxycarbonyl (tBoc) functionalized
diketopyrrolopyrrole and erylenediimide based semiconductor. The mobilities of these
materials are examined before and after deprotection in air and in nitrogen. This work is
extended through the fabrication of four other latent pigment devices. The development of this
method fa fabricating field effect transistors gives an insight into effects of deprotection on
semiconductor mobilities. These results can also be used to illuminate some reasoning on the

photovoltaic activity seen in the previous chapter.

The bottom up build afhese devices usually requires the use of orthogonal solvents. Practical
aspects of fabrication are often complicated due to the similar solubility profiles of subsequent
layers. The latent pigment approach may be well suited for addressing such afhssue.
benefit of insoluble semiconductor layers can be complimenithdhe access of these latent
pigment systemt H-bonding networks. The use of th&obc radical also reduces the levels

of electrical insulation which would normally incur from the pmse of the dense,
electronically inactive solubilising chains normally found in semiconductor material design.
The stability of latent pigments throughout the fabrication process is also of key interest in this
study.FET properties were examined to urstand the complex changes of film morphology

and the effect these changes incur on the charge carrier properties of the material.
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Deviceabrication.

All transistor data is from a top gate bottom contact architecture. Source and drain were
patterned byithography from 40nm of gold with channel lengths of 20, 10, 5 and 2.5um. The
semiconductor was deposited by spin coating 5mg/ml in chloroform at 1000rpm for 60seconds.
The substrates are dried for 10 minutes at 70°C. Transistors were always madewitlpairs
one half being deprotected at 200°C for 7 minutes. The dielectric poly(methylmethacralate)
(PMMA) was then spincoated in a thick layer frorbuttyl acetate. The PMMA layer was dried

over 45 minutes before 50nm of aluminium was deposited as a topctdoyt thermal

evaporation under vacuum.

n-type P-type

Fig. 4.10. Ntype and pype thin film transistors. S= source D=drain G=gate

The electrical characteristics of transistors were measured in a nitrogen glovebox with a
Semiconductor Device Analyser (Agilent B1500#nd a Wentworth Manual Probe Station.

Results

The first two materials used to fabricate OFETS were-thtephene functionalised DPR1)
core as a{material and a perylergiimide (PDI) material(Fig. 4.11)(synthesise@ccording
to the reported predure by Mattiello et gi for fabricating an ftype device, both parent

pigments were protected withBoc radicals*?

Field effect currents were measured for both materials in the top gate bottom contact
configuration as this architecture is thought to optimize the charge injection and energetics at

the interface.
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Fig. 4.11.(A)=DPP 27 p-type material(B)=PDI n-type material. For synthesis see

experimental proceduresppendix 2

As with the OPVs the thermal process used to cleaveBbe tvas a 200°C thermal annealing

for 7 minutes. This temperature was chosen as TGA analysky shows deprotection
initiating at roughly 160°QFig. 4.12) This is seen as a reduction of rougB@% of the
materials mass, corresponding to the loss of tBod moieties per molecule in the form of

CQO; and isebutene. Meanwhile, specularrdy analysis shows the onset of the deprotection

of DPP moieties beginning around 1600°C(Fig. 4.13) The hgher temperature was chosen

as standard to ensure full deprotection within a suitable timeframe for processing. It was noted

the thermal stability of this pigment extends to 380°C.
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Fig. 4.12. TGA oR7. Initial deprotection occurs at roughly 160°170°C

It could be argued that 200°C is an unnecessarily high temperature as deprotection is seen
during a 160°C specular scan. The deprotection is seen in real time during a thermal gradient
specular scan @7 where full speculaK-ray scans were carried out a thin film with 10°C

intervals. Each scan takes roughly 5 minutes. As 160°C is reached the sample is allowed to
equilibrate in temperature for 3 minutes before the scan is started. The scan begins at a low 2
theta value and slowly increases over a l&tjeeta range. In the first portion of the scan there
appears to be no change in phase but as the scan progresses we notice the second Bragg
reflection has been reduced significantly. This indicates the process is almost complete at
160°C. By 170°C it apgars that the thermal deprotection is already complete. This type of
characterisation is important for new materials as it is possible a lower deprotection window

may be less aggressive and result in a more desirable final film uniformity.
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Fig. 4.13.Thermal gradient specular scan BY with background subtractions measured with
CuKU specul ar .Qhangeiinactystabime prase begiosaluring the 160°C

specular scan. Scan timescale is ~5minutes.

The deprotection of PDI occurs at a lower tempeeabf ~120°C(Fig. 4.14) The thermal

stability of the parent PDI pigment, however, extends beyond 500°C. As such, it was decided
that to have a strong comparison between the two materials the same deprotection temperature
of 200°C would be used for deeidabrication. This temperature ensures full deprotection of
both model materials and also surpasses a temperature that is typically used to thermally anneal
both classes of material.
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Fig. 4.14. TGA oPDI deprotection commences at 120°C andasplete by 155°C

Full X-ray characterisation of DP¥ thin films was carried out, including grazing incidence
wide angle X-ray (GIWAXS) at the DIAMOND synchrotron source in England. This
investigation was required as it offers a unique insight intorgystadlinity of a film. Structure
activity relationships are key areas for explaining device characteristics. By performing
GIWAXS at synchrotron sources we can attempt to establish a relationship between a

molecules order and the charge carrier charatiesiof a film(Fig. 4.15)

During this study, thin films o27 with known thickness and roughness were spincoated from
7mg/ml chloroform solutions on thermally grown silicon dioxide on silicon substrates. A
thermal gradient was applied to this substiatgtu on the beamlin&SIWAX S measurements

were recorded at every 10 degrees increase in temperature. An annealing process is recorded
at 140°C where the initial crystalline phase seen from spincoating becomes more resolved. As

the temperature increastss crystalline phase remains clear and obvious until 160°C upon
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which time deprotection initiates. There is a clear and obvious molecular rearrangement
throughout this film. As full deprotection is achieved Bragg peaks broaden and lose intensity
with the formation of more obvious ring structures. This is a strong indication that a significant
reduction in crystallite size occurs during the deprotection process. The very small crystallites
sit in a powdetlike confirmation on the surface of the substraige crystallite orientation is
random as evidenced by the riglgaped Bragg peaks rather than the hamale or broken

band like structures seen in gheermally treated scans, indicating a small degree of crystallite
orientation most likely due to thardction of spinning while coating the films. It is possible

that the release of two volatile gases (see mechanism of deprotection in section 3.2 chemical
design of latent pigments) from the inside of a crystal result in a cracking and breaking of the
crydals into a very fine powder. Meanwhile the activation of tHeadding networks and loss

of steric groups during a thermal process could give the system energy to rearrange with

strongertacking interactions and a denser cr )
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Fig. 4.15.GIWAX S data converted to @pace of DPR27 above show pr¢ghermal
treatment. The intense clear bands indicate good crystallite quality and size. Below is an
example of the film post thermal treatment and cooled to room temperature. The bekad thi
bands with low intensity are indicative of small powtillee crystallites.
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Stro-hgstacking and dense crystalline struct

performance, as it is generally thought close packing and high crystallinity is falofoab
intermolecular charge transfer. The overall aim of this technique is to provide a method for
creating insoluble semiconductor layers which establish good charge transfer pathways for high
mobility transistors. To accomplish this goal, charge transfeperties were measured on
devices that were made in tandem, with one half being fabricated with thermally deprotected
pigment and another half containing the protected soluble dye. To achieve useable transistors
for the protected material an orthogosalvent Rbutyl acetate (in which the latent pigment is

not soluble) was used to spincoat the subsequent dielectric layer.

