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Abstract

Organic photovoltaics possess many qualities that rarely available in inorganic
photovoltaics, namely its ability for high absorbanflexibility, cheap and high throughput
processing. While electron donor polymers are nagignty, electron acceptor polymers with
high electron mobility are just introduced to th@ge and competes with fullerene derivatives
that has its long standing reputation as the aocepaterial of choice. In the other corner,
morphology plays an important factor influencing BP©f an organic solar cell. Bulk
heterojunctions of organic solar cells are usualtgned from spontaneously demixed biblends
of the active layer solution and removes contimhfithe hands of the investigator. Many efforts
were made to wrestle control back but these giied on the spontaneous demixing of the
solution. In this study, a crosslinked donor mastixicture is employed to create a controllable
morphology of donor polymers which is then filletadback-infiltrated with acceptor materials.
We demonstrate that a crosslinked back-infiltragelér cell improve in performance over a
demixed biblend. However, this method showed soeweddence on the donor material
involved, hence requires some tailoring for optiradbption. Devices with small molecule
back-infiltrated sets the amount of infiltrationrathmight optimally occur and were closely
matched by low molecular weight polymers but nothigh molecular weight polymers. As
mobility is dependent on molecular weight, thisaoale is identified as one of the parameters
that requires optimising. Device parameter of Vaswbserved to increase over all device
tested and this notable effect should be studiegkéater detail and could lend to a clearer

picture of the morphology in a crosslinked backhrgted active layer.
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1. Introduction

1.1 Solar energy

Energy is one of the most important factor that@sa ceiling on social development. In the
past two millennia, societies have collapsed wiheir development met with that ceiling but
were unable to break througi®nly with the discovery and efficient extractioihenergy from
fossil fuels was social development able to brealceiling. Now faced with the pressing issue
of climate change, our options of using fossil $ueb satisfy our ever-increasing energy
consumptions are dwindling. Solar, wind and wawvjole an alternative source of clean and
renewable energy that solves the problems of lonéeergy reserves and excessive carbon
dioxide emission. Of more importance is solar, Whddves the winds and the waves, and also

more easily accessible.

Thanks to the continuous effort put into the resie@nd development of photovoltaics (PV),
the levelised cost of energy (LCOE), which is chlted as the total cost of plants and
equipment over total energy production (kWh) durfigctive lifetime, has steadily fallen at
an average rate of 13% since 2006n the other hand, the price of electricity from
conventional sources have steadily risen over daesy Grid parity is said to be achieved when
the LCOE equals or falls below the market pricelettricity and reaching it will result in the
adoption of this new technology that can sweepsaceatire nations. Since 2012, the PV power
has reached grid parftyn Germany and following the trends of energy gsicmany more
countries will achieve grid parity. However, in erdo replace coal, the LCOE of PV power
has to fall even further and research and develaptogush the efficiency of solar cells must

continue.

1.2 Organic solar cells

The discovery of organic semiconductors in the $3% to research into the new field of
organic solar cells. Polymers offer certain advgesaover inorganic materials, such as strong
absorption coefficients in the visible spectrumjckballows for thinner material layers to be
used, leading to devices that have the potentiaktboth light and flexible. The relationship

between polymer chain length and side chains tio #mergetic behaviours also provided the



possibility of tailoring such materials to specifieeds, opening a huge playing field for

researchers.

Although being a semiconducting material, the chamgarrier mobilities of organic

semiconductors are much lower than that of inoiyamaterials, appropriately, their power
conversion efficiencies are also lower and arélagiging behind inorganic solar cells today.
Degradation of the device also occurs much fasterganic solar cells, giving them a lifespan

of around 15 years compared to inorganic’s 25 years

However, cost of producing organic materials areenfavourable over inorganic materials,
where high temperatures are required, while thé-efbsctiveness of device fabrication are
also more favourable for organic solar cells, ik possibility of employing high throughput

inkjet printing or roll-to-roll solution processirtgus easing the way into commercialising.

1.3 Mechanism of photocurrent generation

Organic semiconductors typically have low relatpermittivity (or dielectric constants) in
contrast to the higher relative permittivity of iganics. As a consequence, the excitons formed
in organic semiconductors during the absorptioa photon tend to be Frenkel excitons, with
binding energiesof 0.5 — 1 eV. Thermal energies at a room tempegadf 298K reaches
0.025eV which is much lower than the binding enevfiyhe excitons, hence investigations
towards efficient dissociation of the exciton lecatrequirement of at least a 0.3 eV difference
between energy levels at the donor-acceptor irdeéxfAnother important difference between
organic and inorganic semiconductors is its excddfusion length, which due to its short
lifetime, its diffusion length in an organic semictuctor is only around 10 rim
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Figure 1. Fundamental processes of photon to elecinversion in an organic solar cell.

The four fundamental step of photocurrent genematican organic solar cells is illustrated in
figure 1. First, a photon is absorbed by the ackyer which excites an electron from the
highest occupied molecular orbital (HOMO) levelhe lowest unoccupied molecular orbital
(LUMO) level, generating a Frenkel exciton. Thaedéncy at which the exciton is generated
from the incident photons is termed the absorpéifficiency ¢4). Second, to dissociate into
free charge carriers, the exciton must diffuséneodonor-acceptor interface and survive long
enough to reach the interface. Due to the shoiwgidn length of the excitons, the thickness
of the material phases greatly factors into thatemdiffusion efficiency #fp), the ratio of
excitons reaching the interface to the number cfters generated. Third, upon reaching the
donor-acceptor interface, a charge transfer odeutise exciton where an electron from the
donor gets transferred to the acceptor or a hola the acceptor to the dofioThe efficiency

of this charge transfer occurrence is termed tlaegehseparation efficiency ). Lastly, the
charge carriers of the exciton, in the presencthefbuilt-in electric field, is finally able to
dissociate into free charge carriers and traveluyin their respective material to be collected
at the electrodes. The ratio of number of chargeesa collected to the number of charge
transfer occurrence is termed the charge colleatificiency @.-). The external quantum
efficiency (EQE) measures the ratio of incidenttphoconverted to collected charge carriers

and is represented as



EQE =n4 " Ngp * Nes *Nee 1)

while the internal quantum efficiency (IQE) measuiee ratio of exciton generated to collected

charge carriers and is represented as

IQE = Ngp * Nes *Nee 2

1.4 Bulk heterojunction

The development of organic solar cells startedvitth the familiar bilayer structure employed
by inorganics. While their high absorption coeffiais allows them to be thin, the effective
absorption thickness of polymers are still arou@eBBOnm. In addition to that, the hugely
limited diffusion length (10nm) of the exciton meaa bilayer at effective light absorption
thickness would do a poor job at extracting thesggies. This was realized as early as 1986

where the state of the art bilayer organic sol#dP edtained a PCE of 1%.

