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SUMMARY

This dissertationexplores the employment of solid additives organic
photovoltaic deviceswith the goal of customizing the electronproperties of the
semionducting materialsas well as the morphological effectstloeir introduction into
active layer bulk heterojunctions. The outcomes of additive introduction are characterized
primarily by photovoltaicdevice measurements, photoelectron spectroscopy, isgann
probe microscopy, and-Ky diffraction techniques; other methods are implemented in
certain projects, and are explained within the respective chapters they are dgphady
blend active layers, where a new component is added as a method ofeduitd
morphological control in an attemgd improve electron transport through Aol erene
acceptor domains, is the focus didpter 2. Chapters 3 and 4 involve the use of molecular
dopants for trap passivation witbmmon donomomopolymers and hetgsolymers,
respectivelywithin theactive layer andprobestheir ability to be dispersed with the local
order of the system. Finallyh@pter 5 describes the introduction of molecular dopants into
an amorphous inorganic charggansport interlayer, withunexpected effects on oxide

composition and device performance.
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CHAPTER 1 INTRODUCTION

1.1 Reflectionon Organic Photovoltaic Device$ Theory & History

The first bisection of this chapteseeks to introduce the field of organic
photovoltaics to the reader thugh a brief history of organic semiconductors,
accompanied by a discussion of semiconductor theory to complement the account with
relevant concepts. Thicus then moves on to the photovoltaic effect and early
photovoltaic devices, before addressing theeption of the organic heterojunction
photovoltaic device and processes that occur within it. Finally, this selgtais the
origin of the bulkheterojunction and its influence on OPV development, including
techniques for morphological control, whiclatks to the topic of this thesis: additives

for active layer design and trap passivation in organic photovoltaics.

1.1.10Organic Semiconductors

In December 1956, King Gustaf VI presented William Bradford Shockley, John
Bardeen, and Walter Houser Brattaintwh t he Nobel Prize in
researches on semiconductors and their di
year, American chemist Martin Pope was adjusting to a transition into an academic
career at New York University under the direatiof Hartmut Kallmann, an eminent
German physicist. In just a few years, their work together would bring the
semiconductor field to a new era, beginning with the discovery that organic molecules
can behave as semiconductors in 1960, when they observedcinoént flowing

through an anthracene crystal in contact with a positibielged electrolyté? This



work opened the door for a number of new fields under the umbrella of organic
electronics, involving the use of semiconducting and conducting orgalyimers and
small molecules.

Electrically, solid-statematerialscan be considered to fall within one of three
classesdepending on theielectricalconductivity (i): insulators, semiconductors, or
conductors{i quantifiesthe ability of a solid to conduct electrical curremtder an
external biasand can bexpressed as

- Equation1.1

wheren is thenumbe density of free carriers.e., the number of carriers in a given
volume q is the carrier charge, andis the charge mobility quantifiesthe rapidity

with whicha charge carrier can move through a matenmaler arelectric field which

is elaboratd upon in Section 1.2.3is the product of theéensity of allowed states,

g(%), and the probability of their occupatidi? ), known as the Ferniirac probability

function given in Equation 1.2FermiDirac statisticsare employed tallow the
approximation of the behavior of idewl particles in systems withrge numbes of

particles and states. The particles that obey these statistics are called fermions, such as
electrons and electron vacancig latter ofwhich are commonly referred to as hele

In inorganic materials such as metals, silicon, and certain metal okidés,
order can leado a high g(¢), that is,a large densitpf contributing,closely spaced
energy levels with overlapping wavefunctiptisat can be called an energy band. In
amorphous organic materials, disorder in the solid state can legd) tdistributions
that resemble bands,dare sometimes inappropriately referred to as such, but do not
participate in bandike transport, as is described later on. Due to basic
thermodynamics, electrons occupy the lowest energy levels that are available; the

energy up to which these levels aexupied at O K is called the Fermi level energy



(Er). The energy required to move an electron fiesrto vacuum, the energy of an
electron at rest out of the electrostatic influence of the bulk matExkiat ), is called

the work functionq ). At temperatures abowabsolute zero, the states above and below
Er arerespectivelyoccuped and unoccupieih a way such that levels Bt have an
equal probability of being full or empty at any given time under thermodynamic
equilibrium, described by

P Equationl.2

"ON .
Q" i 0

Here ¢ is the energy of the stat@&,is temperatureandke i s Bol t z mann
temperaturenergy relation constams energy levels near the Fermideenergywill
have a higher probability afarrier occupationthe proximity ofEr, energeticdy, to
energy bands (or higg regions) and gaps plays a primary role in determining a
mat eri al 0 sanditsclass.uct i vi ty

While for a conductoEr is located within a bandseen latem Figurel.1, and
thusnis relatively largein nondegenerateemiconductors and insulatarss situated
in a gap between two bands, andgbpuktions of states proximate g, and therefore
with a high probability of arrier occupation, is lower, asnsFor these latter systems,
the highest lying band belokk is called the valence band (VB)ndthe lowest lying
band above is the conduction band (CB)ough in a highly doped, degenerate
semiconducto(where the Ferirlevel energy is within I&T of a band edge)r can be
located just within one of these ban®i® and CB have energy level distributions that
tail into the energy gap; the energy difference between vacuum and the valence band
maximum (Evs) is defined aghe ionization energyli), equivalent tothe energy
absorbed upon the removal of an electron from the matandlfor the conduction
band minimum(Ecs) is the electron affinity £A), equivalent tathe energy released

upon the addition of an electronttee material While these gaps are defined as being



devoid of stats, in real materials there cha some low densities present. The origin
of these gap, or trap states is discussed in later sections.

Therefore, for a semiconductor thimber densities oElectronsin the
conduction bandndholesin the valence bandespectively, ithermalequilibrium are
given by:

Equationl.3

¢ QNN QN e D Q ]

Equationl.4
M QN p N Qvel Q j

wheregce(?) andgvs(?) are the densities sfates in the conduction and valence bands,
regectively, and\Ncg andNvg are the effective densities of states in each lvameh

the FermiDirac function is replaced by the simpler MaxwiBtltzmann distribution
function, which can beppliedfor nondegenerate semiconductois. an intrinsic
semicondctor, which is a pure, undoped semiconductearriers arise only from
thermal excitation from the valence band to the conduction band, and thexsf@e

as each free electron will have a corresponding free MAdie. hole and electron
densitiescan then be identifiedas theintrinsic carrier density(n;), which can be

expressedhrough the root of the mass action lasv

& g N 0 0 Q | Equationl.5
Thisexpressiomeveas a dependence on the energy @ap O O ,asEr
drops out of the equatiprand for static effective densitief statesa lower Eg
corresponds to a higher. This leads to a basic understanding of a semicondast
exhibiting asmallerenergy gap than an insulator, as the higher intrinsic carrier densities

will often lead to a greateglectrical conductivityalthough this distinction does not



take carrier mobility or doping into account. This simple distimctad intrinsic
semiconductors and insulatessllustrated in Figure 1.1.

Electrical doping of a semiconductor, which often involves the intentional or
unintentional introduction of foreign atoms or molecules into the solid, can shift the
Fermi level enggy towardsto Evs or Ecg,increasing the number density of one carrier
relative to the other. Semiconductors can be doped into degeneracy, exhibiting very
high conductivitiesFurther discussions of carrier transport and doping are continued

in later seadbns.

r'y F'y “‘/
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Fermi Dirac Distribution (T) Conductor Semiconductor Insulator

Figurel.1l. A representationf the Fermi Dirac distributiondensity of states, ang-

for conductorsjntrinsic semiconductors, and insulataas a given temperaturg at
thermal equilibrium The \ertical axis is energy wla the horizontal axis is the
probability of state occupancy on the left, or the density of states in the three examples
on the right f(¢) is superimposed on these plots in order to convey occupancy
probabilities Greyrepresergelectron occupancy at thermodynamic equilibrium while
white indicates vacancy.

Though partially conductive polyaniline was first synthesized by Henry
Letheby in 1862 the true potential of organic materials as electronic materials was not
realized untithe 1960s and 1978$.Returning to New York, Pope and Kallmann,

along with Mizuka Sano, observed electroluminescence from organic crystals ih 1965,



a precedent that led to the application of organics as the active component in
semiconducting electronidevices, including organic liglemitting diodes (OLEDS),
organic thinfilm transistors (OTFTs), and organic photovoltaics (OPVs), which will
be discussed in the next sectiGiH8.At around the same time, polypyrroles, prepared
from tetraiodopyrrole, wh conductivities up to 1 S/cm were observed by Weiss and
coworkers in 196312 paving the way for the work of Alan G. MacDiarmid, Alan J.
Heeger, and Hideki Shirakawa on conductive polymers, which would earn them the
Nobel Prize in Chemistry in 2000.

Conducting and semiconducting organic materials owe their electron transport
to conjugated spcarbon atoms. While engaging in three sigma bonds that typically
occupy a plane intercepting the nucleus, a final electrtocéed in a delocalized p
orbital orthogonally from the otherg.or conjugated polymers and single molecules of
a similar dimensionality, @ighboring p orbitals form delocalized molecular orbitals in
a quasil-dimensional fashion, along the backbofteough in planar conjugated
molecules itan be considereddmensional) In solids, depending on the ordering of
the molecules, intermolecular overlap can extend the dimensionality of this
conjugation. The overlap of these orbitals between proximate molecules is the basis of
charge transport inrganic materials. This is in contrast to inorganic materials where
charge transport is often isotropic, each atom contributing valence electrons to a much
denser fAseao of e |steongt orbiah averlap khi n@amiyporganiad e r  a n
latticesresultsin carrier delocalization over many repeat units of the crystalaagd
charge carrier mobilities, while disorder in amorphous organic packing structures
forces carriers to engage in intermolecular hopping as a primary method of trdhsport.
As they donot engage in banrkike transport, for organic molecules we call the

equivalent of the valence band maximum the highest occupied molecular orbital



(HOMO) and that of the conduction band minimum as the lowest unoccupied molecular
orbital (LUMO). These conges will be expanded in later sections.

A neutral conjugated polymer can act as an insulator, or a semiconductor under
an applied bias, as the size of the energyagaphinder the number density of charge
carriers and theonductivity. However, similar tanorganic materials, reduction or
oxidation of the polymer, whether intentional or otherwise, can introduce mobile
charges to the energy bands, vastly increasing charge mobility andctwoitg. This
el ectrical doping can increase U0 up to C
loading (<1 %) and, for certain polymers such as polyacetdeped with iodingover
10 kS/cmt¥® Further discussions of electrical doping in amigz materits can be
found in Chapters 3 and 4.

Another phenomenon observed by Pope and Kallmann in 1960 was the optical
excitation of anthracene crystals resulting in charge injection into an adjacent
electrod€. The sensitized photoconductivity observed in thidyearganic Schottky

junction photodiode can be viewed as a precursor to modern organic photovoltaics.

1.1.2 Foundations of Organic Photovoltaics

In 1839, Frecoh physicist AlexandrEdmond Bequerel observed an electric
current upon the illumination of aectrochemical cel® This effect was repeated in
solidsover four decades later, when in 1883 Charles Fritts coated selenium with gold,
foll owing the c¢claims of seleniumds photo
decade earliet® Only two years sulesjuent, Shelford Bidwell discovered the root of
this effect to be silver impurities wiin the selenium, which also happened tmbe
of the first known observations obging, as will be discussed irh@pter 3!

Continuing the work of Fritts, in 1888léksandr Stoletov designed a solar cell

based on Hei nri ch Hert zos research on th



would be explained by Albert Einstein in 1905, earning the 1921 Nobel Prize in
Physics?? 2> The prototype for the modern solar ceill shot appear until the 1940s;
though Vadim Lashkaryov reporteehgunction photocells composed of cuprous oxide
and silver sulfide in 1943 by May of the same year Russell Ohl had already filed his
patent fsansi thiLv @@ hd | eng & modern juhction seecneandudte t a i | i
solar cell, that was later awarded in 194@&ell Laboratories demonstrated the first
silicon solar cell 8 years latéf.

To differentiate the aforementied devices, a key aspecttbt operationf a
cell are materialynctions. The junction points of conductors and semiconductors can
have a range of behaviors, depending on the contact resistance and the energy level
distributions of the two materials. A noactifying contactthrough which current may
flow symmetricalyf r om one of t hraspsrbamds mto thedcanductorr 0 s
or viceversadepending on the bias called an ohmic contact. A nalhmic contact
does not have this symmetry due to the formation afreargetic barriewhich must
be overcoméor the semicoductor to inject specific type ofharge fronthetransport
band into the metal, referred to as the Schottky barrier. As this barrier, which according
to the SchottkyMott rule is proportional to the difference betwdgrof the conductor
andhe energy of the semiconductords transp
the ambient thermal energy, this contact becomes rectifying in nexiibiting a large
rectification ratio between current flow in either directiand is known as a Sditky
diode. It is worth noting that the Schottkjott rule is not entirely accurate, as the
barrier can be heavily influenced by bonding between the two materials or by surface
states on the semiconductor prior to confdataking the prediction of juncth type

between two materials somewhat complex.



Additionally, the junction of two semiconductors can also act as a diode. The
interface of two dissimilar semiconductors is called a heterojunction, and in the case of
large differences ir can result in @-n junction, whid is discussed further inn@pter

3. Examples of these junctions are shown in Fidze

Schottky Junction Ohmic Contact p-n Junction

u EVac - EVac I
Evac

Ecs
E; I —Ecs E; —Ecs I
LEVB —Evs I
Eve

Cc SC C SC SC SC

Figurel.2. A depiction of relevant junctions between conductord semiconductors
that can be observed in organic semiconductor devices. In the Schottky junction, the
Schottky barrier is indicated by the twigrectional arrow.

