ABSTRACT

Awartani, Omar Marwan. Mechanical and Electrical Behavior of Organic Selds
Probed Through Detailed Morphological Control. (Under the direction of Dr. Brendan T.
O6Connor)

One of the main advantages of organic solar cells is their potential to be used in flexible
or even stretchable applications. Most research in thedfeddyanic solar cells is focused on
materials synthesis, device physics, and the relationship between morphology and the
optoelectronic performance. In order for this technology to be commercially competitive,
especially for flexible applications, a maremplete picture that explores the mechanical
properties of organic materials and how they relate to their optoelectronic properties is
necessary. This thesis consists of two main research tracks: The first track focuses mainly on
the effect of morphologgn the mechanical, electrical and optical performance of organic
solar cells controlled through varying processing conditions. Two mechanical properties are
investigated including the elastic modulus and crack onset strain of P3HT, PCBM and blend
(BHJ) films. The second track utilizes the high achievable ductility of organic
semiconducting films that is investigated in the first track of the thesis, to create novel solar
cell device architectures and to gain insight into the performance and recombiosdies df
organic solar cells. Processing ductile BHJ films is used to create organic solar cells with
controlled level of polarization with both opaque and seamsparent architectures.

Moreover, using the straialignment method the efficiency of lomé high order P3HT
aggregates is probed within the same film to show similar internal quantum efficiency for the

two different morphological P3HT domains. This selective probing technique provides

significant insight into performance loss mechanisms iammsolar cells.
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1 Introduction

1.1 Global energyneedsand solar energy

The global demand for energy is continuously increasing with electricity and modern
means of transporiah reaching more and more people around the w&ilice 1989 the
global energy consumptiomcreased from the equivalent of 8500 million tons of oil to
13,000 million tons in 2014As seen in Figure 1, most of this energy is produced from fossil
based fuelsuch as oil, coal and natural gas. Due to the finite resources of fossil fuels and
their harmful environmental impact, a global push to drive renewable energy resources is not
only environmentally wise but inevitable in thang run in order to meet ouuture energy
needs. Renewable energy sources will not be able to refpksikfuels anytime soon but can
definitely be a major complimentary energy source to fossil fuels. Curremty
hydroelectricrenewable energy technologiesly account for2.5% of the global energy
production This is mainly due to the price of electricity produced by such technologies. In
order to make the price of electricity competitive with fossil fuels we need to increase the
conversion efficiency of these resources and redoueecost of production and installation.
Therefore, research efforts in these areas are crucial in driving these technologies to the

market at competitive prices.
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Figurel The contribution of each energypurceto the global engy consumption from 1989
to 2014

Among renewable energy sources, solarg@n@rovides a very promising resource
due to the vast abundam of solarresourcearound the world According to energy
consumptiorpredictions by the United State Department of Bpethe world will consume
approximately 200 million billionWatt-hoursof energy by 2036.Using solar energy alone,
and based oa 20% operating efficiency solar cells, we can power the world with 496,805
kmof solar cell s. This area to the worl dos
Figure 2Whi | e it is unfeasible to meet the worl
source,this figure can definitely help shed sontight on the enormous potential of solar

power in playing a major role in meeting the
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1.2 State of the art of solar cell technologies

Solarenergy technologis a wide term that inludes alltechnologieghat convert light
(electromagnetic waves) into useful enerfyy.this thesiswe deal with photovoltaic cells
(commonly known as solar cellsa technology thadlirectly converts light into electricity
using thephotovoltaic effect There area number ophotovoltic technologies witiseveral
different materials andrchitectureghat enableéhemto capturelight energyand convert it
into electricity. Figure 3 shows threcord efficiency of differensolar cell tebnologies that
have been verified by the Nationdenewable Energy Laboratory (NREL). It can be seen

that some technologies have superior efficiensieh as mulfunction solar cells. Instead of
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using a single material with a single bandgap that absodgsecific range of wavelengths,
multijunction solar cells use more than one material allowing them to absorb a wider range of
wavelengths of the solar spectruwhile also minimizing thermalization lossesf high
energy ligh These solar cells can reach outstanding efficiencies up to 46% according to
NRELG6s ef f i EHaweverctlesecsblaa cdlls. are very costigd thusused in
applications where surface area is limitadd cost is less importarguch as space
application$ or in concentrated photovoltaic solar cells where the area of the solar cell is
minimized’ More than 90% of all photovoltaics installed globally are Silicon based solar
cells® Silicon is abundantly available and the price of Silicon wafers is continuously
decreasing, however the cast electricity using these solar cells is still high and requires
substantial governmental subsidies to make it competitive with fossil fuels. Moreover,
Silicon solar cellslike most other photovoltaitechnologiesrequirecleanroom production
facilities causingthe cost of productioto drastically increasé he developmendf acheaper
photovoltaic technology with high versatility almlv costof production isnecessary to push

photovoltaics forward.



Best Research-Cell Efficiencies .:NREL

50

Sharp
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies (IMM, 302¢)
LM = lattice matched © CIGS (concentrator) B 4.2
48— MM =metamorphic ® CiGS ook Sola 4 X
IMM = inverted, metamorphic O CdTe M, 364 o rer/u"sr:i’(er 46.0% o]
V' Three-junction (concentrator) O Amorphous SiH (stabilized) a - —
I— ¥ Three-junction (non-concentrator) MA e 44.4%)4
44 A Two-junction (concentrator) Eénefgmg Y X S6ing
A Two-junction (non-concentrator) ° MM h 4
Bl Four-junction or more (concentrator) ° i
0F o Boeing-
Four-junction or more (non-concentrator) A J Spectrolab (5-J)
Single-Junction GaAs <'> 14180 W Sharp (IMM)
| A Single crystal oo "Sharp (IMM
36 A Concentrator R Py
WV Thin-film crystal N 5 Spectrolal e+ oo os oW FhGHSE
Crystalline Si Cells S B R o gt 24
—~ 32[" @ single crystal (concentrator) \ Energ o . ES-UPM F(h1(1i7|SE Ata NRAEL
2 | Single crystal (non-concentrator) ) Devices &
0> O Multicrystalline Alta D
|- @ Siicon heterostructures (HIT)
5‘ 28 WV Thinfilm crystal
c
Q
O 24+
=
w R
20+
16—
12—
8
4+
0L 1 I I T T N Y | Lor o e g o oo o [ s g0 ¢ e 0] g cp oo o | ey o g e w
1975 1980 1985 1990 1995 2000 2005 2010 2015

Figure3 Highestsolar cels efficienciesof different solar cell technologidlsat are verified
by the National Renewable Energy Laboratory

1.3 Organic solar celltechnology

Organc photovoltaics offer an attractive alternative to conventionsblar cell
technologiesdue to their potential lowost light-weight and flexibility. The relatively low
efficiencies of different organic solar cells technologies are steadily improvintp chegter
understanding of the device physics, superior materials and smarter architectures. However,
understanding and characterizing the mechanical properties of these materials is crucial to the
success of thesgotentially, flexiblesolar cells.In this chaptemwe introduce some basic
principles of device operation of organic solar cells and relate that to the device morphology.
We then introduce some thin film mechanics that is used to explain the mechanical behavior

of the organic solar cell activayer.



Device Operation

In the first attempts of creating an-aliganic solar cell, a single layer of an organic
material was sandwiched between two electrogiis different work functions. However
these devices resulted in very low power conversificiencies up to 0.36.1° In 1986, Tang
introduced a twemnaterial system using-type and rype organic materials in a bilayer
systemas seen inigure 4-b. His bilayer device architecture resulteda power conversion
efficiency of ~1% under 75mW/n?.1! Unlike a single material system, the orgaoiganic
solar cell does not rely on doping sémiconductorgthe biasfield).!! Theinterface between
the two materials plays a major role the photogenertaion proceas the energy offset
betweenthe donemc cept or materi al sé mol ecuingforceor bi t s
to separate the Coutwically bound electrofinole pair, known as an excitoifherefore,
increasing the surfaceear of the two materials will help increase the photogenerated current.
Once the exciton dissociates the carrier must be swept out of the device before it recombines
with an opposite chargén a perfectarchitecturee he t wo materi al dd6 i nt e
while also having a clear path for carrier collection, which can be fourdcomblike
structure as seen in Figuded. Excitons as well as free chargesorganic materials have
relatively low mobilities anghort lifetimes therefore a short diffusiéength.For that reason
the domain size of each of the materials and the total thickness of the device has to be
optimized in order to maximize light absorptjoaxciton diffusion andcharge transport

within the active layer.
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Figure 4 Four different organic solar cells architectures: (a) a silagler solar cell, (b) a
bilayer solar cells, (c) a butketerojunction solar cell, (d) an ordered 'celikb’
heterojunctiont?

One way to create smadnd well mixed domain in the active layer is by creating a
bulk-heterojunction architecture as sda Figure4-c. A typical BHJ is made by mixing the
n-type and gype materials in a single solution agpin casting the solution resulting in a
thin blend film. This type of OPVs is the most widely used architecture as it has surpassed
the efficiency ofthe bilayerdevice structure. In this thesis, the twgamic materials that we
study are poly(3-hexylthiophene)P3HT) an electron donoand [6,6}phenyl C61butyric
acid methyl ester (PCBMan electron acceptotheir molecular structures ashownin
Figure 5. P3HT, a semicrystalline polymeand PCBM, a fullerene, are the most widely

studiedcombinationfor organic solar cells applicatioh.



P3HT PCBM

Figure5 The molecular structure gfoly(3-hexylthiophene)P3HT) and [6,6]phenyl C61
butyric acid methyl ester (PCBMj.

1.4 Power conversion efficiency of solar cells

The performance of a solar cell is typically tested in standdtd.5G, which is also
known as isun conditions, with irradiance power of ~1@®N/cn?. A standard solar
spectrum for AM1.5G conditions is shownHigure 6. A parameter that is used testribe
the overallperformance o# solar celis the power conversioefficiency( doj (PCE)which

can be defined as:

J. V., JsVocFF

[V — m

P P P

nc inc

(1.1)

Where Rutis the power btained from the solar cell;Pis thepower of thencident light on

the device arealn andVn are the maximum operating voltage and cugresgpectively Jsc

is the short circuit current, 3¢ is the open circuit voltage, FF is the fill factor. Thes
parameters are obtained fromacurerd | t age measur ement ,lI-Vcommon

c u r YA gmical I-V curve for a solar celk shown in Figure.
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Upon light absorption anrganic solar cells converthe absorbed photdo electrical
current hrough what is essentially a festep processllustratedin Figure8, described

below

cathode
electron transporting layer '
n-type layer
p-type layer | "
anode
transparent substrate

l exte[nalﬁgrr

Figure 8 Left: A typical device structure for a bilayer organic solar ¢ell.
http://www.cstf.kyushtu.ac.jp/~adachilab/lab/?page _id=392Right: The process of
photocurrent generation upon light absorption by a dacoeptor material systeth

1) Photon absorption and exciton generation.

The first step is the creation of an exciton after the absorption of a photon. Gitenex
diffuses inside the materiahtil recombining or reaching tfdonoracceptor interfagevhere

the charge can dissociat&. prerequisite of this process is that the energy of the incident
photon be equal or larger that the materials optical enengylgaorganic materials where
molecules are not perfectly stacked, it is difficult to form a distinct conduction and valence
bands as in inorganic materials. In organic materials theheHighest Occupied Molecular
Orbital (HOMO) and the Lowest Unocded Molecular Orbital (LUMO) instead.
Absorption efficiency depends | argely on

10
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the design of the devices, including their thickness and structure, also plays a significant role

in capturing incident wavetgths819
2) Exciton diffusion to donor/acceptor interface.

The exciton diffusion length determines how far an exciton can travel before recombining.
Longer diffusion length is closely related to a larger chahe¢ the exciton reaches the
interface increasing the probability of exciton separation at the danoeptor (D/A)
interface The morphology of the boundary also plays an important role.siAgeof the
donor and acceptor domains have to be relativeBliIgm20nm). Once an organic exciton is
photogenerated, dandiffuse to a remote site, and simultaneously decay (radiatively er non
radiatively) to its ground state within pico to nano seconds.aMeeageexciton diffusion
length is typically averagedt &0-70 nm for organic solar cells. However, this depends

largely on the morphology of the materi&t®
3) Exciton split or changed carrier generation at donor/acceptor interface.

During this step, the excitorsplit into free charges. The properties of the donor and acceptor

and device structure have critical effect on this step. Once the exciton diffuses to a
donor/acceptor interface, the interface potential field (because of the donor/acceptor frontier
orbital energy offsets) quickly separates the exciton into a free ion pair with a free electron at

accepto(LUMO) and a free hole at donor (HOME$):°
4) Carrier diffusion and collection by electrodes.

Once the carrier (holes or electrons) are generated, the positive charges (holes) diffuse

toward thehigh work function electrode and the negative charges (electrons) move toward

11



the low work function electrodeas seen in Figure 8he difference in the work function

between the two electrodes genessedriving force for carriedrift.®

These steps describe the process of photocurrent generation in organic solar cells. In
any of these steps there are mechanisms that can redym®ltladility of successful charge
generation and extraction from an organic solar cell, these mechanisms are referred to as
recombination mechanisms and will be discussed in more details in the next section, Section

1.5.
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1.5 Recombination Mechanisms in OrganicSolar Cells

Recombination of chargearriers in organic solar cells reduces the short circuit
current and fill factor. Understanding and quantifying recombination is, therefore, very
important for improving the power conversion efficiency of organic solar cellgar@r
materials tend to have a relatively low dielectric constam. P3HT is ~33° in comparison
to inorganic semiconductors thatpically have large dielectric constants.d. Silicon is
~12Y1. This results in lager Coulombic attractive forces between electrons and holes in the
material (i.e. lower charge screening). For that reason the dissociation of an excited-electron
hole pair into free collectable charge carriers is inefficient in mangscabhe excited
electronhole pair (exciton) can recombine back to the ground state in a process known as
geminate recombination before being fully dissociated into free charge califigre
electronhole pair was able to fully dissociate each of theiees carstill recombine back to
the ground state in a process known as-g@minate recombination. In Figufea detailed
schematic shows the processes that begin with light absorption and end in charge collection
highlighting the possible loss mechans In both cases of geminate and -“geminate
recombination the photon energy that was absorbed is lost and the number of carriers
collected at the electrodes is reduced by these loss mechanisms. There are several loss
mechanisms that fall under geminated norgeminate recombinatiof.he most important
distinction between the two recombination mechanisms is that geminate recombination
occurs before the free carriers are created, whereagarmmate recombination happens
afterwards Non-geminate recombation includes the recombination of a free electron and a
free hole known as bimolecular recombination, and the recombination of a trapped electron

(or hole) and a free hole (or electron) known as-&sgisted recombination.
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Bimolecular recombination isne of the most dominant ngeminate recombination

mechanism#n organic solar cells

Donor cT ‘ Acceptor Recombination mechanisms
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Figure9 Recombination mechanisms in an organic deamreptor solar cell. The geminate
mechanisms: (a) exciton decay after excitationréopmbination through the CT state, and
the nongeminate mechanisms: (c) recombination of free holes and electrongc)(d)
recombination of free holes and electrons, (d) recombination of free carrier with carrier
trapped on sites within the band ¢ap.

Determining what causesgeminate pair to recombine or dissociate into free carriers
remains an active area in research. Previous research has focused on the importance of
domain size and energetic offsets between the donor and acéeéptdowever recent work
suggested that the delocalization of €ffte$®, molecular reorganization energies, excess
energy from abowgap photons all play a significant role in determining whether an exciton
will be lost to geminate recombination or fully dissociateesearch focused on
understanding the underlgnphysical processes behind recombination mechanisms in

organic solar cells is essential to the success of the technology.
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1.6 Transfer Matrix Model and Light Absorption
1.6.1 Modeling

Light absorption in the active layer of an organic solardeghends on the altric field
intensity within the active layer, therefore to accurately determine light absowatitin a
single layelit is necessary to take into account the other layers of the stack that light interacts
with. When light is incident on a stack of setm@nsparent layers, the light absorbed in each
layer is coupled to the light absorbed or reflected in every other layer among the stack. In an
organic solar cell, every layer of the stack, besides the substrate, is typically thinner than the
wavelength ofthe absorbed light, and therefore optigaterferencemust be taken into
account Accurately determining light absorption within the active layer is necessary in order
to investigate recombination losses in organic solar cells. This will be discusseaten m

details in Chapter 6.
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Here, the intensity distribution of lighwithin the device stack is modeled using transfer
matrix formulism. In this model, illustrated Figure 10, Eo* indicates the electromagnetic
waves propagating to the right by transmiss{Onthrough eachof the stack layers. &
indicated the electromagtie waves travelling left due to the reflectig¢r) at each of the
interfaces rj and f are the Frensealeflection ard transmissioncoefficiens respectively

betweeri-th andj-th layer, for parallel polarizationg):%’

_nicos@, )- n; cos(g;

o= 1.2
""" nicosg, )+ n cos(g, 12
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2n; cos@ )

- (2.3
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The Frensel reflection and transmission coefficients for perpendicular polariztén (
n cos@ )- n; cos(q )
PRtuba Balu R (L4)
"~ nicos@ )+ n; cos(q;
= 2n; cos@ ) (1.5)
~ nicos@ )+ n; cos(q .

wheren is the complex refractive indeand is equal to = n, 4k andis given in Appendix

A for every layer of the OPV stack used in the experimentsd i s t he compl ex r

Reflection and transmission can be described by an interface nijtfix (

141 r.
| =ig O (L6)
j tij ?ij 1

é - ix.d;
L= 0 (1.7)
(; O e idi
whered is the thickness of layers;, i s t he phase sihgtdfroughthyele t o t F

and is equal to:

=2 ncos L9

The total system trangfenatrix S relates the electric field in the first and last layer:

€E, 9 EE&
¢’ us € (19)
&0 4 E&:



Where matrix S is equal f6:

é 23R 0
s=62 80, B (1.10)

gsn %2 H Cn=1

The total reflection and transmission coefficient can be expressegl the total system t
transfemmatrix S2°

:i 1.11

7S, (40
1

{= L 112

S (112

Using these coefficients we can describe the totaismissivity(T) and reflectivity (R) of

the total stack:

T =|tf Dot (113
No
R=|r (1.14)

The totalabsorptancef the stack is equal td=1 -T R

1.6.2 Experimental Absorption

In order to accurately determine light absorption of tbive layer or any of the

layers within the stack we use a combination of theoretical calculations and experimental

measurements. The total absorption of thsetack is measured using raflectionbased
experment using an integrating spheaae seen in Figurél and Figurel2. A white light
source was used and directed at one of the two side opeofitige sphere. The lightas
collimated using an optical lens. In order to reduce the spot size of the lighs was used
at the entrancef the sphere. Behind the irig,linear wiregrid polarizer was used to control

the polarization angle of the incident lighttothe sample. An optical fiber connected to a

18



spectrometer was attached to the opening on tdpeo$phere and sealed using white paper

and tape. The optical fiber was <covered wusi
optical fiber is detecting the scattered light from the walls of the sphere and not any direct
reflections from the sample dreé mounting rodlt is important to make sure that the sample

size is much smaller than the size of the integraipbere.A schematic showing the

experimental setupf light reflection measuremeist shown in Figurd 1.