A breakthrough in morphology development came abahgn Yu et al? created a bulk
heterojunction (BHJ) morphology that solved marspés that frustrated attempts for organic
materials to become viable options in solar celietflgpment. This new morphology, as shown
in figure 2, had material phases that were sep&@te each other at a length scale of only 5-
50nm and provided many more times the area of daocceptor interfaces. Excitons in organic
materials, with their short diffusion length, a@wnable to successfully reach the interfaces to
dissociate into free charge carriers. Efficien@é&srganic solar cells saw a marked increase
with this simple yet elegant solution and PCEs haathed 4.24%. However, this new
method also brought about new problems, such adiffieulty in controlling how the
morphology would form. Having control over the mioopogy is essential, for if the phase
separation is too thin, isolated domains will fonrhere the charge carriers cannot reach the

electrodes while if it is too thick, excitons cahn@ach the interfaces.
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Figure 2: Schemetic diagram of a bulk heterojumcsiolar cell. A typical structure is glass/130
nm ITO/50 nm PEDT:PSSH/Active Layer/30 nm Ca/120AIm

1.5 Crosslinked polymer-donor network cells

Crosslinkers are molecules that are able to bindhath ends, to polymers. Developed and
produced in-hougé sterically hindered bis(fluorophenyl azide) (sBR#ovides advantages
through its non-specific crosslinking mechanismgyfe 3), allowing a much lower
concentration to achieve high retention rates. @tegsslinkers are also tuned to be activated
at the deep ultraviolet (DUV) region (254 nm), whis not readily absorbed by the donor
polymers, hence allowing for photoactivation of tresslinkers deep into the material film.
After photoactivation, the crosslinked polymer filmmwashed with solvent to give a sponge-
like matrix which is resistant to further dissotuti On the other hand, this polymer matrix
swells upon contact with appropriate solvents,vahg for other polymers and molecules to
be back-infiltrated into the matrix to create akbléterojunction.
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Figure 3: Schematic diagram of crosslinking proc&é® singlet nitrene inserts into the C-H

bonds upon deep ultraviolet photoactivation.

In organic solar cells, this translate to the &pwif creating a polymer matrix for use with the
method of back-infiltration. This method is abled®ate near ideal percolatidrpathways
without resorting to coarsening phase separatibmyiag efficient extraction of free charge
carriers to their respective electrode while mamtag a fine phase separation and allowing for
efficient exciton diffusion to the interface. Suglcontrol of the morphology also does away
with the need to coarsen phase separation for tingope of suppressing the formation of
isolated domains. This method of crosslinking aadkkinfiltration solves many of the issues
that plagued demixed biblend BHJs but new challergeve arisen, including the extent of
effects crosslinkers have on material propertia$ #we morphologies resulting from back-

infiltration with acceptor polymers, which this vkowill endeavour to investigate.

1.6 Motivation

A fine phase separation is advantageous for exdiftusion efficiency but a coarsening of the
phase separation is usually used to improve trueofsion pathways. Creating an

interpenetrating matrix minimises the occurrencésofated domains without compromising



on the fineness of the phase separation. The meathotbsslinking and back-infiltration is
relatively new and has been shown to work with $malecules, increasing the performance
of the solar celf. Instead of using small molecules, acceptor typgrpers can provide the
advantage of higher absorption coefficients andedbfe energy levels over fullerene
derivatives. This study aims to aid in extendingaipplications of back-infiltration to the more
complex system of polymer-polymer active layersroligh morphological studies and
characterisation, the mechanism and limitationsiofphology formation and performance is
sought to be understood.

2. Characterisation technigues

2.1 Materials

2.1.1 P3HT and PCBM

The donor polymer poly(3-hexylthiophene) (P3HT) aadeptor fullerene derivative phenyl-
C61-methylbutyric ester (PCBM) (Figure 4) have bstenlied extensively for the last 10 years
due to their high mobilities &.3 x 1078 m?/(Vs) and2.0 x 10~7 m?/(Vs) respectivel§#, with
thousands of publication on devices using these rvaterials®. It was the high electron
mobility, rarely found in polymers, coupled with ahility to self-assemble, aggregating into
the appropriate domain sizes, which made PCBMtsac#t/e, even though they have limited
absorption capabilities and are expensive.

CioHz1
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Figure 4: From left to right: donor polymers PBDTORnd P3HT, acceptor materials PNDI
and PCBM.



2.1.2 PNDI

Polymers offer certain advantages over fulleretiesiy absorption spectrum can extend to
wavelengths longer than what fullerene can reagurg 5) and their absorption coefficients
are higher in the solar radiation spectrum. Theergy levels are tuneable, allowing LUMO

levels to be optimised to the device, to achieweltighest Voc while maintaining efficient

exciton charge transfer. Also, their viscosity atusions can be controlled, allowing for more

control in the fabrication process and upscaling.

A high-mobility electron-transporting polymer, pfdlyN , N ’-bis(2-octyldodecyl)-
naphthalene- 1,4,5,8-bis(dicarboximide)-2,6-diyt}®5’-(2,2'-bithiophene) (P(NDI20OD-
T2)) (PNDI), was successfully fabricated by Yaaléf in 2009 and since then, wide adoptions
of this polymer has been made. Space charge linitednt (SCLC) electron mobilities for
PNDI measures &9 x 10~8 m?(Vs), within an order of difference to PCBM. Engiigvel
standings with PCBM compares at a lower LUMO lemadl a higher HOMO level as shown
in figure 6, and the smaller band gap of PNDIfigctor of its better absorption. The absorption
spectrum of PNDI also extends into the red regiguye 5) where most of the solar spectrum
resides, while PCBM has its absorption spectruithénultraviolet region which represents a

small fraction of the solar spectrum.
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Figure 5: UV-vis spectrums of P3HT, PBDTTPD, PNDU&CBM pure films.
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Figure 6: Energy levels of materials of P3HT, PBIFD, PNDI and PCBM. The energy gaps
between the LUMO of the acceptor and HOMO of dogiees an upper ceiling for Voc for
the devices P3HT:PCBM (1.0 V), P3HT:PNDI (0.7 VBPTTPD:PCBM (1.56 V) and
PBDTTPD:PNDI (1.26 V).