In 1958, as silicon cells (now more efficient and marketable largely through the
efforts d Les Hoffman) were making their way into orbit aboard the Vanguard I,
Melvin Calvin was reporting the photovoltaic effect with organic semiconductor active
layers, specifically magnesium phthalocyanine, implemented as a single layer
sandwiched between twoetal electrode® Though these early Schottky diode organic
cells performed very poorly, several attempts were published, using conjugated
polymers such as polyacetylenes or polythiopHériglt was not until 1986 that Ching
W. Tang, considered to ke father of OLEDs, reported the first bilayer organic

heterojunction solar cetP which directed the next thirty years of research on OPVs.



1.1.3 Electronic Processes in Organic Heterojunction Photovoltaics

The function of a photovoltaic device is, lgfinition, the conversion of
incoming light to electric power. The primary, and most practical, source of this
electromagnetic radiation is our sun, which constantly outputs 1,368 &VAlistance
of one astronomical unit (ca. the distance from thetstime earth). The energy profile
of this radiation, displayed in Figude3, is very consistent with a blackbody at 5778
K, with an approximately 1:1 distribution between ultralet-visible (@< 700 nm) and
infrared > 700 nm)*®**'However, attenuation through
a majority of the UV and specific absorbance bands of the atmospheric gases
(observable in the infrared (IR) and ndR), lowering the solar constard ta. 1000
W/m? at the surface when considered at an angle of 48°, a standard for photovoltaic

testing referred to as Air Mass 1.5 (AM 1.5).

2.5 , ,
UV | Visible ;| Infrared »
—— 2_
S
< Sunlight without atmospheric absorption
o]
-..g_ 1.5
‘q’)’ 5778K blackbody
o 1
c 1
© H,0 Sunlight at sea level
©
g 0.5 Atmospheric
— absorption bands
HO cq
0l

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Figure 1.3. Solar radiation distribution is represented as iglace as a function of
wavelength. This figure compares the profiles of a 5778 K blackbody (black line), the
solar constant at the edge of the atmosphere (yellow), and the solar constant after
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atmospheric attenuation (red). Curves are adapted from redsre@movided by the
American Society for Testing and Materials
(http://rredc.nrel.gov/solar/spectra/am}.5/

Many organic semiconductors are wellited for absorbance in the visible
region, wheresolar irradiance, the power per area for a specific wavelehyths(
greatest. This is governed by the size, in ensgace of the energy gap defined in
Section 1.1.1 (ca. 1.5 2.0 eV for organics), which can be controlled by orbital
delocalization along the molecule or polymer and between molecules, if allowed by
intermolecular packing.

If they are of sufficient energy the absorption ofncident photons by a
semiconductor can result in the excitatiorel&ctrons in occupied energy levels, such
as those in the valence bamito unoccupied levels, such #®sein the conduction
band. Organic semiconductors can exhibit very strong transitions, as orbital overlap
between high energy occupied levels and low energy unoccupied levels can be quite
significant. This transition can be considered as an excitation freratate to another;
the state where electrons occupy the lowest allowed energy levels (with the occupancy
of levels near the Fermi level energy in thermodynamic equilibrium dependent on the
FermiDirac distribution) is known as the ground state. In coriggjarganic molecules
this is almost always a singlet, which means that the total spin multiplicity cancels to
zero, and is commonly denoted as Bhe lowest energy allowed transition is thus to
the excited state;Sthis transition accordingly resultimig a singlet exciton, which is a
Coulombically bound charge pair composed of the excited electron ant} hoieany
organic semiconducting materials®S5: can be assumed as a transition of the electron

from the HOMO to the LUMO.

11


http://rredc.nrel.gov/solar/spectra/am1.5/

Charge separation in aaterial,M, can be defined as* 0 © 0 0 ,
whereM’ is the excited material, a* andM- are the cation and anion respectively.
Coulomb binding energy is essentially the energy required to overcome the electrical
attraction and separate arceg&n into a hole and electron, thus:

600 00 06 © Equationl.6
whereEop is the energy of the optical excitation. The binding energy of the exciton is
partially dependent on the abyl of the semiconductor to screen the Coulomb force, a
factor called the dielectric constart)( For organic semiconductors this value is
relatively low, » ~ 3-4, compared to inorganic materials due to low polarizabity
property that carassist inelectrostatic shieldingf charges resulting in binding
energies on the order of hundreds of mi&¥2 To put this into perspective, in
crystalline silicon theap is ~ 11.7% providing low enough binding energies, ca. 15
meV *that they can be overcorbg thermal energy at room temperat@e QY ca.

26 meV. As such, theeparatiorof bound excitons in organic species would greatly
benefit by forminganenergetic driving force to achieve charge dissociation.

Theimplementation and benefit of sualdriving force has shaped the field of
organic photovoltaics for the last three decades. Returning to the work of Dr. Tang in
1986, layers of copper phthalocyanine and perylenetetracarbisbgnzimidazole
were thermally evaporated in series, formingasganic heterojunction within the
active layer. He determined that this interface was crucial for charge generation,
moving exciton dissociation dependence away from the orgaeial contacts of
singlelayer cells. These prior cells had relied upon excgeneration near one of the
metal electrodes, where the binding energy could be overcome by injection of a carrier
into the metal, the other being blocked by a Schetyfg barrier and required to travel

to the opposing electrode to generate currenanAdrganic heterojunction, the binding

12



energy is overcome by an energetic offset in the transport bands of the @biaatjag

and accepting materials, which allows the transfer and separation of electrons and holes.
Accordingly, successful charge genewatifrom both semiconductors requires a
staggered gap heterojunction, with a one material having a BavandIE, referred

to as the donor (D), and the other with a higbarandIE, referred to as the acceptor

(A). This heterojunction is visually depictéen Figurel.4a. The energetic driving force

to achieve charge dissociati@aGcs, is derived for an exciton in D or A respectively

as:

7 z

YO OO0 0o ©O Equationl.7
Yo' 00 08 © Equationl1.8

After charge separation, electrical current is generated as electrons and holes
are transported to opposing electrodes by a-buifiotential originating from their
differing work functions, providing there is sufficiemble and electron transport in D
and A, respectivel§>46

Overlooking exciton diffusion for the time being, the dissociation process at the
heterojunction interface can be described as occurring in several stages. Immediately
following electron transfeirom D to A (or hole transfer from A to D) the Coulombic
binding force has decreased relative to the singlet exciton, but is still prevalent. States
where this force is still felt are called chaitgensfer states (CT) and have a probability,
based on theiexcess kinetic energy and environment, of recombining geminately to
the S state. Only when the two charges have separated to an extent that the force they
exert on each other is zero, are states referred to as degpgeated (CS).

Recombination of librated charges subsequent to this step is referred to as bimolecular

recombination. A depiction of these states is given in Fifju4ie
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Figurel.4. (a) Energy level diagramf the staggered semiconductor heterojunction in
an OPV at shottircuit. IEp andEAa are the ionization energy of the donor and the
electron affinityof the acceptor respectively. HCE andEE&re the holeand electron
collecing electrodes respectivelyhe formation of the bound exciton in the donor is
used as an example. Coloumbic binding energies are represguatédtively in the
distance from the HOMO/LUMQandthe bandbending at metabrganic contactgo

not account for surface effects or endigearriers (b) State diagram outlining relevant

processes in the operation of an OPV. Thkaxis is not meant to represent physical
distance. Adapted from Kippelen al*!

The energy of CT states shown in Figurdb can be estimated &
00 06  —*4 where ¢p is the dielectric constantp is the vacuum

permittivity, andr is the distance between the electron and hole. The final term
represents the Coulombic binding energy, a force thatedses linearly with distance,

andas such higher lying states coblel interpreted as having greater distances between

the chargecarriers, with the lowest energy CT state having the electron and hole in
adjacent A and D molecules. This is based onrtheooted in the work of Lars
Onsagef®which has been applied to charge separation in OPVs to propose that freshly
injected, Ahot 0 carriers from excitons on
thermal energy, allowing a thermalization distgregeto form between the geminate

charges¥52 Onsager proposed that charge recombination can occur within a Coulomb

capture radius —— if a < re. Within this radius, the probability to achieve
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charge separation beoesd O Q p ——O, whereE is the magnitude of

the electric field. Conversely the probability for geminate recombinatiori iB(E).

Since the understanding of OPVs has begun to rely on it, Onsager theory has been
adjusted to account for CT state lifetimes and varied charge mobilities to improve
accuracy, yielding estimations fairly consistent with experimental v&4hi&s*>°> As a

note, in CS states the geminate radiiseffectively infinity, leading to an astation

of O ‘00 00, whereEcs is the energy of the charge separated state, which
becomes relevant when calculating o@cuit potenials, as will be discussed in
Section 1.2.1. These liberated charges can still recombine through a processasnow
bimolecular recombination, which can arise due to a number of factors, including
structural and energetic disorder, low carrier mobilities, poor blend morphologies
(which is discussed in the next section), and trap states. These trap states liavithin
energetic gap and can be the result of impurities or structural imperfections. Addressing
these states is the focus Ghapters 3 and 4; this discussion is continued in those
chapters.

Returning to excitons, the period between generation and dissociat
recombination is known as the lifetime, and is considered one of the major limiting
factors in OPV performance. Accompanying the electron excitation comes a relaxation
of local molecular structure, which in organic materials can often manifest in the
shifting of conjugated € bond lengths to semiquinoidal structut®® In larger
molecules, like polymers, this reorganization is shown to occur over a finite section of
the molecule, extending up to 6 monomer units in polyphenylene vinylenes, for
exanple, beyond which ground state bond arrangement is resfofads exciton must
find its way to the aforementioned heterojunction interface, hopping from site to site

via what has been described as incoherent Forster energy transfer. This process lowers
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the energy of the exciton with diffusion, and as such these cpaigecan fall victim
to traps (discussed further irh@pter 3).

The distance that an exciton can travel in material before relaxing back to the
ground state is often referred to as thdudibn length, and for organic materials
commonly employed in OPVs, such as polythiophene derivatives, can be ca®>4% nm.

If the heterojunction interface is not located within this distance, dissociation will not
occur. Unfortunately, limiting film tlokness of a planar heterojunction to 10 nm is not

a viable option for effective light harvesting; absorption coefficients for organic
semiconductors, though typically much higher than inorganics at eanibin the
visible, would only result in ca. 10#bsorption efficiency, severely limiting generated
current!>° Although some organic materials have demonstrated much larger exciton
diffusion lengths, up to 70 nm for pentacéhthis remains an issue for a vast majority

of materials implemented in ORVThis concept was the limiting factor in the work of
Ching Tang, and indeed for many bilayer planar heterojunction, and prior single layer,
device configurations. The apparent solution came as a dispersed heterojunction, often
called the bulkheterojunabn (BHJ), beginning with the application of-ewaporated

films by Masaaki Yokoyama in 1991, which was applied to solpimtessing and
polymers by the groups of Alan J. Heeger, Fred Wudl, Richard H. Friend, and Andrew
B. Holmes in 1998 %3 While acheving the desired combination of interfacial area and

absorbance, this technigue nontrivially complicated OPV device design.

1.1.4 Rise of the BulkHeterojunction

The bulkheterojunction, shown qualitatively in comparison to a bilgyanar
heterojunctio in Figurel.5, is a mixture of D and A materials that have a variable
degree of phase separation throughout the bulk of the film, where the size, order,

di stribution, and purity of the domains

16



deposition metho@nd posiprocessing conditions as well as on material properties
such as miscibility, solubility in the given solvent, and packing. The BHJ needs to have
sufficiently small domain sizes to allow for exciton diffusion to the interface, while still
providing pat hways through dApuredo domains
respective electrodes with sufficient mobilitiesdihensional morphological control

is paramount to device performance, yet predicting BHJ nanostructures for new

material blendsamains a challeng¥'®®

(a) (b)

Figurel.5. Renderings of alanar (a) and a bulketerojunction (b) active layer. Donor
polymers (D) are represented by blue wavy lines and amcepblecules (A) are
represented by tan circles;CH is the holecollecting electrode. Excitons are
represented by grouped positive and negative charges. Exciton diffusion is shown with
red straight arrows, charge carrier hopping pathways are shown byupugd arrows.
Molecular size is exaggerated for clarity and to distinguish between neat and mixed
domains.

A problem that consistently emerges in flawed BHJ active layers, relative to
planar heterojunctions, is increased charge recombination. If doaraissnaller than
re, charges may not be able to reach the thermalization lendgie to confinement,

resulting in increased geminate recombinaffonAdditionally, bimolecular
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recombination has been linked to lower or uneven bulk charge mobfitiggjgher
interfacial ared’’® and phase segregati6h,essentially providing inadequate
pathways for charge transport to the electrodes. Many of these problems stem from the
miscibility of D and A; while poor miscibility can result in segregated pure dwsnai
strong miscibility can undermine neat phase order and charge transport. Certain
material blends have even been shown targstallize; these systems can undergo
rapid recombination, unable to transport charge carriers through th& fittdowever,
well mixed regions in a film do exhibit effective exciton dissociation; it has been
speculated that, for many material systems, the ideal BHJ should not only include
continuous neat phases for charge transport, but also mixed regions for exciton
dissociatim.”®8! To address these challenges, numerous methods of morphological
control in BHJ films have emerged; these will be discussed in the next section.