To measure the total absorptioha sample, first aeflectionreference spectrum is
taken by measurinthe spectral intensity without the samgier each light polarization (a
reference spectrumYhe sample is then inserted into the sphere and the same measurement
is takenunder eaclpolarization The sample spectrum is then normalized to the reference
spectrum taneasure the reflection from the sample only without including any air scattering

or any roordight noise detected by the spectrometer.

. transmission of glass  source spectrs le
reflection spectrum of sample = g P angple)

transmission of glass  source spectruefigrence’

(1.15)

19



Top view Mounting rod
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Integrating sphere (6 in)

Side view Optical fiber (to spectrometer)
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Figure1ll A schematic showing the experimental setup for light absorpsogwan
integrating sphere
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Figurel2 Light absorptioractualexperimental setup usirigeintegrating spherdnset:
shows the sample measured, with a full opaque Al back evaporated onto the device after all
electrical testings complete

Light polarized perpendicular to strain Light polarized parallel -

Figure13 Sample mount into the integrating sphefeflon tape is used to cover the metal
rod to reduce strong light reflection off the metal. (left) film absorption with light polarized
perpendicular to strain, ¢it) with light polarized parallel to straiDetails on the strain
process ardescribed in Section 3.2.3.
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1.7 Ellipsometry

In our research area, which is mainly focused on isotropic and anisotropic organic thin
films, ellipsometry provides a very powerfahd accurate tool to characterize two very
important properties of organic thin films: film thickness and optical constants. There are two
crucial advantages of ellipsometry, firstly, its extreme sensitivity to very thin films allowing
for highly accurataneasurements, secondly, it is a fu@structive characterization tool that
does not alter the film quality or morphology during the measurement. This allows us to
measure the same film multiple times at different angles and orientations which is essential
for the characterization of anisotropic organic thin filniSgure ¥ showsthe ellipsometer

we used for our thin film measurements, it is a J. A. Woollam Co. Inc M2000 ellipsometer.

* JA. Woollam Co., Inc. *

@ J. A Woollam Co., Inc.

Figure14 J.A. Woollam M2000 Series Spectroscopic Ellipsometer.
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Ellipsometry is an optical characterizatiorchaique that is used mainly to determine
film thickness and optical constants, however it can also be used to characterize roughness,
composition, doping concentration, crystallinity and other material properties. Ellipsometry
measures the change of thdgrzation state of light as it is reflected or transmitted through
a material structurelLight, which is an electromagnetic wave, consists of an oscillating
orthogonal electric and magnetic field waves. The polarization of light is dictated by the
oscillation direction of the electric field. Light polarization can be linear, circular or elliptical

asseen in Figurd5.

wave1

wave?2

(a)

(b)

(©)

Figure15 Polarization states of light. (a) linear, (b) circular, (c) elliptiéal.
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Ellipsometry measurements are mainly focused on the change ip toed s
components upon light reflection or transmission through a sample. Therefore, the reference
beam is a key part of the nmamement. The incident light on sample is therefore a light
source with a known polarization state, and the output light (reflected or transmitted) is then
measured using an analyzer/detector. A typical ellipsometer configurabows in Figure

16.

light
Source o

Photoelastic
Modulator

g;\_/ Sample

Polarizer

Figure16 Schematic overview of an ellipsometer. A linearly polarized light is converted into
an ellptically polarized light upon reflection from the sample.

An ellipsometric measurement quantifies the phase difference betiegpolarization of
the electric field Er) andthe spolarization of the electric fieldss, @, and t hei r &

rati o change given by tan(. For a reflecting

D=, -d (1.16)

P
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tanyY =m (2.17)
Ir

|

Thegeneralized ellipsometric equation can be expressed using these two parameters:

r .
r=-=2 zan( Y (118
r

S

where p and g are the Frensel reflection coefficientBigure XX, shows a typical
el lipsometric m@aswi time #n etipsdneeigr neeasorement with

a model fit on a BHJ films isn@wn in Figure 17.
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Figure 17 An dlipsometric measuremetf q (red | i ne pfa®8HIdfilmp (gr e
over a transparemwavelengthrange between 750100nm. The fit (dotted line)generated
usinga Cauchy model.

A major pat of an accurate ellipsometric measurement is the model used to fit the
raw data. Several models such as Cauchy, Biaxial, Lorentz and others can be used for
different films with different optical properti€éUsing accurate optical constants for known
layers of a stack or a single film can further reduce measurement error, see Appandix A

B for optical constants for the aterials used in our studigs** Accuratelydeterminingthe
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optical constants of an anisotropic organic thin film canchallenging, however it is
necessary for making precise predictions about different materials propé&itiese 18

shows the anisotropic optical constantsdifor strairaligned BHJ iaxially oriented)3>3¢

Figure18 Optical constants for straiigned BHJ films in the x, y and z axis. The twe in

plane axis are x and y.
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1.8 Mechanics of Organic Materials

Organic semconducting materials are a special family of seonducting materials as
some of these materials are intrinsically flexible. This allows for the design and fabrication of
devices for flexible applications, advantage that conventionsgmiconducting materials
could not offer. Flexible applications can be used across all electronic devices such as
transistors, solar cells, light emitting diodes (LEDS) and other applications as seen in Figure

19.

Figure19 Flexible applications for organic semmonductors. (a) flexible transistor netwdrk,
(b) flexible organic solar celf (c) flexible display of OLEDS?®

While someflexible organic electronic technologies arearcommercializatiorsuch
as OLED displays by LG and Samsung, otleersh as organic transistors and organic solar
cells are still in the developing stages but appear to be very promfsindlexible
applications. There has been several studies studying flexile solar adish@anding or even
stretching. A study that investigated the performance of polymer:fullerene BHJ solar cells
under bending with a flexible PET substrate and silver nano wires as an elétifbee.
researchers tested differgralymer:fullerene systems under a range of bending angles where
they show the ability of these devices to operate under bending as welthasr iariginal
relaxed positions as Figur20 shows. Two of the polymers used were alternating benzo[1,2
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b:4,5b' ]dithiophene (BnDT) and fluorinated-&kyl-benzo[d][1,2,3]triazoles (PBnDT
FTAZ) and alternating benzo[}[24,5-b' ]dithiophene (BnDT) PBnDT and 4,7

di(thiophen2-yl)benzothiadiazole (PBNDDTHBT). 40

PBnDT-DTffBT
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Figure201-V curves for PBNnDTFTAZ and PBnDTDT{fBT tested under aangeof bending
angle£®

The ability of organic solar cells to work under bending is one proven example of the
advantage these devices have over conmealtiphotovoltaics. Howeveorganic solar cells

were also proven to work when stretched and relaxed for several cycles as seen in Figure
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21, as well as compresd on a very thin substrate (crumbled) and flattened in cycles as

Figure22 shows*?
0.2
0.1 —0%: 2x
o E'-E‘ =0%; 11x
0.5 0.3 41.)11 § ------- 18.5%; 2x
‘ £ | 18.5%; 11x
0% to 0 >
22.2% strain o3
0.4 9
Voltage (V) Voltage (V)

Figure 21 IV-curves for a stretchable OPV tested under different strains (a) from 0% to
22.2% strain (b) from 0% to 18.5% for 2 and 11 cyéfes.
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Figure 22 Stretchable solar cells compressed by using @f{pagned elastomer (a) feurves
of OPVS while compressed and extended in 1 (blatk)(red) and 22 (blue) cycles, (b)
Performance characteristics normalized as a function of cycle ndmber.

When describing the mechanidadhaviorof a thin films, two critical characteristics
that can help mechanitgldescribe anaterialis theY o u n mgodldus, tlat is a measure of
how stiff a material is, and crack onset strain, which is a measure of howstnaicicanbe
applied onthis material beforeracks argormed For bulk materials, these properties are
typically determined using a tensile tasteas seen in Figurg3. A tensile tster is a toothat
applies a controlled tension onsample of known dimensioraither by setting a certain
force or strain rangeT he tool can also strain the sample until failure. A typical measurement
is shown in Figur@3, the slope of the linearporon of the curve is the
the material and the strain at the failure point is consideredroéure pointof the
material*® However for thin films we cannot assume that their mechanical properties are the
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same as their bulk fornRelatively large samples of orgarsemiconducting materials have
been fabricatedising a soliestate processing technique in an attempt to determine the bulk
properties of these materidfshowever these properties are not very useful when describing
the mechanical propges of these materials in a device asst of these organic
semiconductorghey are typically incorporated into devices structures as very thin films

(<500nm).

rlalnlx 11 (O] )
[T s
S

Figure23 A typical stressstrain curve from a tensile test. The of the linear part of the
curve represents the Young's modulus of the matéfial.

A method that allows for the measurement of elastic modulus of thin films (nanoscale
films) is a bucklingbased technique that uses the microscale characteristic buckling
wavelength of @hin film under compression on a flexible substraseshownn Figure 24
The characteristic wavelength of the wrinkles is then related to the elastic modulus of the thin

film 47,48
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Figure24 Surface wrinkling of a thin filnof length L and height laminated oto a flexible
substrate. The thin film forms buckles of wavelengthand amplitude A under
compressiort®

Using forcebalance and a plarstrain condition surface wrinkling can be described

in a classical equation for bending of a stiff film on an elastic subst‘&te:

_ d*z d*z
El—+F—" &z & 1.19
" dxt dx (1.19)

where E = E/(l -vz) is the planestrain modulus,E is the Youn@ s mo o uslthes ,

Poi s s onl=swh®flais the moment of inertia witw and h corresponding to the

width and height of the filmF is the compressive uniaxial force applied on the,fémd k

is the Winklero6s mspdca k=uEsw /o . InaEyuaton hwethave hal f
three terms, the first and third terms are from the classical -Belgroulli beam bending

equation, where the bending forces in the film are equated with the force from substrate due

to its deformation above and below its neutral plaflee second term of the equation

includes the effect of the force (F) on the filBuckling of a thin film on a flexible substrate

is different from buckling of a column as it involves a balance between film bending (1

term) and substrate deformatior®(@rm). Film bending acts to suppress short wavelengths,
whereas substrate deformati@cts to suppress long wavelengths. The resulting vertical

deflection of the film over a flexible substrate can be described in a sinusoidal function:
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z(x) = Asin2'7—x (1.20)
Substituting Eqg. 1.2 in 1.1:
o 4~ @. ~ o
16Ef|§;‘e//Z &- aF 1 zguEw—";%e@ (1.21)
¢ = - ¢

Solving for the applied force (F) on the film:

o

2.
F=4E,132 &

fa
s ¥ (1.22)

O

Now we need to solve for o by differentiatir
tozero UF/ Qo G):

Qo

/=2 M%Eff : (1.23)
(o S

Eq. 1.5 relates the characteristic wavelength of a wrinkled film on a flexible substrate to the

m
mr{*),\lﬂ

elastic modulus of the thifilm E, , and is the basis of the suréabuckling metrology.

Rearranging Eqg. 1.5:

(1.24)

Where Eistheelasi ¢ modul us of the flexible substra
the height (thickness) of the thin filiihis equation predicts the elastic modulus over a range

of film thicknesses. As the thickness of the thin film increabe buckling wavelegth

increase as well maintaining a relatively constant modatushown in Figur@5, it also

shows the linear relationship between thickness and buckling wavelength of a Polystyrene

film, and the constant apparent film modulus over a range of thickned&sm~250nm).
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Figure 25 Experimental measurements of modulus and buckling wavelength for different PS

thicknesseé’

The linear relationship between the buckling wavelength and thickness of the films has also
been shown for P3HT and PBTEE seerin Figure26, which confirms the aceacy of this
equation in determining the modulus of P3HT regardleddnofthickness:® which is very
important for the scope of this thesis as it is mainly focused on R&Hdur polymer

material
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Figure26 Buckling wavelengths vs thickness of (a)aast and annealed P3HT, (b)aast
PBTTT, and (c) annealed PBTTT

While the modulus is shown to remain constant, as one would expectaaesrge of
thickness, thequation does seem to predict lower moduli at lower thickness (under 30 nm)
as seen in Figur@7. The apparent modulus decreases nearly an order of magnitude

compared to thicker PS films.
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Figure27 Apparent modulus of PS films with different moleculaights as a function of
film thickness

The two key parameters that are required in a buclkdlased method are buckling
wavelength and film thickness. Ot her par ame
modulus of the substrate are typically mucmper to obtain or estimatéAccurately
measure the buckling wavelength of a compressed thin film can be done using affordable and
available toolsUnlike most morphological features of a thin organic film which are typically
in the nanometer scale, thedkling wavelengths are typically in the micrometer scale.
Therefore, thesenicrometer features can be determined relatively accurafdélgre are
several methods that can be usedte asur e t he buckl lathop filwavel en
under compressiosuchasatomic force microscopy, smadhgle scattering and lastly optical
microscopy, a technique that was used to determibnuadling wavelengths in our studied.

These different methods are illustratedrigure28. For thickness measurements there exists

several methods as well including atomic force microscopy, profilometry and elliposometry.
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In our studies we mainly rely onllipsometry to determine thin filnmthicknesses. A

description of Bipsometry is given irBection 1.7

Figure28 Different methods for measuring the buckliwgvelengthof uniaxially
compressed thin films. (a) optical microscopy, dtmmicforce microscopy, and (c) small
angle scattering’

Despite the versatility and practicality of the buckling approach, it does not provide
all mechanical properties of a thin film materiahogher method that is used to characterize
mechanical properties of organic semiconducting filmhésfourpoint bending method. It
can help determinghe fracture energy and adhesion strength of these iaiafér
Characterizing adhesive and cohesive failures in organic solar cetlscial forthe success
of roll-to-roll processing, which is a big advantage of flexible organic semiconductors. Figure
29 shows the technique used to measure fractureadhdsion strength of an organic thin

films stack:
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Figure29 Four point bending mechanical test of an organic solar cells stack for adhesion and
fracture energy characterizatiéh.

Researchers hawhown that the cohesiomergy of the BHJ layers (P3HT:PCBM)
can be achieved by increasing the molecular weight of the P3HT and adjusting the active
layer thicknessas seenin Figure 30 The plasticity of P3HT can be increased through
i nter €hastnacki ng f orgmenhtswghin g¢he ¥Yils.t This Increases tisee
number of can der Waals bonds that need to be broken for chain disentangteTiist.
control over the cohesive energy of the BHJ is important to drive this technology further

towards rolito-roll processinggompatibility.
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Figure30 Cohesion energy of BHJ layers of different thicknesses made with P3HT of
different molecular weight®

Controlling the mechanical behavior of organic solar cells, including all stacks of the
device is very important for the success of this technology in flexible applicatibms
tensile modulus of polymer:ferene active layers has also been shown to rely on the Alkyl
sidechain length in P3AT:PCBM systethLonger Alkyl sidechain length is related to a
lower tensile modulusn a P3AT:PCBM blenslas seen in Figur81. This correlationis
important as control of the tensile modulus of the vactiayer can beuseful for the
implementation of such systems into flexible and/or stretchable applications. The length of
the side chainbkas an effect on the crack onset strain as well, where longectsades are
shown to increase the crack onset stcdiP3AT:PCBM blend filmsas Figure32 shows.The
authors attribute this effect to the reduction of volume fraction of the -of@am with

increasing Alkyl sidechain length. The dilution of the volume fraction decreases the number
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of loadbearing covaleinbonds which causes a decrease in the tensile modulus and strength

of the materiaf®
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Figure31 Tensile modulus as a funah of Alkyl side-chain length for P3AT:PCBM blest?
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Figure32 Crack onset strain as a function of Alkyl sicleain lengh for P3AT:PCBM
blends?®
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2 Mechanical Properties of Organic Solar Cells

2.1 Introduction and motivation

The development of flexible and physically robosganic solar cells requires detailed
knowledge of the mechanical behavior of the heterogeneous material stack. However, in
these devices there has been limited research on the mechanical properties of the active
organic layer. Here, two critical mechadigaoperties, stiffness and ductility, of a widely
studied organic solar cell active layer, a blend film comp&&dT andPCBM are reported.
Processing conditions are varied to produce films with differing morphology and correlations
are developed betweehe film morphology, mechanical properties and photovoltaic device
performance. The morphology is characterized by fitting the absorption of the P3HT:PCBM
films to a weakly interacting +dggregate model. The elastic modulus is determined using a
buckling metrology approach and the crack onset strain is determined by observing the film
under tensile strain using optical microscopy. Both the elastic modulus and crack onset strain
are found to vary significantly with processing conditions. Processing metthatdsesult in
improved device performance are shown to decrease both the compliance and ductility of the

film.