In the case of protected DR, a strong unbalanced ambipolar character is observed. Linear
regime onroff ratios are recorded inéhorder of 1 In comparison with deprotected samples

the hole current is much lower for devices incorporating the protected dye. Thermal
deprotection in air prior to the dielectric deposition affords an increase in hole current by more
than an order of agnitude. Meanwhile, the ambipolar character is significantly reduced with
the nchannel becoming completely suppressed. The PPfansistors, after deprotection,

have a higher mobility and a more pronouncéyge character. The suppression of the ebect
channel seen in deprotection in air is not seen when deprotection is carried out under a nitrogen

atmosphere. Ambipolar character is still seen with nitrogen deprotected devices.

This is possibly due to the kinetics of the deprotection process wlaghheaccelerated by
moisture in air. The latent pigment cleavage can be an acid catalysed process. Absorbed
moisture in the film from air, at high temperature will accelerate the deprotection process. This
will be even more evident with materials procelsse a polar surface. A resulting Debye layer

with acidic character in close proximity teBbc functionalities is probable under air
atmosphere deprotection conditions. Alternatively, there may be a degree of oxygen,and CO
doping of the film before depit®n of the dielectric. C@capture by similar structures such

as quinacridone has been previously documefited.

The levels of CQor O, permeating the film can affect the HOMO/LUMO levels of the pigment

in question. This activity would be suppressed under @mosphere. This reasoning remains

speculative.

As we increase the gate voltage we can switch the transistor on. By fixing the gate voltage we
can vary the drain voltage. The drain voltage increases causing the current to increase linearly.

The transistois resistor like, this phase is called the linear regime. As the gate voltage increases
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the channels eventually become saturated (indicating the onset value), the current remains
constant with increasing voltage. Changing the gate voltage changestieeffesistance of

the transistors linear regime. By measuring the source drain current and voltage over a number
of different constant gate voltages we can produce an output curve which can be used to recover
output characteristics from an OFET. Theioegin which the gate voltage results in a
negligibly small drain current is known as the cutoff region. A switch transistor is in the off

position when operating in the cutoff region.

The device output curves for DEH (Fig. 4.16) indicate that, althougkeprotection in N

results in higher a hole mobility, a better injection operation is seen in the devices deprotected
in air. Field effect transistor hole mobilities are extracted from the saturation regime with an

increase upon deprotection observed féxh0°cn?/Vs to 0.01 criVs and 0.03 ciiVs in air

and nitrogen respectively. The ambipolar devices show that electron mobilities are not

increased in the same manner as the hole mobilities for this material.
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protected and deprotected PDI. Related output curves c¢) DPP d) PDI
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In the case of the protected PDI material, very low performances are seen with initial electron
mobilities in the order of 1xI0cn?/Vs in thesaturation regime. This poor performance is
typical of a material with an undesirable crystalline packing regime. Interestingly, upon
deprotection in air this PDI material has an increase in performance by almost 4 orders of
magnitude, raising to electranobilities of 4x10". This substantial increase is most likely due

to a strong molecular rearrangement with the removal of the sterically bBlky moieties

with transport properties being greatly improved after rearrangement. In the case of PDI, no
ambpolarity was observed before or after deprotection, the material is a low performance n
type material. This is the first case of atype latent pigment being used in an OFET device.

Whereas similar methods have already been providedtigrePDPP matéals 4

It should be noted thattype materials generally have strong interactions with oxygen which
leads to instability of #type OFETS in air. In the casetbk activated PDI pigment stability is
donated by the strong-blonding network throughout the film. During gate bias stress tests
(Fig. 4.17)in air and nitrogen the PDI material showed outstanding stability in comparison to
standard PDI materials in liggure. A current reduction of only 19% over-adur bias stress

test was recorded. This was increased by a further 15% with testing in aihdors This

level of stability is respectable for artype small molecule and is most likely related to the
dense packing of the film which slows the permeation of reactive species such as oxygen and

water in the device.
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taken before (black) in air (blue) and after the stress test in air (re@fandPDI

In general, we have observed that through the removal of electronically inactive solubilizing

chains and the activation oflbbndingnetworks we can create dense films with close packing

modes. Il n doi

ng

Initially, only one p and #type material were tested for this applicat(table 4.1) To extend

this studya further three latent pigment materials were develdpegl 4.18) These new
materials were designed with the principle idea that their synthesis would be facile and scalable
(see appendix 2 experimental procedures). Dense conjugated cores with Itsvoleve

permanent solubilising chains were chosen to investigate this unique method of OFET

fabrication.

respectively

SO0, we

mprove the
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Chapter 4 Latent Pigment FieldEffect Transistors.

DPP 27 DPP 27 PDI
Mobility Ehole[CM?/VS] Eelectron[CMZ/V/S] Eelectron[CMZ/VS]
Protected 2x10% 4x10% 107
Deprotected in air ~ 0.01 - 4x10*
Deprotected in 0.03 4x10° -

Nitrogen

Table 4.1 charge mobilities Hole/Electron for DPP27 and PDI

As a standard comparison an-isdigo materiaB1 with standard solubilising chains was used
to compare the effects of thermal annealing vs thermal deprotection to a seemnlipis82
with the same structure replacing solubilising chains witbda.

A similar material to DPR27 was developed removintpe tertiary hexyl chains from the
thipohene units to create a material that upon deprotection would have no insulating,
solubilising chains contained within the struct84e

Finally, a further isandigo analogue83 was designed with a replacement @dc with an
extended pyrocarbonate chain. Instead of producing two gases upon deprotection this long
chain material is cleaved into a high boiling point solvent and. C8@is high boiling point
solvent has the possibility to create a stoichiometric sobsamtaling process which may allow
smoother rearrangement of the crystalline film. This longer chain also gives a much higher

level of solubility to the semiconducting core.
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Scheme 4.18Jolecular structure of materials ad in OFET fabrication, top le84, Top
right= 31, bottom left=33, bottom right=32

From these four materials, the initial flms were of good quality and appropriate thickness for
OFET fabrication as measured byr&y reflectivity experiments (see appendiX-ray data).

Issues arose throughout the thermal deprotection of these latent pigments. Both protected iso
indigo material82and33underwent a sublimation process. The resulting films were very thin
and ushomogeneous by visual inspection. Onceatiglc was spun on top of the remaining
materials areas of low thickness were filled forming pathways through the dielectric to the
underlying contacts. In effect these two materials created pinholes for current to leak through
and as a result the transtemrves were essentially unmeasurable. Extension of the conjugated
core will, in the future, control this issue. It is also possible that a gentler deprotection (lower
temperature for a longer period) may improve this issue. It was also observed that of th
protected material remaining on the substrate, upon spincoating of PMMA, most of the material
was washed free of the substrate. This is an unusual feature as the material should be insoluble
in n-butyl acetate and PMMA. It is likely that we are obsenardglamination effect. As seen

by GIWAXS (Fig. 4.15) these latent pigments become a very fine povikemmaterial upon
deprotection. As the initial large crystals split and fragment it is acceptable to believe these

materials break away from the substrate, which in turn leaves these materials sudoeptible
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being washed away by the force of a spin coated solution. This is also a reasonable explanation
for why we have low performance in photovoltaic cells as the contact between photoactive
material and the electrode is lower than expected.