2.1.3 PBDTTPD

In 2010, Zou at al’ created a new copolymer with BDT and TPD unitshfaned towards
reducing the band gap to between 1.2 and 1.9 e¥atamise range of absorption spectrum,
while lowering the HOMO to maximise Voc. Both okese parameters were able to surpass
P3HT (figure 6). The absorption spectrum of Polp@mithiophene 5-octylthieno[3,4-c]
pyrrole-4,6-dione) (PBDTTPD) was also reaching lmelythe boundaries of P3HT (figure 5).
The SCLC hole mobility of PBDTTPD was, however2#& x 10~8 m?/(Vs) an order lower
than that of P3HT but not dissimilar to other snhalhd gap polymet%

2.2 Single-carrier diode fabrication and charastgion technigues

2.2.1 Single-carrier diode fabrication

A glass slide (1.2cm by 1.2cm) with a rectangutap ©f Indium tin oxide (ITO) (1.2cm by
0.8cm) is wash with acetone and isopropyl alcol®A] to remove the photoresist. Cleaning

of the substrates was conducted with standardiclgdn(SC1) procedure, where the substrates



were cleaned in a solution of 100 ml purified wagfd ml of hydrogen peroxide and 5 ml of
ammonia, and left at 120°C for 45 min. The substratere then removed and washed with
IPA to remove SC1 solution. The substrates weramakygen plasma for 10 min to remove
any remaining organic material on the surface eflffO and brought out and left to cool for
10 min. The appropriate PEDT was spun on a spitecta a thickness of 50 nm. For hole-
only diodes, PEDT:PSSH was used. While for eleetwoly diode, the electron injecting layer
of PEDT:PSSCs was used. The substrates were brmtghthe glove box with a nitrogen
environment and baked at 140°C for 10 min to remawg water present. The appropriate
donor or acceptor solution was spun on the sulesivad thickness of above 100 nm (thickness
measurements were done separately with the sameaqditions). For films to be crosslinked,
the substrates are baked at 90°C for 5 min to rem&waining solvents to prevent crosslinking
to solvents. The films were then exposed to DUV4(25) for 2 min and washed with the
same solvent on the spin coater to remove non{otked polymers. The films were then
brought to the evaporation chamber and placed dagen onto a mask for eight separate
electrodes. Ag was loaded for hole-only diodes evaporated for 120 nm while Ca and Al
were loaded for electron-only diodes and evaporate@0nm and 120 nm respectively. The
device was then loaded into the Rachael chambguréi 7) to preserve the nitrogen
environment around the device, then brought oth®flove box and connected to a Keithley

terminal for a voltage sweep to obtain its J-V eurv

10



Figure 7: A Rachael chamber in action. Named dhey Ruigi, Rachael who designed the

chamber.

Thin film active layers for ultraviolet-visible (UVis) spectroscopy and PL measurements are
similarly fabricated on a glass substrate withd@@,| PEDT, or metals evaporated.

2.2.2 Space charge limited current mobility

In a dielectric media, excess electrical chargesaiorapidly disperse, unlike conductive
mediums. Hence they build up in a continuum thagpiead out over an area and can slow
down like charge carriers due to its repulsive dor®evices requiring SCLC mobility
measurements are required to be a single chargerceype diode. The thickness of the
material in question should also be large enougihdlade a substantial part of the drift region.
Mobility is then obtained from fitting the drift geon of the J-V curve with the Mott-Gurney
law, which deals with thin layers of material

_9epnv? (3)
- 813
where]J is the current density, the relative permittivity used was 3.5 for polyser the

mobility, V the voltage and the thickness.
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2.3 Solar cell fabrication and characterisatiommégue

2.3.1 Solar cell fabrication

Substrate preparation and cleaning was similarrtglescarrier diode fabrication (refer to
section 2.2.1). A 50 nm thick layer of PEDT:PSSHwpun onto the substrate on a spin coater.
The substrates were brought into the glove box avitlirogen environment and baked at 140°C
for 10 min to remove any water present. For a dechigiblend solution, the active layer is
simply spun onto the substrate on a spin coatgurgi 8) to the required thickness (around 100
nm). For a crosslinked back-infiltrated device, ttomor layer is first spun onto the substrate
to a thickness of around 65 nm. The substratdseked at 90°C for 5 min to remove remaining
solvents to prevent crosslinking to solvents. Times were then exposed to DUV (254 nm)
for 2 min and washed with the same solvent on pie soater to remove non-crosslinked
polymers. The acceptor solution is then applied dhé crosslinked matrix and a 10 second
buffer time is allowed for the swelling of matria fully occur. If a volatile solution is used,
the spin coater is covered with a dish to reduegdke of evaporation. The solution is the spun
off to the thickness of 50 nm of acceptor materigie films were then brought to the
evaporation chamber and placed face down onto & foagight separate electrodes Ca and
Al were loaded and evaporated for 30nm and 120aspectively. The device was then loaded
into the Rachael chamber to preserve the nitrogemament around the device, then brought
out of the glove box, placed under a solar simuléfigure 9) and connected to a Keithley

terminal for a voltage sweep to obtain its J-V eurv

mixture
=S
—
P3£%onor DUV  solvent PCBI\ggeptor
\A2 A2 vggh
—> —> — —>

Figure 8: Schematic diagram for demixed biblendp)tand crosslinked back-infiltrated

(bottom) active layer fabrication process.

12



Figure 9: Sol2A solar simulator from Newport. Cieeti to IEC 60904-9 2007 Edition.

Thin film active layers for UV-vis spectroscopy aad measurements are similarly fabricated

on a glass substrate without ITO, PEDT, or metaéperated.