As a pr odwanjugator, orgahicesenticonductors are typically planar
and rigid, especially inhe case of small molecules, a feature that can often lead to
anisotropic charge transpdft®? & For materials that would otherwise have impressive
charge mobilities, absorption coefficients, and exciton diffusiongthen; the
environment of a bullheterojunction can severely limit their applicability, as was
observed for early planar perylene diimide derivati/é88’On cue to serve as a
solution entered buckminsterfullerene, a spherical conjugated carbon molecule
comprised of 60 Spcarbons, namedor the architect Buckminster Fuller, whose
geodesic domes it resembles. The 60 atoms complete the truncated icosahedron as a
composite of 32 shapes, 20 hexagons and 12 pentagons, that share 90 edges, exhibiting
a van der Waals diameter of 1.01 nmandaner age bond | ength of
bonds are considered to lie between neighboring hexagons. Though present in nature

and as a product of combustion (albeit rar&hthe molecule was first synthesized
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intentionally by Krotoet al in 1985%° Sparirgly soluble in common organic solvents,
the fullerene was functionalized for solubility ten years later by the group of Fred Wudl,
as a derivative known colloquially as phei@g-butyric acid methyl ester (RBM),*°
which was employed as an acceptor BgrAJ. Heeger the same year in his first bulk
heterojunction OPV&

The high mobility and isotropic transport of the fullerene derivafivasd high
electron affinity (ca. 3.84.0 eV by inverse photoelectron spectroscopy, first reduction
is ca.-1.0 V vs. FeCp/FeCp)??°* is only slightly affected by the application of
functional group$>°’ and consistently arranges in packing structures conducive to
charge transpoPf Though not a strongly absorbing species with a somewhat large
bandgap of ca. 1.8V, nor an inexpensive material at ca. $800 / g depending on
purity (for PG1BM in 2016), its excellent charge accepting and transport properties in
BHJs made it very difficult for other organic molecules to compete in terms of
performance. As a regufullerene derivatives largely dominated, and to some extent
controlled, the OPV field for a significant portion of the last two decades, especially
when combined with common, lewo s t crystalline h-omopoly
intermolecular transport htough highlyordered phases, such as poly(3
hexylthiophene) (P3HT) and poly[methexgimethyloctylocy}phenylen](vinylene)
(MDMO-PPV)%9192 The application of fullerene alternatives in an attempt to mimic
their isotopic transport is the focus oh@pter2; this discussion is continued there.

Since the mid to | ate 2000s, new types
pull 6 have received a great deal of atten
OPVs to daté%¥1% These polymers have a repegtidonoracceptor chromophore
system, which allows very fine control of the electronic properties via the substitution

of various heterocyclic grougs®!**However, as a result of complex heterocycles and
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branched sidehains, these materials have moaeay from a reliance on shadnge,

-~ stacking order for effective charge tr
charges are primarily transported along the backbthé® As the requirements of
shortrange order for the donor have decreas®nfullerene acceptors have returned

to prominence with rival performanctd.?° Of course, these new materials and

systems have their own morphological requirements and concerns.

1.1.5 Modern Techniques for Morphological Control in OPV Active Layers

For OPVs, the most common method of solution processing to achieve the
desired ca. 100 nm films has been, by far, gpiating, although examples of other
methods, such as doctblading, spraycoating, and sletlie coating can be found in
the literature The given technique will have a great effect on drying times and,
consequently, film morphology. At this point the discussion will focus on the process
components; a more-tepth overview of these techniques given in the next section.
For solution procgsed BHJs, the earliest and simplest methods of morphological
control have been solvent manipulation and thermal annealing, taking advantage of
simple material properties such as solvent volatility, material miscibility, and thermal
transitions to contralomain growth and purity. With homopolymers like MDM®V
and P3HT, it was determined that halogenated aromatic solvents, such as
chlorobenzene and-dichlorobenzene, gave optimum performance due to the higher
solubility of fullerene derivatives, which led smaller, weldispersed domair?s.
101.121123Thermal annealing, first reported by Padingieal 124 allows for the diffusion
of small molecules and the reorganization of polymers which, depending on material
miscibilities, can increase phase singl @urity?>126This technique is almost always

necessary to achieve higher performances with P3HT.
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Other techniques, such as solvent annealing or vacuum annealing, attempt to
prolong or shorten the drying time of the cast film. This can be achievedsmsy
by using lowvolatility solvents, such as-dichlorobenzene or 1,2#ichlorobenzene,
which will be significantly present in the film after casting, and placing the film in a
sealed vessel, which will significantly increase the vapor pressurleogtiting
solvent!®12’ This can also be achieved by placing the dried film in a Petri dish
containing a volatile solvent, allowing reentry into the fith13° While this treatment
has been shown to allow continued reorganization and domain growtinwar mild
thermal (5680° C) annealing can quicken drying time to kinetically trap the
microstructurg/ 1131132

Coming to the present day, one of the most recent techniques to prolong drying
time and alter domain growth is the use of solvent additinigls;boiling point solvents
that are added in small quantities to solutions, which can alter material miscibility in
solution as well, changing the initial state of the cast fi#3’ Low-volatility solvents,
such as diiodooctane or chloronapthalereehbeen shown to drastically alter domain
size and aggregate order in bulk heterojunctions, enhancing performance when properly
administered3¥13® Other, norvolatile agents, such as insulating polymers and
hydrogenbonding small molecules, can act agleation sites within a film, directing
phase growtH?0 142

This leads to the work in this thesis; the introduction of new materials into the
active layer, essentially solid additives, with the goal of customizing and improving the
electronic transporof the semiconductors in OPVs is very much a morphological

study, as the introduction of new materials into these already disordered layers will

certainly have an effect on the microstru

conclusion and the flowing chapters.
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1.2 Fundamental Techniques for Organic Photovoltaic Device and Material

Characterization

Many techniques have been employed to characterize OPV devices, and the
properties of the layer and materials (separate and blended) that compos€&hisem.
section surveys some of these methods, focusing on those used to probe device
performance, electronic properties, and morphology. Note that this is not meant to
represent a comprehensive review of all techniques relevant to OPVs, mainly those that
were most extensively employed in this thesis. Additional technigresappropriately

discussed in Bapters 25, at the point that they are relevant.

1.2.1 Organic Photovoltaics Device Fabrication and Measurements

As discussed in the previous sectiong $itructure of the OPV devices has
progressed substantially since Melvinos
active layer has advanced, so have the chexgraction junctions that frame it. Modern
cells can be referred to as having onenaf possible formats, conventional or inverted,
which refer to the direction of charge flow, during operation, out of the active layer
relative to the substrate on which the cell is constructed, dictated hy tfethe
extracting materials. This is elabtd upon in the next few paragraphs.

The substrate, through which light typically enters the device, is typically a
transparent dielectric, such as %i@ possibly a flexible polymer, coated with a thin,
transparent conducting layer (TCL). This is usualty oxide, most often tidoped
indium oxide (ITO), with high transparency and conductififyt** although
alternatives such as conductive polymers, silver nanowires, and graphene have been
employed, with generally lower performances but the promise igheh

flexibility. 1451460 of ITO is largely dependent on surface cleaning method&toayd,

22



at ca. 4.5 5.0 eV, is not always appropriately placed for electron or hole transfer
to/from the valence and conduction bands of many materials that areyethpl®PVs
without losses in energy, resulting in lower omrcuit voltages*® 11 To improve
alignment with organic semiconductor transport levels, interlayers, often
semiconducting metal oxides with large bandgaps, have been employed between ITO
andthe active layet>?1%°

The interlayer directly above the TCL is most often solution processed for
polymer/fullerene BHJ cells. For a cell in the conventional format, this interlayer can
be ahigh work function hole transport layer (HTL) or electrode aggiment, or a
surface modifier that increases the Fermi level energy by oxidizing the surface and / or
creating a dipole pointing out from the surface. The most common interlayer material
for this format is the ionomer mixture poly(3gghylenedioxythiophee) polystyrene
sulfonate (PEDOT:PSSj3though some attention has been given to solyimcessed
metal oxides, such as molybdenum oxide (Mpénd nickel oxide (Ni©).191%8n an
inverted cell, this interlayer is typically an electron transportiggriédETL) and serves
to do the opposite, movirig: towards vacuum, again commonly metal oxides such as
zinc oxide (ZnQ) and titanium oxide (Ti§),'*% 157 although thin surfacenodifying
polymer films, such as ethoxylatgadlyethylenimine (PEIE) andpoly{(9,9
bis((dimethylamino)propyl)2,7-fluorene}2,7-(9,9 dioctylfluorene)](PFN) have been
reported to give substantial improvements in performance as¥#.As a note,
solutionprocessed thin film oxides will often exhibit rather low order and putiy;
actuality and its pogsie solutions are discussed ih&pter 5.

Active layer deposition can be accomplished imaber of ways, as mentioned
in Section 1.1.5. Thermal evaporation is a technique that has been used since the first

report of single ancbilayer devices and allows substantial control of the film
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composition oubf-plane to the substrate. Small molecules can be evaporated in
parallel or in series, with adjustable rates, and morphological control can even be
achieved by temperature modutattiof the substrate; however, this is the most limiting
method in terms of eventual scalp for production, as it is not compatible with
polymers or large molecules and has a very low thrgudldue to the requirement of

low pressures (ca. fOTorr). Spn-coating involves the spreading of a solution across

a substrate with centrifugal force by rotating it at hundreds or thousands &°igh.
Thicknesses are related to viscosity and solvent volatility. It remains the most common
solutionprocessing mébd in the academic laboratory, producing reliable and smooth
films, yet is not compatible with scalg and is quite wasteful, with less than 1% of
the material in solution being incorporated into the final film. Example device structure
diagrams and imag of an ITO/PEDOT:PSS/P3HT:RBM/Ca/Al device prepared in

the SSDL are shown in Figuies.
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Figure1.6. (left) A diagram of the layers in an ITO/PEDOT:PSS/P3HTE:B®I/Ca/Al device prepared at the Solidate Device Laboratory at
the Georgia Institute of Technology, and (right) an image of that very cell, before electrode evaporation. This figgineshighliTO and mask
pattern that controls the device area, i.e. the overlap of the ITO and Ca/fdadsctwhich is 0.07 chior this format. The image and diagram
are borrowed and adapted with permission from Marcin Kielar.

25



Solutionprocessing methods that are less commonly used in academia but are
more practical for scalap, have also been implemeniadOPVs. Doctoiblading, or
bladecoating, spreads a small volume of solution in a meniscus across a substrate at a
controlled rate and height}1"?Temperature, surface energy, and fluid surface tension
can influence film formation, and can lead to stabtial order in active layer phase
growth. OPV performance for some systems has been reported to be comparable with
spin-coating!’317> Spraycoating pushes a solution through a pressurized nozzle,
leading to a continuous flow of droplets, the size spekd of which can be adjusted.

While it has low waste and high throughput, the drying dynamics are very different
than for solutiorspreading techniques, requiring nontrivial optimization as film
morphology and microstructure are generally diffetéft/® Lastly, slotdie coating is

a largearea method, similar to blag®ating, where material is dispensed from an
adjustable steel coating head upon a moving subsffaftickness can be controlled

by coating rate, head width, and fluid rate. Thishudthas already been used in the
large scale for OPVs, but is not widely tested in academic laboratories, due to the
quantity of material requiret$d 183

Due to the difficulties of solution processing on organic films, which include
surface tension, diekition of the previous layer, and possibly decomposition of
organic materials by aqueous solutions, final layers are most often deposited by thermal
evaporation, with notable exceptiol¥$ 18 In a conventional device, these will be low
0 electrodes, such as calcium; molybdenum or vanadium oxides are often implemented
in inverted devices. When conductors are used;#toé the semiconductor blend close
to the top electrode will be pinned close tdEsor IE respectively via electron dole

transfer to/from the semiconductor, reducing energetic Idédeimally, a sizable
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thickness of a common metal conductor is generally deposited on the electrodes to
allow Ohmic contacts to external metal pins, through which bias will be induced.

Power generation in OPVs can be described using four parametersgisbaitt
current densityJsc), opencircuit voltage Voc), fill factor (FF), and power conversion
efficiency (PCE).Jsc, in mA/cn?, is the current density produced under illumination
with no external bias, and can be derived'd8/188

S8 Equationl1.9

The series resistancBd) is related tadhe active layer conductivity, as well as
the resistance of all contacts and junctions in the device and the external pins, and
should be minimized, while the shunt resistaikg)is affected by sources of leakage
current, such as pinholes or impusihduced recombination, and should be
maximized* Jon and Jo are the saturated current densities produced at a reverse bias
under illumination and in the dark, respectively, &nd cell area. A%ks andJo go to
0 andRsh goes to infinity,Jsc becomes ~Jph. The maximumlsc can be described by
the integration of incident photén-current conversion efficiency (IPCE), which
depends on the product of photocarrier generation, exciton separation, and charge
collection, multiplied by photon flux across the AIM6 solar spectrum shown in Figure
1.3. For example, 100% IPCE of photons from 300 to 800 nm will gi¢e af ca.26.7
mA/cn?. This will be expanded upon in the next section.