Advancements in power conversion efficiency continue to be made in organic solar cells
pushing this technology closer to widespread commermigleimentatior??* It is likely that
many initial applications will require exploitation of the unique attribateflexibility
afforded by this technology. While organic photovoltaic (OPV) research is focused on
materials synthesiS, photophysics/ and morphologyoptoelectronic  performance
relationship$8>® mechanical robustness is also critif@l commercial success. As a device

is flexed during fabrication and operation, the heterogeneous material stack must withstand
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the resulting strains and continue to perform effectively. Research in this area has been
focused on similarly structured organlight emitting device (OLED) technolody.
Significant work has been done on the mechanical behavior of plastic sub&trates,
encapsulatiofi? and electrode®*** However, there has been little research on the mechanica
behavior of the active organic semiconductor la§e%’ In this chapter we determine the
elastic modulus and crack onset strain of a widely studied organic solar cell active layer, the
bulk heterojunction (BHJ) thin film composed @bly(3-hexylthiopheneP3HT) and [6,6]

phenyl C61butyric acid methyl ester (PCBM§%° Stiffness and ductility are key properties

that can prowe insight into mechanical failure mechanisms of the active [dyRrevious
research on the mechanical behavior of P3HT:PCBM blend films include analysis of
adhesior?® hardnes$! and stiffnes§%’* While the elastic modulus was previously reported,

a detailed analysis that considered morphological differences was not proviéd.
particular interest here is determining how the BHJ morphology, which is known to impact
optoelectronic behavid?’® is reflected in the stiffness and ductility of the film.
Understanding how the morphology of the active layer relates to both the electrical and
mechanical behavior will assist in the development of flexible and physically robust organic

solar cells.

In P3HT:PCBM organic photovoltaic (OPV) devices, the polymead dullerene
derivative are typically dissolved in a common solvent at a 1:1 ratio by mass. The solution is
then spun cast to form a thin film (=200 nm) in which the two materials spatially segregate
on a nm length scale. It is well known that processimghods can strongly influence the
morphology of P3HT:PCBM films, which in turn dictates OPV device performtiéé&

While, the morphological picture of P3HT:PCBM solar cells has been widely studied,
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intricacies of the morphology are continuing to evof&. The widely accepted
morphological picture is that the blend film consists of regiohsrystalline P3HT with
negligible PCBM intercalation, and a mixed amorphous P3HT:PCBM phase materials

may also vertically segregate within the film depending on interfacial surface energy and
film thickness’>’® There has been a wide range of processing methods used tazeftiai
morphology of the blend film including thermal annealiAgf, solvent annealin§®’” and/or

the use of solvent additivé$*’ These processing conditions have been shown to increase

P3HT crystallinity and improve the P3HT local orderillustratedn Figure33.

High order aggregate P3HT:PCBM film Low order aggregate P3HT:PCBM film

Varying processing
conditions

>

=== Cystalline P3HT

\.Q\ Amorphous P3HT

® PCBM

Figure33 Simplified illustration of the effect of varygnprocessing conditions on the
morphological order or BHJ films

The focus of this work is to determine how the variation in the film morphology
influences not only the OPV device performance but also the mechanical properties of the
blend film. To vary he film morphology while keeping the film at device relevant
thicknesses (~215+10 nm), a range of P3HT:PCBM solution concentrations and spin coating
speeds are used. Spin speed is primarily used to vary the level of order within the film while

solution corentration is used to ensure proper film thickness. In addition to casting method,
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postcast treatment by solvent and thermal annealing is used to further tune the film
morphology. All BHJ films are cast on poly(3,4
ethylenedioxythiophene):poly(styrenesuifite) (PEDOT:PSS) coated silicon or Fplass
substrates, depending on the subsequent measurements on the film. We focus on six unique
P3HT:PCBM blend films with their processing parameters summairizédble 1. Wealso

consider neat P3HT and PCBM filrf comparison with the blend films.

Tablel List of processing conditions for the films under study. All materials were dissolved

in dichlorobenzene and cast at room temperature. The annealing process consisted of placing
the films in an enclosed Petri dish for 20 miniutes followed by thermally annealling at 110C
for 20 minutes. Additional details of the processing conditions are provided in the
experimental section.

P3IHT:PCBM film Solution Spin speed Thickness Post cast
type (mg/ml) (rpm) (nm) Treatment
1 45 2,000 204-216 As cast
2 45 2,000 204-220 Annealed
3 36 1,000 210-223 As cast
4 36 1,000 218-225 Annealed
5 30 600 214-228 As cast
6 30 600 215-234 Annealed
Neat P3HT film 20 1,000 155-158 Both
Neat PCBM film 30 1,000 73-76 Both

The mechanical properties of the BHJ films were measured ysigatly manipulating
the films on a poly(dimethylsiloxane) PDMS substrate. The elastic modulus was determined
using a buckling metrology approaghThis method consists of placing a compressive strain
on the hin film-PDMS stack resulting in a characteristic buckling patesrseen irFigure

34.
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P3HT:PCBM film

=
|

substrate

Figure34 lllustration of the buckling approach used to determine the elastic modulus of thin
films. Image: Optical microscope image of akling pattern of a uniaxially compressed
BHJ film.

Once the film is buckled, the elastic modul& is determined byE, =3E (/,/2ph;)’

where,ag is the buckling wavelengtlh is the film thickness, and the plas&ain modulus is

E=E/l-m”)Where 3 i s *‘Plhe ssusaiptdands refartta tie .thin fim and

substrate, respectively. The elastic modulus of the PDMS is measured using a tensile tester
and varied between 0. 66 ralbPoAaPCBM i@ expectddo bBIP a . F
similar to Go, which has been reported as 0’3 oi ssonés ratia of P
theoretically estimated to be approximately O85.her ef or e, Poi ssonds r a
is taken as 0.35 and Poi %°heawerage aldsticmodalis P D MS
is determined by measuring a mmum of 3 films for each processing condition. To
determine the crack onset strain, the film is strained on PDMS in tension until cracks are
observed under an optical microscdp®. The average crack onset strain is determined by
measuring a minimum of 4 films for the blend films, and a minimum of 2 films for the nea

films. Images showing characteristic fracture behavior in the P3HT:PCBM films are
provided inFigure35.
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Figure 35 Optical micrographs of P3HT:PCBM blend films. (a) Typical buckling pattern for
P3HT:PCBM film on PDMS under comgssion (film type 6). P3HT:PCBM films showing
fracture characteristic for (b) film type 6 and (c) film type 3. The difference in crack features
is indicative of the difference in ductility between films.

2.2 Results and Discussion

2.2.1 Film Morphology and OPV Device Performance

There have been a number of approaches used to characterize the morphology of
P3HT:PCBM films in detail including Xay scattering and electron microscopy, among
others>88283 While many features of the morphology have been uncovered, a complete
picture remains under development. Elucidating the precise morphology is beyond the scope
of this work and to determine differences in film morphology we torra simple, yet
effective, approach of measuring the absorbance of the film with avisibe
spectrometef® The normalizedbsorbance spectrum of the various BHJ films under study is
provided in Figure36. The absorbance spectrum over the visible range is dominated by
P3HT with characteristic vibronic peaks at 550 nm and 608*#hQuaitatively, a decrease
in the ratio of the 55@m absorbance peak to the 650 nm peak correlates to an increase in the
P3HT local ordef*8® Quantitatively, the absorption spectrum represargemplex interplay

between the interchain and intrachain coupfhBecently, the absorption of P3HT has been
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successfully modeled based onabHgregates comprised of -tacially packed conjugated
chains in the e of weak excitonic coupling®8® This model is applied here to provide
guantitative estimates of the fraction of aggrega@ePin the blend, as well as the average
conjugation length and quality of the aggregates. The absorption model fitting parameters
include the exciton bandwidth\), the Gaussian line widthl), and the B 0 transition
energy Eog). Wis a measure of therlgth of interacting chain segments forming the P3HT
aggregate, and is a measure of the local interchain order. The fraction of aggregate P3HT in
the blend is determined by modeling the contributionagfiregate P3HT to the total
absorption spectrurf¥®. The besfit values of W, 0, Ego, and the estimated percentage of
aggregate P3HT in the blend films under study are given in Tablhe percentage of
aggregate P3HT in the blend films is estimated to range from 35% to 51%. This estimate is
basedon the absorbance over the wavelénrange of 400 nm to 750 nm and thus does not
account for absorption of amorphous P3HT below 400 nm. The unaccounted absorption
results in a slight overestimate of the percent aggregate P3HT in the films; however, the trend

in the change of aggregate PBHetween films is expected to remain.
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Figure 36 Normalized absorbance measurements of P3HT:PCBM films for various
processing conditions. Legend, the film type is given in Table 1, the following number refers
to spin cast speedC is for ascast and AN is for annealed films.

While the absorption parameters are associated with aggregate P3HT, they also provide
indirect information about the blend film. It has been shown that P3HT crystals are largely
free of intercalated PCBR. Thus, as processing methods are used to improve P3HT
crystallinity, a higher concentration of PCBM is distributed throughout the amorphous P3HT
region. The increase in P3HT crystallinity has also been shown to result in an increese
electron mobility in the BHJ film, suggesting improved molecular connectivity of the PCBM
in the mixed P3HT:PCBM phag& Finally, it has been shown that for similarly processed

films, there is no substantial crystallization of the PCBEWf:88

Organic solar cells were fabricated using the different P3HTNPCrocessing
conditions summarizeth Table 1, resulting in a large variation in device performaxe
Table 2 showsin this study we focused on the BHJ film thickness that gives the highest

power conversion efficiency of 3.7%, which is a film approxinyg220 nm thick. As seen in
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Figure 37, the difference in power conversion efficiency is largely driven by the change in
short circuit current. To determine if the slight thickness variation, given in Table 1, causes a
large change in the optical field imt&ty distribution in the active layer and thus contiésu
significantly to the observed differences in performance, the solar cells were modeled using a
transfer matrix optical modé&?. The change in short circuit current is determined by
assuming an internal quantum efficiency of 70% for the BHJ oker imcident light
wavelength range of 300 to 800 nm. Using previously reported optical constants for each
layer89 the change in short circuit cumtedue to thickness is predicted to be less than 7%
and does not account for the large change in device performance observed. Therefore the
change in performance is attributed to changes in the morphology of the P3HT:PCBM film.
This difference in device p®rmance is expected, where similar changes in absorbance

characteristics have been correlated with the OPV external quantum effitiency.

Table2 Shows the performance characteristics of the 6 different P3HT:PCBM solar cells

Film Type | jsc (MA/em?) | Voc (V) FF n (%)
1 3.22 0.65 0.69 1.44
2 5.63 0.60 0.67 2.23
3 4.10 0.64 0.67 1.76
4 6.76 0.59 0.67 2.67
5 7.89 0.60 0.67 3.13
6 9.91 0.57 0.66 3.67
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Figure37 Top, the performance results for the 6 films under study, with processing methods
given in Table 1. Bottom, curremnbltage curves for the 6 films undersiin illumination

conditions.

2.2.2 Elastic Modulus

The elastic modulus of ¢hvarious P3HT:PCBM films was measured along with the
elastic modulus of neat P3HT and PCBM films. The elastic modulus of the neat P3HT films
was determined to be 0.228/03 GPa and the elastic modulus of the neat PCBM films was
determined to be 3.06-6/17 GPa. The elastic modulus values compare well to other reports
for P3HT of 0.22 GPRand 1.3GPA®’® and PCBM of 6.2 GP¥.The elastic modulus values
of the neat films are found to be indepent of annealing at 11G. On the other hand, the
elastic modulusf the P3HT:PCBM blend films are dependent on processing conditions, as

shown in Figure&8 and Figure39.
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Figure 38 Elastic modulus of BHJ films with variatiom iPCBM volume fraction. The

volume fraction was determined based on a density of P3HT of 1.13yacrd PCBM of 1.6

g cm3.21 The values are plotted along with the line for the rule of mixtures, and for the
synergistic modul us wGPa.hTheiPBHTERCBMcfitmitypen7 id & r m b
film cast from 38 mg mt solution, spun cast at 2,000 rpm without post cast annealing. Inset,

an illustration of the buckling process used to determine the elastic modulus of the thin films.
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Figure39 (a-b) Correlations between the elastic modulus and morphology characteristics of
P3HT:PCBM blend films including (a) the percent aggregate P3HT and (b) the inverse of the
Gaussian line width) from the Haggregate absorption model. (c) Corrielatbetween the

power conversion efficiency and elastic modulus of the P3HT:PCBM films. The number next
to each data point refers to the film type in Table 1.

The elastic modulus of the P3HT:PCBM films was determined to be greater than the
classical compsite Voigt limit (rule of mixtures), as shown in FiguB8. This synergistic
modulus is observed in some polyspelymer blend films, and is typically seen when there
is partial or complete miscibility of the polymer$3% The authors are unaware of any
reports of a synergistic modulus composed of a highly loaded small mefestyieer blend
film similar to the P3HT:PCBM films under study. The increased modulus over that
predicted by the Voigt model is given by =Ef, +E,f, + b,f,f,, whereE:1 andE; are the

elastic modulus of components 1 and 2, respectivelyfiamad (i> are the volume fractions
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of each componeri€. The interaction termbg2) expresses the magnitude of the deviation
from nonlinearity. The modified composite model is fit he data in Figure 4 for the blend
film with the highest elastic modulus usibg = 2.4 GPa. A synergistic modulus and the
level of modulus deviation from the rule of mixtures in polymenbteis typically attributed

to an increase in crystallinity of orme both components, modified molecular orientation, the
presence of reacted products, and/ or a negative volume of naginiustrated in Figure

40.92,94

g
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Figure40 A simplified illustration of the effect of annealing on the volume of a BHJ film.

Synergistic mechanical behavior has been previously reported for Poly(etherimide) and
Poly(trimethylene d@rephthalateYPEI/PTT), where the modulus of the blends was higher
than the modulus of either componentagure41 shows. Thisvas attributed to the decrease

in the specific volume upon blending as seen in Figar&
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Figure42 The specific volume of PEI/PTT blends as a function of peie&mt (The hollow
circles), and the specific volume for the amorphous phase (filled ciféles)

In the P3HT:PCBM blend film there are no reaction products between the constituent
materials that would contribute to tlelange in modulus. In addition, the peregeat of

aggregate P3HT in the neat P3HT films, given in Tahles similar to the highly ordered
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blend films, and thus there is not a dramatic increase in crystallinity that would account for
the synergistic modulus. There is however, a possible reduntiasiume of the blend film

over the pure components. It has recently been noted that annealing a bilayer film of P3HT
and PCBM results in mixing of the two materials and a decrease in volume of the stack by
approximately 12%.”* While this 5 a small relative change in thickness, similar changes
have been attributed to substantial synergism in the elastic modulus of polymer’hlEnds.
determine the extent of a negative volume of mixing, further measurements are required.
However it is believed that a negative volume of mixing aided by improved molecular
packing is contributing to the synergistic modulus. Nttat a large underestimation
(overestimation) of the Poisson ratio of P3HT (PCBM) would result in an apparent
synergistic modulus. However, given the similar Poisson ratios expected for these materials,

this is not believed to contribute to the observdubvr.

The variation in the elastic modulus of the different PSHT:PCBM blend films is
attributed to differences in the negative volume of mixing and film order. In the blend film,
an increase in P3HT crystallinity and local aggregate P3HT order (dearegsie shown to
correlate with an increase in elastic moduluBigure39. There is also a correlation between
the increase in the aggregate P3HT chain length (decredgeand elastic modulus shown
in Figure45. This suggests that while a change in P3iystallinity when going from neat
films to blendfilms is not a dominant feature of the synergistic behavior, the variation in
P3HT order in the blend does appear to contribute to the variation in modulus. Processing
methods used to increase the per@ggregate P3HT in the blend will result in the mixed
amorphous phase becoming increasingly PCBM rich. Increased PCBM in the mixed phase

region may result in extending tehains between P3HT crystals. This effect combined with
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improved packing order of theggregates may reduce the opportunity for polymer
movement, contributing to the increase in modulus. This is discussed below in greater detalil

in the context of film ductility.

The processing methods that allow for an increase in order through molecule
reconfiguration during solidification will also provide an opportunity for a negative volume
of mixing, and these characteristics are likely coupled. Interestingbjyaaen in Figure38, a
fast cast (2,000 rpm) film with a concentration of 38 mg/ml, reguih a film thickness of
162 nm had the lowest elastic modulus determined in this study and is shown to follow the
rule of mixtures closely. This is expected since the film is highly disordered due to the fast
spin speed and thinner film resulting in ery fast drying time. This results in poor P3HT
local order, which is reflected in the highly disordered absorbance character shown in Figure
48. The fast drying time may also limit efficient molecular packing reducing the chance for a
significant negativerolume of mixing. Note, it was observed that processing methods used to
vary film thickness resulted in systematic variations in the BHJ morphology, as assessed by

the absorption spectrum, and correlated variations in the elastic modulus.