Fig. 4.19. Trarsistors made in tandem with materials 3+2=323=334= 34

Material 31 is an iseindigo with extended branched chain structure. This material did not
sublime in the manner @1 and32. After thermal treatment the film looked unchanged by
visual inspection to the sample cell which had not undergone 200°C annealing. Interestingly,
as PMMA was spincoated onto these films the Hvegtted sample was completely washed
away. The thermally #rated sample may have undergone polymorphic transition, or the
thermal treatment may be detrimental to the bindingldb the surface of the substrate. This
material exhibits a strongly ambipolar character, with tiypp channel being very noisy with
alevel of leak current occurring. Thetype channel is slightly smoother but lower performing
with mobilities in the order ofinsa:d 1 d?V1s?! rather than psad 1 ddPV-st. These
output curvegFig. 4.20)are non ideal and are an exampleaaghaterial with poor injection

characteristics. These measurements were taken only in nitrogen atmosphere.
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DPP 34
In moving from a large length 20um channel length to a small length 5um channel we see a

good improvement of current by the expected factor of 4. This indicates thawtlcenent
rates are not associated with contact resistance or poor frontier orbital level alignment with the
contacts. This instead, indicates that the charge carrier mobility of this material is low.
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For these cells a strong hysteresis is seen as the voltage returns. Although these devices show
a much lower mobility than the DPE/ we can still see that the depecting results in an

improvement in device performance of roughly an order of magnitude.
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Output curve deproteced (4) 20mm
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Conclusions

The increased density and high crystallinity of the activated pigment has now been recorded in
three sepata materials. Two fype DPP materials and onetype PDI were successfully
fabricated into functioning devices. Further materials designed for this application underwent
an unexpected sublimation at temperatures approaching the deprotection targeCofA200°
comparative device was fabricated from a branched chaindsgo, processing with similar
temperatures resulted in delamination and a subsequent washing from the substrate upon
addition of dielectric. Notthermally treated samples remained on thessate and showed

strongly ambipolar character.

In conclusion, the latent pigment strategy has been successfully incorporated into OFET
devices. The thermal cleavage results in improved mobilities for both p-type materials.
The dense films and strgrH-bonding networks result in stable devices which function in air

and under inert conditions.

By elucidating the charge mobilities from these devices we can relate this study to the
disappointing results found in the photovoltaic section of this thesis. The same materials DPP
27 and34 were used in both BHJ and Bilayer devices. Low open circuiageland low short
circuit current may perhaps be explained by the delaminating effect occurring during
deprotection. Relatively large crystals break into small particulates leading to poor charge

extraction/injection properties. Poor observed charge pgoahgproperties of the organic
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semiconductor mape misleading. Further optimisation to the thermal cleaving process is
required. A detailed study of the effective deprotection rate compared to crystal size and quality
of ohmic contact could be particulgruseful. The issues of this approach for fabricating
organic optoelectronic devices in general, most likely arise from contact semiconductor
interfaces and the low levels of film continuity that was seen in the photovoltaic chapter where
PCBM can seep thugh channels formed in the fine powdike films after deprotection.
These issues are not necessarily associated with the principle idea of latent pigments but rather
in the aggressive high temperature approach to cleaving these groups. Optimisatien of t
method can be easily achieved with a thorough study of the interfaces during cleavage and
optimisation of the cleavage temperature for each individual material.ldrige chain
pyrocarbonate solubilising material also has the potential to reduce Hse®e this is a
powerful solubilising unit that could see useful incorporation into latent pigment polymers in

the future.

The FET device performances reported in this chapter are far from competitive with the most
efficient materials seen in literaturee&ing that in mind, this method has shown its potential.

A number of latent pigments have been incorporated successfully into FET devices acting as
semiconductors. Upon removal of the protectii®ot functionality an improvement in
mobility was observedn all materials tested. A comparison has been made with a more
standard molecular structuBd which underwent a similar heat process. This heating test
shows that it is possible that high temperature annealing could have a negative effect on contact
guality. Never the lessjeprotected materials are higher performing and have promising

stability inboth air and nitrogen atmospheres.
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Fig. 4.23. Device characteristics of latent pigment transistors A) deprotecteRDB&vice
subject to subsequent spincoating of solvehiisroform, chlorobenzene and
Dimethyformamide. B) Deprotected DRPwith sibsequent deposition dielectric from a

variety of different solventsloutyl acetatechloroform and chlorobenzene.

The Semiconductor layer Bghly solvent resistar(as seen iffrig. 4.23)and allows a further
degree of freedom to the devitabrication process. This method is a promising start to

obtaining complex multilayer architectures which are not achievable by standard methods.

Very recently Yu Zhu et. al have released a work where three very simple latent pigment cores,
including an soindigo and a DPP material were integrated into a OFET device. Similar
deprotection was carried out and studied. An increase of one to two orders of magnitude in
charge carrier mobility was recorded for these materials. Thin films formed by solution
processing resulted in the formation of microcrystals upon deprotection. This is concurrent
with our results both in device characterisation andrayxanalysis?®
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Chapter 5Green Chemistry Mediand Micellar Synthesis

Introduction

Organic electronics claims to hold a number of unique benefits over their inorganic

counerparts. Primarily, the cheap, facile accessibility of the organic materials used in these
devices is regularly boasted. Synthetic organic methods lead to reliable and reproducible
products for scal abl e producti on ofpargarice ss es .
chemistry is quoted to outweigh the slow, time and energy consuming process of purifying and
refining inorganic materials. Organic materials are often championed as the future of
electronics in this way. Not to mention the benefit that organaterials are light weight and

can be consolidated into flexible devices.

The reality is quite different to this biased review of organic materials. Yes, organic materials
have the potential to be cheaper and more environmentally friendly than highgsgedc
silicon. The fact is that the silicon industry is fully developed. Silicon devices whether they are
transistors, photovoltaic cells or light emitting diodes are all fabricated in a mature industry
setting. The devices are comparatively high perfogand cheap for the average consumer.

For organic materials to compete the realisation of novel forms of synthesis must be developed.
Green chemistry must be developed so that environmentally and financially cheap processes

can be established to producadable organic materials.

The abundance of carbon based materials is of course a very attractive feature of organic
materials. A bottleneck to upscaling of organic materials for electronics is that high performing
materials do not necessarily have facilathetic routes nor are they environmentally friendly
simply by definition of being organic. One of the key areas of concern with large scale organic

synthesis is the environmental impact of common organic solvents and réagents.

Here we describe a green method for carrying out palladium cataly§edhabd forming
chemistries, such as Suzuki and Stille couplings in an agueous, benchtop environment. Not
only does this method drastically improve the environmental effects of oursthebt also
substantially lowers the cost of semiconductor production through the removal of solvent and
the requirement for inert reaction conditions. Cost reduction is an important step required for

the successful industrialisation of organic electreni
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Micellar couplings

Surfactants are surface active agents that reduce the surface tension of a liquid or interface.
They are commonly found in detergents and are used industrially as drug excipients, cleaning
agents and emulsifiers. Surfactants are apiplic, generally consists of two portions, a
hydrophilic (head group) and a hydrophobic portion (tail gr¢E. 5.1). The surfactants are
classed into three groups based on the type of head groups used: anionic/catieipizicnon

and amphoterié.