Voc, the external bias in V at which injected current and photocurrent cancel

one another, can be expressed as:
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where, asRsy goes to infinity, the terms in parentheses approach ®alieg the
dependence on the ratio &c over dark reverse saturation current densityJgs
approaches ~Jph as explained earlier)flhe maximum achievabMoc for a material
system is limited by the difference ¢Ep and EAa;'®° however, minimizing the
staggering of D and A energy levels to incredse may also decrease driving force
for charge separation, as derived iecBon 1.1.3. Additional losses in tRec relative
to Ecshave been linked to low dielectric constants, energetic disorder detkity of
statesand molecular orientation at the interface, among other faéfofs.

The relationship of the two previously mentioned properties to the PCE is
outlined in the following equation:

560 OOl% — Equation
111

Pin is the incoming power density, which as previously discussed is 1008 W/m
(or more conveniently 100 mW/@nat sea level for AM 1.5. As the product of the
current density and the voltage is a powlensity, there will be a point at which this
product is maximized corresponding J@ax and Vmax. This product is equal tdsc x
Voc x FF, which, when divided by the incoming power density returns a, BG&n
given in % (by multiplying by 100%)Thesevalues are determined experimentally by
sweeping a cell from negative to positive voltage (or positive to negative), measuring
current output, and plotting againstV. An example plot taken from affO/a
ZnO/PTB7PCnBM/M0O3/Ag device (work completed in t@pter 5) is shown in

Figurel.7.

28



10 : . ,

~ 5} i
=
2

0
g
2
@ 5f -
C
a
c -10 'Jmax 7
[¢D)
= N
o -“»%¢p 1\ -

3 A
-20 L SC . 1 .
-0.4 0.0 0.4 0.8

Voltage (V)

Figure 1.7. J-V curves from an ITO/aZnO/PTB7PC:1BM/MoOs/Ag device
highlighting parameters relevant to cell efficiency. The shaded region refs dsefill

factor in relation to the area of a box outline is dashed red lines that would correspond
to Jsc X Voc. From thel-V plot, we can determine thagc= 16 mA/cnt, Voc=0.72 V,

and Jmax X Vmax = 8.0 mW/cn3. From these values, using thguatian 1.7 we can
determine that PCE = 8.0%, aR# = 0.70.

The maximum achievableF shares a relationship witbc when normalized
to thermal voltage in the expression AW j£Q"Y wheren is thediode ideality
factor based on the mechanismsemfombinatior(n = 1 if recombinations are baitd-

band, and increases upno= 2 where recombination occurs via states in the energy

gap) derivedfromMar t i n Greends empiricaRsiseetypr es si

low andRsh is very high!9
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FFs achieved in OPVs tend to fall beldwio; noting the substantial disorder
and trap states present in organic materials, especially in a BHJ, relative to crystalline
inorganics, this deviation in the ideality factor is quite understandable.

Organic photovoltaic evices are prepared in each@hapters 20 5 with a
variety of different formats, most often implemented as a definitive tool to determine
the effects of additives within the OPV device. Devices have been prepared at the
Wright Patterson Air Force Base (202Q12), the Solid State Dee Laboratory at the
Georgia Institute of Technology (202216), and at the King Abdullah University of

Science and Technology (202915). Greater detail is given in the respective chapters.

1.2.2 Incident Photonto-Current Conversion Efficiency

As mertioned in the previous sectiodsc is the product of the IPCE and the
photon flux density, integrated across the solar specttum:

Equationl.13

Here IPCE is represented @sce, and the photon flux density at AM 1.5 is
represented d¥pn, each of these being adependent quwity. IPCE can be determined
by recording electrical current under monochromatic light; the ratio of the produced
current and the highest possible current (determined by a calibrated reference) yields
the conversion efficiency.\Bvaryinga; a full spectum representing carrier generation
under white light illumination can be obtained. By integrating this spectrum over AM
1.5, usingequation 1.9theJsc of the OPV can be calculated. A sample spectrum from
an ITO/aZnO/PCDTBTPC;1BM/MoO3/Ag device, smilar to those exhibited in

Chapter 4, is shown in FigulleB. As a note, this method describes the external quantum
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efficiency (EQE), i.e. conversion efficiency from radiation incident on the solar cell,
and indeed EQE and IPCE are often used interchangealtyei literature. This
technique can also be used to determine internal quantum efficiency (IQE), the
conversion efficiency from incident photons that are actually absorbed by the device,
but this requires instrumentation with the ability to measure trigteshor reflected

light, and is less relevant to the determination of PCE.
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Figurel.8. IPCE spectrérom anlTO/a-ZnO/PCDTBTPC;:BM/M0Os/Ag device. The
dashed lines indicate thatl = 500 nm, 67% of the incoming photons are converted
into electrical current. By integrating across the spectrum, it can be estimatéstthat
=10 mA/cnt, in good agreement with OP}V measurements on the same device.

For OPVs, the IPCE of an efient cell will resemble the absorbance spectrum
of the BHJ film of the D and A materials, and is thus partially dependent upon

complementary spectral overlap to impro¥e, but is also affected by the same
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parasitic processes that lower the slomtuit current density, such as shunt resistance
and recombination. Common acceptors, such as fullerene or rylene derivatives, will
often have a larger optical gap than the donor, and in most cases are responsible for
absorbance in the higénergy region of thepgctrum. Therefore, the extent that
efficient photonrto-current conversion extents into the néarwill depend on the
optical absorption of the donor, which for many materials, such as poly
oligothiophene derivatives, can depend on morphological rorde a n-d
overlap!?212819Thys, decreasingop of the donor from 1.80 eV (ca. 690 nm) to 1.55

eV (ca. 800 nm) has the potential to increaselgbby ca. 7 mA/crt, reflected in the

plot of maximumJsc in Figure1.9. Naturally, decreasinBo, can havea detrimental

effect onVoc or g @s, as discussed in previous sectichsomewhat advanced method

to improve absorbance overlap with the solar spectrum is to employ more than two
chromophores, as in ternary blend active layers or tandem devices, wiieh ha

demonstrated fine control of spectral matching in OF¥¢/£6198
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Figurel.9. Solar irradiance (left y axis) at AM 1.5, compared with maxindga(right

y axis) assuming 100%°CE at all wavelengths lower than the given absorption onset.
Curves are adapted and/or calculated from references provided by the American
Society for Testing and Materialst{p://rredc.nrel.goviar/spectra/aml1.p/

IPCE was implemented inhapters 4 and 5 as a method of studydeg
enhancements in organic photovoltaic devices. The technique was performed at the
Solid State Device Laboratory at the Georgia Institute of Technology {201%) and
at the King Abdullah University of Science and Technology (2BA45). Greater detail

is given in the respective chapters.

1.2.3 Electrical Conductivity and Mobility

Electrical conductivity is an intrinsic intensive property of a material that
guantifies its ability to conduct an electric current under an external bias. It is the

reciprocal of electrical resistivityf. Conductivity is derived as:
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Electricd conductance @) is an extensive property and is given by current
divided by voltage. Combined with the physical propertieshich is the distance
between the two electrical contact points, Anthe crosssectional area of the sample,
conductivity carbe simply expressed as the current density over the electricEgeld (
in Siemens per centimeter.

In Chapters 3, 4, and 5, conductivity progression was studied at low dopant
concentrations in semiconductors, as has been done previously by the Kahii%i8up
08 was estimated fr om t hevoltagecurves, &< 1060e ar ) r
V/cm, measured parallel to the film between source and drain electrodes, converting
current to current density using film thickness and channel width, whict ¢ases
were 50100 nm and 2 mm respectively, and voltage to field using channel length,
which were 2, 5, 10 or 2p i. An image of a typical pixel is shown in Figutel0.
Conductivities measured at all four channel lengths gave similar values for low
corductivity films, indicating that contact resistance, the contribution of contacting
electrode interfaces to the total resistance of a system, is negligible relative to film
resistance. At higher values the conductivity was also determined ypiimé proke
measurements, which minimizes the contact resistance by divorcing the -current
carrying and voltagsensing probes. Comparing these measurements relative to the 2
point measurements indicatedhaa X i mum contact resistance o0
in the lattey whichis negligible (< 1% total resistance) at the majority of tikka
doping concentrations. Though this approximation does not account for changes in
semiconductor/probe junctions asesult of electrical doping, it is assumed that the
conductivity trends remain consistent as values were fairly equivalent with literature

reports and 4erminal measurements. As an example plot, the complete sedds of
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curves for PTB7 doped with Mo@HCO:Me)s, which are presented as conductivity vs.
dopant concentration plots in Figuré2 and4.4, is shown in Figurd.10. Greater

detail is given in the respective chapters.
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Figure1.10. (left) Microscope image of a prepatterned gold/ITO electrode fingers on silicon oxide over silicon beneath a pristin@80 nm P
film. For this example pixel, channel width and length arer@@nd 2 mm respectively. (right) Representaligecurves of PTB7 films, undoped
and doped from 0.001 wt. % up to 30 wt. % of theopant Mo(tfdCO.Me)s. The increase in slope betweer? 48d 10 has been linked to trap

charge limited current (TCLC) which is greatest in the undoped film and presepgat doncentrations < 1.0 wt. %, above widelep traps are
passivated (seet@pter 4Y%
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In the absence of an electric field, charge carriers move randomly in solid
materials. Upon the application of a field, carriers are accelerated to a finiteeaverag
velocity called thalrift velocity (va), a limit resulting from scattering due to impurities,
defects, and quasiparticles such as phonons. Electron, or hole, m¢bibfyantifies
how rapidly a charge carrier can move through a matendér anelectic field in

relation to the magnitude of, defined as OwhereE is themagnitude of the
electric field € is most often given in ciiV s1. Mobilities of electrons and holes are
generally related to electrical conductivity as:

. €N NAf Equation1.15
although one term or the other is usually dominant under given conditions. The number
densities of electrons and holes are given asdp respectively. Inorganic materials,
sut as metals and silicon, have high order and extensive interatomic orbital overlap,
and will typically have mobilities in the 100s to 1000sof V! s1.2°t |n metals, due
to high carrier densities from contributing valence electrons, Ach®, veryhigh
conductivities result, typically ca. 1® cm®. In many organic materials, disorder
and/or poor intermolecular/interchain orbital overlap forces charge transport to occur
via a hopping process, as discussed previously, which is less efficienntiagadl-i
ordered inorganic solids. As a result the mobilities are quite low, typicallgne ¥/

s?, although there are notable exceptions in polymers and fulleYérés.

€ can bedetermined through a variety of different experiments, such as time
of-flight (TOF), spacecharge limited current (SCLC), time resolved conductivity, and
field-effect transistors (FETS)ITOF experiments were used im&pter 2 to measure
changes in the bulk electron mobility of blended perylenediimide derivatives; further

theay and eyeriment detail is provided ineBtion 2.2.8. SCLC measurements are

another way of observing bulk mobility, by applying a field to an electoot¢acted
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material of sufficient magnitude that the current becomes dominated by injected
carriers, albwing mobility to be estimated by fitting theV curve. Unlike the linear
ohmic (low bias) regime, this region is identified by an approximately quadratic
relationship between current and voltage- (V2).2932% Time-resolved conductivity
uses high fregency electromagnetic radiation to probe phathuced carrier motion
over short time and length scales, claiming relevance in the examination of charge
behavior during charge separatf@n2°®

An FET uses an external electric field to form a discretedgctive channel
for a single charge carrier type within a semiconductor. Though this type of device was
first patented by Julius Edgar Lilienfeld in 1926, practical devices were not fabricated
until over 20 years | at erriesty?°FEAcankhave y 0 s
differing configurations, such as top or bott@ontact, and top or bottcgate,
referring to the electrode location in reference to the semiconductor, but the general
format includes source (S) and drain (D) electrodes thahewlchannel of a specific
length () and width W), and a gate (G) electrode, isolated from S, D, and the
semiconductor by a dielectric. By applying bias at G relative ¥s§),(a channel can
be opened or closed along the interface of the semicondutahe dielectric, which
can then be populated by inducing a bias between S avdsp nh Chapters 3, 4, and
5, mobility trendsupon the incorporation of electrical dopants into organic and metal
oxide semiconductoraere determined by FET measureme®STs prepared at the
King Abdullah University of Science and Technology had a botjabte bottom
contact configuration as illustrated in Figutell. Greater detail is given in the

respective chapters.
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Figure 1.11. A simple illustration of a bottongate bottorrcontact FET, like those
prepared in @apters 3, 4, and 5. The channel forms at the interface between the
semiconductor and the dielectric, along the length betweensdlirce and drain
electrodes.

These four experiments are quite diverse in their operation and resulting values,
and as such there has been some debate over the relevance of certain techniques to
charge transport in organic photovoltaié$2!! Both TOFand SCLC are considered to
be bulk measurements, and can meagsuperpendicular to the film, which is often
claimed as the most consistent reproduction of OPV conditions, yet thicknesses will
generally need to be greater than those in the photovoltaic devices to allow sufficient
sensitivity. Timeresolved conductivity values are often the highest, but have been
criticized as representing local regions of the film that exhibit the most ideal transport,
rather than the entirety of the material. FET measurements involve the formation of a
discrete channel at the semicantbr interface, which is parallel to the film and may
not represent the bulk. In the modern OPV literature, it is not surprising to see any one
of these measurement types employed, which can coincide with technique preference

and availability.