2.3.2 Solar simulation

The spectrum received at the sea level consistbtaickbody radiation from the Sun of around
5800K with an overall reduction in intensity frommetscattering of air molecules and aerosol
particles, and absorption by molecules in the aphese such a8, , H,0 andCO0, constitute

gaps in the spectrum. Albedo of the surface optheet reflects a certain amount of light back
into the atmosphere which then gets back-scattertdte planet and the accumulation of these

effects is shown in figure 10.

Performance of solar cells are usually reporteceusdlar illumination that has passed through
one and a half of Earth's atmospheric air mass (AMihich assumes the average thickness
of atmosphere that sunlight has to pass througknghe angle of incident sunlight on a curved
surface, to reach the surface of the Earth. Inraml@chieve this, a solar simuldfbis used
where a Xenon arc lamp is filtered with a 1.5Gmaass filter, producing a very convincing
simulation of sunlight, with low spectral mismatels, shown in figure 10.

13
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Figure 10: Power output from Sol2A with AM1.5 sofgrectrum at sea level.

2.3.3 Device characterization

A solar cell is a diode which, under illuminatiggnerates a reverse photocurrent. This reverse
photocurrent ideally shifts the diode J-V curve daw produce a plot that is characteristic of
a solar cell (figure 11). The maximum power that ba generated is referred to as the max
power point and is achieved when the solar ceWasked at a corresponding max-power
voltage. The efficiency of converting solar poweceived into electrical power is known as
the power conversion efficiency (PCE) and can lisaeted from the J-V curve as

_ Pmpp :]mpmepp _ FF]ch;)c (4)
P, P, P,
where the fill factor, FF, is
FF = Prwp _ JmppYmpp 5)

Voo JscVoc

The fill factor can depend on the resistance ab bexs, where space charges in the material
impedes the extraction of charge carriers, requifurther external force, applied by the
electric potential, to successfully remove the ghararriers from the active layer. If this issue

is severe enough, it can spill over to affect thertscircuit current (Jsc) as well, thus signifying

14



the importance of morphology in solar cell develept Other factors affecting PCE includes
the open circuit voltage (Voc) which is affectedtbg difference in energy levels of the HOMO

of the donor and the LUMO of the acceptor.

5 L L L L 5
— Light current
A — Power output ]
S 0 Voc ]
§ 0r 10 -
E | 1 2
= [ 3
2 2
3 [ FF g
S5 15
S Jmpp
: f//mpp
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10 bt R [
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Figure 11: Typical J-V curve of a solar cell, prodd under sweeping voltage, with power

output curve.

2.3.4 Photoluminescence measurements

An excitation of a semiconducting material can leae relaxation process of luminescence
where a photon is emitted (figure 12). When thisitexion is in the form of an absorption of

photon, it is called photoluminescence (PL).

15



Figure 12: Electro-luminescence of a hole-only diod

Although easily applied on solutions, on thin filthss method of PL can also be done with the
help of an integrating sphéPdfigure 13). A laser is directed into the integrgtsphere coated
with a highly diffusive white material such as lani sulphate, which then baths the whole
sphere in a sea of photons. If a photon managesike the thin film and be absorbed, an
excitation occurs in the polymer material whichates an exciton and if this exciton is unable
to reach the interface and dissociate within tiitnean recombine and emit a photon. Through
measurement of the intensity profile of the incidginotons and emitted photons, we are able

to deduce the efficiency of the recombination thaturs within the material.

Fibre onptic
Baffle
Sample

Laser

Barium sulfate coated
integrating sphere

Figure 13: Schematic diagram of integrating sphétie laser not incident on sample.

Three sets of intensity profiles are collected, witeout the thin film sample inside the sphere
(a), one with the sample inside but off-centred aotlincident on the laser (b), and a last one
with the sample incident on the laser (c). Theseetlsets of data yields information as shown

in figure 14.

16
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Figure 14: Typical plot of a PL intensity profiletivthe photoluminescence spectrum scaled

up by 30. The three spectrums of a single thin &h& shown here.

L is the area under the laser intensity profile aodesponds proportionally to the amount of
unabsorbed light while P is the area under the ®amsrofile and corresponds proportionally
to the amount of emitted light. A large L therefa@responds to a small P and vice versa.
With these values, we are able to determine tletidraof scattered laser light that is absorbed,
u (eq 6), and the fraction of incident laser lighattis absorbed, A (eq 7 and 8). From these,

the external luminescence quantum efficiemgys obtained (eq 9 and 10).

Ly =L,(1—w) (6)
L. = La(l - A)(]- - ﬂ) (7)
(1L (8)
A= (1 Lb)
Le+ P =0 —-A)L, +Py) +1L,A (9)
_P.—(1-A)P, (10)
B L,A

To measure how much recombination has been suggressomparison is made between the
luminescence quantum efficiency of a bulk heterciiam film with that of a pure single

material film. This results in the quenching e#iccy (QE) (eq 11).

_ Npure fitm ~ "BHJ (11)

X 100%

QE

npure film
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3. Results and discussions

3.1 Photoluminescence

Photoluminescence is a powerful and integral toditl in the investigation of morphology.
Its application is neither common nor straightfordvan this field and therefore, the method
for reading the measurements is aforehand mentidndHis section, a model is proposed to
account for the behaviour of the PL measurementbhefactive layer. However, bearing in
mind that proper adjustments to offset the optpraberties of equipment used (integrating
sphere, fibre optic cable, etc) were not conduabedy relative comparisons should be used.
As the laser wavelength (514 nm) used is direabethé absorption spectrum of the donor
polymer, excitons formed is in the donor. Assumamgideal device with a 100% exciton
diffusion efficiency, a bilayer morphology would@k 20% of luminescence recombination
to be quenched (10nm exciton diffusion length witai50nm thick donor layer). In an ideal
demixed biblend, where the phase separation aldher is within twice the exciton diffusion
length, the quenching efficiency would be 100%alback-infiltrated device, the quenching
efficiency would then range from 20-100% dependindhow much infiltration has occurred.
In reality then, a deviation from the ideal in tdemixed biblend would mean a less than
optimal phase separation, while in the back-irdtkd active layer, a deviation would mean a
similar less than optimal phase separation in theod layer but also the possibility of an
incomplete infiltration. Use of methods which axpected to provide better infiltration, such
as use of a small molecular or more suitable so)\a#a hence expected to improve QE of such

back-infiltrated active layer.