Hydrophilic head

Hydrophobic tail

Fig. 5.1.schematic diagram of micelle

High concentrations of surfactants in solution tend to foratrostructures called micelles.

This formation is driven by the difference in hydrophobicity between the head and tail of a
surfactanf* These structures breakdown the surface interaction at water /oil interfaces and
help to solubilise hydrophobic components in aqueous suspensions. Thensaligrle
materials in suspension are known to pass into the micelle as they tend to congrégate in
hydrophobic portion of the micelleThis concentrated hydrophobic core environment is a
well-suited medium for performing organic chemistries. Ta@ction medium can be recycled,

and often work up involves only a simple filtration. In turn we have shown that this technique
can provide a method with comparable yields to standard synthetic techniques, in the case of
SuzukiMiyaura we can even show ¥gsimproved yields with lower bproduct productiof.

Abstract

We have investigated the common drug excipemd surfactantKolliphor El, as a new
micellar medium to investigatpalladium (Pd) catalysed cross coupling reactiolmstially a
series ofsimple small moleculestructureswere tested as substrates for Suadkfaura

couplingsto optimise a procedur@&his method was thespplied toextending conjugation in
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a series of complex ganic semiconductors. For the fully optimised system a small aliquot of
co-solvent is required. This establishes an emulsion based system which provides a highly
efficient oxygen free medium for carrying out cross coupling chemistries with yields in excess

of 80% withina 2 hour reaction time

Results and discussion

Kolliphor El is a norionic surfactant consisting of polyethylene glycol ricinolate with a
hydrophobic tail made from polyethylene glycol fatty acid esters and a hydrophilic head group
consisting of polyethylene glycols and ethoxylated glycerol.

O OH
—0 _ M
P\O}QKANV—\)V\A/ e

5 Yo OH
_O/(/\/ )TN\/M/WMG

z
@) OH

Fig. 5.2. General structure of polyoxyl castor oil, trade name Kolliphot EL

The benefit we have found with Kolliphor El ovether designer surfactants, such as the
costlier Lipshutz groups surfactant TP@GS0-M, is that Kolliphor EL micelles appear to
provide oxygen free core environments in the order-8hm in diametef. This results in a
complete reduction of homocoupling-fwoducts (a common {groduct from standard
procedures) in Suzuiiyaura reactions when perimed in air.

Experimental

For this work to be directly comparable with other reported surfactants from literature we have
used the standard accepted conditions for micellar couplirogsn(temperature, 2%wt
surfactant solution in distilled water, 0.5M ik, 2%mol Pd catalyst with respect to halide

and triethylamine acting as a base). The difference between our procedure and the respected
literature methods is that we have performed all micellar couplings in air without degassing

with nitrogen or inert ahospheres.
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Range of synthesis

A comparative experiment was run with the coupling g@hiBpheneboronic acid and 3
bromoquinoling(Fig. 5.3) with known high performance micellar forming surfactants TPGS
750-M ° and Triton %1001° It was seen that when the reaction was run inkaitliphor El
outclassed both of these surfactants with high yields of 90%. I/G#®! and Triton X100
had more modest yieddof 69% and 68% respectively.

N\ S N\
= * HO L/) =
Br B = S
\
OH =

Fig. 5.3. Initial comparative reaction performed in an open benchtop vessel

Initially, this new method for open vessel benchtop coupling reactions was carried out on 1ml
scale of 2% KolliphoEL solution. A broad series of simple aryl bromides were coupled with
aryl-boronic acids (in slight excess), using Pd(dtbpfgsSl a catalyst and 1.5 equivalents of
triethylamine in respect to the bromide. This method proved to be very efficient regulting
high yields ~90%, with short reaction times of 2 hours or(legg5.4).
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Previous Works This work
(OR),
PdZ“Ln, N(Et), Pd?*Ln, N(Et),
water water !
designer Kolllphor EL
surfactant
N, or Ar
B L)
O ¢ o
NC ~

N
1 2
96%, 2 h 97%, 2 h 90%, 2h
O I s
g i
Pe”
- :
CF
4 5 6
90%, 2 h 90%, 2 h 98%, 2 h
S S
XS
l ~
N CF3 NC
7 8 9
83%, 2 h 94%, 2 h 97%, 2 h
A\ 2 | Y—CeHis
| \ S S
S NC \
10 1
88%, 2 h 80%, 12 h

Fig. 5.4.Table of initial SuzukMiyaura cross coupling reactions carried out with 2%
Kolliphor EL solutions as the reaction medium. Bromide materials are shown inviahalek
relevant boronic substituents are shown in red. All yields were calculated after workup and

purification after 2 hours of reaction time.
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TPGS-750-M Triton X100

Fig. 5.5.Chemical structure of designer surfactants TP&EB-M and Triton X00

The effect of oxygen on SuzuMiyaura cross couplings is substantial as reactions run with
these designer surfactants unaigiogen atmosphere showed improved yields of 95% and 80%
respectively. The high yield of the reaction run in TP&E8M shows hat this is a very
efficient designer surfactant well optimised for palladium cross couplingsmahrepoint of
difference in this study is that Kolliphor EL provides an efficient medium for performing these
cross couplings regardless of atmosphere. plodir EL reactions carried out in air and under
inert conditions have identical reaction yieltiswas also found that if the product of the
coupling is crystalline it can be readily isolated by filtration. The filtrate can then be reused
without the addibn of fresh base or catalyst. In effect this method can be used as a recyclable

medium for palladium cross couplings.

To investigate the theory that Kolliphor EL micelles create an oxygen free core several
solutionsof Tetrakis(triphenylphosphine)palladn(0) were preparedFig.5.6). This is an air
sensitive palladium catalyst. 10mg of this catalyst was added with stirring to two separate vials,
one containing 2% solutions of Kolliphor El and the other containing the same concentration
of TPGS750-M. Thetypical yellow colour of fresh Ptértrakis is initially observed. It is seen

that in after 24hoursf stirring in Kolliphor EL in air thecatalystremains stable where as in

the TPGS750-M we see significant degradation of the catalyst due to the prestoxggen.
6-methoxynaphthaler®2-boronic acid, ©oromoanthracene, and N(Etyvere added to each
solution after 24 hours. The reaction could be successfully carried out in the Kolliphor EL
solution with high yields, whereas the TRGS)-M solution showed negligible desired
product formation by G@AS which is consistent with the breakdowf catalyst.
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Fig. 5.6. K denotes Kaolliphor solution, P denotes TPGS8-M a) immediately after addition
of Pd b) 24 hours past

Issues and limitations of technique

Reactions carried out on the simple small molecules abové&iger4.) readily affordgood

yields. The late stage functionalisation of organic semiconductor materials fegleptmnics

is often more complex. Limited solubility, poor miscibility and steric hindrance result in lower
yielding reactions and longer reaction times with steshdhemical approaches.

To fully test the capabilities of Kolliphor El, we have synthesised a large series of materials
which have been recognised in literature to be high performance organic semiconductors. The
Bromides tested in this case includdiketopyrrolopyrroles, diarylbenzothiadiazoles,
isoindigos, perylenediimides an@®,10diarylanthracenes, all of which are common
semiconducting cores for various devi¢es.