1.2.4 Phot@lectron Spectroscopy

Photoelectron, or photoemission, spectroscopy (PES) refers to various surface
measurement techniques that are employed to determine the binding &iErgy (

electrons ejected by incident electromagnetic radiation via the photaelectr
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effect?425212213pepending on the energy of the incoming photdwg, (the energy
levels of core or valence electrons can be identified by the kinetic eneE)yof
liberated photoelectrongaEi nst ei ndés rel ati on:

VO Q 60 00N Equation 1.16

PhotoelectroBBE is determined by chemical structure, molecular bonding, and

intermolecular wavefunction overlap, and thus can deliver an immense amount of
information with great sensitivity. Howewnean solids, depending on photoelectidb
and the material density, the inelastic free mean pgihig limited leading to
substantial signal decay beneath certain depths, which is what restricts PES to a surface
sensitive analytical technique. Decay is not considered beyond the material surface, as
these experiments are typically conducted in tiiighn vacuum (UHV). Calculatet,

is plotted againstE for organic materials in Figurk12.
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Figurel.12. This plot shows the calculatégdin nm of photoelectrons through organic
materials, using constants identified by Setal?*4The decay of intensityat a certain

depth k) can be expressed @&v 0OQ ! wherelo is the intrinsic intensity. The
energy regions analyzed in ulvalet and xray photoelecbn spectroscopy are
indicated, respectively. Correcting for the signal decay is required for thin film analysis,
and in some cases can be used to determindHitrkness, as is performed im&pter

5.

X-ray photoelectron spectroscopy (XPS) was firstessfully demonstrated by
Kai Siegbahn in 19572°This technique uses an aluminum or magnesium source, which
emits K X-rays upon bombardment with high energy electrons, to liberate electrons in
atomic core energy | evels on [/ near a me
againstKE, which is converted t®E using the Einstein relation above. The core
binding enegies of elements are uniquely characteristic, and therefore XPS allows the
determination of elemental composition through their detection. Atomic ratios can be

identified with the intensity of the peaks, bhss directly related to the elemental

41



concentrabn in the sample, when corrected for the ionization esession, the
sensitivity of the detector, and the signal attenuationtimeed above. XPS was used

in Chapter 5 to determine pentamethyl rhodocene derivative concentrations and O/Zn
atomic ratiosm oxide films. Greater detail is given in the chapter.

Ultra-violet photoelectron spectroscopy (UPS) uses UV light, between €a. 10
30 eV depending on the discharge source, to ionize valence electrons in gaseous or solid
materials. The technique was deveady David W. Turner in 1962 implementing a
helium discharge lamp emitting He | radiation at a wavelength of 58.4 nm (21.2 eV),
which has remained the most common light soétt&’In the gas phase, UPS can
determine the ionization energies free ofemtolecular interactiond® In solid
materials, UPS can be used to look at energy level distributions based on the kinetic
energy and angular distribution of photoelectrons as well, taking into account the signal
decay as mentioned above, but is alsactiffely used, regarding the work in this thesis,
as an established method to deternginendIE.

To demonstrate this function, a UPS spectrum of ca. 15 nm PCDTBT on ITO
ionized with He | radiation, corresponding to the values given in Figure 5.5, is shown
in Figure1.13. As theKE of incoming photoelectrons are determined relative to the
Femi level of the analyzer, in such an experiment, a conductor, or a thin semiconductor
film on a conductor, is put into electrical contact with the analyzer to equalize the Fermi
levels of the two materials, corresponding to O eV binding energy. Unfiliesdsle
cannot be probed with UPS, as there are no electrons to liberate, so there can be no
signal at negative binding energies. In a metal, a density of states can be seen directly
at the lowest positive values &E since Er is located within an energy banin
semiconductors, like the polymer exhibited in FiglirE3, Er is in the gap between

filled and empty bands (or densities of states in organics), so the intensity remains low
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until the valence band onset (VBO). TBE of this onset is equivalent todldifference
betweenE andu .

With decreasing kinetic energy, the flux of inelastically scattered electrons will
typically grow (along witH p) leading to an increase in intensity. BE approacheby,
there will be a cutoff corresponding to a point at which photoelectrons na loage
enough kinetic energy to escape the material. This is called the secondary edge cutoff
(SEC) and accordingly the work function can be determined asQ "Y'O.6The
value of IE can therefore be derived 80 "Q "YOO6 w06 UDAs a note, the
measuredi of a thin semiconductor on a conductor will often be affected by tbe
the conductor due to ba#ieending at the junction, as discussed previously, and should
be considered when comparing UPS data of semiconductors on different conductive

bases
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Figure1.13. A UPS spectrum of ca. 15 nm PCDTBT on ITO, corresponding to the
values given in Figure 5.5. The ionizing radiation is He | (21.2 BE)s given in the
Y -axis, and the »axis corresponds tatensity in arbitrary units.

UPS is employed in Rapters 3, 4, and 5 to study shifts Ea upon the
incorporation of electrical dopants into organic and metade semiconductors.

Additional detail is given in the respective chapter.
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1.2.5 Atomic Fore Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy, a
method of microscopy that overcomes the optical diffraction limit by scanning a
mechanical probe to create an image of a surface, invented by Gerd K. Binning at IBM
in 198 219229AFM can achieve subanometer resolution through the use of an ultra
fine tip attached to a cantilever. Imaging is achieved by reflecting a laser beam off the
cantilever onto a photodetector and moving the tip across the surface of a sample; as
the sample imposes forces on the tip, the resulting movements of the cantilever are
recorded by displacements of the reflected beam on the photodetector with respect to
the equilibrium position, essentially translating atomic scale features into the
macrosale. The image is formed by relating tip position to beam displacements, often
represented as a pseudocolor plot. The tip itself is typically shaped as a ca. 5 um tall
pyramid with a ca. 30 nm wide point. This limits lateral resolution to the tens of nm
although higher resolutions have been achieved with functionalized tip
terminations??223 the vertical resolution is governed by the sensitivity of the
photodetector, and can be fractions of a nanometer.

AFM tips can be acted upon by a number of ésrcincluding mechanical,
electrostatic, van der Waals, and capillary. Imaging is usually performed in one of three
modes: contact mode, where the static tip is dragged across the surface, tapping mode,
where the tip amplitude is oscillated over the s@fand norcontact mode, where the
oscillating tip does not physically contact the surface at all, and is primarily acted upon
by van der Waals forcég?224226 |n the latter two modes, the cantilever is oscillated
by a piezoelectric element at its reanhfrequency, the main difference between the
two being that a tapping mode image is generated by the force of the contacts of the tip

with the sample surface, while noontact mode generates images frowirection
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feedback, adjusting its amplitude bdse oscillation frequency changes due to surface
forces to maintain a constant height. Each mode has advantages and disadvantages
depending on material properties and environment; for examplecamdact mode

does not result in sample degradation, makingseful with soft materials and
biological samples, but can suffer from artifacts caused by fluids on the surface, which

is common in atmospheric conditioffs.

The two most common types of images produced by an AFM scan are
topographic and phase. Thapbgraphic image is generated, depending on imaging
mode as previously discussed, by oscillation frequency fluctuations or by the feedback
used to adjust the cantilever height. Conversely, phase images map variations in the
properties of the surface reldt® elasticity, friction, and adhesion, and can be collected
simultaneously to topographic images. These images are generated by the phase lag
between the input signal driving cantilever oscillation and the actual oscillation, which
reflect changes in theurface mechanat properties. An example fromh@pter 2,
topographic and phase images for P3HT thin films taken in tapping mode, is shown in
Figure1.14. In the phase image, the boundaries of the fibrillary P3HT domains can

easily be identified.

16.3nm 0.00

12.0
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d so0
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2.0
0.0

0.50

Figure 1.14. Atomic force microscopy topographic (left) and phase (right) images for
P3HT thin films takenn tapping mode, exhibited inf@pter 2. The lamellar order of
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the polymer domains, absent from the t@phic scan, is clearly identified in the
phase scan.

AFM has been used extensively to study active layer and interlayer surfaces in
OPVs, including the development of techniques to measure local photoconductivity
correlated with surface morpholod? 2% In this hesis, AFM was used in each of
Chapters 2, 3, 4, and 5 to study the effects of additives on the surface structure and
mechanical properties of polymers, small molecules, and toeidés. Additional

detail is given in the respective chapter.

1.2.6 GrazingIncidence X-Ray Scattering & Diffraction

The nanoscale order of OPV thin films can be probed through their interactions
with X-rays. This can be traced back to the phenomenon of Rayleigh scattering, the
elastic scattering of -kays resulting fom interactions with electrons. Crystalline
systems, where atoms or molecules are arranged in a highly ordered, repeating
structure, can scatter waves in a specular manner, resulting in constructive and
destructive interference between lattice planes.réhelting interference pattern is the
root of an analysis method called Bragg diffraction, first proposed by William
Lawrence Bragg and William Henry Bragg in 19£8.

For a crystal with a lattice plane spacishgadiation with wavelengthi,, of a
similar size will have path length differences, based on which plane they are scattering
from, equal to dsirf , where] is the scattering angle relative to the plane, as shown in
Figurel1.15. When this path length difference is equivalent to an integer mulfiple o
the scattered waves interfere constructively producing a reflection spot in a diffraction
pattern; this is essent®®2 |y the derivat.

CQOEF ¢ _ Equation1.17
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wheren is apositive integer. This effect intensifies with reflection from successive
lattice planes in the crystal. As a note, this effect can also be observed for moving
particles, such as electrons, by treating them as waves with a de Broglie wavelength
inversely poportional to their momentum. This is elaborated upon for particles at
relativistic speeds in thelectron microscopy section ofh@pter 3 (3.2.4). Besides
determination of the lattice spacing based on the diffraction angle, peak intensity and

width can gve information about particle or domain size, and sample crystallinity.

Figure1.15. A simplistic representation of Bragg diffraction, wheres the distance
between reflecting lattice planes, afdis the angle of incident electromagnetic
radiation.

Since 1912, Xay diffraction has been heavily used to elucidate packing
structures of inorganic and organic crystals, and, for organic crystals of sufficient
purity, chemical structure down to mean chemiocahd lengths, accelerating the

understand of bonding, such as resonance anecomalent interaction€’ 24 and
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leading to over 20 Nobel prizes in chemistry, physics, and medicine. In a typiagl X
diffraction experiment, radiation is sourced fromXanay tube, similar to that used in
XPS, which is directed at the sample at an ahgtbe scattered radiation detected by
a detector at[2 The source angle is increased over time, relative to the sample, to
generate a diffraction pattern. When consigrsemicrystalline organic thin films,
such as the active layer in an OPV, a very low angle of incidence is used to increase the
sensitivity to Bragg diffractions in the thin film relative to those in the substrate. In this
experiment both the film and @etor are radially scanned at a 1:2 ratio to probe lattice
planes perpendicular to the film. Planes parallel to the film can be observed by rotating
the film or moving the detector radially relative to the film surface. This technique
sometimes referredotas grazingncidence Xray diffraction (GIXRD) and was
developed by Marrat al.in 1979242

A method of Xray diffraction that is often used with polymer thin films is
grazingincidence wide angle Xay scattering (GIWAXS), specifically referring tceth
wide scattering angles (largd )2that are typically observed for swmlanometer
structureg*324This experiment provides admensional diffraction pattern relative
to the plane of the substrate, using a large stationary detector at a small distance from
the sample, which allows therientation of order and packing structures to be
determined. The high radiation flux for this experiment is typically provided by a
synchrotron source. Diffraction patterns of this type are often plottedspacg,
removing! from the relationship to gdiance, but can converted fo\&alues for GIXRD

comparisons:

. .[“ B A
B —OEF =

Equationl1.18

As an example, @D GIWAXS pseudocolor Ipt for a neat P3HT film, from

Chapter 3, is exhibited in §ure 1.16, with lamellar (edgéo-edge) diffractions
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identified. These plots can be converted to 1D diffraction patterns by integrating across

an angle, such as that outlined by the red lines. 1D patterns can sometimes reveal
features difficult to observe n t he pseudocol or -"plsottasc,k isnugc
feature at ca. 16.8 nitncorresponding to a physical spacing of ca. 3.8 A.