The elastic modlus is also compared to the power conversion efficiency of OPV devices,
shown in Figureg9. The improved film order resulting in the change in absorbance spectra as
discussed above also leads to higher device performance. Thus, the elastic modulus and
power conversion efficiency follow a similar trend to that of the elastic modulus and P3HT

order.

2.2.3 Crack Onset Strain
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In addition to the elastic modulus, the crack onset strain is also critical to the success of
flexible organic solar cells. Here, the roletioe P3HT:PCBM blend film morphology on the
crack onset strain is considered. In this test, the blend film was placed on a PDMS slab and
strained in tension under a microscope until the first crack is observed in the film. Images of
films showing charactestic fracture behavior are shown in Figid® Note, that it has been
observed that the crack onset strain in thin films can be dependent on the elastic mismatch
between the film and the substrdt€®®’ However, the crack onset strain is insensitive to the
substrate material as long Bs>> Es® which is satisfied for the films under study. The
measured crack onset stragncompared to the percentage of aggregate P8Hand OPV
power conversion efficiency in FigudS. While cracking is a highly statistical process by
nature and angsis through optical microscopy observatiennot precise, the change in
crack onset strain is clearly apparent, ranging from approximately 2% to over 80%. In the

case of the highly ductile films, the PDMS substrate broke before the films cracked.
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Figure 43 (a-b) Correlations between the crack onset strain and morphology characteristics of
P3HT:PCBM blend films including (a) the percent aggregate P3HT and (b) the inverse of the
Gaussian line width() from the Haggregate absorption model. @)rrelation between the
power conversion efficiency and crack onset strain on the blend films. The number next to
each data point refers to the film type in Table 1. The arrows next to data points at 80% strain
indicate that the PDMS fractured prior to film cracking and the actual crack onset strain is
greater than 80%.

Straining neat P3HT and PCBM films show the limiting behavior of the P3HT:PCBM
blend film. P3HT films are highly ductile and films plasticatlgform up to the limit of
PDMS, similar to previous report®.0On the other had, PCBM films are very brittle and
crack under ~2% strain. Both pure films were strained undeasts and annealed conditions
and no significant difference in crack onset strain was observed. The high ductility of neat
P3HT films is expected since itdags transition temperature gjTis slightly below room

temperature. Theglof P3HT has been reported from°CAto 24C and likely depends on
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processing methods, molecular weight, and thermal hidt8#2CBM has a glass transition
temperature much higher than room temperature, reported 4823a0d 148C,°8 which is
consistent with its brittle behavior. The ® a P3HT:PCBM blend film with 1:1 ratio by

mass is between these limits with reports ofG39 and 60C.% While these reported glass
transition temperatures were determined for very thick drop cast films as opposed to the spun

cast films studied here, the glass transition temperatures are expected to be in a similar range.

The blend films in this study asadl cast at a 50% relative mass loading; however a large
change in ductility is observed. As shown in FigdBethere is an abrupt change in the crack
onset strain from over 80% to approximately 11%, and then a more gradual change from
11% to 2% as filnprocessing increases the percent of aggregate P3HT, and the quality of the
aggregates (decreasetin There is also a correlation betwete conjugation length of the
aggregate P3HT (as determined Wy and crack onset strain, shown in Fig4ré The
dudility of amorphous materials can be highly dependent on temperature, particular near the
materials . In the blend films, Jis a property of the mixedmorphous regions and thus it
should vary with a change in the mixed phase composition. As processthgds are used
to improve order within the blend, the aggregated P3HT increases from roughly 35% to 51%.
This will result in the mixed amorphous phase becoming increasingly PCBM rich. In
addition, the tie chains between P3HT crystals can also limit P@Bdibility, resulting in
the PCBM concentration in regions of the mixed phase even larger than expected from a pure
P3HT crystallinity analysi$$ PCBM swelling the mixed phase region may resalt
extending the tiehains between P3HT crystals reducing the opportunity for chain
movement. The PCBM rich mixed phase and reduced chain mobility will likely result in an

increase in the grof the mixed phase. In fact, increasing the loading of PCBM in
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P3HT:PCBM blend has been shown to increase thef The film?’ The increase in giwill

then be reflected in a decrease intdiz at room temperature. In addition, the drop in crack
onset strain with decreasingsuggests that the P3HT aggregate quality also influences the
ductility. The smaller Gaussian line width is indicative of a reduction in the stacking faults of
the P3HT aggregates, and increase in the planarity of the P3HT chains. This ordering may
reduceopportunities for the P3HT to plastically deform by sliding paracrystalline regions and
loosely coupled tiehains, which would be a concurrent effect along with the increase in the
percentage of aggregate P3HT. From an alternative perspective, inithyedndgered films, a

level of PCBM aggregation may be achieved consistently across the blend film resulting in
continuous crack formation with minimal plastic deformation. However, large aggregates of

PCBM are not expected to exist in these fifths.

Differences in the fracture characteristics between films of intermediate and high order
are pictured in Figur85. Thehighly ordered films show characteristic brittle behavior while
films of intermaliate order show features of ductile fracture. In the intermediately ordered
films, a substantial amount of strain energy is likely dissipated through plastic deformation of
the P3HT chains within the mixed phase regions of the film, prior to the chairg fody
extended. On the other hand, the P3HT chains in the highly ordered films may already be
fully extended removing opportunities for chain movement. This difference in packing

character results in the difference in fracture behavior observed.

Notethat the variation in strain is quite large, and strains higher than a few percent is due
to plastic deformation. While flexible device design should avoid plastic deformation,
ductility is important from a durability perspective, where cracking will jikidad to

catastrophic OPV device failure.
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Absorbance Model

To determine the quantity and quality of the aggregate P3HT in the P3HT:PCBM films,
the absorption of the blend films associated with the aggregate P3HT was modeled using a
weakly interacting Haggregate modéi?®472 To accurately model the P3HT, the atimance
of the PCBM was subtracted from the absorbance of the BHJ films using the relative values
given by Turner et. dF In addition, specular and diffuse reflectance and light scattering not
accounted for by the spectrometer measurements needs to be subtracted from the absorbance
data. The absorbance was measured with PEDOT:PS8dcbED-glass as a reference.
However, differences in reflectivity between the sample and reference exist. To estimate the
difference in specular reflectivityr], a transfer matrix model was run for the film substrate
stack using thicknesses ofmim glass,100 nm ITO,33 nm PEDOT:PSS and 215 nm
P3HT:PCBM. The contribution of the reflected light to the measured absorbiog{éd-R)]
was then subtracted from the experimental absorbance data. The estimated contributions of
absorbance from the PCBM and specuélectivity are provided ifFigure 44. Subtracting
these contributions resulted in absorbance values with minimums values greater than zero for
wavelengths over 700 nm. This is likely due to the soligte scattering that is not picked
up by the detdor. Therefore the minimum absorbance value betweesv6Bhm was set to
zero. The resulting absorbance data for the films are givEigure45 and the absorption of

the aggregate P3HT was modeled ugtg,

LAS" & WeS , S T & E-E, -mg Lwsey
A(E)’ A - a . 1.2
A% 2728 Sun(n % 257 (1:29
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where A is the absorbance as a function of the photon enBjgy {s the HuaneRhys

factor, m and n are differing vibration levelsEoo is the @ O transition energyE; is the
intermolecular vibrational energy, adds the Gaussian line widtls is set to 1.0, anéy is

set to 0.18 eV. The absorbance spectrum of the 6 film types under consideration are modeled
usingW, 0, andEqo as fitting parameters. The values that gave the best fit are given in Table
44. The exgrimental and modeled absorbance of each film is given in Higuihile there

are several corrections to the measured absorbance, trends in the model fitting parameters
remain similar when fit to the uncorrected absorbance spectra. The results f& &ldsre

in excellent agreement with similarly prepared films Turner et al? Similarly neat P3HT

films were also modeled for the absorbance given in Fig@ire

The percentage of aggregate P3HTtire blend film is determined by taking the
percentage of the absorbance spectrum that is from thggkegate model, and using the
difference in the molar extinction coefficiet} between the aggregate and amorphous P3HT
of Uggregate= 1 . 3n8pkol®* Note that the estimate is based on the absorbance over the
wavelength range of 400 nm to 750 nm and does not account for the absafption
amorphous P3HT below 400 nm. This results in an overestimate of the percent of aggregate
P3HT and the total change of aggregate P3HT between the different P3HT:PCBM films.

However, the trend in the change of aggregate P3HT between films is expaet@aita
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Figure44 Estimated contributions to the measured absorbance of P3HT:PCBM blend films
from PCBM and the undetected specularly reflected light (R). Reflected light was calculated
using transfer matrix model with a film staon 1 mm glass, 100 nm ITO, 33 nm

PEDOT:PSS, and 215 nm P3HT:PCBM blend film.

Table3 Best fit values for the fitting parameters used to model the aggregate P3HT
absorption in the P3HT:PCBM blend films and neat P3HT films.

P3HT:PCBM w o En

film type (meV) {meV) (eV) % Aggregate

1 200 79.0 2.028 34.6

2 169 76.7 2.029 38.2

3 173 77.9 2.025 345

4 154 75.7 2.029 414

5 110 72.2 2.027 49.7

6 100 716 2.030 51.2
P3HT AC 144 75.0 2.028 56.6
P3HT AN 140 74.0 2.028 56.6
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Figure45 (a-f) The experimental absorption of the P3HT:PCBM films minus the contribution
fromPCBMand reflected Iight (7). The absorptior
weaklycoupledFra ggr egat e model (1T). The absorption
the experimental absorption minus the absorption from the aggregate P3HT (
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Figure46 Absorbance of the neat P3HT films for@est and annealed casting conditions.
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Figure 47 (a) Correlation between normalized absorbance and the elastic modulus of
P3HT:PCBM blend films. The absorbanisetaken as the ratio of absorbance at 605 nm to
the peak P3HT absorbance for each film. (b) Relationship between the inverse of the exciton
bandwidth (W) and the elastic modulus. (c) Relationship between the normalized absorbance
and crack onset strain tife blend films. (d) Relationship between the inverse of the exciton
bandwidth and the crack onset strain.
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Elastic Modulus Thickness Dependence

It was observed that significantly changing the thickness of the P3HT:PCBM blend films
by varying the solutio concentrationwhile maintaining the same spin cast speed resulted in
a change in the elastic modulus as shown in Fig8r&or example a 38 mg/ml solution cast
at 2,000 rpm has a thickness of 162 nm and an elastic modulus of 1.47 GPa compared with a
50 mg/ml solution spun at 2,000 rpm, which has a thickness of 239 nm and an elastic
modulus of 1.92 GPa. It is believed that the change in thickness alters the film drying kinetics
changing the resulting film morphology and elastic modulus. The variatiomriphology is
reflected in differences in absorbance character as shown in Ffuidote that vertical
segregation characteristics can also be thickness dependent, andfloence the elastic
modulus as a function of thickne$sThe modulis dependence on thickness is believed to be

fundamentally different than the drop in modulus observed in some ultrathirr¥ilms.
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Figure48 The elastic modulus of P3HT:PCBM films with variation in film thickness for
films cast at 2,000 rpm. The variation in thickness is achiesedy solutions with mass
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loadings of 38 mg/ml, 45 mg/ml, and 50 mg/ml in dichlorobenzene solution and without post
cast annealing
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Figure49 Normalized absorbance of P3HT:PCBM 1:1 by mass thin films spun cast at 2,000
rpm from ®lutions with mass loadings of 38 mg/ml, 45 mg/ml, and 50 mg/ml in
dichlorobenzene solution and without post cast annealing.

2.2.4 Conclusion

The success of organic solar cells would benefit tremendously from ductile and compliant
active layers. In this repgorive have shown that in P3HT:PCBM based solar cells, the
morphologies that result in high power conversion efficiency have deleterious effect on the
mechanical properties: increasing the elastic modulus and lowering the crack onset strain. It
was shown thiathe elastic modulus of the blend film is synergistic, with a value greater than
expected using a classical Voigt composite model. The synergistic modulus is attributed to a
combination of a negative volume of mixing with contributions from P3HT ordehen

blend. We also found that disordered P3HT:PCBM films are very ductile similar to neat
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P3HT films and increasing blend film order results in increasingly brittle behavior. This
drastic reduction in ductility is correlated to the increase in both theemeof aggregate
P3HT and the local P3HT order. As P3HT order improves, there is a reduction in crystalline
stacking faults and loose crystalline tie chains decreasing regions in the film that are likely
the origin of plastic deformation. The processingtmods that improve P3HT order in the
blend film may also shift the glass transition temperature of the film to high temperatures

reducing the film ductility.

While these findings are for P3HT:PCBM films, they are also applicable to other
polymerfullerenesystems. For polymdullerene BHJs, the morphology must be optimized
such that there is intimate mixing of the constituent materials to overcome the limited exciton
diffusion length. There also needs to be a level of microstructural order to achieweneffi
charge extraction. Other polymer:fullerene systems will likely have a unique relationship
between mechanical behavior and device performance; however, optimizing the morphology
of other blend films in terms of device performance will likely haverangt influence on
their elasticity and ductility. These results compliment previous work that considered the
mechanical behavior of P3HT and poly(is(3-dodecylthiophen&-yl)thieno[3,2
b]thiophenes) (pBTTT), which demonstrated that the interdigitdted side chain packing
character of pBTTT that improves lomgnge order also resulted in an increase in stiffness
and decrease in ductility as compared to PSHAlong with the reported mechanical
stability, the variation in morphology may influence other device stability features including
chemical® and thermal stability?*1%* For exampleprevious work has shown that annealing
polymer OLEDs can lead to a substantial increase in operational lifetime through improved

thermal stability:°* All factors will be critical for long term operational stability of a flexible
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organic solar cell. Continued development of conjugated polymers along with the
development of device architectures will no doubt continue and detailed analysis of the

mechanical behavior will be critical for the ultimate success of flexible organic solar cells.

2.3 Experimental Section

Materials: The P3HT was obtained from Plextronics Inc.hwat numbeiaveraged molecular
mass Mn = 50 kD, a regioregularity of 99%, and a polydispersity of 2.1. The PCBM was
obtained from Nan& with a purity of 99%. The PEDOT:PSS solution was type PVP

Al4083, obtained from Heraeus Materials Technology.

Film preparation: The P3HT:PCBM bulk heterojunction films are spin cast on silicon, and
ITO coated glass substrates+omated with a PEDOT:PSS film. The P3HT:PCBM with a 1:1
mass ratio is dissolved in t¢dichlorobenzene (DCB) at different loadings including 2&, 3

34, 38, 45 and 50 mg rhl The solutions are prepared in a nitrogen filled glovebox and are
placed on a hotplate at °@ for a minimum of 12 hours and then allowed to cool down to
room temperature before casting. All substrates are cleaned by sonfoatidhminutes in
deionized (DI) water, acetone and isopropynol, followed by-a2¥ne treatment for 10
minutes, and rinse with DI water. Prior to casting the BHJ film, PEDOT:PSS films are spun
cast onto the substrates. The PEDOT:PSS films are cast & m@0for 60 s and then
annealed inside a glovebox at 120for 20 minutes. The P3HT:PCBM is then cast on the
PEDOT:PSS at varying spin speeds ranging from 600 rpm to 2,000 rpm for 60 s to achieve
the desired thickness. After casting the P3HT:PCBM fillhsety ar e e« tbéon lef:
Aanneal edadstfiimddrerenowed from the spin coater and left in the glove box
uncovered for a minimum of 4 hours. After casting the films, the annealed films are

immediately covered under a Petri dish forr@hutes. The films cast at lower spin speeds
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(600 and 1,000 rpm) remained partially wet at the edges when placed under the Petri dish
resulting in a solvent anneal effect. All annealed films were then thermally annealed on a hot
plate at 110C for 20 minutesThe neat P3HT and PCBM films were spun coat at 1,000 rpm
from 20 mg mift and 30 mg mt DCB solutions respectively. For solar cells, the blend films

are cast on PEDOT:PSS coated #glass substrates with a sheet resistanceld ®hms sq

. The cathode igdeposited by vacuum thermal evaporation at a pressure of tafO The

cathode consists of ~1 nm lithium fluoride and ~100 nm aluminum film.

Characterization:The thickness of the films is determined using a Woollam variahige
spectroscopic ellimgneter (VASE). A 5 phase (ambient, BHJ, pedot, oxide, silicon) model is
used. To allow for variations in theptical properties due to processing, the BHJ was
modeled using an isotropic Cauchy fit over the optical range oflI60 nm with both
thickness ad Cauchy parameters fdas described earlier in Section 1.This fit was
compared to a uniaxial EMA model for the BHJ based on reference P3HT and PCBM
functions using the spectrum between-4Q@0 nm resulting in thickness estimates within 3

nm of eachother’®> Absorbance measurements are made using an Ocean Optics Jazz
spectrometerAbsorbance was measured BAHT:PCBM films cast on PEDOT:PSS, 170
glass substrates. The organic photovoltaic devices are tested using a Newport 150 W solar
simulator with an AM1.5G filter under 100 mW @nas determined by an NREL traceable
unHfiltered Stdiode. The OPV device arés 3.14 mm, and the device performance is not
corrected for spectral mismatch. The reported device performance is for the best performing

cell for each casting condition.