It was necessary to-@ptimise our method due to the size and complexity of some of these
materials. To do this we performed sealeeactions of varying concentration with respect to

the semiconducting core bromides.

With several of these more crystalline starting materials a number of issues were revealed. The
quality of the dispersion with crystalline materials can be very tesylting in poor mixing

with a magnetic stirring bar. High crystallinity with low density result in solid agglomerations
resulting in no reagent entering the micelle. In some cases, changing shape of the reaction

vessels was enough to reduce this agglatier.
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The main issue is the ability to stir these mixtures. It was thought that sonication of the mixture
might prove to be an efficient method for mixing these sticky reaction mediums. Unfortunately,
sonication of the reaction mixture resulted in therdeson of the micelles.

A more thorough stirring can be achieved by mechanical stirrer but the scale and volume of
solvent limits this use.

The most successful manner to stir these mixtures was found to be a peristat{Eigumnp).

Solid reagents aradded directly to tubing for this pump. An appropriate amount of Kolliphor
EL solution is then added. The solution is pumped through the tubing due to pressure applied
through a constrictive motor. This method offers a very efficient way to finely misetulting

viscous mixture. The solid material is essentially milled and mixed simultaneously.

T

=

1

1

Fig. 5.7. Schematic diagram of peristatic putdp.

With these complex materials, we have found that higher yields can be achieved by increasing
the concentration of the mixture. Kolliphor EL by itself forms two shells: one that is
oxygenated (the outer core) and one that is oxygen free (inner core). Whersaimples are

run, homocoupling products are seen to form. This would suggest that at weaker concentrations
the micelles are not saturated; active materials are not forced into the interior core of the micelle

but rather remain in the oxygenated outere. We speculate that the diffusion of the boronic
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acid from the polar woxygenated outer core into the inner core is concentration dependant.
Furthermore, it is likely that the palladium catalyst and bromide, both of which afgahem

have an affirtly for the unoxygenated core. This explains the high stability of the system.

It should also be noted that in all cases, no mmgs coupling product was recovered. This
also indicated that we have a concentrated compartmentalised reaction. Therassno
coupled product remains as a quite fpatar species. It is reasonable tdidee that this
material will remain in the micelle core until the second cross coupling process occurs. The
now higher polarity product will be removed from the inner core allowing fresh unreacted
material to enter the core.

Increasing the concentratioof the micellar mixture to 1M of boronic acid results in a
significant increase in yield and a reduction of homocouplingrdducts. This higher
concentration mixture, of course, creates more difficulties in homogenisation of the mixture so
a balance mugie achieved.

Further issues were seen when using material functionalised-®ah and pyrecarbonate
functionalities. Reactions with simple boronic acids proved unsuccessful. Originally, we
postulated that the strongly electron withdrawing ester imality may be binding to the

active Pd centre of the catalyst.

Fig. 5.8. Reaction othiophene2-boronic acidandB o ¢ p r o t-cgibcom@soindgyg 6 6

used for screening reaction condition.

To test this hypothesis theoss coupling of a dibromo isoindigo wittBbc protection on the
lactamicnitrogen was examine(Fig. 5.8). Numerous catalysts and phosphines were screened

to identify the most efficient neooordinating catalyst (see tallel. below). The result of this

test showed that no combination of Pd species and phosphine resulted in the desired product.

This would suggest that a binding eBoc to a palladium centre is unlikely to be the cause of
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stunted reactivity. Instead, we coulttionalise that the issue is due to a reduced tendency of

this functionality to enter the micelle.

N° Medium catalyst Atm  Time/temperature Yield

1 Kolliphor EL (2%) Pd(dppf)Ch air 24/r 1. -

2 Kolliphor EL (2%) Pd(dtpbf)Ch air 12/r.t. -

3 Kolliphor EL (10%) Pd(dtpbf)Ch air 12/r.t. -

4 TPGS750-M (2%) Pd(dtpbf)Ch N2 12/t -

5 TPGS750-M (2%) Pd(dtpbf)Ch N2  12/rt. -

6 Kolliphor EL (2%) Pd(AcO)/ CyJohnphos air 24]r 1. -

7 Kolliphor EL (2%) Pc(dba)/ri(o- N2 24]r 1. -
tolyl)phosphone

8 Kolliphor EL (2%) Pd(dbay/dppf air 24]r 1. -

9 Kolliphor EL (2%) Pcb(dbak/Tris(2- N2 24]r 1. -
methoxyphenyl)
phonsphine

10 Kolliphor EL (2%) Pc(dbay/XPhos N2 24]r 1. -

11 Kolliphor EL (2%) Pd(dbak/CyJohnphos N2 24/r 1. -

12 Kolliphor EL Pd(dtpbf)Ct air 1/60°C 80%

(2%)/toluene 9:1 (vol)

13 Kolliphor EL Pd(dtpbf)Ch ar  2/60°C 38 %
(2%)/THF 9:1 (vol)

14 Kolliphor EL Pd(dtpbf)Ch ai
(2%)/acetone 9:1 (vol)

r 2/60°C 42 %

Table 5.1Table of attempted reaction conditions for the cross couplinigiophene2-
boronicacidandB o ¢ p r o t-dibcom@sdindig)g. 6 6
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A more indepth examination of the hydrophiipophilic balance (HLB) value would indicate

that perhaps this functionaliiys not wel | suited for diffusic
micelle core. The HLB value of the Kolliphor EL micelle solutions can be adjusted with the
addition of organic csolvent which also helps to swells the miceltes.

Cosolvent/emulsion method

Issues arising from huse of highly crystalline materials or highly polar materials restricts the

use of this green chemistry method. The use e$aleents in micellar systems has been
documented to improve the versatility of this approach. It has been reporteedtat & a

water miscible organic solvent such as acetone or tetrahydrofuran (THF) can help improve
reaction rates and yields. Small quantities e§colvent can stabilise the suspension and reduce

the influence of agglomeration which inhibits mixing.

An additionof ten percent of cgolvent can be added to a micellar solution to swell the micelle
cores of Kolliphor El. This allows efficient-C coupling to occur with materials that have slow

transition rates through the micelle shelfs.

Initially, when incorporating a eeolvent into the Kolliphor EL micelle, trace quantities of
monao-cross coupling product were observed. This leads us to speculate that this reaction may
go through a completely different mechanism of entry into the hydimplcore of the micelle

when cesolvent is present as no meamss coupling product could be isolated from standard

2% surfactant reactions.

The trace mono cross coupling product could be explained by a reduced surface tension
between phases when theceille core is swollen. This would reduce the energetic barrier for
the more polar monroross coupling products to leave the inner micelle core. The reactions in
which monaecross coupling products were isolated the reaction reaches an equilibrium point

where addition of excess boronic acid does not result in further reaction processes.

By increasing the concentration of Kolliphor EL in water from 2% to 10% and 20% we can
observe dynamic changes to the mean micelle diameter using dynamic light scattering
tedhniques. The results of these experiments indicate that the micelle size has very little
dependence on Kolliphor EL concentration once the critical concentration for forming these
micelles has been achieved. Average diameter of micelle increases fromm ¥dr710%
(Fig.5.9) concentrations to 12.73nm for 208ig.5.10) concentrations of Kolliphor EL in

purified water. For higher concentrations there is a higher standard deviation in the micelle size
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but generally the system has a stable average miceke @iveen 145nm over a

concentration range 0f20%.