OPV active layers have often employed materials that arrange into highly
ordered domains and as such GIXRD and GIWAXS hawerdingly been used to
determine degraed loamerl da P %Ilkthiskhiesisthesel i st an
techniques were used ih@pters 2, 3, and 4 to characterize the effects of additives and
material blending on the order of such active tayAdditional detail is given in the

respective chapter.
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Intensity (AU)

Figurel.16. (left) A 2D GIWAXS pseudocolor plot for a neat P3HT film. Lamellar peaks (100, 200, 300) are identifigeédTimes outline the
region integrated to create the corresponding 1D plot (right). The lamellar feature at a ca! ih.@+space can be converted, Hquation 1.14
to 15.6 4, sarmd ktimg T e & caresponds to a physical spa&cingof ca.3.8 A.
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1.3 Conclusion

Great progress has been made in organic photovokance the work of
Kearns, Calvin, Kallmann, and Pope in the 1960s, and espedig in the last 20
years ance the development of the bulkterojunction by Heeger, Wudl, Friend, and
Holmes, but many questions still remain. In particular, proper control of active layer
morphology and microstructure as well as the effects of addittveduction on these
properties are topics that require considerable attention as the field moves fotveard.
work in this thesis explores the employment of solid additives with the goal of
customizing the electronic properties of the semiconductorei®BV, as well as the
morphological effects fotheir introduction in the BHJ, employing primigrithe
techniques described ire&ion 1.2 and others, explained within the respective chapters
they are implementedernary blend active layers, where a nemponent is added as
a method of additivdased morphological control, attempting to improve electron
transport through nefullerene domains, is the focus ohd@pter 2. Chapters 3 and 4
involve the use of molecular dopants for trap passivation with vapiolysners in the
BHJ, and their ability to be dispersed with the lagder of the system. Finallyhapter
5 describes the introduction of molecular dopants into an amorphous inorganic charge
transport interlayer, with unexpected effects on oxide cortippnsiand device

performance.
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CHAPTER 2 DUAL-ACCEPTOR PERYLENE DIIMIDE T ERNARY
BULK HETEROJUNCTIONS IN O RGANIC
PHOTOVOLTAIC DEVICES

2.1 Introduction

2.1.1Ternary Bulk Heterojunctions in Organic Photovoltaics

In the past few years the field of organic photovoltaic (OPV) devices has
undergone dramatic improvementd/ith the continuingly advancing synthesis of
‘pushpull’ donor polymers and small molecules, the power conversioneeifies of
the latest cells are starting to show promise of being able to competmaviganic
solar cellsHowever it at this point it is widely thought thatibstantial progress is most
likely to come from increased control of the active layer moxuipot' 4

As discussedi Chapter 1, thevide implementation of thieulk heterojunction
designed to maximize interfacial area between the donor and acceptoPphase,
introduced a complex set of variables to the charge generation and transport processes
depending upon domain sizes, purity, order, and distribution. For exasmpéd|,
domain sizes can decrease the probability of successful charge separation (leading to
geminate recombinatm) by limiting the distance over which two opposing charges can
be separated during the initial steps of the proéesiso after charge separation has
occurred bimolecular recombination can take place between independent charges,
especially in systems where an inadequate pathway exists for the charges to leave the
active layer’ Rough surfaces and the presence of voids can increase the series

resistance antkad tothe presence of shedircuits® Lastly, different materials will
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naturally have different morphologies, depending on a number of factors including
structure polarity, and miscibility with the other compound as well as the solvent,
making morphology optimization trends difficult to predict.

An approach that has received some attenicghe use of ternary blends
improve charge generation/extraction orease current density byarvesting a greater
portion of the solar irradiancé& number of publications have reported skorcuit
current density Jsc) maximization and opeaircuit voltage Voc) modulation by
carefully controlling the ratio of two donanaterials’ 1* Of coursejt was found that
incorporation of a third material also yieldeew morphological effects. The addition
of controlled portions of regicandom poly(3nexylthophene) (P3HT) added to regio
regular P3HTphenytCs1-butyric acid metylester (P@BM) blends were found to
exhibit a higher degree of crystallinity with smaller crystalline domiduas use of the
purely regieregular donor polymermas observed by Camp®uileset al'? A higher
Voc is also observed and it attributerdahigher polymer ionization energy cauded
the isolated random chairis.et al also observed that the addition of small portions of
poly[heptadecanyicarbazole(dithienyl-benzothiadiazole)] (PCPDTBT) to
P3HTPG:BM blends can slightly increase tMec values but further addition will
disrupt the film crystallinity and cause drastic drops inXe*® An additional study
performed by Limet al demonstrated that the incorporation of {bandgap
benzothiadiazole and thiophebased oligomers into a P3HXCs:BM cell caused
increased P3HT crystallinity resulting in a higldeg.** A more crystalline version of

the oligomer, featuring longer alkyl chains, actually lowered device efficiency.

2.1.2 DualAcceptor Ternary Bulk Heterojunctions

Ternary systemwith multiple acceptors have yet to achieve any improvements

in device performance, besides the use of specific fullerene btewitb P3HT.
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Perhaps the second most studied acceptor material, after the fullerenes, are perylene
diimides (PDIs)%8 As obseved by Shoaeet al, P3HTPDI thin films demonstrate
considerable photoluminescence quenching, indicative of a favored electron transfer
from the excited P3HT to the PEA.These blends also show very efficient polaron
yields at low driving forces for cihge separation, relative to polymeCBBM blends,

as observed by trarent absorption spectroscofis is typically a sign of an efféee

charge separation proceddnfortunately, @vices prepared from these P3RDI

blends have generally poor powemngersion efficiencies (PCE$)1%2°The primary

cause, supported by the decay rate and timescales of absorption transients, is believed
to be bimolecular recombinatiobrought about by poor pathways for electron

extraction through the PDI crystallites

P3HT Phase

PP

Polymers

Hypothetical Environment

Figure2.1. Hypothetical environment of the ternary P3HT/PDI/PDI polymer blend.

According to transmission electron microscopy and atomic force microscopy

measurementglanarPDls arrangeénto small crysalline phases on the order of tens of
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nanometers within the lger P3HT phas®. This segregated morphology is considered
to bedetrimental tahe ability of separated polarons to escape the active layereand b
collected by the electrodedowever, previas research involving alternating PDI and
dithienothiophene (DTT) polymers mixed with a branched polythiophene yielded
successful OPV devices, with efficiencies up to 1%%his work explores whether
theincorporation of two PDtlerived acceptors intotarnaryblendwith P3HT could
promote a morphology, wolving interactions betweeRDI and PDI polymer phases
(example in Figuré.1), in which the separatexharges will be provided with a suitable
pathway to the electrodandthushave a higher probaliy of leaving the active layer

and reaching their respective electrodes.

2.2 Methods & Results

2.2.1 Synthesis

A schematic representation of the synthesis work is shown in RRgairé@he
small molecule N,N&di(2-decyltetradecyl)peryleng,4,9,10tetracarbaylic diimide,
referred to from this point on as PDNas selected due to favorable electronic
interactions with polB-hexylthiophene,indicated by strong photoluminescence
quenching® The sidechainprecursor 2-decyt1-tetradecylamine, was synthesizad
conversion from the alcohol by way of bromination followed by anNMmamnske
modified Gabriel procedures described by Guet al?’ PDI is formed upon
condensation ahis amine and peryler®4,9,10tetracarboxylic acid anhydridé.

Poly{[N,N"-bis(2-decyktetradecyh3,4,9,10perylene diimidel, 7-diyl] -alt-

(dithieno[3,2b:2',3d]thiophene2,6-diyl)}, which will be referred to from this point as
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the PDI polymershares the same sidbain as the small molecule and displays the
highest electron niwmlity of PDI polymers to dat&. The synthesis of the PDI polymer
was achieved via Stille coupling of N;bis(2decyttetradecy1,7-dibroma3,4,9,10
perylene diimide, obtained by condensation efe2yll-tetradecylamine with 1;7
dibromoperylenes,4,9,10tetracarboxylic acid dianhydride (provided by Solvay), and
2,6-bis(tri-n-butylstannyl)dithieno[3,2b:2',3-d]thiophene, obtained by stannylation of
2,6-dibromodithieno[3,2b:2',3*d]thiophene (provided by Solvay) through bromine
lithium exchange followed byr¢atment with tAn-butyltin chloride, as described by
Zhanet al?: ThePDI polymer was thepurified by sizeexclusion chromatraphy and
Soxhlet extraction. All intermediates were characterized'Hynuclear magnetic
resonance (NMR) spectroscopy, antafiproducts were characterized additionally by
13C NMR spectroscopy (not including Polymer PDI) and elemental analysis (at Atlantic
Microlabs), with similar purity and yield to that being achieved in literature. As a note,
1,7-dibromoperylenes,4,9,10tetracarboxylic acid dianhydride will always contain
some of the 14librominated isomer that will persist through conversion to the diimide
and polymerization, but only the former is shown for consistency.

The molecular weight distribution of the PDI polymeas determined using gel
permeation chromatography (GPC). The weight average molecular weigl)t (M
number average molecular weight\)Mand polydispersity index (obtained by )
of the polymer were estimated on aBPC Model 210 chromatograph at 35 using
THF as the eluent and polystyrene standards as calibranis. M, and the
polydispersity index were determined to be ~ 25 kDa, ~ 11 kDa, and ~ 2.1 respectively,
which are all slightly higher values than obtained by Zkaral;?! the molecular
weights might fall short of the actual value due to poor solubility of the higher

molecular weight polymers in the given solvent.
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Figure 2.2. Reaction scheme outlining therfeation of the two product$y,N-di(2-
decyttetradecylperylenetetracarboxyhdiimide and poly{[N,N"-bis(2decy}
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2.2.2 Differential Scanning Calorimetry

Thethermalcharacteristics of these perylene derivatives, and their interactions
with the donor polymer P3HT, were explored with differential scanning calorimetry
(DSC). DSC thermoanalysis allows for the quantitative determination of phase
transitions via th detected difference in thermal energy required to raise the
temperature of a sample versus a reference material of known heat capacity. Data are
plotted as the heat flow (given as power over sample mass) for a given temperature,
and allow for the acquigon of transition points and enthalpies. Passing through
endothermic/exothermic physical transitions, such as phase changes or glass
transitions, will result in the absorption/release of a greater amount of heat per mass,
and can manifest as peaks or @sgions in the heat flow. The technique was invented
by Michael J. O6Neil |l 2ZandcofEmensialized th&Svery Wat s ¢
next year. DSC has been employed quite extensively in the fields of organic electronics,
used to probe the mixing and milsilities of codeposited materials such as those in
bulk heterojunctiond® 28

DSC revealedseveral altered and/or new phase transitions depending on the
donor:acceptor ratiom blended P3HT:PDI filmsshown in Figure 2.3Heterojunction
films were dropcast on solvent & UMOzonecleaned glass substrates, then removed
with a metal blade and sealed in a hermetic aluminum pan. An empty pan was used as
the reference. Solutions were prepared with a total concentrationid @@/mL in
chlorobenzene. All stepvere performed in the inert environment of a glovebox. Drop
casting was implemented in lieu of sfmoating in order to collect sufficient sample
required for an accurate measurement;5-r8g. The second cooling cycle of samples

is used to avoid solvemelated artifacts.
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The enthalpyoPDI6 s mel ting transition is great
of P3HT butthe melting pointdoes nostronglyvary in temperaturahile it is visible
(80-100 wt. % PDI) while the P3HT melting point is linearly lowerbg the presence
of PDI, but retains a reasonabletlealpy proportional to its concentratiofiwo new
transitions are observed between these meltinggdath appearing within grange
of ~70-80 wt. % PDI (~50 mol. %). These data ofémidence thaP3HT and PDI are
expected to mix very well, rather than form neat, completely segregated, material
phasesBlending the two materials and annealing results in verg lafl the pure
ordered phase of PDlikely the acceptor is distributed in the donor phasséorms a
new ordered phase with the polymer, as evidenced by the depression of the P3HT

meltingpoint and the new transitions respectively.

0.75
Cooling Cycle Two
0.554
R 0% PDI
§ 40% PDI
3 50% PDI
o D.357
= 60% PDI
T 70% PDI
80% PDI
0.154
90% PDI
100% PDI
-0.05 T T T
0 50 100 150 200
Exo Up Tempemture {JC} Universal V4.7A TA Instrumenis

Figure2.3. Differential scanning calorimetiyf various bénds of P3H&nd PDIlgiven
in wt. % of the PDI. The second cooling curve is shown to exclude solvent/processing
effects.
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Upon measuring DSC scans with a number of possible binary and ternary
blends exhibited in Figure 2,40 thermal features were obged up to 400C for neat
Polymer PD] but the incorporation of the polymer into films with P3HT and the small
molecule PDI afforded some noticeable effettse 1:1 by weight mixture of PDI with
Polymer PDI caused a significashpression in the magnituded area of the melting
point of PD| much greater than would be expected if the feature was simply deduce
by half, accounting for dilutiont should also be noted that continued cycling of the
temperature (heating to a maximum of 3&0and cooling dow to -60 °C) saw the
complete disappeare@ of this thermal transitionA possible conclusion is the
incorporation of the two materials into a single, poorly ordered phase, suggesting
homogeneous blending of the two materials, a theory supportdtesntoth films
detected byatomic force microscopyo be seenn Figure2.10. A 1:1:1 by weight
mixtures of all three species results in a complicated curve, with certain chatasteri
resembling both the P3HT:PDI and the PDI:Polymer PDI binary bl&dldie drawing
conclusions from this ternary mix is rather challenging, theemsedo be evidence that
PDlis interacting with both polymeras revealed bthe disapparance of the melting

point of PDland the depression of the melting point of P3HT.
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Figure 2.4. Differential scanning calorimetffpSC)on neat P3HT, neamall molecule
PDI, neat polymer PDlard corresponding binary artérnary blends. The second
heaing curve is shown to remove solvent/praieg effects.

2.2.3 Scanning Electron Microscopy

The film propertieof P3HT:PDI heterojunctionsereanalyzedvith scaining
electron microscopy (SEM)in order to further explore the morphological
characteristics of this blen8EM is a surface measurenégchnique that can produce
images as the result of various interactions between a focused electron beam and a
sample, yielding information regarding surface composition and morphology with
resolutions on the order of a nanometer. The invention of SEkédsted to Manfred
von Ardenne, who in 1937 produced a highgnification microscope with a minute
raster scan of a beam of electrons, his work eventually leading to the construction of
the first highmagnification SEM, and an expansion of SEM theory datection
modes’®3! SEM can be used in a number of modes, including for the detection of
backscattering primary electrons, luminescence from relaxing electrons (which can be

generated as valence electrons replenish secondary electron vacancies or by
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cathbdoluminescence), and, most commonly, ejected secondary electrons. SEM has
been implemented in numerous organic electronic fields in order to study material
microstructure, phase segregation, and layer interf4¢é&* Samples for SEM were
prepared inte following manner: 200 mithick patterned IT@n-glass substrates
were sonicated in 5% vol/vol Triton X in water, water, acetone, and isopropanol, and
then U\tozone cleaned for 10 min. PEDOT:PSS (Clevios P VP Al 4083) wagagin

at 4000 rpm for 45 ghen annealed at 120 °C for 10 min. 20 mg / mL chlorobenzene
solutions of various ratios of P3HT:PDI were sfast at 1000 rpm for 60 s to give
~120 nm films. A thin layer (< 30 nm) of silver was then sputtered on top of the sample
to combat charging efé¢s. SEM was performed on an FEI Quanta microscope by Dr.
Michael Clark at the WrighPatterson Air Force Base.