Buckling and crack onset strain measurement$:films are cast on PEDOT:PSS codte

silicon substrates. The films are then laminated onto &tpaged (~10%) PDMS slab and
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submerged into DI water. The PEDOT:PSS dissolves in the water bath after several hours
detaching the silicon substrate and leaving the thin film alone on the PDb8ate. The

thin film-PDMS stack is then thoroughly dried with nitrogen gas. The tensile strain is slightly
removed from the PDMS placing the thin film in compression resulting in a linear buckling
pattern. The elastic modulus is determined by takingteeage buckling wavelength of the

film in approximately six locations. The average wavelength is then used along with the film
thickness as measured using spectroscopic ellipsometry to determine the elastic modulus for
each film. The reported elastic mgdds for similarly processed films is an average of at least
three films, and the reported uncertainty is the standard deviation of the mean. The PDMS
was approximately 2 mm thick, cast with a base to crosslinker ratio of 15:1, and cured at a
temperature 1060°C for over 12 h. The elastic modulus of the PDMS substrate is determined
using an Instron 5943 tensile tester. The PDMS modulus was determined for each PDMS
slab used in the buckling measurements and varied between 0.66 MPa and 0.73 MPa. For the
brittle films, the compressive strain used for buckling is held below levels that result in film
cracking. The crack onset strain is determined by applying a tensile strain to the thin film
PDMS composite and observing crack initiation using an optical migoesche reported

crack onset strain is an average measured value from a minimum of 4 films for each blend
film processing condition, and 2 films for the neat P3HT and PCBM films. The error bars in
the crack onset strain represent one standard deviatitime aflata, which is taken as the

experimental uncertainty of the measurement.
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3 Anisotropic elastic modulus of alignedooly(3-hexylthiophene 2,5-diyl)
P3HT

I ntroduction

One of the advantages of polymer semiconductors is their mechanical flexibility
allowing for novel device applications where conventional inorganic semiconductors are
difficult to implement?2192103104 Critical to the success of flexible (and stretchable) polymer
semiconductor deces is a detailed understanding of the mechanical response of the
constituent materials. Similar to optoelectronic performance in polymer semiconductors,
mechanical behavior has been shown to depend significantly on molecular stiiétdire,
and film morphology2619%108199 Determining the morphological features that dictate the
mechanical properties of polymer semiconductors and relating them to optoelectronic
behavior will aid the development of flexibladiphysically robust organic electronics.

A method to gain insight into the mechanical properties of polymers is through
processing oriented films with lor@nge inplane polymer alignmerftd111112113114
oriented films, the anisotropic mechanical behavior can be related to the anisotropic
structural features in the film priming insight into the origin of the mechanical response.
Oriented polymers with anisotropic mechanical properties have traditionally been exploited
for the development of mechanically stronger materials in structural applicBi@tsidies
have shown that the elastic modulus can increase significantly in the direction of chain
alignmentt1+112115116 ragyiting in polymers with very high stiffness to weight ratios under
certain loading coritions !’ Similarly, oriented polymer semiconductors have been used to
gain insight into electronic properti€$19%6120 and expvited for performance

enhancemertt! For example, aligning polymer semiconductors in the plane of the film is a
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common approach to maximize chargerer mobility in thin film transistors, where charge
transport is typically favored in the direction of backbone aligniiféat.Oriented polymer
semiconductors will also have anisotropic optoelectronic characteristics and have been used
for polarized electroluminescence in organic light emitting deviteand polarization
sensitive photovoltaic devicé&'?* It is expected that the aligned polymer semiconductors
will also have anisotropic mechanical characteristics. Correlating the anisotropic mechanical
and optoeletronic properties in oriented films will provide a deeper understanding of their
relationships and opportunities for improved flexible device design.

In this study, we investigate the elastic modulus of oriented regioregalgf3-
hexylthiophene) (P3HT) films. P3HT is chosen as it is one of the most widely studied
polymer semiconductor materidf®1?7128 The inplane orientation of P3HT films can also
be well contolled through the application of large physical strdfitd® Here, the
morphology of the films is varied through the amount of applied strain and post strain
thermal annealing. The resulting film morphology is characterized witkvigtsle optical
spectroscopy and grazing incidenceray diffraction (GIXD). The elastic moduli ahe
films are measured using a buckling based metrology method. Finally, the relationship
between elastic modulus and charge transport in the-siligimed films is discussed.

In the previous chapter we investigated the effect of different morphologidbe
mechanical properties of BHJ films and how they relate to the power conversion efficiency.
In this chapter we focus on the morphological origin of elasticity in polymer semiconductors,
without the fullereneby studying the anisotropic 4plane elasc modulus of straialigned
(P3HT)films. The film morphology is varied through the amount of applied strain ane post

strain thermal annealing. Morphological characterization includesvisidle optical
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spectroscopy and-Xay diffraction.The elastic modlus is measured usirggbuckling based
measurement techniquéhe elastic modulus of the film is found to decrease as the film is
plastically strained. Thermally annealing the strained films results in a lafgana elastic
modulus anisotropy, whereghmodulus increases in the direction of backbone alignment and
decreases in the transverse direction. The measured elastic modulus is compared to the film
morphology showing a dependence on botiplane polymer chain alignment and local
aggregate order.dnparing the elastic modulus to field effect mobility shows that they are
not necessarily correlated, which has important implication for flexible organic electronic

device design.

3.1 Results and Discussion

3.1.1 Morphology Characterization

The morphology of thestrained films isfirst characterized by UWisible optical
spectroscopy under linear polarized incident light. As shown in FigOreas the film is
strained the absorbance of polarized light parallel to the strain direction is found to increase
relativeto the absorbance of polarized light perpendicular to the strain direction. Given that
the primary optical transition dipole of P3HT is along the backb#tajs indicates that the
polymer backbone aligns in the direction of applied stt&ifhermally annealing the strained
films further increases the-plane alignment of the backbone, as shown in Fi§0sb. To

guantify the level of irplane alignment we use adZmension orientation parameter defined

as S, :(R- 1)/(R+1), whereR is the dichroic ratio of the film. Here, thtichroic ratio is

defined asR= Apara Aperp, whereApara is the maximum absorbance of polarized ligatallel

to the strain direction, anBher is the maximum absorbance of polarized light perpendicular
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to the strain direction. Generally varies from 0 for films with no overall iplane
preferential alignment of polymer backbone to 1 for completexiatialignment of the
polymer backbone in the plane of the film. For the films under stedyaries from O fothe
unstrained films to 0.58 for a film strained by 100% and thermally annealed at 180 °C, as

shown in Figuré1-d.
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Figure50 UV-Vis absorbance under polarized light parallel (para) and perpendicular (perp)

to the applied strain direction for films strained by 0 %, 50 % and 100 %, for-(@shs
films, and (b) thermally annealed films.

In addition to the average-plane orientation of the polymer chains in the film, the
absorbance can provide additional details of the local morphology. In particular, the vibronic

features in the absorbance observed at approximately 550 nm and 605 nm are indicative of
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aggregate P3HT amjugation length and packing ordét3! In order to quantif the
differences in aggregate order for films with various processing conditions, we fit the
absorbance to a weakly coupledagjgregate modéf3284 with fits givenin Figure51 and
Figure52. This model has been previously described in d€¥dit?4 and here we focus on

the model fitgo the data.
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The fitting parameters of the model include #veciton bandwidth \(), and the

Gaussi an | iWrtan bavrelatad o the Gonjugation length of the aggregate P3HT
chains, where a low&W indicates a higher conjugationlendf8i i s rel ated to t
di sorder , wher e a | ower G i ndi canddnder gr eat

molecularly®? The percent aggregate P3HT in the film is also estimated using the weakly
coupled Haggregate model, following a previously described me¥hau, a, and per ¢
aggregate for the strained-east and thermally annealed films are given in Figi@-c).

For the polymer aggregates that absorb polarized light parallel to the strain dirg¢tion,
remains relativly constant with strain for the asst flms and decreases in the annealed
films. This indicates that the aggregates that align in the direction of strain maintain a
conjugation lengttsimilar to the asast films, and then increase in conjugation length

thermal annealing. For perpendicular polarized ligtitncreases with applied strain for both

as cast and annealed films, indicating a decrease in average aggregate conjugation length. We
find that( increases with applied strain for polarized light both parallel and perpendicular to
the strain direction in the amast films. In the annealed filnisis lower than the asast films

and remains relatively constant with strain. Morphologically, thigcatds that straining an

ascast P3HT film will cause a decrease in local aggregate order. Annealing the film
improves the local order of aggregates to levels similar to the unstrained film. The percent
aggregate for the fraction of the film that absorbkpzed light parallel to the direction of

strain increases with applied strain. The percent aggregate decreases with strain for the
fraction of the film that absorbs perpendicular polarized light. To determine the overall

change in percent aggregationtbe films, one needs to consider the relative amount of

absorbed light for each polarization orientation. This can be estimated by summing the
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absorbance measured in the two orthogonal directlafs; Aparat Aperpand taking the total

percent aggregatof the film asAggardAvardAto) + Agherd AperdAtot), Where Agghara and

Agoerp are the estimated percent aggregates measured with polarized light parallel and

perpendicular to the strain direction, respectively. Using this approach, we find tieaisthe

slight increase in total percent aggregate as the film is strained for bo#istasnd annealed

films, asshown in Figuré&2(c).
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The P3HT crystal stacking characteristics are measured with grazing incideage X
diffraction (GIXD). Two-dimensional (2D) imagplate data for the 0 % and 100 % strained
films for both ascast and annealed condit®@are given in Figur®&3. While the inplane
orientation distribution cannot be quantitatively determined with the image plate data, it is
consistent with previous results where both 2D image plate data and high resohplimein
i-scans of the (100) scattering peak were measfr@ad quantify the out of plane
orientation distribution, pole figures that consider the (100) scattering peak wtif-plaine
angle ) are constructed fromhé GIXD image plate data for the unstrained and 100 %
strained films** given in Figures4. Previousii-scans show that in films strained by 50 % or
more, the vast majority of P3HT crystallites are within 30 degrees of the strain alignment
direction. Thus, in the strained films we focus on theadftglane orientation of the polymer
chains aligned in theimction of strain (scattering vector nominally perpendicidathe
strain direction). The polégures show that the unstrained films have a preferential-edge
stacking behavior with a very similar orientation distribution forcast and thermally
anrealed processing conditions. In the strained films, a broad orientation distribution is found
in the oriented P3HT crystals without a significant-ofiplane stacking preference for either
the ascast or thermally annealed films. Note that in the strafited, the pole figure only
considers P3HT crystals with the polymer backbone aligned very closely to the direction of
strain. However the other oriented polymer crystals are expected to have a simdér out
plane orientation distribution. It is also iogant to note that the P3HT aggregates are not the
same as crystals. While the aggregates are associated with increased local intermolecular

ordering, they do not necessarily have a diffraction signature that can be measured with
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GIXD.***Here, we assume similar out of plane orientation distribution exists for the P3HT

aggregates and crystals.
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Figure 54 Two-dimensional GIXD image plate data for the P3HT films under different
processing conditions including (a) unstrainedas, (b) unstrained thermally annealed, (c,
d) 100% strained asast with xray beam parallel (0°) and perpendicular (90°) to the strain
direction, and (e,f) 100 % strained thermally annealed film wittey) beam parallel and

perpendicular to the strain dution.
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Figure55 (a) Pole figure of the (100) scattering peak for the unstrained films (0 %) and 100
% strained films, that are &sst (AC) and thermally annealed (AN).

3.1.2 Elastic modulus characterization

The elastic modulus othe films is measured usinthe samebuckling based
metrology methodexplainedin Chapter 2 The elastic modulus of the film is then given

47
)

by

E, =3g% 81 % (1.26)
wherekE;s is the elastic modulusf the thin film, Es is the elastic modulus of the substrage,
and 3s are the Poisson ratios for the thin film and substrate respect4édythe average
buckling wavelength anldis the thickness of the film. The elastic modulus anisotropy in the
oriented films is measured by compressthg film in different directions relative to the
strain axiin a process similar to what was described previously in Sectioflelmeasured
elastic modulus along the strain directi@)(and in the transverse directidi() is given in
Figure 55 with various applied strains and annealing conditions. For the 0 % strained P3HT

films, the inplane elastic modulus does not show a measurable anisotropy, as expected.
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Annealing the unstrained film does not significant change the measured modulus, which is
corsistent with the similar absorbance and diffraction behavior. As the film is strained, both
Eo andEgo are found to decrease with increasing applied strain. For the 100% strained films
(S = 0.58), Eo and Ego begin to diverge with the modulus along theedtron of strain
beginning to increase. This behavior is observed in some tensile drawlarge physically
strained)polymers, including polyethylene, where the modulus along the alignment direction
has been shown to decrease with strain until reachingiinimum and subsequently
increasing with further chain alignmeit!!4 For low-density polyethylene this minimum
occurs at draw ratios of approximately 3}6In the thermally annealed P3HT filmgp is

found to increase with strain as compared to the unstrained films, E¢aibehaves similar

to the strained asast counterpart. This results in an increasingane elastic modulus

anisotropy with greater iplane polymer alignment.
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Figure56 Elastic modulus of asast (AC) and thermally anneale®N) P3HT films, parallel
(para) and perpendicular (perp) to orientation direction, as a function of orientation factor
(S2) obtained from UWis absorbance measurements.
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The elastic modulus of oriented P3HT films as a function of compression axis angle
(d) i's accompl i s h e-aignédyP3HT ffilm oritoi arcigcular RADMS shuak.a i n
The chuck isthen compressed at different angles with respect to the polymer orientation
direction as seen in Figur@.5

Aligned polymer film Buckled polymer film

Top view:

et angle

Com

Figure57 Schematiof the buckling method employed in this study to measure th&ame

anisotropy of the elastic modulus. Bottom right, microscope images of the buckled films for

the 100 % strained and ther maEk)apd anneal ed f i
perpendicula ( d Esp) toXh@ Atrain direction.

The angular dependence of the elastic modulus for the 100% strained, thermally
annealed film is givem Figure58. In oriented polymer films, the elastic modulus at angles
away from the primary chain alignmentigxnay be found anywhere from greater than to
less than the primary loading directions .(iE and Egg),'*41%¢ and thus is an important

feature to characterize. Here we find the angular dependence of the modulus varies
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continuously between the high moduluskafand low modulus aEge. For an oriented film

that is transversely isotropic, the angular dependence of the elastic mdéglis given

by’137,138
1 _cos(g) a1 c 0, sirf (¢
R %E_QGQ T (g)cos( 9 ~E (1.27)

whereGzi2 is the shear modulus and (e is the Poisson ratio of the polymier a tensile load
applied to the strain direction (i.e. extension directidhge angular dependence of the elastic
modulus given by equation 2 is fit to the experimental data in Figjrassumingi2 = 0.3

and usings12 as a fitting paameter, which isound to be 0.3&%Pa. While the oriented P3HT

film may not be strictly transversely isotropic due to potential stiffness differences along the
“-stacking and alkyl stacking directions, the large out of plane orientation distribution of the

polymer chainsuggests that this is a reasonable approximation.
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Figure58 Elastic modulus of 100% strained and thermally annealed P3HT film as a function
of compression anglall with respect to the strain direction. The model fit is madagusi
equation 2. Inset, the finite element model (FEM) predictions of the buckling wavelength for
the film for loading paralleld = 0°) and perpendiculad & 90°) to the strain direction.
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The applicability of equation 1 to quantify the-prane elastic mdulus for a
transversely isotropic film is verified by comparing ttesults with finite element analysis
(FEA) modeling. Details athe FEA model are given in Section 4F®r the unstrained films,
using the experimentally determined elastic modulus 3fiTPand PDMS, the predicted
buckling wavelength was gm, the same as the average experimentally obtained Vaue.
the 50 % and the 100 % strained film, experimentally determined transversely isotropic
material properties for P3HT were used in the FEA model. The FEA model accurately
predicts the measured walength anisotropy, with the modeled buckling pattern of the 100
% strained films shown in Figurg8. The differences between model aexperimentally
determined wavelength were within 3 % for both the 50 % and 100 % stained films in both
primary loadingdirections. These results support that equation 1 accurately predicts the
elastic modulus for the appropriate loading direction. However, it is important that the
equations is used and understood within the context of loading direction and material

anisotopy.

3.1.3 Correlating Structure and Properties

In the strairaligned films, a clear change in film stiffness is observed. This change in
stiffness is accompanied by a number of morphological changes. Perhaps the most drastic
change in the morphology of thénfis is the alignment of the polymer backbone in the plane
of the film. Yet, it appears that this is not a major driving force for increasing film stiffness if
a certain level of alignment is not achieved and the oriented P3HT aggregates are not well
orderal. In fact, while the polymer chains are aligning in the strainezhsssfilms, we see a
decrease in the elastic modulus. To gain insight into the morphological features driving the

elastic modulus, we compare the elastic modulus with the meagurédtl and percent
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aggregate along the appropriateplane measurement direction. A significant correlation is
only found betweeiVandE, asshown in Figuré9, with a correlation coefficient to a linear

fit of -0.87. No clear correlation is apparent witlor percent aggregate, given in Figsi@d

and 61 This suggests that the conjugation length plays a significant role in the elastic
modulus of the film. The data points that deviate low in this correlation are the strained as
cast films for the elastic modulgsrallel to the strain direction, which are films thate the
mostdi sor der ed agy Thaglachl agregath ordphatsa likely plays a role in
the film stiffness but is secondary to aggregate length. In the strained thermally annealed
films, an increase in elastic modulus anisotropy is found with incrects@d alignment,

showing that the chain alignment also has a clear impact on film stiffness.
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Figure59 Elastic modulus of aligned asst (AC) and thermally annealed (AN) P3HT films
as a function of exciton bandwidth (W) measunsith polarized light parallel § and
perpendiculary) to the strain direction.
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The impact of the owbf-plane orientation of the P3HT crystals on the elastic
modulus cannot be resolved in the measured films. It is expected thatstaeking and
alkyl-stacking directions will have different moduli. However, the polyrbackbone
direction appears to have a larger elastic modulus than the transverse directions and this
dominates the mechanical response in the films. In the stligimed films, the oubf-plane
stacking orientation distributions are very similar and g possible difference in cof-
plane stacking on elastic modulus cannot be resolved. Further work is required to quantify
differences in oubf-plane packing character.