Intensity {Parcent)
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Size Distribulion by [ntensily
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.........................

Sire (d.nm)

Record 46: EG10%6 1

Recond 47 EG10% 2

Racord 48: EG10% 3

Z-Average Peak 1 Peak 1 std. Temperature Duration (s)
(d. nm) Size (d. nm) deviation
(d. nm)
10.85 11.17 2.733 25°C 80

Fig. 5.9. Dynamic light scattering measurement of a Kolliphor EL 10% solution
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Fig. 5.10. Dynamic light scattering measurement of a Kolliphor EL 20% solution
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It has been previously stated bypshutz et. al that introduction of a-solvent results in the
swelling of micelles. This is indeed the case in Kolliphor EL when acetone oafeHksed as
co-solvent (as seen iRig. 5.11 below). A small increase in average micelle diameter is
observed. Howeverhe use of toluene as a-Solvent in a 9:1 ratio, Kolliphor EL 2%: toluene,
creates a unique environment which behaves in an entirely different manner to instances

previously reported in literature.

Kolliphor 2%

] Kolliphor 2%-acetone 9:1
18 1 Kolliphor 2%-THF 9:1
Kolliphor 2%-toluene 9:1

Intensity (%)

LB i a A el LA A I R A2 | LR R I RAR LEE S a0 B A | "
1 10 100 1000 10000
Size (nm)

Fig. 5.11. DLS spectra of Kolliphor EL 2 % by weightwvater (black) and of the

corresponding 10 % by volume mixtures with acetone (red), THF (green) and toluene (blue).

Dynamic light scattering measurements of Kolliphor EL 2%, 10% toluene solutions indicate
that the average particle size in solution haseased to 1016nm. There is no evidence of
micelle size particles remaining in this solution. It appears that the addition of toluene as 10%
co-solvent results in an emulsion which is thermodynamically stable for an extended period of
time.

The formation ofthis emulsion has a profound effect on the ciamspling chemistries
involved. Without cesolvent, we appear to have a strong interaction betwBen protecting
groups and the micelle. This interaction completely limits the use of micellar chemistry fo

latent pigments protected withBoc or similar analogues. When we introduce toluene as a co
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solvent we no longer observe this inhibition @8dc protected materials. In fact, with the
implementation of toluene as a-solvent we observe increased reattrates for standard
crosscoupling reactions and a broader scope in reaction substrates which allows for the
incorporation of the-Boc protected latent pigments.

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Record 26 GG-T 1
Record 29 GG-T 2

Record 27: GG-T 2
Record 30: GG-T 3

Record 28: GG-T 1

Z-Average Peak 1 Peak 1 std. Peak 2 size Peak 2 std.
(d. nm) Size (d. nm) deviation (d. rm) deviation
(d. nm) (d. nm)
705.1 1576 1016 227.9 69.98

Fig. 5.12. Kolliphor 2% toluene 10% DLS data

A speculative reasoning for this increased reactivity is that in a micellar system, the rate of the
reaction is limited somewhat to the diffusion rate of the semiconducting core across the
micelles outer membrane. In the case of the emulsions it is rédsdodelieve that the rate

is not limited in this manner. Large emulsion barriers with low surface tension will internalise
the semiconductor core at a high rate, resulting in a high concentration of semiconductor into
the hydrophobic regions of this @irse reaction media. The lower surface tension reduces the
diffusion barrier resulting in a rapid reaction rate. One curiosity of this system is the ability to
retain an oxygen free reaction environment in an emulsion state. All reactions were run with
stendard bench top solvents, no removal of oxygen or water was carried out before use.
Toluene, which has good oxygen solubility, can be used to carry out efficient Sdigakira

cross couplings with no formation of hormooducts. This indicates that KolliphEL may
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have a unique mechanism for the segregation of oxygen from the hydrophobic portion of the

surfactant.

e
Various
conditions

n° medium catalyst atm. time, h/temperature, °C vyield
1 Kolliphor EL /acetone 9:1 Pd(dtbpf)Ct Air  2/60 42
2 Kolliphor EL /acetone 9:1 Pd(dtbpf)Ck N2  2/60 40
3 Kolliphor EL/THF 9:1  Pd(dtbpf)Ck Air  2/60 38
4  Kolliphor EL/THF 9:1  Pd(dtbpf)C; N>  2/60 39
5 Kolliphor EL /toluene 9:1 Pd(dtbpf)Ct Air  1/60 80
6 Kolliphor EL /toluene 9:1 Pd(dtbpf)C; N>  1/60 79

Fig. 5.13.Optimisation table of ceolvent with relating yields for cross coupling of
thiophene2-boronicacidandB o ¢ p r o t-dibcom@soindgqg. 6 6

Emulsions are metastable dispersions of one immiscible liquid in another. Surfactants such as
Kolliphor EL can act as emulsifiers. The addition of asotvent to a surfactant solution
propagates a biphasic emulsion which is separated by Kolliphor EL.

In an emulsion the reaction medium is biphasic, the surfactant constitutes the separation layer
between phases. In a micellar approach the inner core of the surfactant formed micelle acts as
the reactive medium. This is not the case for emulsion based thesniEmulsions have a

large reactive medium separated from the oxygenated atmosphere by a surfdatent bi

The reduced bromide concentration (due to the relatively larger reactive environment volume)
within this oxygen free area of the emulsion Hssin a higher tendency for mono cross

coupling to occur over the standard micelle approach.
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Still with this cesolvent approach we see no homo coupling products, indicating that the
system still operates through an oxygen free mechanism. The appesrtre&olliphor EL
solution when 10% csolvent is added is that of an emulsion. A cloudy white, opaque solution
which remains stable for an extended period of time. Emulsions are generally observed as
cloudy white dispersions. Light is evenly scatter¢dhe interphases of the two liquids
components of the emulsion. This light scattering effect is not seen in micelle dispersions due
to the small diameter of the micelles. This micelle solution of Kolliphor EL 2% in water gives

a clear solution. There @ésstrong dependence on the concentration-sbéeent on the particle

size of these dispersiofis

Fig. 5.14. Left) Kolliphor EL 2%. Right) Kolliphor 2% 9viater: toluene solution
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Fig.5.15. A variety of latent pigments were successfully prepared by the emulsion technique,
the structures anglields are reported above. Protection group is seen in blue, the

semiconducting core in black and the boronic substituent in red

Reported vyields for standard synthetic approaches are in the order36P@2%0r Suzuki
Miyaura cross couplings involvingBoc protected semiconducting cofésWe have seen
comparable yields in our own attempts with standard idond. However, after extensive
optimisation the power of the @mlvent micellar couplings can be seen. Reaction yields in the

order of 8895% can be achieved for the same reactive species used in standard approaches.

The optimized syptemgbocomscelt banfcaml of a
% by weight Kolliphor EL solution in deioniz
1. 5mmol of desired ar yjibbaosreo naincd alc.i0d3 mn3o | mniod (
vigorous stirring at 60AC in ambient atmospt

i Fig..15above was 2 hours.
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Conclusion

Kolliphor EL a cheap, commercially available drug excipient has been used daciasiiito

create a novel micellar reaction medium.