3.2 Device characteristics

3.2.1 Characteristics of crosslinked donor matrix

The donor matrix was fabricated from spin-castiolgison with the addition of 3% wt sFPA.
The film was then exposed to 2 minutes of 254 nnvVDiashed with their respective solvents
to create a sponge-like matrix. The sFPA moledu tinserts itself primarily into the CH
bonds?, however, at such a low concentration, the effdotss not readily show itself on the
UV-vis spectrum (figure 15) comparing non-crosséidifilms to crosslinked films of equal
thickness.
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Retention rate reaches to 80% for both P3HT andPBID even for such low concentrations
and greatly reduces the unnecessary repercussite afosslinkers. SCLC hole mobility of
pure P3HT crosslinked matrix had a 4% drop withaditity of 3.5 x 10~8 m%(Vs), while for
PBDTTPD, a 68% drop occurred with a mobility9f x 10~° m?/(Vs).
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Figure 15: Uv-vis spectrum of a) P3HT non-crosghland crosslinked film. b) PBDTTPD

non-crosslinked and crosslinked film.
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Figure 16: Intensity profile of no sample in theaegrating sphere (a), PBDTTPD non-

crosslinked (c) and crosslinked (c) film. a) Fulisér intensity profile at 514 nm. b)

Photoluminescence spectrum at 623-790 nm.
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Since calculating the external luminescence quargffitiency,n, is a very involved process
requiring a total of 3 plots for a single measuretgefer to section 2.3.4), a simplified
approach is attempted to visually explain the a$f@t crosslinker om. Figure 16 shows the
intensity profiles for no sample in the integratsmhere (a type (a) measurement), PBDTTPD
non-crosslinked and crosslinked film of type (c)amarements. Type (b) measurements are
left out for the sake of clarity. In figure 16aséa attenuation represents absorption of that
wavelength from the film (both direct and scattgrethe non-attenuated laser profile is
represented by no sample (a). In this example, BTHBD non-crosslinked film showed
slightly higher attenuation than its crosslinkedmrpart but this may not always be the case
since attenuation is also dependent on film thiskn&levertheless, for identical materials, a
higher attenuation should give a proportionallyheigphotoluminescence intensity spectrum.
In figure 16b, the PBDTTPD non-crosslinked film dagow higher photoluminescence but it
is more than proportionally expected. So there iguanching effect experienced by the
introduction of the crosslinkers. This is not gdoda pure film as it is proposed that traps and
non-luminescent recombination losses could haveltess from the introduction of the
crosslinker&. It turns out that the QE for PBDTTPD film is 3203vithn at 9.69% and 4.29%
for non-crosslinked and crosslinked film respedyiv@E for P3HT film is 36.8% withy at
2.90% and 1.84% for non-crosslinked and crosslirflkedrespectively. Hereafter, QE will be
reported compared with their non-crosslinked arudslimked pure film counterparts. These

PL measurements are unadjusted data and absgutedishould not be cited.

3.2.2 P3HT:PCBM
P3HT:PCBM devices have been widely studied with photogies of such blend devices

taking on a self-assembled demixed state. Phasgagem of PSHT:PCBM biblend devices
were found to increase after thermal annedliagd crystallinity of P3HT and PCBM domains
were also observed to increase after thermal aimgéalimproving absorbance and PCE. State
of the art devices shows PCEs as high as 4:24%wever, these biblend devices are sensitive
to various fabrication conditions, such as the Weigtios of materials used, temperature
during spin-coating and possible post-fabricatiorocpsse$?* The introduction of
crosslinking methodology provides us with more clireontrol over the domain sizes of the
active layer and provides a robust morphology ajaiiim-processing conditions and
degradation.
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Figure 17 shows the —log (transmission) vs wavele an UV-vis spectrum through an
active layer film. The demixed biblend BHJ is comgzhto a 50 nm crosslinked P3HT film
and a PCBM back-infiltrated BHJ. From figure 18hdft in peak position of P3HT in the BHJ
is observed and results from disordering due toptiesence of PCBM. Compared with the
demixed biblend, a lower count in the region of 3@ nm suggests that a thinner layer of
PCBM was present in the back-infiltrated device.il/being thinner, not a lot of PCBM was
left on the surface of the matrix. This is indicht& the region of above 700nm where
absorption from both materials is weak, as scatgeiiom small molecules is also included in
UV-vis spectrum. The thickness of the P3HT layes aigo suggested to be reduced after back-
infiltration with PCBM and may be due to the addli@l washing off of P3HT by the solvent
chlorobenzene (CB) used in the PCBM solution. Ciegpiese lower levels of absorption, the

crosslinked device still performed beyond the dexdikiblend.

" ——P3HT:PCBM demixed biblend]
——P3HT crosslinked matrix
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Figure 17: UV-vis spectrum of P3HT:PCBM demixed léita, washed P3HT crosslinked
matrix, and P3HT:PCBM back-infiltrated thin film.
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Figure 18: a) Linear-linear J-V curve of P3HT:PCRBIMmixed biblend and back-infiltrated
device. b) Log-linear J-V curve.

Table 1: Output parameters of devices. *Unadjudted.

Jsc Jmpp

PCE (%) Voo (V) (e VMPP M) (oacsy  FF - QE* (%)

P3HT:PCBM demixed
biblend

P3HT:PCBM back-
infiltrated

2723 0595 8839 0440 6.188 0517 71.7

3.139 0.641 8.248 0.480 6.540 0.594 433

J-V curve of the back-infiltrated device showedtéeFF and PCE, and slightly better Voc
(figure 18a). Previous studies done on PCBM baftiksation systems have yielded a 30%
increase in PCE largely due to an increase in Jsc. Our device aagever lacking in this
area, partly due to the reduced absorption, blihsinaged to achieve an increase in PCE due
to an increase in Voc and the FF. Having a higlteinBicates that there is better extraction as
can be seen in figure 18b where saturation curienteached early on. However, PL
measurements indicate a less than optimal morphiol@gmpared to demixed biblend, QE of
the back-infiltrated film is moderately lower, ara bias. Since PCBM has shown to be a
relatively good infiltrator, with little surface selual presence and good FF, The low QE can

possibly be traced to the slightly coarser thamliggnase separation of P3HT donor matrix.
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3.2.3 PSHT:PNDI

In 2012, Schubert et al. discovered an anticoimiabetween the aggregation of PNDI in a
P3HT:PNDI biblend device to its performance, anchagged to achieve devices with PCEs up
to 1.496° through use of specific solvent compositions. Thewe also proposed that
aggregation can lead to shortened exciton diffukagth. In fabrication with these materials,
fine phase separations often lead to materials lartabform interpreting networks, hence
produces isolated domafisOur method of crosslinking is also able to préiea aggregation
of the acceptor polymer in the device and maingaiime phase separation while maintaining
better interpreting networks, improving on Voc asd, and the performance of the device.