As seen in Figur@.5, SEMof P3HT:PDI films at various ratiagvealed larg
features relative to those seen in P3HTeBM™ films, with sizes & hundreds of
nanometers in films containing larger concentrations of the perdemeative.This
appears to be in good agreement with transmission electron microscopy results
reported byShoaeeet al,!® who state that such morphologies lead to pmaiton
dissociation as thexcitonsare unable to reach doracceptor interfaceS.he DSC
results from 8ction 2.2.2 also indicate that these large domains might be mixed phases
of P3HT and PDI; specifically PDI could be incorporating into the P3HT gshas
depressing the melting point of the polymer, as is observed for the 1:1 blend. The large
features in the 1:4 P3HT:PDI blend could be a new blended phases, as the enthalpy for

thermal transitions of the neat materials are pretty strongly suppressed.
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Figure2.5. Scanning electron microscopy images of 1:4 P3HT:PDI (left), 1:1 P3HT:PDI (middle), and 1:1 P3MBNR@ght) films spuncast

from o-dichlorobenzene, at 1508@agnification. SEM was performed an FEI Quanta microscope by Dr. Michael Clark at the WARgttterson
Air Force Base.
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2.2.4 Grazinglncidence Wide Angle Xray Diffraction and Scattering

A detailed discussion of grazingcidence Xray diffraction (GIXRD) and
grazingincidence wideande X-ray scatterindGIWAXS) in BHJ OPV active layers
was given in @Gapter 1. GIWAXS and GIXRD of spicast films vas performed ahe
Diamond Light SourcgBeamline 1077 Surface and Interface Diffraction) at the
Harwell Science and Innovation Campus ixf@dshire,United Kingdom and using a
Rigaku ATX-G instrument at the Wright Patterson Air Force Base, respectiviety
experimental parametem Beamline 107 were established as a sastgptietector
distance of 33 cm, an-¥ay wavelength of 1.378 A, drthe detector angles of 0-10
0.20° Data were analyzed using Fit 2d.
(http://www.esrf.eu/computing/scientific/FIT2D/Samples were prepared in the
following manner: 20 mg / mL chloroform sdilons were for up to 1 hr in inert
atmosphere. Solutions were speast at 1500 rpm for 45an plasmacleaned silicon
substrates to achieve films ca. 120 nm in thickness, after which samples were annealed
at 140 °C for 30 minGIXRD patterns were recordeding a Smartlab system (Rigaku)
with Cu Kj radiation 6= 0.15418 nma nd me a s u pde dith amincidetice m
angle of 0.10.2°. These samples were prepared in the following manner: 2eickn
patterned IT@on-glass substrates were sonicated in 5%vwb Triton X in water,
water, acetone, and isopropanol, and thend2wne cleaned for 10 min. PEDOT:PSS
(Clevios P VP Al 4083) was sprrast at 4000 rpm for 45 s, then annealed at 120 °C for
10 min. 20 mg / mL solutions of total material (binary or teyridends) were prepared
at various ratios, then spoast and annealed.

A comparison of the WKS images of P3HT:PDI films is shown in Figité.
The neat film of PDI displays a gdipaintense(100) lamellar peak at q = 0.28*

corresponding to distancé ca. 3.2nm, with second and third order pesa&t g = 0.40
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Al and q = 0.61A* respectivelyNeat P3HT in turn has a somewlmbader(100)
reflection at g = 0.441, corresponding distance ofa. 1.6 nm, as is typically for the
regio-regular polythiphene® 3’ Upon blending, none of these features are specifically
preserved, as would be expected for a coraplatk of material miscibilityWith
increasing concentration of PDthe P3HT feature normal to the plane fades in
intensity, while the PDI faare appears to lose directidipapand increases in-galue.

The correspnding spacing decreases to 2@ and2.7 nm when the ratio of P3HT:PDI

is changd to 1:4 and 1:1 respectiveljhese results seem indicate that indeed a mixed
phase has formed beterthe two materials, as evidendsdthe DSC dta in &ction

2.2.2.

0.8 4 . ] .

02 0 02 0 02 0 02 O
q, (A7)

Figure2.6. Comparison of observable featurasgrazingincidence wide angle -Xay
scattering images of films compsof neat small miecule PDI (lef), a 1:4 byweight
blend of P3HT and PDI (left middlea 1:1 by weight blend of P3HThd PDI (right
middle), and neat P3HT (rightlsilms were deposited from chloroform solutions at
1500 rpm for 45 seconds.
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Grazingincidence Xray diffradion (GIXRD) of films processed in the same
manne as the OPV devices in Figu2e&’ demonstrated consistent strong peaks related
to the(100) lamellar packing of P3T at 5.6° (ca. 1.6 nmyith second and third order
diffraction peaksHowever in P3HT:PDlilims, the PDI(100) peak at ca. 3.0° (ca. 3.0
nm) however is much broader and weakhan as seen in neat films. Addition of
Polymer PDlresulted in a further reduction of the small molecule crystallization peak,
possibly indicating an interacting phadelee two acceptors thé&s more amorphous in
nature. The neat polymedoes not displag diffraction peak and, consistent withits
lack of thermal transitions as observed by differential scanning calorinetmyost
likely a rather amorphous materiékelf. Use of lower volatility solvents results in a
disappearance of the P3HT stacking features, even with anneahnd) is likely
respondile for their poor performance (seec®ion 2.2.5)The lower order observed
for the P3HT:PDI films in Figur@.6 is related to this, as those films were prepared

from chloroform.
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Figure 2.7. X-ray diffraction of organic photovoltaic cells prepared at the Wright
Patterson Air Force Base with active layers depodit@th o-dichlorobenzene. The
diffraction pe&s of PDI and P3HT appear at ca. 0% 5.6%espectively; Blymer
PDI does not exhibit any peaks in the region observed.

2.2.5 Organic Photovoltaic Devices

An in-depth discussion of organic photovoltaics tlyeend general processing
procedures was given {Dhapter 1. For the study in this chapter, photovoltaic devices
were fabricated in the Solid State Device Laboratory at the Georgia Institute of
Technology. 200 nrthick patterned IT@n-glass substrates weisonicated in 5%
vol/vol Triton X in water, water, acetone, and isopropanol, and theoidvie cleaned
for 10 min. PEDOT:PSS (Clevios P VP Al 4083) was smast at 4000 rpm for 45 s,
then annealed at 120 °C for 10 min. 20 mg / mL solutions of total isdatieinary or
ternary blends) were prepared at various ratios, thercgginand annealed. 20 nm Ca

and 100 nm Al were deposited above the active layer by thermal evaporation.
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Devices prepared from P3HT:PDI blends gave performances consistently
below 0.26 PCE, so the initial focus became to optimize P3HT:Polymer PDI OPVs.
Previously, when blended with a bi(thienylenevinylesedstituted polythiophene
donor, Polymer PDbased active layers gave OPV PCEs of over?i@evices of
ITO/PEDOT:PSS/P3HT:Polymé&tDI/Ca/Al were optimized up to comparable values
of ca.0.7% PCE, with a 3:2 mass ratio, 120 nm thicknesdichlorobenzene solvent,
and 14C®C annealing for 45 mitJsing this system as a reference, the polymer acceptor
was gradually substituted witPDI, as a perceage of the total acceptor massown
in Figure 2.8 It was observed that the presence of the small molgoeriglene
derivativeresulted in a rapid and steady decline ofMbeand the fill factor, and began
to adversely affect the curresiénsity @ more substantial percentag&he opercircuit
voltage decreases by 100, 220, and 250 mV for 5, 7.5 and 10 % incorporation of the
small molecular into the total acceptor mass. The fill factoredeses from 55 to 38%
overall.This large changesisurprising, considering that it is a very small portion of the
overall weight. Additionally, devices fabricated using a higher molecular weight P3HT
and processed in the same way gave lower control PCEs and a short circuit current
density incease at 5%and 10% addition of PDIbut still resulted in opeanircuit
voltage decreases simultaneoudlkis indicates thatllnough the incorporation of PDI
into the blend will have morphological effects on the polythiophene donor, thess effect
are likely not redted to the drop iWoc. A series of devices were also fabricated from
chloroform orchlorobenzendut were much less efficient (<0.2% PCE) than those

from o-dichlorobenzeneeven with thermal annealing.
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Figure2.8. J-V curves demonstrating the decrease in performance due to PDI addition
to photovoltaic devices of 3:2 P3HT:Polymer PDI.

Table 2.1. Device performance values of 3:2 HPBPolymer PDI devices with
percentages of PDI addition by total acceptor mass.

Content PDI Jsc (mA/cm?)  Voc (V) FF (%) PCE (%)

0% 22+0.1 0.53+ 0.01 55+1 0.65 + 0.03
5% 21+0.1 0.43+£0.02 44 +1 0.39+0.01
7.5% 20+0.1 0.31+0.01 39+1 0.24 £ 0.01
10% 16+0.1 0.28 +£0.01 382 0.17+0.01

2.2.6 Atomic Force Microscopy

An in-depth discussion of atomic force microscopy (AFM) relating to organic

phaovoltaic devices was given inh@pter 1. For the work in this chapter, AFM was
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conducte on a Bruker Dimension Icon in tapping mode, using Bruker RTE®RP
antimonydoped silicon tips, and analyzed with Gwyddion SPM analysis software. 20
mg / mLo-dichlorobenzensolutions were spheast at 1000 rpm for 60 s on kbzone
cleaned ITO substraeto give ca. 120 nm films. Samples were prepared under
conditions similar to those used for OPV fabrication: 206thick patterned IT@n

glass substrates were sonicated in 5% vol/vol Triton X in water, water, acetone, and
isopropanol, and then Ug@zonecleaned for 10 min. PEDOT:PSS (Clevios P VP Al
4083) was sphtast at 4000 rpm for 45 s, then annealed at 120 °C for 10 min. 20 mg /
mL solutions of total material (binary or ternary blends) were prepared at various ratios,
then spincast and annealed.

When observed by AFM, many of the binary and ternary bints appear
similar exhibiting lateral topograpical features with dimensions of ca. 30 nm
indicating a relatively smooth filpyet the phase scarshown in Figure 2.9, are quite
distinct These imges represent shifts in the oscillation of the cantilever caused by
erergy dissipation due to variations in mechanical compliance, which can be affected
by the composition, friction, adhesiveness and viscoelasticity of the sample, where
large differencesan be interpreted as the presence of different materials or, at the very
least, banges in a material's densiBor blends of P3HT anBDI, large segregated
phases are obsed on the order of hundreds mhnometerssimilar to the features
noted in theSEM images in Figur®.5. However the blends of P3HT:Polymer PDI
display the familiar lamellar order of P3HT, indicating that thaat is pushed to the
surface.Although this is counterintuitive to a good device structure, as the hole
extractionayer(PEDOT:PSS)s beneath the film, this is commonly seen angtrface
of efficient P3HT/PGBM films.384° A 1:1:1 ternary blend of the three materials offers

a picture unlike the other two,h&re the surface is not featle®s, but there does not
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seem to be well-defined difference beteen donor and acceptor phasésere is also
no lamellar pattern from P3HT, indicating that the presencelifis altering the

vertical distribution of the donor and acceptor phases.
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Figure2.9. Phase atomic force microscopy images of films composed of a 1:1 by weight blend of P3HT and small molelaite BDLL:1 by
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Taking a cbser look at the interactions of the two acceptors togethegure
2.10 AFM topographical scanlisplayed a transformation from rather smooth neat
films (with slightly larger features in thHeDI film) to an emergence of a rather rough
surface, with whatppear to be thin, suiicron, platelike features piled in levels.
However, upon annealing the film at temperatures similar to those uskedtovoltaic
devices (140C), a completelypew image came into formatiofhe film now appeared
very smooth, witout discernible features, as though the materials hatieda very
homogenous mixtur&his could point to a thermal acceleration of the infusion of PDI
into Polymer PDlo the pointthat the two fom a new phase, as mentioned acon
2.2.2. If thisoccursinside the active layempon annealing, itould lead to a drastic
change in material propertiel$ is, however, also possible that the observations in the
AFM originate from complete phase segregation, with one magtiiglg above the
other dueo electrostatic attraction/repulsion from the surface, which might also explain
the pnholes in the annealed film. The small holes in the annealed film could be pinholes
originating from dewetting at the substrate surface, though the AFM tip is unable to

resolve the depth of such small features.
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Figure2.10. Atomic force microscopy images of a PDI:Polymer PDI film deposited fradichlorobenzeneBefore annealindeft) the film is
rough and stepped, batterwardgright) it becomes much smoother.
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This morphological perspectivallows for a greater undetanding of the
ternary OPV film:after o-dichlorobenzene solvent and thermal annealing, P3HT has
formed neat domains, though some of the material isilpgsnvolved in amorphous
regions with the other acceptors. The thermal treatment has resulted-ilemdkd
aceeptor phases that include both PDI and Polymer ®ibthout any of the crystallinity

or shortrange order typical to the small molecule

2.2.7 Electrochemical Thin Film Studies

In order to observe the effects of acceptor blending on the oxidaiiction
(redox) potentials of thin films, electrochemical measurements, more specifically cyclic
and squaravave voltammetry, were performed otnfs cast on ITO/glass substrates.