It is interesting to compare these results to previously reported field effedityniobi
strained aligned P3HT film¥!?° In previous studies, the field effect mobility was found to
increase in the direction of applied atr for ascast films. However, when thermally
annealing the film, a pronounced decrease in field effect mobility was félfile increase
in saturated field effect mobility for 100 %rained films can roughly double, while
annealing the aligned films can drop the mobility by an order of magnitti@&e drop in
mobility was attributed to the formation of welefinedP3HT grains with a fibril structure
that reduces intermolecular coupling between grains. Comparing the mobility to the
measured elastic modulus, the more compliant material has favorable transport
characteristics in the direction of backbone alignments hggests that the films may be
engineered for both high mobility and compliance, and these properties may not necessary be
negatively correlatetf. Furthermore, the development of an anisotropic modulus reay b
exploited in the development of flexible electronic devices that requipaime charge
transport, such as field effect transistors. Here, devices may be designed such that the stiffer

and higher charge mobility axis is transverse to the primary fleknegtion. Thus, the more
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compliant direction in the film will experience the larger strain under flexure reducing local

stress in the device.

3.2 Conclusion

In this study we consider the elastic modulus of strain aligned P3HT films. As the
films are straind we found that the elastic modulus of the films decrease and little elastic
modulus anisotropy observed until high levels of strain are apyz=€elDQ % strain). Once
the strained films were annealed a large modulus anisotropy is found. nisadra@py is
primarily due to the increase in elastic modulus in the direction of backbone alignment.
Considering the morphological changes in the film, not only is the alignment of the backbone
in the direction of strain a contributing factor but also B8HT aggregate character, and
more specifically the length and local order of the aggregates. This is consistent with
previous work showing increased stiffness in thermally annealed blend films of P3HT and
PhenyiC61-butric acid methyl ester (PCBMY® When comparing to charge mobilit§2°
the field effect mobility increases in the direction of alignment toast films and decreases
when thermally annealing. This suggests that aligned films may have opportunities to
improve charge mobilitywhile not necessarily increasing film stiffness. The anisotropic
mechanical and electrical properties also provide significant opportunities to design flexible

devices with reduced internal stress concentrations.

3.3 Experimental Section

3.3.1 Film preparation

The P3HT was obtained from Sigma Aldrieind had a molecular weight of 53

kg/mol and a polydispersity of 1.2. P3HT films were cast from a 20 mg/ml solution-in 1,2

91



dichlorobenzene prepared in a nitrogen filled glovebox. The solution was spun cast at room

tenperature on octyltrichlorosilane (OTS) treated silicon substrates at 1000 rpm for 60

seconds. Alsubstrates used in this study were cleamsdg the standard cleaning procedure

described in Section 3.8TS surface modification was made using a prewodskcribed
process?® In order to align the P3HTilm in a controlled fashion, we transferred the film

from the OTSSi substrate to a slightly prgtrained slab of PDMS (20:1 elastomer to

crosslinker ratio) attached to a strain stage. The PDMS is then strained and held at a

specified strain. The aligned P3HT film is then laminated back to antf@@fd glass or

silicon substrate for further characterization. The final films are measured either without

further treatment (asast) or thermally annealed at 180°C for 10 minutes (annealed films).

3.3.2 Morphology Characterization

UV-Vis absorbance measurements were performed @sidagz Spectrometer from

Ocean Optics. Absorbance measurements of a glass substrate were used as reference. The

absorbance measurements were made with linear polarized light, either parallel or

perpendicular to the strain direction. GIXD measurements per®rmed at the Stanford
Synchrotron Radiath Lightsource (SSRL) on beam linesi 31 The 2D GIXD images were
measured with an area detector (MAR345 image plate), with 12.735 kay beam, and an

incidence angle of a0. 12A. Tplaree orgetatign leieher

wer e

perpendicudr or parallel to the incident beam. The sample chamber was purged with helium

during the scattering experiments to reduce beam damage and background scalkteriittg
of the sample was adjusted to maintain the sample normal collinear with the ratasiari

the chuck.
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3.3.2.1Elastic Modulus

To measure the elastic modulus, the films now on secondary-t@ated Si
substrates are transferred back to a PDMS substrate. The film composite is placed under
small compressive strain until buckling instability issebved under an optical microscope.

The thickness of the P3HT films was measured using a variable angle spectroscopic
ellipsometer (VASE) and was measured to be 125 nm for a 0 % strained P3HT film, 102 nm
for a 50% strained films, and 88 nm for a 100% is&a film. The thickness of the 0%

strained film is based on thickness measurements of 10 films. The thicknesses of the strained
films were obtained using the equation=t, /(1 f)l'", where # is the final thickness; is

the inital thicknessc i s the strain percentage and 3
estimate was verified for accuracy with controlled stained films measured with VASE.
Measuring the elastic modulus of aligned P3HT with vargiompression déet angle d)

was performed by buckling the film on a circular PDMS slab, illustrated in Figur&éhe

elastic modulus of the PDMS is measured using an Instron 5943 tensile tester and found to be

0.68 MPa.
3.3.2.2Absorbance

The best fits ofthe weakly interating H-aggregate model to the experimentally
measured absorbane are given in Figbteand Figure52. Prior to fitting the data, the
minimum absorbance was scale to zero. The total percent aggregate in the film is estimated
by summing the absorbance meslin the two orthogonal direction&et = Aparat+ Aperpand
taking the total percent aggregate of the film aspAgBpardAwt) + Agtherd AverdAtot), Where

Aggpara and Aggerp are the estimated percent aggregates measured with poléighéed
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paralld and perpendicular to the strain direction respectively. GivenAlattl, whereUis

the molecular attenuation coefficient, c is the amount concentration,igtide path length.

Note thatOwill vary between aggregate and amorphous P3HT but wilaken here as a
constant. The path lengthwill also be constant with polarized light. Thus the amount
concentration, or the absorbing molecular species, will be the primary reason for the
variation in absorbance. The fraction @hadAwt and AperdAwt IS thus the relative

concentration of the absorbing P3HT for each polarization orientation.
3.4 Finite Element Analysis Modeling

Finite-element analysis (FEA) was used to further understand the underlying
ani sotropic materi al m e stiffinase and tines waelerfgtescof then gt |
aligned P3HT thin films due to buckling. In the FEA model, the length was chosereas 24
and the thickness of compliant PDMS substrate wam3These substrate dimensions are
different from the experimental dimens& but the length to thickness ratio is the same as
the experimental specimens. These dimensions were chosen for computational tractability
and based on the simulation of different thickness ratios. It does not affect the accuracy of the
wavelength preditons. The thicknesses of the thin films were taken as 125 nm, 102 nm, and
88 nm, which correspond to the experimental thicknesses measured for 0 %, 50 % and 100 %
tensile strains. Compressive displacement loadings were applied to the FEA model, and
basedon that the implane dimensions of the specimen, plane stress loading conditions were
assumed.

For the film at 0 % tensile strain, isotropic material properties were used in the FEA
model to predict the wavelength. By applying the elastic modulus obtaomadequation 1,

the predicted wavelength wase4n, which was the same as the averaged experimentally
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obtained wavelength. This is an indication that the FEA model provides an accurate
prediction of the wrinkling behavior of polymer thin films. For the 50% and the 100%
strained film, transversely isopi material properties were used. The normal and transverse
moduli were given by the experimental elastic modulus for the experiments pertaining to the
parallel and perpendicular loading directions. For the transversely isotropic film at 50%
strain, the pedicted wavelength in the parallel loading direction was 243 and the
predicted wavelength in the perpendicular loading direction wase3rRIThese predicted
wavelengths are very close to the averaged experimental values afn3.Bdthe parallel
loading direction and 3.£m in the perpendicular loading diremti The differences of
wavelengths were approximately 2.5% for parallel loading direction and 3% for the
perpendicular loading direction. For the transversely isotropic film at 100 % strain, the
predicted wavelength in the parallel loading direction w&s €3n, and the predicted
wavelength for the perpendicular loading direction was 2rB3The differences between the

predicted and experimental values were less than 2 %.
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4 Organic photovoltaics cells with controlled polarization sensitivity

In this chapterwe demonstrate linearly polarized organic photovoltaic (OPV) cells with
a wellcontrolled level of polarization sensitivity. The polarized devices were created through
the application of a large uniaxial strain to the bulk heterojunction P3HT:PCBMahd
printing the plastically deformed active layer onto a PEDOT:PSS and indium tin oxide
coated glass substrate. The P3HT:PCBM layer is processed such that it is able to
accommodate high strains (over 100%) without fracture. After printing the strilimscl
thermal annealing is used to optimize solar cell performance while maintaining polarization
sensitivity. A dichroic ratio and short cir

respectively.
4.1 Introduction

Organic photovoltaics (OPVs) hawtracted significant research interest due to
several advantageous characteristics, includingdost processing onto flexible substrates,
tunable properties through material synthesis, and their use of earth abundant maierials.
unique characteristic of polymer semiconductors is that they commonly have an optical
transitiondipole moment (" *) that is aligned along the polymer backbdff&3® Thus,
aligning the polymer backbone uniaxially in the plane of the film results in anisotropic
optoelectronic propertie$149123 Aligning polymer semiconductors has been exploited to
study charge transport in organic field effect transistors (OFEfSynd for polarized
electroluminscence in organic light emitting diod®$. Alignment also provides an

opportunity to develop polarization sensitive organic photovoltaic (OPV) de\ités.
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Polarization sensitivgphotovoltaic cells may be beneficial for a number of applications
including polarized light detectors (e.g. remote detectidnpnd power generation (e.g.
polarized light harvesting in LCD display$) In addition, alignment of the polymer chains

in an OPV cell may provide insight into energy conversion procé¥sés.

There have been a number of techniques used to uniaxially align conjugated polymer
films that have focused on alignment of homogenous polymer syStéth¥5118147 |n
polymer:fullerene blends, such P3HT:PCBM, alignment of the P3HT compbasmécently
been demonstrated by (1) mechanically rubbing the film at an elevated temperature (150
°C)'2% and (2) through directed crystallizati&ff.While the directed crystallization approach
was successful, it required processing with a crystallizing solvent-ttiéhtorobenzene
(TCB) and OPV devices using this approach have yet to be prodti¢edthermore, while
the mechanical rubbing approach effectively aligns P3HT in P3HT:PCBM blend films, the
physically interrogating rubbing process at an elevated temperature may be detrimental to the
filméds quality. Additionally, the ability tc¢
is unclear. In this study, we demonstrate a facile approach toRiigi:PCBM blend films
and show high performance tuned polarization sensitive bulk heterojunction (BHJ) OPV
cells. In a similar process previously demonstrated for neat P3HT filthe, described
process alignshe P3HT backbonby uniaxially straining the P3HT:PCBM film while on a
polydimethylsiloxane (PDMS) elastomer substréten transferred onto the appropriate

receiving substrate as seen in Figb2e
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Figure62 Schematic showing éhsteps of creating an aligned BHJ film

As described below, the polarized OPV device response is dominated by the variation in
short circuit current and directly related to polarized light absorption anisotidmsy.
absorption anisotropy of a strainBtHJ film can be seen by observing the transmittance of
the strained film under polarized light as seen in Figg&eNhen light is polarized parallel

to the strain direction more of the light is absorbed and theltmks darker, whereas when

light is polarzed perpendicular much of the light is transmitted through by the strained film

and the logo looks brighter.

Figure63 Backlit strained BHJ films under polarized light parallel and perpendicular to
strain direction
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4.2 Experimental Section

Processing the polarized OPV cells began with spin casting PEDOT:PSS films at
5,000 rpm onto a donor glass substrate followed by thermal annealing & 18020 min.
A P3HT:PCBM solution, with a 60:40 mass ratio in-tljighlorobenzene at a roentration
of 36 mg/ ml , was then spun cast at 1,000 rp
determined by variable angle spectroscopic ellipsont&tJhe P3HT was obtaimefrom
Plextronics Inc. (Mn = 50 kD) and the PCBM was obtained from Naindhe P3HT:PCBM
film on the PEDOT:PSS coated glass substrate was then laminated onto a PDMS slab that is
attached to a custom built strain st4g&he composite stack is immersed in a deionized (DI)
water bath where the PEDOT:PSS layesdiges and the donor substrate detaches from the
film.1% The P3HT:PCBM film, which is now adheredttee PDMS slab, was removed from
the DI water and dried with Ngas. The composite was then strained and printed onto a
receiving substrate that consists of spun cast PEDOT:PSS film on an indium tin oxide (ITO)
coated glass substrate. The PDMS was theroved) leaving the plastically deformed
P3HT:PCBM film on the receiving substrdfdn order for the strain alignment method to be
successful, the P3HT:PCBM film must be highly deformable, which has previousty be
shown to depend on the local order of the P3HT in the blend%Ifihe designated solution
formulation and casting conditions, described above, resulted in a relatively low level of
local order more details on this afeund in Chapter 3This resulted in the ability to strain
the films, by over 100%, without fracturing or tearif§After the strain and print process,
the local order of the P3HT:PCBM is improved and OPV device performance nsizgati

by thermally annealing the films at 130 °C for 10 nioilowed by slowly cooling the films
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to room temperature. To complete the OPV cell, the cathode, consisting of 1 nm of LiF and

100 nm Al, was deposited by vacuum thermal evaporation at a pre$dxE® mbar.
4.3 Results and Discussion

The in-plane orientation of the P3HT in the strailigned films was characterized
using ultravioletvisible (UV-vis) optical absorption spectroscopy under polarized
illumination. The absorbance of films, measurathvinearly polarized light both parallel
and perpendicular to the strain direction, is provide&igure 64-a for films strained from
0% to 100% in 25% increments. These data demonstrate that, as the film is strained, there is
an increase in the absoru® anisotropy that is indicative of-plane P3HT alignment.
Similar to strairaligned neat P3HT film& the long axis of the polymer aligns in the
direction of the applied strain. sAobserved in Figuré4-a, the polarized absorbance
increases with strain and eventually plateaus after 50% strain. Meanwhile, the absorbance in
the perpendicular direction continuously decreases with increasing strain. The plateau in the
parallel direction occurs due to the competitbetween the increase in chain alignment and
the decrease in film thickness resulting from the plastic deformation process. The dichroic
ratio (R) of the P3HT:PCBM film (defined here as absorbance of light at a wavelength of 550
nm polarized parallel tohe strain direction to light polarized perpendicular to the strain
direction) with strain is given in Figuré4-b showing a nodinear relationship, and a
dichroic ratio of 6.1 achieved for a 100% strained film. The dichroic ratio with strain at a

wavelength of 605 nm is also provided in Talle
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Figure 64 (a) Absorbance spectra for strailigned P3HT:PCBM blend films with incident

light polarized parallel (para) and perpendicular (perp) to the strain direction. The absorban
was measured for P3HT:PCBM films cast on glass coated with PEDOT:PSS and ITO, and
corrected by subtracting the absorbance of a PEDOT:PSS and ITO coated glass substrate
reference. (b) The dichroic ratio and short circuit currdgd) (anisotropy as a funion of

applied strain. The line fits to the data are provided as a guide to the eye.

In addition to the average -plane orientation of P3HT, the absorbance features

provide information on the polymer aggregate chardétéiigure 65shows the normalized

absorbance for the series of straligned P3HT:PCBM films under polarizdht. We
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observed through the appearance of the vibronic features in the absorbance spectrum and the
relative magnitude of the of the@transition (naer & 55 0 n ni)trangiton (nearh e 0
& 6 0 5 ®NVm3ee that in the strained films, after thermal annealing, the absorbance ratio of
the 00 / O1 transition is significantly smaller for polarized light paralle the strain
direction than polarized light perpendlar to the strain directionThis indicates that the

P3HT with backbone primarily aligned in the direction of strain consists of aggregates with

greater local order, similar to alignment observeddat P3HT filmg6120
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Figure 65 Normalized absorbance for the straiigned P3HT:PCBM films with light
polarized para) and perpendicular (perp) to the strain direction.

The aligned P3HT:PCBM films were processed into OPV cells, as described above,
to determine how the anisotropic morphology translates to optoelectronic performance. The
active area of the cell, deéd by the cathode, was 3.14 mand the devices were tested
using a Newport 150 W solar simulator with an AM1.5G filter under linear polarized light at

an intensity of 41 mWecrh The current densityJ] i voltage (V) characteristics for the
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strainalignedBHJ OPV cells are provideith Figure66.t is observed that the 0% strained
device shows nominally identical performance with polarized illumination in two orthogonal
directions. As the applied strain is increased the polarization sensitivity of thesfilm i
increased and the difference in performance under polarized light in the parallel and
perpendicular directions diverge. It is important to note that the efficiency of the 0% strained
devices is comparable to solar cells processed in house withoutribietrarinting process.