In this back-infiltration study, two types of PNidere used, a purchased (Polyera Activink™
N2200) material with a high molecular weight (PNBMW) and an in-house produced
polymer with a molecular weight of 20k (PNDI 20Rhe absorption spectrum of both are
shown in figure 19a with PNDI 20k having lower alpgmon and being slightly blue-shifted,
In accordance with its shorter chain where PNDI®0kld create less energy states this results
in a larger band gap and hence the blue shift.reig9b shows a UV-vis spectrum of the
demixed biblend with a higher absorbance than thestk-infiltrated counterparts. The lower
absorption in the 500-600 nm region indicates R34T material in the back-infiltrated films
while PNDI HMW back-infiltrated has similar thickeg to the biblend.

SCLC mobility done for PNDI 20k showed a disappoigtresult of5.6 x 1071° m?/(Vs)
which was a 2 order drop from PNDI HMW. Concernttbantaminants might have been
introduced as it was found in a wet state led éltlv molecular weight (LMW) PNDI being
sent for purification and drying. However, a banoktrated purified PNDI 20k device still

showed a rather resistor-like behaviour.
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Figure 19: UV-vis spectrum of similar thicknessafpure PNDI HMW and 20k film, b)
P3HT:PNDI HMW demixed biblend, P3HT:PNDI HMW baatkfiltrated and P3HT:PNDI 20k

back-infiltrated films.
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Figure 20: a) Linear-linear J-V curve of P3HT:PNBMW demixed biblend and back-
infiltrated device, and P3HT:PNDI 20k non-purifiadd purified back-infiltrated device. b)
Log-linear J-V curve.
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Table 2: Output parameters of devices. *Unadjudted.

Jsc Vmpp  Jmpp

PCE (%) Voo (V) (acmd  (v) (mAcmy FF QF* (%)

P3HT:PNDI HMW
demixed biblend

P3HT.PNDIHMW back o 36 0602 0969 0490 0706 0593 19.2
infiltrated

0.205 0.483 0.704 0.380 0.539 0.602 43.3

P3HT:PNDI 20k back-

S 0.013 0.494 0.146 0.219 0.061 0.184 36.8
infiltrated

P3HT:PNDI 20k purifiec

back-infiltrated 0.205 0.483 0.704 0.380 0.539 0.602 -

PL measurements for these set of devices had comlitifferent from the study. The
excitation laser used was of 475 nm but shouldchawe great consequence, whjlef P3HT

crosslinked pure film was missed. To make up fas, thof non-crosslinked pure film was
applied with the QE measured in later sets of P&bii-crosslinked and crosslinked films. PL

measurement of P3HT:PNDI 20k purified back-infiéd film was also missed.

From figure 20a, the device performance of a PNDIVM back-infiltrated system surpassed
that of a demixed biblend in both Jsc and Voc,esuff) slightly in FF, overall increasing PCE.
PNDI 20k back-infiltrated devices fell in almost gdrameters except for Voc when comparing
with the biblend. It is suggested that the cro&slthmatrix is able to create a finer phase
separation for the PNDI, allowing for more effidiexciton diffusion to the donor-acceptor
interface. An overall increase in charge carriersity was noted to be the primary factor for
the increase in Jsc in PNDI HMW back-infiltrateden in figure 20b, as the saturation current
was above that of the demixed biblend. PL donéierattive matrix of a back-infiltrated PNDI
20k showed a higher quenching efficiency than tia back-infiltrated PNDI HMW. This

indicates that the smaller polymer was able tdtrafe better and vice versa.

In P3HT, QE of demixed biblend and crosslinkedaystvere both moderately lower than the
ideal and could indicate a thicker phase separatitime donor domain. To counter this in the
crosslinked system, the exposure to the crossliagration DUV can be reduced to sacrifice
retention rate for thinner phase separation. leadkes, PNDI HMW showed worse infiltration
than its LMW variant. However, as observed aboegfgpmance of PNDI HMW fared better
than LMW and possible balance towards infiltrateord performance will be discussed later.
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3.2.4 PBDTTPD:PCBM

While devices using P3HT as its donor material wadske to utilize thermal annealing to

develop its phase separation and absorbance d&S8HJ’s crystalline behaviour, other
materials, which are mainly amorphous, cannot ddnstead, other processing methods such
as solvent annealing, which creates a slow dryimgdition, is used. Their end game is,
however, still the same: to balance the phase agparrequirements for efficient charge
collection and exciton diffusion. Creating a domaatrix with our crosslinkers provides the
possibility of having true percolation pathways @fiacilitates efficient charge collection,
without compromising the need for a thin phase s for efficient exciton dissociation.