This surfactant creates a highly efficient medium fé€ Gond forming chemistries which are
essential for the functionalisation of common semiconducting cores. In a comparative study
with the state oflte art designer surfactants, TR@ED-M and Triton x100, Kolliphor EL
outperforms both in terms of effective reaction yield while equalling their selectivity for the

desired crossoupling products

Furthermore, the unique ability of Kolliphor EL to providen oxygen free reaction
environment even in an open reaction vessel in air sets this surfactant apart from the top of the
line designer surfactantBossibly attributed to reactivity of oxygerth a double bond in the

structure opolyoxyl castor oil wheh is a main component of Kolliphor EL.

Kolliphor EL accommodates a broad variety of molecular structures as a reactive medium. One
exception was discovered when attempts to perform SdMiyldura cross couplings on
semiconducting cores functionalised wiéint-butyloxycarbonyl protecting groupgsulted in

deprotection or no reaction.

It is speculated that this particular chemical functionality did not diffuse across the micelles
outer core. Lead by research previously carried out on designer surfactants the addition of a
variety of cesolventswas carried out in an attempt to understand if swelling the micelles inner
core could aid in diffusingBoc protected materials into the reactive environment of the inner

micelle core.

The addition of 10% THF and acetonesmvent had the desired effedftswelling the micelle
core and indeed successful formation-Bbc protected crossoupling products was achieved

for these systems, albeit in low yields-48%.

The addition of 10% of toluene as-solvent however resulted in an entirely unique reacti
medium. This addition resulted in the formation of a kasjing emulsion. In comparison to
swollen micelles the gphasic emulsion has a much larger particulate size. Materials were
observed to have high transition rates across the phalsssrvedas a high reaction rate
compared to standard conditions. Interestingly no hooupling products were observed in

the reactions carried out in emulsion. This indicates that there is a very low concentration of

oxygen in the region where the coupling react®narried outvhich reinforces the idea that
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Kolliphor has a mechanism for reacting with dissolved oxygen rather than and seclusion
process by the formed micellebhis unusual phenomenon is still unexplained and disserves

further study.

Facile access torganic semiconductor materials in an open benchtop manner could prove very
useful in the field of organic electronics. Oftentimes material costs and environmental risks

associated with synthetic procedures limits the access of the marketplace.

The emulgon based media outlined here provides a comparatively Green method for
production of a versatile array of organic semiconductors. This method is entirely scalable, the
possibility to carry out these complex@bond forming reactions in air in a very cheand
available solvent (water) is extremely valuable for industrial applications. Kolliphor El is a
cheap and commercially available surfactant. Micelle and emulsion based chemistry is not
restricted to SuzuldMiyaura reactions, the robust environmentyiied by Kolliphor micelles

is ideal for performing reactions such &slle couplings, BuchwaldHartwig, Heck and

Sonogashira to name but a few.
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Final Conclusions

An attempt has been made to develop two methods for controlling the morphology of thin film
organic small molecules electronic devices. The methods were developed with industrial
applications in mind, where high through put processing for solution isimeegent. The two
methods developed both use facile post deposition processes which are used to control or freeze
the as cast thin film.

Of thetwo methods developed, the first technique was the development of a series of soluble
negative photoresists wdh after a photanitiated crosslinking would form an insoluble film

of organic semiconductor which can be used in the fabrication of -layér organic
electronics. The photocrosslinking process is robust and achieves the desired level of
insolubility ater a short UVcure. These materials were incorporated into orgamtovoltaic

devices (both BHJ ardilayer). Photocrosslinkable squaraine based BHJ cells showed promise
with improved performances seen upon photocrosslinking. This is generally attribiae
improved phase segregation with PCBM acceptor materials. The materials are generally stable
but overall the performances are disappointing. Upon close examination under microscope and
atomic force microscopy it is evident that the photocrosslinkiragess can create grain
boundaries in the film as it shrinks. This results in pinholes, charge leak sites and site for charge
trapping to occur. The bilayer devices were fabricated with two large cores to crosslinking site
ratio materials. It was thougliat extended conjugation could alleviate the issues of film
shrinkage. Unfortunately, the casting of these materials proved to be difficult. The low
wettability of these materials resulted in extremely rough films whiale wasuitable for thin

film OPV. The tuneable HOMO/LUMO levels of organic materials coupled with the
insolubility of photocrosslinked materials even in fully oxidised or reduced stapeshaps

suited better to incorporation into organic batterfeaew PhD project is branching frome

seminal results described here

The second method for controlling namorphologies of thin films is using the latent pigment.
This method uses thermally labile protection group chemistries to donate a soluble
characteristic to otherwise insoluble pigrtseiby disrupting Hoond networks. This work
culminated in the development of two novel DPP semiconductors. These materials while
completely soluble in the protected latent pigment form can be processed into thin film devices.

Upon deposition a shortminute thermal treatment afford the parent pigment. This pigment
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has a strong Hhonding network in its deprotected form. The density of the films increases and
the material forms nanorystals (as seen by an extensivRXy thin film study) which are
essentidy insoluble in organic solvents. These materials were designed specifically for planar
bilayer OPV. The most successful device was a deprotected and annealed bilayer with the
device architecture as ITO/ PEDOT: PSS/ CFEPPCBM/ ZnOx/Al. This device affaled a

PCE of 0.33% which was stable in air over 24hours. The low Voc and Jsc of these materials
led tothe incorporation of these materials into OFET devices. By developing OFET devices
the charge carrier mobility can be studied before and after thermealarg. Remarkable
improvements to charge mobility was recorded upon deprotection of the latent pigments. All
latent pigments tested showed some improvement in mobility but the material DPP 27 stood
out with an increase in mobility over three orders ogni@de. This result is most likely due

to an improved crystalline packing as theobhding network initiates. The high temperature

of 200°C for deprotection provides the thermal energy for molecular rearrangement in the thin

film. The dense packing of tee small crystallites then facilitates charge mobilities in the film.

These approaches aim to provide a variety of methods for industrial applications. Organic opto
electronic industries require cheap and lesgale production of organic semiconductorise T
environmental impact of largescale synthesis with the use of large volumes of organic solvents
must be addressed as a result. As such, the development of a highly efficient micellar system
for carrying out GC bonding chemistries has been achieved. 03e of a very cheap and
readily available surfactant called Kolliphor EL affords a micellar reaction medium in water.
Common synthetic methods such as SuMigiaura, Stille and Heck reactions can be carried

out in ambient temperatures and atmospheres M@thod is compatible with open vessel
reactors and requires low loading of metallic catalysts to result in high yielding reathans.
method was originally not applicable to latent pigment synthesis as there was an unusual
interaction betweenBoc piotected materials and the Kolliphor EL micelle. It appears that the
HLB is not aligned to allow these protected materials into the hydrophobic oxygen free core of
Kolliphor El micelles. The addition of water miscible-solvent alleviated this issue, buglgs
remained in the order of 480%. The use of 10% by volume of Toluene as-aal@ent results

in an emulsion. The synthesis of complex latent pigment semiconductors was successfully
carried out in this emulsion. The emulsion retains a oxygen freaatkaand allows Suzuki
Miyaura cross coupling reactions to be carried out in air in water with yields in excess of 90%
(compared to 2@0% for standard organic solvent based procedures). This novel synthesis

medium is highly efficient with short reactiimes, high synthetic yields and low sigeoduct

148|Page



Final Conclusions

production. This method has the potential to be incorporated as a versatile tool for large scale
production of organic semiconductors, resulting in cheaper high volume and environmentally

friendly materials

149|Page



Appendix T X-Ray characterisation

Appendix } x-ray characterisation

Structure within thin films has a massive effect on the physical properties of that film, such as
the electrical and magnetic properties. This is especially true for modern electrbicicsely
heavily on the tuning of electrical conductivity and transport by adjusting structures and adding
dopant impurities into the narstructures formed when fabricating devices. Therefore, it is
important to undergo an investigation of thin filmustures so that we can relate the properties

of our devices to the structure of the bulk and surface of the material and not just to the

molecular structure.