This suggests that the print process does not significantly degrade device performance, which
is in agreement to previous reports that use similar processing méthdas.further
compare differences in performance, the open circuit voltage),(¥ill factor (FF), short
circuit current Jsg), and power conversion efficiency])(of the strairaligned devices is
provided in Figureés7. These results demonstrate that the open circuit voltage and FF are not
significantly affected by the alignment of the polymer chains in the active layer. Rather, we
find that the variation in devicperformance is primarily driven by the change in short circuit
current (sc). This is expected given th#te diverging absorption will result in a similar
variation in the exciton generation rate that in turn dictdesWe also find thelsc ratio is
proportional to strain with similar behavior as the dichroic ratio, as shown in Fogtre

with the highestJsc ratio of 1.6 achieved for the OPV cell with a 100% strained

P3HT:PCBMfilm.
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Figure 66 The current density voltage relationship for strakaligned OPV cells under
polarized light parallel (para) and perpendicular (perp) to the strain direction with an
intensity of 41 mW cr®.
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Figure67 The short circuit current ¢d), open circuit voltagéV oc), fill factor (FF), and

power conversion efficiency] measured from the curreinwvoltage curves given as a

function of strain. The data is provided for performance under polarized light parallel (para)
and perpendicular (perp) to the strain direction under 41 mWjictansity.
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The external quantum effiehcyof the OPV cells, measured under polarized light, is
provided in Figure 68. It is observed that the variation in EQE tracks well with the
absorbance characteristics of the P3HT in the film, where parallel polarized light has greater
conversion efficiacy at extended wavelengths due to the absorption of the aligned P3HT
aggregates. Thésc, predicted from integrating the product of the EQE and AM1.5G photon
flux, was within £10% of the measuretc with the solar simulator. The discrepancy
between the @ual and predictedlsc is most likely due to not accounting for spectral
mismatch of the solar simulatb®® deviceto-device variation, and device testing in
atmosphere withdiencapsulation resulting in minor degradation during testihigotable is
that the EQE andsc for light linearly polarized parallel to the strain direction, does not
change substantially for strains up to 50%. This is contrary to the absorbance, wttetal th
absorbance for light polarized parallel to the strain direction, initially increases with
increasing strain and then plateaus. The difference is due to the fact that the OPV cells have a
reflective back electrode such that the light absorptionelatively complete for light
polarized parallel to the strain directiéor the levels of alignment and film thickness under
consideration. At higher strains the absorption of polarized light parallel to the strain
direction likely begins to decrease rds\g in the drop in EQE andsc Given that that the
total light absorption is relatively complete for light polarized parallel to the direction of
strain and the relat power conversion efficienéy maintained suggests that this processing
approach aligs the polymer chains while maintaining film quality. For the device
performance with light perpendicular to the strain direction, the total absorption in the OPV
cell will decrease continuously with strain and is believed to be the primary cause of

performance variation.
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Figure 68 External Quantum Efficiency (EQE) for the straligned OPV cells under
polarized light shown foall strains. The legend provides the level of strain applied to the
P3HT:PCBM layer with light polarizéparallel (para) and perpendicular (perp) to the strain
direction.

Table4 Optical and electrical characteristics of strain aligned OPV cells with various applied
strains tested under polarized light parallel ( || ) and perpdadi€ ) to strain direction.
Data includes the Dichroic rati®), solar cell efficiencyd) and short circuit currend4c).

Film (||/L) R (550 nm) R (605 nm) n (%) Jse (mA cm ™ 2)

0% I 0.97 0.97 3.01 3.93
0% 1 3.05 3.98
25% | 1.66 1.75 3.54 4.00
25% 1 3.22 3.70
50% I 2.70 3.20 3.63 4.09
S50% 1 2.78 3.26
15% I 3.88 5.08 3.25 3.67
T5% 1 2.12 2.63
100% I 6.10 9.68 2.90 3.53
100% 1 1.81 2.23

106



4.4 Conclusion

In conclusion, polarized OPV cells have unique device capabilities that may be
advantages in many optical detection and energy harvesting applications. This study presents
a strain alignment method to fatmie polarization sensitive OPV cells. The ductility of the
P3HT:PCBM cell is achieved by solution formulation and casting conditions that limit the
P3HT local order in the asast films. The relatively high solar cell performance is achieved
by thermally annealing the strainealigned BHJ layer after printing onto the partially
fabricated OPV device. The anisotropic performance in the aligned devices is primarily
driven by the anisotropic absorption in the films. Additional details of the energy conversion
variation in strairaligned OPV cells will be conducted in a future study. Critically, this
processing approach is able to create linearly polarized-Haicojunction organic
photovoltaic devices with fine control over of the level of optical anisotropyle

maintaining high performance P3HT:PCBM solar cells.
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5 In-plane Alignment in Organic Solar Cells to Probe the Morphological
Dependence of Charge Recombination

In the previous chapter we discussed the fabrication of organic solar cells with- a well
controlled level of polarization using uniaxial strain.this chapter we use the same process
discussed fronChapter 5 andabricated strainedligned BHJ solar cells tprobe charge
recombination losses associated with aggregates characterized by \degnegs of local
order. We apply 100% uniaxial strain on ductile P3HT:PCBM BHJ films and characterize the
resulting morphology with UWisible absorption spectroscopy and grazing incidencayX
diffraction. It is found that the strained films result inosg alignment of the highly ordered
polymer aggregates. Polymer aggregates with lower order and amorphous regions also align
but with a much broader orientation distribution. The solar cells are then tested under linearly
polarized light where the lighs iselectively absorbed by the appropriately oriented polymer,
while maintaining a common local environment for the sweep out of photogenerated charge
carriers. Results show that charge collection losses associated with a disordered BHJ film are
circumventel, and the internal quantum efficiency (IQE) is independent of P3HT local
aggregate order near the heterojunction interface. Uniquely, this experimental approach
allows for selective excitation of distinct morphological features of a conjugated polymer
within a single BHJ film, providing insight into the morphological origin of recombination

losses.

5.1 Introduction

In high performance organic solar cells, a BHJ active layer is typically employed that

consists of a blend of two or more organic semiconductgpg;ally a conjugated polymer
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donor and a fullerene acceptéf The performance advantage of this architecture is primarily
attributed to the large increase in the dissociation of photogenerated excitons, enabled by the
close praimity of the heterojunction (providing a mechanism for efficient exciton
dissociation) to the location of exciton formation. Once the excitons are dissociated into free
charge carriers, the BHJ morphology must also allow for efficient charge transpbé to
electrodes. This requires that the semiconductors that make up the BHJ are able to intermix
well while maintaining a path for efficient charge collection. Thus, it is not surprising that
device performance is highly sensitive to the BHJ morphologys hhs lead to nhumerous
studies that have investigated the role of BHJ morphology on various energy conversion
lossest>3154155156157158159160161128162 |n  the majority of these studies, a variation in
materials or processing methods is used to modify the BHJ morphology that is thehtcelate

a change in device performan®é!59160128162163 \whijle this approach is effective, changes

in the film morphology are often coupled to a number of energy conversion processes,
resulting in ambiguity associated with the change in morphology and specific loss
mechanisms.

In this study, we selectively excite distinct morphological features of aigatgd
polymer within asingleBHJ OPV cellto provide insight into the spatial and morphological
origin of electronic losses. This is accomplished by fabricating a BHJ film with highly
alignedpolymer aggregates. The focus here iP@HT:PCBM OPV devicesvhere highly
aligned polymer chains have previously been fabricated using a strain alignment ajpgroach
described in Chapter 3,4 and® Briefly, the strain alignment process consists of physically
straining a spun cast BHJ film by 100% while on an elastomer substrate, and then transfer

printing the filmonto a partially fabricatedevice. The film is thermally annealed to improve
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ordering, and a counter electrode is then deposited on top of the film to complete the
device!?* The large applied strain has previously been shown to effectively align P3HT
aggregates with the polymer backbone aligned in thetibreof straint?4°® Importantly,in

strain aligned P3HT films, the highly ordered P3HT aggregates are strongly aligned while
amorphous P3HT and lower order aggregates align to a drastically reduced®éxtekd.

the primary optical transition dipole is parallel to tR8HT backbong® illuminating with
polarized light allows for preferential excitation of the aligned highly ordered aggregates or
the more misaligned lower ordered aggregates, astrdiied in Figureés9 and discussed
below in detail. Uniquely, the polarization sensitive BHJ film provides a framework to
selectively excite morphologically distinct features of the semicrystalline polymer, while
maintaining a common local environment ftire sweep out of photogenerated charge
carriers. In this study, &vconside# distinct BHJ films where the main differences between
films are the applied strain (0% or 100%) and film thickness. ek films are
approximately 220 nm thick asast (unstrimed) and 155 nm after strain oriented. Thim

films are approximately 85 nm thick-aast and 60 nm after stnaid.
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Figure69 A simplified illustration showing the effect of strain on the morphology of the BHJ

film and the absrption of the P3HT aggregates with illumination by polarized light. Left, an
illustration of the Efield orientation being parallel and perpendicular to the strain direction.
The color gradient represents the component of the field parallel to the P3jdgaig
backbone orientation. (a) Schematic illustration of the unstrained P3HT:PCBM film with
aggregates isotropically distributed-pfane. (b) Illustration of straialigned P3HT:PCBM

film with high order aggregates aligned in the direction of strathlaw order aggregates

with greater misalignment relative to the strain direction. Note, the colored regions represent
the P3HT aggregates and the gray regions represent the amorphous P3HT and PCBM in the

film.

Performance losses in 1aptimized P3HT:PCBMOPV devices have been attributed

to increased charge carrier recombination due to space charge effects associated with low
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hole mobility?®572 These devices may have additional losses associated with an increased
rate of bimolecular recombination independent of space charge éffedise level of
molecular order at the heterojunctiorteirface may also impact the efficiency of exciton
dissociation. It is unclear what the contribution of each loss mechanism is to the overall
device performance given their common morphological dependence. Additionally, while the
carriers are unable to béieiently swept out of uroptimized devices, the spatial location of

the recombination events may be distributed throughout the active layer, be located in close
proximity to the location of exciton dissociation, or primarily occur near the contacts.
Importantly, the aligned polymer OPV approach is able to probe photogeneration associated
with disordered regions of the film while not encountering space charge related performance

losses.

5.2 Results and Discussion

5.2.1 Active layer morphology

Critical to this studyis that linearly polarized light incident in orthogonal directions
excites distinct P3HT morphological features in the same OPV device. Thus, the morphology
and absorption character of the films must be analyzed in detail.

To characterize light absorption the films, we useultravioletvisible (UV-vis)
absorption spectroscopy with polarized ligfthe absorbance anisotropy of the 100%
strained films igrovided inFigure70-aand Figure7 1. Both the thick and thin strained films
show high absorbance aoisopy, reaching dichroic ratios af.36 and 5.26 at 605 nm,
respectivelyThe dichroic ratio is taken as absorbance of light polarized parallel to the strain
direction to absorbance of light polarized perpendicular to the strain direction. The dichroic

ratios are indicative of significant alignment of the P3HT backbone in the direction of strain,
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consistent with straialigned neat P3HT fiim¥ The unstrained films do not show
absorbance anisotropy, indicative o preferential irplane alignment of P3HT chains, as

expected. The absorbance also provides information about the P3HT aggregate order.

Thin Thick

1.00

o
9
o

0.25

Normalized Absorbance
(=]
an
o

0.00 I N 1 2 1 N 1 . | S
450 500 550 600 650 700 750

Wavelength [nm]

82

(b) Thin film Thick film

o [meV]

(c) Thin film Thick film

240 |

113



Figure 70 (a) Normalized absorbance of 100% strained films under polarized light parallel
(para) and perpendicular (perp) to strain direction for characteristic thick and thin films.
Inset, absolute absorbance (Abs.) for the strain aligned thick fikm) The Gaussian line

width (W) and exciton bandwidthii() o f

the absorbance

measur e me

and 100% strained films under polarized light parallel (||) and perpendi¢yldo (strain
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Figure71(a) Absorbance for 0% straed films under polarized light, parallel and

perpendicular to strain direction. (b) Absorbance of 100% strained film.

The normalized absorbance of the straifiats, given in Figure7/0-a, shows distinct

absorbance features, particular at th@ 8nergytransition (at ~605 nmand G1 energy

transition (at ~550 nm). These vibronic features arise from intramolecular and intermolecular

P3HT interactions and are indicative of P3HT aggregate order. This cquabétatively

described by a weakly interacting-aggregate model previously developed by F.C.

Spand®?13 The fitting parameters of the model are the exciton bandwidf)y the G0

energy transition (&), and the Gaussian line width)( Here,W is related to the length of
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planar interacting chain segments, where a lower value is indicative of higher camugati
length, andl is related to the energetic disorder, where a loiveralue indicates greater
order within and between the aggregatéymer chains. The befit values forW andd, for

films under polarized light, are given in Figur®bc. .o is relatvely constant for all
measurements and is set to 2.0 eV. The value§ foxd W vary depending on processing
conditions as well as incident polarization. For unstrained fiisand 0 are similar to
previous report$? In the strained films, we find thétandW have unique values depending
on blend film thickness and the orientatiof the incident polarized light. The key
differences are that the aggregate lengtiW)lis found to increase for aggregates that
preferentially absorb parall@olarized light, and decrease for aggregates that preferentially
absorb perpendiculgrolarizedlight, as compared to their unstrained counterpart. When the
film is strained the aggregate order({ltlecreases for both thick and thin films for both
incident polarization orientations. In the thin film, absorption of polarized light perpendicular

to the strain direction has a distinctively highor lower aggregate order.

Details of the crystalliné®3HT stacking character is provided by grazing incidence
X-ray diffraction (GIXD) measurements, which were conducted on the unstrained and strain
aligned thick films with image plate datgven in Figure72. In the strained films, the
diffraction charactastics are given for the XXay beam oriented parallel and perpendicular to
the strain direction. The diffraction pattern of the unstrained filmtyjsical for a
P3HT:PCBM BHJ film where the P3HT is observed to have a slight preference for edge on
stacking(conjugated ring plane perpendicular to the substrate) with a broad-plane” -’

stacking orientation distribution, and a diffuse PCBM ring found neaAL.#® When the
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film is strained by 100%, a distinct difference in P3HT diffraction is found under orthogonal
X-ray beam directions, while the diffuse scattering from PCBM resnsiimilar. When the
X-ray beam is parallel to the strain direction (scattering vector is nominally perpendicular to
the strain direction), the P3HT crystals oriented with the polymer backbone parallel to the
strain direction have a similar out of planeckiag distribution as the isotropic film with a
slight increase in faeen stacking (conjugated ring plane parallel to the strain direction).
When the Xray beam is perpendicular to the strain direction, a significant drop off in
intensity is found for ofinormal diffraction. While the intensity in the two directions cannot
be quantitatively compared due to differences in scattering volume and exposure time, the
lack of diffraction is indicative of a very small amount of P3HT crystals with their backbone
aligned perpendicular to the strain direction, consistent with previous work onaigaiad

neat P3HT filmg6120
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Figure 72 Grazing Xray diffraction (GIXD) image plate data for the thick (a) as cast film
(iso), and (b,c) strakaligned film. In the aligned film, the image plate data is for the
scattering vector nominally aligned (b) perpendicular (perp) and (c)lgdafjpdra) to the
strain direction.

Absorbance and GIXD show evidence that both the highly ordered P3HT aggregates
and the crystalline aggregates are primarily oriented in the direction of strain. However, high
order aggregates that are not perfectlgredd parallel to the direction of the strain will
contribute to absorption of perpendicufeolarized light. To consider the magnitude of this
contribution, we consider previous work on aligned P3HT films where grazing incidence X

ray diffraction (GIXD)(-scans were measured on 100% strained fififhese films had a
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dichroic ratio of approximately 4.0 at 605 nm, similar to but lower than the dichroic ratio of
the aligned films in this study. Thiescan consided the diffraction intensity of the 4plane

100 peak as the film is rotated azimuthally, which is considered the characteristic orientation
distribution for all crystals in the film. While aggregates do not necessarily ditfratie

crystal distributbn provides an approximation of the high order aggregatplame
orientation distributionTo estimate the absorption of high order aggregates in the-strain
aligned films when incident light is polarized perpendicular to the strain direction, the
following procedure was used. First, the high order aggregates are considered to behave the
same as the diffracting P3HT crystallites. Theplane orientation distribution of P3HT
crystallites is taken from &-scan on strakaligned neat P3HT films. The strained P3HT
films have a slightly smaller dichroic ratio to the strained P3HT:PCBM films, suggesting that
the orientation distribution of the P3HT aggregates in the strained P3HT:PCBM films is
similar to straned neat P3HT films (and a conservative estimate). Determining the absolute
absorption contribution of the aggregates from GIXD and comparing the results to the
measured absorption using the integrating sphere is not possible. However, a ratio of the
diffracting P3HT absorption for light polarized parallel and perpendicular to the strain
direction can be estimated from thescan. The relative absorption of parapelarized light

by high order aggregates is estimated by integrating the product éfsiten intensity and

cog(0),
C, :pﬁf cos (f)d i (1.28)

The co$(l) term is due to the absorption being proportional to thepowduct of the Hield

and the optical transition dipole moment along the backlmbrtbe P3HT. Similarly, the
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relative absorption of perpendicupolarized light by high order aggregates can be

estimated by,
p
C.=f§, (L -co$(f) W i (1.29
0

The full width half max of thel-scan is approximately 20 resulting in the ratio

C. /G =0.003, which represents the relative contribution of absorption for the two

polarized light orientations. This alone suggests that contribution of high order aggregates to
absorptionof perpendicular polarized light is very small. However, the total absorption of
perpendicular polarized light in the film needs to be accounted for to estimate the
contribution of the high order aggregates to total absorption. This is approximated by
corsidering the weakkgoupled Haggregate model. This model uses a proportionality
constant to fit the measured absorbance data given in Figure S1. In the parallel direction this

constant is found to be 1.80. Multiplying this B / G, providesa relative proportionality

constant for the Faggregate model for perpendicular polarized light absorption by the high
order aggregates (same W, G as parallel pol
modeled absorbance of the high ordegragates is then transformed into transmittance using

the relatdog(Abs{f®»p) and the absorption is t
1-T(ea). While this does not account for refl e
expected to gnificantly change the results. The estimated absorption of polarized light
perpendicular to the strain direction from thigh order aggregates is compared to the total

calculated absorption in the perpendicular direction, shown in Figure S3.
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Figure73 Measured absorption for polarized light perpendicular to the strain direction, and
the modeled of the contribution of light absorption from high order P3HT aggregates (HOA)
under perpendicularly polarized light.