Two solvents were used for the PCBM back-infilwati chloroform (CF) and chlorobenzene,
both spun to give equal thickness of PCBM, nam8lyd. In the UV-vis spectrum (figure 21)
for the CF back-infiltrated active layer, the aduitof the PCBM manifests in a higher count
in the region around 400nm. In this UV-vis spectriithe PCBM back-infiltrated active layer,
there is a very clear example of scattering by kmalecules lying on the surface. In the region
above 700 nm, very little absorption occurs fronthbmaterials, and effects from scattering
and reflection are most easily observed here. TBédb&ck-infiltrated active layer showed a
huge increase in this region and consequentlyyfeatelonging to PBDTTPD (the two peaks
at 627 and 555 nm) were shifted up in counts witlzooorrespondingly large lateral shift in
wavelength. With roughly the same amount of PCBMspnt in both active matrix, this
behaviour is attributed to the surface dwelling kmmlecules and consequently, infiltration
from a CB solvent is less effective than a CF badlitrated active matrix. This is substantiated
by PL measurements done on both active matrix, evtiey QE of the CF back-infiltrated was
higher than that of CB, indicating better suppm@ssif recombination of exciton which means
better infiltration and possibly finer phase sefiara While the solubility of PBDTTPD was
lower in CF than CB and solubility of PCBM in CF and CB being simikir 25 mg/mEg,
results showed a surprising deviation where theegegf PCBM infiltration was higher when
back-infiltrated in CF than in CB.
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Figure 21: UV-vis spectrum of a) PBDTTPD film beforand after washing, and
PBDTTPD:PCBM in CF and CB back-infiltrated actiagérs. b) PBDTTPD:PCBM demixed
biblend and PBDTTPD:PCBM in CF and CB back-infile@ active layers
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Figure 22: a) Linear-linear J-V curve of PBDTTPDBMI demixed biblend and
PBDTTPD:PCBM in CF and CB back-infiltrated actiegérs. b) Log-linear J-V curve.
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Table 3: Output parameters of devices. *Unadjudted.

Jsc
(mAcnT?)

Jmpp

PCE (%) Voc (V) mAcnT?)

Vmpp (V) ( FF QE* (%)
PBDTTPD:PCBMN

demixed biblend

PBDTTPD:PCBN
in CB back- 0.349 0.562 2.324 0.280 1.246 0.267 67.7
infiltrated

1.031 0.602 4.712 0.400 2.577 0.364 91.4

PBDTTPD:PCBN
in CF back- 1.020 0.736 4.287 0.440 2.317 0.323 80.2
infiltrated

From figure 22a, against CB back-infiltrated deyiC& back-infiltrated performed better in
both Voc and Jsc, due partly to its higher QE whiudlicates better infiltration achieved.
Against the demixed biblend, the CF back-infiltchtievice had a higher Voc while Jsc was

slightly worse, partly due to its worse absorption.

In all cases in figure 22b there was poor extracéie saturation current was reached only after
the application of a substantial voltage. This pextraction is also the cause of the poor FF
and is most likely due to the poor mobility of PBDAD, which was 2 orders lower than that
of PCBM. FF was worse for CF back-infiltrated andrst for CB and these two cases have
reduced FF probably from the drop in hole mob#ixperienced by the PBDTTPD crosslinked
matrix while the worst case of CB was additionalie to the poor infiltration that occurred.

PCE between the demixed biblend and back-infilttatevice was not too dissimilar (within
2% difference) and it is important to note that thlend ratios used in the biblend was
PBDTTPD:1.5PCBM. This high level of PCBM was intumeéd to ensure the creation of an
interpenetrating donor-acceptor morpholg¥he thickness of PBDTTPD and PCBM in the
back-infiltrated device was 52 and 40nm respedtiv8lince a crosslinked morphology
provides better interpenetration and absorptiorfficeent of PCBM is low, optimization of

material thickness can possibly lead to improves@nperformance.
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3.2.5 PBDTTPD:PNDI

While PNDI had a smaller band gap than PCBM, igeloLUMO levels meant that Voc with
P3HT will be less than optimal. PBDTTPD has a HOM@eI lower than that of P3HT while
its LUMO was still necessarily more than 0.3 eVabthat of PNDI, hence the two materials

are proposed to complement well with each otheéherenergetic scale.

In this first study of PBDTTPD:PNDI system, two ggof PNDI will be used, PNDI HMW
and PNDI of 30k molecular weight (PNDI 30k). The Wi spectrum of the demixed biblend
and the two crosslinked matrix are shown in fig2Be The spectrums do not have any major
difference in features but being not a small mdkcscattering is reduced so even a simple
bilayer with the same thickness of materials witbguce similar spectrums. However, the
spectrum can tell us that the PNDI HMW back-indited active layer has less material in both
PBDTTPD and PNDI HMW.
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Figure 23: UV-vis spectrum of PBDTTPD:PNDI HMW dedad biblend and back-infiltrated
and PBDTTPD:PNDI 30k back-infiltrated active layers
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Figure 24: a) Linear-linear J-V curve of PBDTTPDIPINHMW demixed biblend and back-
infiltrated and PBDTTPD:PNDI 30k back-infiltrate@wlce . b) Log-linear J-V curve.

Table 4: Output parameters of devices. *Unadjudted.

Jsc Jmpp

PCE (%) Voc (V) (MAcnT?) Vmpp (V) (MAcnT?) FF  QE* (%)

PBDTTPD:PNDI

HMW demixed biblen 0.963 0.809 3866 0.460 2.093 0.308 93.2

PBDTTPD:PNDI

HMW back-infiltrated 0.139 0.932 0.624 0.410 0.340 0.240 69.7

PBDTTPD:PNDI 30k

back-infiltrated 0.012 0.530 0.098 0.280 0.042 0.224 83.1

Figure 24a shows us the poor performance of th&-idittrated devices where parameters
fell in almost all except for some Voc. Similar ttee previous PBDTTPD:PCBM devices,

PBDTTPD:PNDI devices showed poor FF. Jsc of thé&nattrated device showed a drastic

reduction when compared with the demixed biblendieWtaken into account the drop in

mobility of PBDTTPD after crosslinking, the Jsc wasout 25% of that of demixed biblend.

This coincides well with the model of a bilayer w¢he effective active layer is only 20nm,

due to the short diffusion length of the excitofmen compared to the 100nm thick demixed
biblend.
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However, PL of PBDTTPD:PNDI HMW back-infiltrated tae layer was not significantly
lower than that of the demixed biblend, standing=&6 of the biblend’s quenching efficiency,
furthermore, QE was similar to PBDTTPD:PCBM in C8ck-infiltrated active layer which
meant similar levels of infiltration. Comparisortiween these devices showed consistent lower
performance (PCE and FF) on part of the PNDI HMWymper and would point the cause
towards the lower electron mobility of PNDI. Bac#iitration of the smaller molecular weight
polymer (PNDI 30k) once again showed higher QE &NDI HMW.