X-ray characterisation offers one of the most sensitive methods for investigating not only the
surface but also the bulk and interfaces of thin films. Generalgyxcharacterisation of thin

films is a nordestructive method to give structural information for thin films and multilayers
(although degradation can be seen at high intensity at syrahsmturces). The techniques are

not only limited to single crystalline materials but can be used to investigate various parameters

of poly crystalline and amorphous films too.

The reason Xays are so useful for structural characterisation is because ateey
electromagnetic radiation with a wavelength approaching interatomic distances. The
interatomic spacing of atoms, which are well ordered in a crystal lattice, act as a diffraction
grating for the Xrays causing scattering patterns to appear when-thgsxstrike a crystal.

From the diffraction pattern it can be calculated where constructive and destructive interference

occurs which in turn gives structural information.

X-ray reflectivity

One type of Xray diffraction technique that is especially uséfulstudying thin films is xay
reflectivity. This technique is especially useful for analysing film thickness, roughness and
electron density within a film. It gives information about interface roughness and wetting layers
which is unobtainable by othexchniques such as atomic force microscopyayradiation is
focused on a thin film sample at a grazing angle the detector records the reflected beam is
specular conditions (equal but opposite angle to the incoming beam) over a small angle e.g. 0°
5°. Total Reflection occurs below the critical angle of the material, as the incident angle is
increased beyond Umys begih ® penetrate intc thé matemaldne )
refraction occurs, the intensity of the reflected beam is decreased sighyftbas is why only

small angles can be used to measure the reflectivity of a material.
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X-ray tube

Incident beam
optics

Detector optics
\ Detector
\
\

Incident beam

Reflected beam

Fig. 6.1 Schematic of reflection experiment showing reflected and refracted beam including

diffuse reflections (seen in red).

A portion of the xrays arereflected at the interface of materials with different electron
densities, the interference of these reflected beams gives us the reflectometry pattern. For
example, a silicon substrate coated with a uniform organic substance as seen below. Reflection
occus at the organic layer but also at the interface between the silicon and the organic layer
the interference between the two reflected beams causes oscillations in the reflectivity profile,
these were first seen by Kiessig in 1931 and are therefore Badlesig fringes. These fringes

can tell us the thickness of the layers of each material by studying the frequency of the fringes,

thick films will have shorter oscillations.

Organic layer

Fig. 6.2 Schematic of reflections caused by a thin organic film on topSifiGon substrate.

Another piece of information we can gather from the reflectivity experiment is the Density of
the material. This is related to the Critical angle of the material and can also be calculated from
the density contrast of the substrate as rtieasured amplitude of the Kiessig fringes. The
higher the difference in density of substrate and film the leger the oscillations.
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A very important factor for organic devices is film roughnessayreflectivity offers a unique
tool for viewing the ovethsurface roughness of a sample and not just a localised position like
in AFM. The rate of decay of the-pay determines the roughness of the film, a high rate decay
relates to a high roughness, the high rate of decay of the intensity of Kiessig fnidigaseis

high interface roughness.

Today there are a number of programs which can be used to fit theoretaalepsans to
experimental data allowing for the facile determination of each of the film properties
(thickness, roughness, density etc.) the pr

and an XRD Data Viewer from Panalytical.

Critical angle €, : Density p \/
Surfacesoughness. ol

— | Density, p | Film thickness, d1
T ! ! Interfaceroughness, o2
Density, o2 Film thickness, d2
\ Interfaceroughness, a3
Period. A6. of oscillation Density, p 3
7 : Film thickness, d
: [ \/\ NP ]
s | J m Oscillation decay rate
= \ at higher angles
\/ : Surface or interface roughness o

: Density contrast

Hnna
Amplitude of oscillation h V/v\\./\/v \/\/\/\/\/\,\h “

I,_ | | Intensity decay rate
at higher angles
: Surface roughness o

0 2 4
26(deg.)

Fig. 8. Information provided by X-ray reflectivity profile.

The Rigaku Journal, 26(2), 2010

Fig. 6.3 Overview ofthe effects of film parameters orray reflectivity.

The radiation source used for all specular and reflective investigations in this thesis was a Cu
KU s o urayaedlectiviy measurements were carried out on an Empyrean Panalytical with

an attenuatQr— Siivergence slit, a 10mm beam mask, a 0.1-sgditer mask and a 0.02radian

Solar slit.
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/
7
’ /,

/

Goniometer
Detector

e L/
Beam mask and Dive Y% g o>~ ‘ /[

e

Beam source
N

Fig. 6.4 Empyrean Panalytical Xay reflectivity and specular setup at TU Graz, Austria.

Films tested for xay reflectivity were prepared by spincoatiBgng/ml in chloroform at
4000rpm for 40seconds onto cleaned silicon dioxide 1x1cm substrates. The samples were made
in tandem with one half being either treated thermally in an oven at 200°C for 7 mins or with
UV exposure 254nm for 30 mins. The experiménssst bet v6®%en d=0. 05

Macroscopic Shape Layer thickness
Composition Structural phase
Elements present
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Phase extent

Form Amorphous
Polycrystalline
Single crystal
Orientation General preferred texture
Layer tilt
Distortion Layer strain tensor
Warping
Homogeneity Between analysed regions
Interfaces Interface spreading
Density Porosity
Coverage
Microscopic Shape Average crystallite size
Crystallite size distribution
Composition Local chemistry
Orientation Crystallite tilt distribution
Distortion Crystallite lattice strain
Crystallite strain distribution
Dislocation strain fields
Point defects
Cracks
Strain from precipitates
Interfaces Roughness

Homogeneity

Distribution within region of

sample studied

Table6.1 examinable parameters byRay spectroscopy
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Layer Layer Description
1,0 DensityOnly, Si02
Substrate Diamond, Si

Best fit value: 70.24

Density
2.093

2.372

Best background: 0.6 counts/s

(Lower Upper) Thickness  (Lower
(- - 149.8 (-
(- -) 600000 (-

Best divergence: 0.004 deg

Clean Substrate

Upper)

-)
-)

Boughness (Lower
0.376 (-
2 (-

Best intensity: 87435586 counts/s

Upper)
)
)

87435586.4

B743558.69

874355.9 .fv/

87435.6

8743.6

874.4

Intensity (counts/s)

874

87

0.9

Apper

0.5

1 15 2

2.5 3 3.5
Incident angle (deg)

Ltk i
LTI

4.5
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The first Reflectivity experiment was on a freshly cleaned substrate, sonicated for 5mins in
acetone followed by Isopropyl alcohol. These are manufacturedspatification of 150nm

of thermally grown silicon doxide upon an amorphous silicon substrate 1x1cm. From the
reflectivity investigation we see that the actual thickness is 149.8nm with a roughness of
0.376nm. From this result we can state that we hawseththe correct optics and aligning

practices for accurate thickness and roughness measurements.
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