Using this apprach, the contribution of high order aggregates to the absorption of light in the

strain filmed under perpendicular polarized light for wavelengths greater than 525 nm is

found to be ~2%.
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5.2.2 Internal Quantum Efficiency

To probe how light absorptiom ithe distinct polymer aggregates influences device
performance, we determine the internal quantum efficiency (IQE) of the unstrained and
strainaligned OPV cells under linearly polarized illumination. The IQE is the ratio of the
number of charges extradtérom the device to the number of photons absorbed by the active
layer?® and is found by dividing the external quantum efficiency (EQE) by the absorption of
the active layerThe EQE of all devices under joized illumination is given ifrigure 74.

A large anisotropy is observed in the EQE that is primarily attributed to the differences in

device absorption.
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Figure74 External quantum efficiency (EQE) for the unstrained film)(esad strairaligned
films under polarized light parallel (para) and perpendicular (perp) to the strain direction.
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Film Absorption

The active layer absorption in the device is measured using a combination of an
integrating sphere reflectidmased measument and a transfer matrix model (TMMpore
details on the TMM is given irBection 1.5.2° The reflectioamode integrating sphere
measurement is used to obtain the full absorption of the device stack igckldairodes.
The TMM is used to predict the absorption of all layers of the OPV cell excluding the active
layer, i.e. the parasitic absorption. The active layer absorption is then calculated by
subtracting the parasitic absorption from the total devaeksabsorptior?® The active layer
absorption for the isotropiand the anisotropic thin (a) and thick (b) film devigegiven in

Figures 77 and 7&spectively
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the strén direction.
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Figure76 Light absorption in the (a) thin and (b) thick straligned films. The active layer
absorption (active) is datmined by subtracting the parasitic absorption calculated using
transfer matrix modeling from the experimentally measured total (total) device absorption.

The absorption is measured under polarized light parallel (para) and perpendicular (perp) to

It is important to note that anisotropic optical constants for the P3HT:PCBM layer
were required to accurately calculate the parasitic absorption with the TMM for the strain

aligned devices. While the P3HT:PCBM layer is not included in #rasttic absorption, the



electric field intensity distribution throughout the device stack is affected by the optical
constants of this layer and thus should be representative of the film. The anisotropic
refractive index was estimated by using previougpsmetry measurements of strain
aligned P3HT films® and taking the films as a 50:50 ratio by volume of aligned P3HT and
isotropic PCBM. The imaginary part of the refractive index was then scaled slightigrfurt

to capture the larger dichroic ratio of the aligned BHJ films as compared to the aligned neat
P3HT films. The scaling was such that #erimentally determined total reflection of the

cell closely matched the modeled reflection, as given in Figtare
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Figure77 Experimental and modeled total reflectivity from the strain aligned OPV cells for
the (a) thick, and (b) thin film devices.
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Finally, a film roughness was also introduced in the TMM to accurately reproduce the
measued absorption at wavelengths greater than 658°A1E The input roughnesvalues
ranged from 27 nm and agree well with the surface roughness of the P3HT:PCBM layer as
measured by atomic force microscopy.

From the EQE and active layer absorption, the IQE for each device is determined
with results for OPV cells under polartzdight providedin Figure 78. The IQE for the
unstrained devices is found to be similar to previous results for high performing
P3HT:PCBM OPV device¥>?° without significant separation with incident polarization
direction, as expected. In the strailigned devices, it is observed that the IQE spectra are
also independent of incidelight polarization. The IQE of these films is similar to the IQE
of the unstrained devices, with a slight drop at shorter wavelengths. The IQE data is limited

to wavelengths bel o-merodightabsorptiom pasttles wavelengtih.e ne ar
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Figure 78 Internal quantum efficiency (IQE) for the unstrained (iso) and sakgmed BHJ

device under polarized light parallel (para) and perpendicular (perp) to the strain direction for
the (@) thin film and (b) thick film devices
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5.2.3 Light intensity device measurements

The Haggregate model fits to the measured absorbance show that for light absorption
of polarized light perpendicular to the strain direction, the P3HT aggregates are highly
disordered. This level of disorder in P3t#TBM films has previously been shown to result
in significant space charge effeétsand increased bimolecular recombination ratethat
limit device performance. Light intensity measurements are a simple and effective tool that
can assist in determining the order of recombamafi.e. monomolecular vs. bimolecular) as
well as space charge effects and are thus investigated with this set of dé¥g/§>.169170

The lightintensity () dependence of the short circaiirrent (s¢) and open circuit
voltage Voc) is given in Figure 3-a,bfor the thin film devices and Figuré&-¢,d for thick
film devices. Thelsc dependence ohis found to follow the relationshiplsc =~ 1™16+165
where scaling factor, m, is found to be close to 1 for all films (unstrained andaitggnad)
and under the two polarized light orientations. As m approachiéshds been showthat
charge recombination is primarily monomolecdfdt’* Conversely, if space charge effects
are a factor, the scaling factor is typically found to be significdatly than 1°° The linear
dependence betweesc andl highlights that there is efficient charge transport through the
device and space charge effects are not significant. As the P3HT:PCBM device moves away
from short circuit current and towards open circuit conditions, there is commonly a transition
from monomdecular recombination to contributions from bimolecular and Shockley Read
Hall (SRH) processe<? When bimolecular recombination is the sole loss mechanism, the
slope of \bc with In(l) is equivalent toKsT/e, where Kg is Boltzmann constant] is
temperaturee is the electron chargé® In P3HT:PCBM BHJ OPV cells, the slope is

typically found to be greater thaKgT/e, attributed to a contribution from charge
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recombination of SRH nature. Théc as a function of illumination is given iRigure 79.

The slope of the data is found to be similar to other reports on high performance
P3HT:PCBM OPV celld/° and no significant differences are found between the unstrained
and strained devices or between the two incident polarizeddiggdtions. In summary, the

light intensity measurements show that the dominant recombination mechanisms in the
device follow similar trends commonly observed for high performance P3HT:PCBM OPV
cells, and that no distinct recombination processes are @asbetween the unstrained and

strainaligned OPV cells.
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Figure79 (a) Short circuit current (JSC) with varying light intensity for the unstrained (iso)
and strain aligned films under parallel (para) and perpendicular (perpizpdléight for the

thin films (c) for the thick films The line fits are given with the slope m provided in the
legend. (b) The open circuit voltagedd with varying light intensity for the unstrained and
strainalignedthin films, (d) for the thick fims. The data is given with a natural log curve fit
with a slope of s*ikT/e, with s provided in the legend. The illumination is for simulated

solar AM1.5G light.

5.3 Discussion

In OPV cells, the IQE can be broken down into the efficiency of exciton diffdsion

the heterojunction, exciton dissociation into free charge carriers, and charge collection. When
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considering various loss mechanisms, previous work has suggested that geminate
recombination at the heterojunction is a significant loss mechanism in disdrde
P3HT:PCBM device$>41621%° However; more recently, bismnhanced charge extraction
(BACE) measurements havprovided evidence that geminate recombination is not a
significant loss mechanism in these cells over a wide range of morphologicat®8rtleis
suggests that the predominate loss mechanism indeisel P3HT:PCBM organic solar cells
originates from poor charge collection efficiency. In P3HT:PCBM BHJ films, efficient and
extremely fast exciton quenching is typically obseri®8d’2 This suggests than the films

under consideration, electronic coupling to the heterojunction is efficient and the exciton
does not travel between P3HT domains. The similar IQE for light absorbed by the ordered
and disordered P3HT aggregates in the aligned films produest evidence that exciton
dissociation into free charge carriers is efficient in films of various P3HT local order (i.e. the
guantum efficiency of photogeneration of charge carriers is independent of P3HT aggregate
order) supporting recent finding®.

Assuming that the photogenerated exciton dissociates into free carriers at the nearest
heterojunction interface, the hole is either introduced into the high or low order P3HT
aggregates associated withe location of light absorption. The similar polarization
dependent IQE in the aligned BHJ devices also shows that photogenerated charge collection
is independent of the local order at the heterojunction. Previous work has shown that space
charge limitedphotocurrent becomes an important factor in BHJ films wWéis greater
thand 150 meldM sangdr e at er "tWhikerthe abgorptiomef \erpendicular
poarized light in the strakaligned films are found to have fitting parameters with gréater

and i, space charge effects are not observed in the films. This suggests that the hole
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introduced into the disordered P3HT effectively moves to an ordered pohatwork for
efficient charge collection. In the strained films, the majority of P3HT aggregates are aligned
in the direction of strain, and are similar in order to high performance BHJ filfitserefore,
once the hole moves away from the heterojunction it will see a similar P3HT environment of
a high performance BHJ films, and ef@ait carrier sweep out is possible. This picture is
consistent with the BHJ description that P3HT and PCBM segregation results in ordered
regions that have a favorable shift in the local molecular energy levels compared to the
disordered regions providingdxiving force for charge dissociation and a path for efficient
carrier collection>8128162

Finally, the IQE in the strained films is found to have a slight decrease in IQE as
compared to their unstrained counterparts, i@aerly for shorter wavelengths. The
increasing difference found at shorter wavelengths corresponds to an increasing contribution
of the PCBM absorption to the IQE. Thus, the drop in the strained films may be associated
with more isolated PCBM molecules olusters that do not allow for an efficient electron
percolation network. Previous work on polymer:fullerene devices has suggested that isolated
PCBM molecules will act as morphological traps and a drop in quantum efficiency will occur
across the entireesponse spectrum of the devi€®In addition, analysis of P3HT:PCBM
OPV cells doped with the fullerene derivative, sfBM, to act as an electron trap, had a
similar drop in quantum efficiency across the entire response spectrum of theld&liee.
slope of theVoc as a function of illumination intensity in this study was also found to be
sensitive to fullerene trap densiti?.Here, we do observe a small drop in IQE across the
spectrum, suggesting that a small contribution from PCBM trap states may be possible.

However, illumination intensity dependent device behagimes not significantly vary in the
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strained devices, suggesting this is only a minor factor in device performance (similar to the
minor drop in IQE). The fact that the films are physically strained by 100% while
maintaining IQEs associated with high merhance P3HT:PCBM BHJ devices speaks to

effectiveness of this alignment approach.

5.4 Conclusion

In this study we demonstrated an experimental procedure that allows us to study
performance losses associated with light absorption by high and low order polymer
aggregates in a single BHJ solar cell. In order to do so we applied a 100% uniaxial strain on
ductile P3HT:PCBM BHJ films. This results in a film with a high degree of polymer
alignment, particularly of the crystalline P3HT. The devices are then tested limeharly
polarized light, where polarized light parallel to the strain direction is found to be absorbed
predominately by amorphous P3HT and high order P3HT aggregates, and light polarized
perpendicular to the strain direction is absorbed by amorphodidoaver order polymer
aggregates. The IQE for the strailigned devices was found to be similar under each
polarization, indicating that the efficiency of charge photogeneration is efficient for excitons
generated in both high and low order P3HT aggesgaDnce excitons dissociated into free
charge, the BHJ morphology is such that sweep out of charge carriers is efficient. This is
supported by varyingjght intensity measurements that show no presence of bimolecular
recombination under polarized light sduption. This device architecture overcomes space
charge effects that have previously dominated IQE losses that have made it difficult to probe
the losses at the heterojunction interface associated with film disorder. Thus, the
demonstrated method of aniiing distinct morphological features in the plane of the film has

the unique and significant capacity to determine if recombination losses associated with
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polymer morphology occur in the film bulk or near the heterojunction interface. Since the
low and hgh order aggregates are probed within shenefilm, we were able to normalize
any differences in charge collection efficiency that are typically present between low and
high order BHJ films. The approach of fabricatingplane aligned polymer BHJ OPV
devices is expected to be possible in a number of polymer systétfsand as shown in this

study, isa simple and highly effective tool to gain insight into device performance.

5.5 Experimental Section

Materials: The P3HT was obtained from Plextronics Inc. with a nuratverraged molecular

mass Mn = 50 kD, a regioregularity of 99%, and a polydispersitylof'2The PCBM was
obtained from Nan& with a purity of 99.5%. The PEDOT:PSS solution was type PVP
Al4083, obtaned from Heraeus Materials Technology.

Device preparation:The device fabrication starts with spin casting PEDOT:PSS films at
5,000 rpm onto a donor glass substrate followed by thermal annealing & 18020 min.

Two P3HT:PCBM solutions were used, wia 60:40 mass ratio in Xdichlorobenzene at a
concentration of 20 mg mland 36 mg mt. The P3HT:PCBM film was then spun cast at
1,000 rpm for 60 s, resulting in a a85 nm
determined by variable angle spectrqscoellipsometry. The P3HT:PCBM film on the
PEDOT:PSS coated glass substrate was then laminated onto a PDMS slab that was attached
to a custom built strain stage. The composite stack was immersed in a deionized (DI) water
bath where the PEDOT:PSS layerstitves and the donor substrate detaches from the film.

The P3HT:PCBM film, which is now adhered to the PDMS slab, was removed from the DI
water and dried with Ngas. The composite was then strained to 108%aified filn) or left

unstrained and printed tma receiving substrate that consists of spun cast PEDOT:PSS film
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on an indium tin oxide (ITO) coated glass substrate. The PDMS was then removed, leaving
the P3HT:PCBM film on the receiving substrate. In order for the strain alignment method to
be succedal, the P3HT:PCBM film must be highly deformable, which has previously been
shown to depend on the local order of the P3HT in the blend%Iffhe designated solution
formulation and casting conditions, described above, resulted in a relatively low level of
local order. This resulted in the ability to strain the films, by over 100%, without fracturing
or tearing. After the strain and print process, the local order of the P3HT:PCBM is improved
and OPV device performance is optimized by thermally annealing the films 4C1@0 10

min, followed by slowly cooling the films to room temperature. To corepiie¢ OPV cell,

the cathode, consisting of 1 nm of LiF and 100 nm Al, was deposited by vacuum thermal
evaporation at a pressure of 1¥Ifbar.

Morphology characterizationAbsorbance measurements were made using an Ocean Optics
Jazz spectrometer.-My diffraction was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beam line -Blwith an area detector (MAR345 image plate), an
energy of 12.735 keV, and an incidencgdne of &40. 12A.

Device characterizationThe active area of the OPV cell was 3.14amd the devices were
tested using a Newport 150 W solar simulator with an AM1.5G filter under linear polarized
light at an intensity of 41 mWcr The EQE measurement wasrformed using a Newport

7400 Cornerstone 130 1/8m monochromator and a Stanford Research Systems SR810 Lock

in amplifier.
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6 Semttransparent Polarized Organic Photovoltaics for Polarimetery
Application

6.1 Introduction

Light is an electromagnetic wave withn oscillating electric and magnetic fields
orthogonal to one another. The direction of the oscillation ofetbetric field dictates the

polarizationangleof the light the light can also be circularly polarized as seen in Figdire

Figure80 Schematic of a light ray with linear and circuterlarizations'®

The field of stuly that quantifieshe polariation state of light is calledoparimetry. The
state of polarization of an incident light can be changed when the light beam interacts with
different objects or mediumshether found in natut& or manmad¥?. Several animals use
light polarization for communication between each other or to diredatorsuch as scarab
beetles seen in Figure 8he human eye is not capable of detecting light polarization. Our
eye detection isirhited to light intensity (that is how bright or dim an object is) and to the
color of the light A typical human eye can detect light wavelengths betweer7G90hm

al s o k n o visible aasnge.YTleereféire, for us tanalyze any information from the
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polarization state of light we need a detector to give ugpthlatizationinformation this tool

is known as a polarimeter.

Figure 81 Reflection of circularly polarized Il from the scarab beetle (scientific name:
Crysina gloriosdy’

The change of light polarization when it interacts with a thin film can give a lot of
information dout the thin film itself. Tis optical technique is calledllipsometry. In
ellipsometry a light source with a known polarization statshmed onto a thin film where
part of it is absorbed and part of it is reflected onto an anaBgeeen in Figure82.

Elli psometry IS used to measur e a fil mds
thickness, electrical conductivity and other propertigse detector in an ellipsometer as
polarimeter as it characterized the polarization state of the reflebétl Therefore
accurately determining the polarization state of light can be useful in many applications such
as ellipsometry, remote detectiorhiomedical imaging, signal demultiplexing in

telecommunications, modeling climate change and other applications
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Figure82 A schematic showing the basic three elements of an ellipsometer. A light
sourcépolarizerwith a known polarization state, a seraflective sample, and an
analyzefdetectort’®

In order to numerically describe the polarization state of I®fbkes parameters,SS, S

and S are usedFor any light with a specific intensity, wavelength and polarization state
there is a corresponding Stokes matrix to describe it as s&éguire83. SO is related to the
light intensity, S1 and S2 describe the linear polarization of i, IS3corresponds to the

circular polarization of light.

Figure83 Stokes parameter matrix and the relation of each row to the polarization of light
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