In PBDTTPD demixed biblend, the QE reached neaalitbvels which indicate a fine phase
separation for the donor material, while for thesstinked system, use of a low molecular
weight PNDI or PCBM in CF also provided deep infitton to lead QE near ideal levels.
However, FF for back-infiltrated device fell andstivould point us to a conclusion of a coarser

phase separation in the acceptor domain.

3.3 Semiconducting behaviour of PNDI on molecularght

Though the course of this study, it has been olesetlvat the semiconducting behaviour of
PNDI had a dependence on molecular weight. Mobditysemicrystalline semiconducting
polymers are not entirely dependent on chain lefayttheir mobility. This is especially true
for low molecular weight variants where processingditions can modify their mobilities by
a hundred timeé&. As PNDI is shown to exhibit semicrystalline prajpes?®, SCLC electron
mobility of PNDI are fit with a linear relationship the molecular weight of the polymer to
provide a simple estimation on the mobility wite inolecular weight. This will allow the

targeting of a certain molecular weight for theidesmobility, in order to improve infiltration.
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Figure 25: a) J-V curve of PNDI HMW, 20k and 30k.Lmear fit of SCLC electron mobility

against molecular weight.

3.4 Symmetricity

Symmetricity of mobilities between donor and acoephaterials have also to be taken into
account. Free charge carriers generated in thelenoldthe active layer, if met with an
asymmetric mobility between holes and electron, lead to a build-up of charge carriers
within the active layer as the faster rate of ettom of a type of charge carrier leaves a net of
the opposite charge in the active layer. This spheege then impedes the flow of free charge
carriers, requiring a higher potential to fully edt charge carriers, hence mobilities of similar

orders are required for efficient extraction.

However, the generation of charge carriers arertdgrg on the absorption profile of the device
with the depth of the device, and because of thentation of the device and the optical

interference from the reflected rays off the batkhe device, an asymmetry is generated. In
an active layer where reflection is minimized, thisuld lead to a larger optical profile in the

front with the node at the back. Since the devicekis work are of superstrate structure, light
enters from the hole collection electrodes and ¢bisesponds to a hole collection electrode
nearer to the bulk of the generated free chargeéecsr As a result, electron have to travel a
much larger distance to reach their electrode, tandid them in their travels, an acceptor
material with higher electron mobility should beptisyed.
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The optimal ratio for electron to hole mobility feuperstrate structures was repoited be
around 104, /u, = 10), with parallel increases in mobility giving, imtively, higher FF and
PCE. The massively low FF experienced by PBDTTPIRPN within expectations of the
combined low mobilities of PBDTTPD and PNDI.

Donor polymers have SCLC hole mobilities in theidgp range ofl0~° to 1078 m?/(Vs),
hence optimal electron mobility would range fra0m8 to 10~7 m?%(Vs). Referring to figure
25, this would rule out the use of low moleculaiigi® PNDIs below 100k molecular weight
as suitable acceptors for current donor polymerswéver, PNDIs between 100-250k
molecular weight can be investigated for betteiftnation while not sacrificing too much on

performance.
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4. Conclusion

Overall, crosslinking has provided quite a usefabltin improving morphology and
performance of the solar cell. The drop in molastifor crosslinked matrix was more than
compensated by the improvements in morphology. Trger hole mobility drop for
PBDTTPD crosslinked matrix only serves to provideagenue for concocting a more suitable

crosslinker, which will further improve cell perfoance.

Phase separation of donor and acceptor domaitil isss than ideal and can be optimized for
each specific active layer type, through adjustnoérnthe extent of crosslinking in the donor
phase. In all cases of PNDI HMW back-infiltratidoyer levels of infiltration were observed.

However, the drop was not enormous and optimishoggssing conditions is believed to be

able to improve cell performance.

There were mixed reactions towards Jsc and FFese ttwo parameters depend on many
factors, including morphology and mobilities. Voollbwed trends according to their
theoretical limit but for crosslinked back-infilted devices, an increase in Voc across the
board was impressively observed but not understblod. increase is thought to be due to the
presence of a slight bilayer on top of the crogsith matrix which might provide better

extraction of charge carriers with its larger cresstional area hence lower resistance.

Due to the optimal mobility ratio, it is expectédt PNDI below 100k molecular weight would
produce less than spectacular results due tovtsrobility, while PNDI between 100-250k
molecular weight should produce better infiltratisithout much loss in performance. Further
breakthroughs in high electron mobility polymerdl wrovide great excitement in the field of
organic semiconductors where crosslinkers will & able to aid in providing morphology

support.
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6. Appendix

Al. SCLC mobility

10l P3HT no crosslink
. — P3HT with crosslink )
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Fig Al: J-V curves of P3HT and PBDTTPD non crodgtth and crosslinked films.
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Fig A2: J-V curve fitting with the Mott-Gurney law?.3HT non crosslinked film (top left).
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crosslinked film (bottom right).
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Fig A3: J-V curve fitting with the Mott-Gurney lal2NDI HMW (top left). PNDI 30k (top

right). PNDI 20k (bottom right).

A2. Device solution weight ratios and film thickses

P3HT:PCBM biblend at (1:0.8) targeted at 90 nmkhadltrated at (50 nm:40 nm)

P3HT:PNDI biblend at (1:1) targeted at 100 nm, badikrated at (50 nm:50 nm)

PBDTTPD:PCBM biblend at (1:1.5) targeted at 100 back-infiltrated at (55 nm:45 nm)

PBDTTPD:PNDI biblend at (1:1) targeted at 100 nagksinfiltrated at (50 nm:50 nm)
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A3. Photoluminescence
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Fig A4: PL of P3HT non-crosslinked film (left) adosslinked film (right).
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Fig A5: PL of PBDTTPD non-crosslinked film (lefthd crosslinked film (right).
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Fig A6: PL of P3HT:PCBM demixed biblend film (lefinhd back-infiltrated film (right).
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Fig A7: PL of P3HT:PNDI HMW demixed biblend filmap left), back-infiltrated film (top
right) and P3HT:PNDI 20k back-infiltrated film (dom left).
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Fig A7: PL of PBDTTPD:PCBM demixed biblend film ftdeft), in CF back-infiltrated film

(top right) and in CB back-infiltrated film (bottoteft).
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