In general, electrochemistry describes the study of chemical reactnish can be
simple letransfer reactions or more complex processes induced by ele@nsferi

that occur on the interface between a biasedrel#eiand an ionic conductor, which is
often an electrolytp opul at ed sol uti on. Determinatior
potentials relative to a given reference electrode, in-stdite or in solution, can be
achieved with a potentiodynamic electrenfical measurement, such as cyclic
voltammetry. The first oxidation and reduction potentials can then be used to estimate
the solidstate ionization energies and electron affinities, respectively, relevant to
organic electronics using the absolute potéwtidhe reference system (although this

is challenging to accurately determine) and making assumptions regarding the
differences between solvation energies and sthtk polarization energies.

Attempts to understand the relationship between chenmmeattions and
electricity were first proposed by Luigi Galvani in 1791, when he sought to explain the
effect of electricity on biological life forms, namely on nerves and muéti®eon

after, the processes of electroplating and the electrolytic decdiopasi water were
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discovered by William Nicholson and Johann Wilhelm RitteThis work led to a
number of developments over the next two
of electrochemistry, the development of the first fuel cell by Williarov@ in 1839,

and the modern understanding of ionic disassociation and acid/base behavior from the
work of Svante Arrhenius and Johannes Nicolaus Brgnstead and Martin Lowry
respectively:>44

In cyclic voltammetry experiments, a cell will have three eteigs: the
working electrode, at which the oxidation or reduction to be studied occurs at the
appropriate bias, the counter electrode, which opposes the working electrode to
maintain charge balance, and the reference electrode, of which the potentmaims kn
but through which current does not flow. These electrodes are immersed in an
electrolyte solution, ensuring conductivity, and the analyte, the material to be studied,
is either cedissolved in the solution or coated upon the working electrode. The bia
between the working and reference electrodes is linearly scanned over time in a cyclical
pattern, while the current between the working and counter electrodes is observed. For
example, as a cathodic potential is applied, the reduction of the analybe wilident
in an increase of the current up to the reduction potential, after which the current will
decrease as naeduced species are fully consumed. Now sweeping the potential back
in the opposite direction will result in an oxidation peak (with opygpsurrent flow)
assuming the reaction is reversible.

Electrochemical techniques on organic thin films to study stk redox
potentials and electrochemical gaps has been applied extensively in work related to
organic electronics, especially on bleddmaterial$>“® Though electrolyte diffusion
has the potential to distortM curve shapes, redox onsets can be compared

gualitatively. In this work, lkectrochemistry was performed on thin films of the two
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neat acceptors, and films of the two blende8®&60 by weightpoth pre and post
annealing.The solutiongontaining polymer could be spcast on UVozone cleaned
ITO without incident, but the solution of PDI ia-dichlorobenzene experienced
substantial dewetting and had to be deagt. The filmavere vacuum dried and, with
minimal atmospheric exposure, placed inn aelectrolyte solution of
tetrabutylammonium hexafluorphosphate in propylene carbonate with a platinum flag
as the conter electrodeThe reference electrode used was AdgZAgvhich was ater
calibrated againghe ferrocenum / ferrocee couple allowing determination of the
plotted valuesCyclic voltammetry was performed on each of the films, after which the
results in Figue 2.11 were recorded using squaBve voltammetrywhere voltag is
pulsed during each step of a linear sweep to reduce charging cawerping from 0
to-1.2 V and back versus the gitgeference electrode.

An initial observation ighat theEA (4.0 eV) of PDJ estimatedrom the onset
relative to ferrocenium/feocene assuming a relati®A = eEeq + 4.8€V, is clearly
lower than that of the Polymer PDI (4.2 eV), so electron transfer from thedieeed
polymer to the PDI is anticipated to be endergonic. Accordingly, Polymer PDI to PDI
electron transfecannot &plain the decrease the Voc. Exciton transfer betweeté
two is also ruled out, adlended films of the two acceptorsdemonstrate
photoluminescence quenching of both chromophoreschwiis enhanced with
annealingWhile the ascast blended film exhilstan onset similar to the polymer, upon
annealing the film the onset of the first reduction undesgm cathodic shift by ~ 70
mV. Similar experiments with the puréniis did not yield such shiftshis suggests
that, as seen via AFM and DSC, Polymer Rl}leing diluted into more homogeneous
mixture with PD] in that the electronic interactions between polymers are weakening

and, as such, the LUMO is desta®d. This destabilization of the acceptor LUMO
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could account for the decrease in OPV performdirtbe charge transport &ésobeing

affected.
6.0x10" | —  PDI -
—— Polymer PDI
1:1 Blend
— — 1:1 Blend Annealed
< 4.0x10 .
c
L
S
o
2.0x10™ .
OO *I/.k—‘ i o
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Voltage (V)

Figure2.11. Squae wave voltammetry of flms of PDPolymer PD) and a blend of

the two prepared froro-dichlorobenzene, pr andpostthermal annealingThe step
size was 0.05 V with a current drop of 0.1 mA.

2.2.8 TimeOf-Flight Electron Mobility

The electron mobility in the neat and blended acceptor films was measured by
time-of-flight (TOF) mobility. TOFtype measurements, eg for a number of
spectroscopic and spectrometric experiments, record the time required for a particle to
travel a specific distance in a given medium. To determine electron mobility in this
manner, a controlled laser pulse is directed through the &reergpelectrode of a metal

semiconductemetal structure, typically at the absorbance peak of the semiconductor.
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When a field is applied, charge carriers of one type, dictated by the applied bias
direction, are swept immediately into the transparent el@eirwhereas the charge
carriers of opposite sign must traverse the bulk and are received at the opposing
electrode. The mobility of the latter carriers is estimated as the velocity of the charge
carrier (distance / time), divided by the applied electeiclf This type of measurement
has been implemented in organic materials as early as 1960, when the hole mobility of
anthracene crystals was measufhd has found extensive use with organic thin films
for electronic application®’ >3

The TOFelectronmobility was determined on thick (>um, exact thicknesses
determined by profilometry) dregast films of neat Polymer PDI, and blended films of
the two perylenediimide derivativesn ITO, annealed under identical conditions to the
OPV devices andappedwith silver electrodesThe films were excited through the
transparent electrode @ 600 nm under varying fields; the fit of mobility was
extrgolated to a zerfield value. The hole mobilitiesf P3HT samples were also
measued to enste the integrity oftie values. This TOF experiment was conducted by
Dr. Christopher Bailey at the Wright Pattern Air Force Base.

The field-effect mobility of Polymer PDI has been reported previously to be 1.3
x 102 cn?/(Vs),?! but these techniques differ substantially inmterof the region of
charge transport (bulk vs. channel), the direction of charge transport to the surface
(which will differ if the material is anisotropic) effects of contact resistance, and even
film processing methods, diminishing the reliability of guiative comparisons. FET
mobility discussions were expanded ingpter 1. Measured by TOF, neat Polymer PDI
exhibits an impressiveercfield electron mobility of 1.4 10 cnm?/(Vs), but this value
is greatly diminishé with very small additions of PDteduced by ~20 and 40 times

when, respectivel vy, 7. 5 % canpoded of5Hsd snoal t
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molecule. Neat PDI was sufficiently neimooth at suclthicknesses for meaningful
measurement of TOF mobilitysits of electron mobilities against etac field are
shown in Figure 2.12t is apparent that the introduction of PDI into Polymer Riak
greatly hampered the ability of the material to transelattrons. Consistent with the
LUMO destabilization observed in electrochemical data in theique section, the
disruptionof Polymer PDI interchain interactions by PDI has the potential to decrease
interchain mobility; together thisan account for the permance losses in OPV
devices. As a note, negative mobility dependence on electric fisldden explained

in the past as the result of substantial spatial disorder in polythiophene films, and could

perhaps be related to the dregsting method of depositicfi>®
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Figure2.12. Time-of-flight carrner mobility of thick films of PDI, Polymer PDland
P3HT, fitted to a zerdield value. This TOF experiment was conducted by Dr.
Christopher Bailey at the Wright Pattern Air Force Base.

Table2.2. Calculaed chargenobilities of thick films of PDI, Polymer PDand P3HT
fitted to a zerdfield value. P3HT films were cast from both chlorobenzene (a) and
chloroform (b).

Material Film Thickness (um) Mobility (cm?/(Vs))
@ 0 V/cm

Polymer PDI 16 1.4x 10?

Pdymer PDI + 7.5% PDI 13 7.4%10°

Polymer PDI + 15% PDI 17 3.7x10°

P3HT? 0.69 2.2x 10

P3HT 1.2 6.5x 10°
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2.3 Conclusion

Ternary organic photovoltaic devices were prepavmsthg P3HT, small
molecule PD] andPolymer PDI Incorpoation of PDI into optimized P3HT:Polymer
PDI devices leaslto reduction in device performance via ogsrcuit voltage and fill
factor. In order to better understand the reason for the dradrobserved in these
ternary blends, a morphological study was conducted atd@mic force microscopy,
differential scanning catametry, and Xray diffraction.These studiesffered evidence
that PDI and Polymer PDloriginally chosen for their miscibility, were blending
together to form a new phagfuare wave voltammetry demtnased that the electron
affinity of the polymer is greater than that of the small molecule, ruling out a cascading
electron tansfer to the small molecul&lso observed was that the blend shared a first
reduction onset with the pure polymer, but anngathe film resulted in a cathodic
shift of this onset, which coulde due to the interruption of Polymer PDI
intermolecular electronic couplinghis is difficult to confirm due to the lack of thermal
and diffractive features in the blended films andnél of the pure polymer, but a
significant drop in the charge mobility of the acceptor phasecasfgmed using TOF
mobility. While it also might be possible that the materials phase segregate upon
annealing, this would not coincide with the TOF tremlgossible representation of
the blended environment, based on the AFM, DSC and WAXS results, is shown in

Figure 2.13.



gd PDI & Polymer PDI Phas

etical Environme

Figure2.13. Hypothetical representation of the blended PDI and Polymer PDI phases
surronded by P3HT domains.

These findings can account for the drop in the epeuit voltage observed in
the ternary blends, a%c is affected not only byhe EA of the acceptor and tHE of
the donor, but on a number of properties that determine the ercarri
generation/recombination ratethe donor/accepr interface, as discussed im&pter
1. While efficient charge separation R8HT:PDI blends has been established by
Shoaee et gt similar experiments have not been performed for the other materials i
this series, and the blending of acceptors could have an unforeseen effect on charge
transport, facilitating a recormation processAs many materials applied in organic
photovoltaics today haveery limited shortrange order, an understanding of the
properties of blended amorphous phases could eventually lead to enhancements in
material properties.

Greate morphological control of bulketerojunction films through the use of

ternary blend systems could open upitiea of multiacceptor system3his agproach
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could be carried over to other blends that are known to suffer from bimolecular
recombination due tmsufficient electron transport or toorphologicatomplications

With newly accessible materials, some with possibly superior-fightesting or
chargeseparating qualities, OPV cells with greater power conversianegicies can

be manufacturedExploration of these systems could also possibly provide a channel
by which to lower our reliance on the morphological crygatvided bythe expensive
fullerene derivativesGoing further, different materials with alternative properties
could be used to maximize the efficiency of separate processes: for example one
acceptor species that interacts well with the donor and is effective at charge separation
transfers the electron to another acceptor species with larger phase domains, higher

electron mobility, and a lesser interaction with the donor.
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CHAPTER 3 ULTRA-LOW P-DOPING OF POLY(3-
HEXYLTHIOPHENE) AND ITS IMPACT ON POLYME R
AGGREGATION AND PHOT OVOLTAIC PERFORMANCE

3.1 Introduction

3.1.10rigins of Electrical Doping

The effects of electrical dopants in semiconducting materials have been studied
since the late 1®century, when photoconductivity was first observed in selenium wires
by Willoughby Smitht after which it was speculated by Shelford Bidwell that the
semiconductordéds properties may be due
processig, rather than intrinsic behavior of the selenfuffollowing this claim he
constructed cells of sulfur with intentionally added silver and observed a similar
photoconductivity effect, demonstrating that this concept of impurity inclusion had the
potentialto be applied to multiple material systems.

The process of doping was not effectively developed until 1950, when John R.
Woodyard filed a patent regarding the preparation of a unidirectionally conducting
germanium alloy containing up to 1% of phosphdrAsaround the same time, Sparks
et al.at Bell Laboratories described the immersion-tfpe germanium single crystals
in a galliumdoped, ptype germanium melt to create a junctfdfrom here originates
the classic example of semiconductor doping ihatsilicon pn junction: a boundary
at the interface ofqype, where electron acceptors such as boron are included in the
silicon lattice to form positive holes in the valence band, atgpa silicon, where

electron donors such as phosphorus aredotred that contribute negative electrons to
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the conduction band, inside a semiconductor, a discovery credited to Russ&il Ohl.
The formed junction is an essential component of many classes of semiconductor

electronic devices including diodes, transistarsd solar cells.

n-Type SC Intrinsic SC p-Type SC
EVac——————— EVac——————— —_— EVac
n-Doping p-Doping
- —
Ec @@@Cm>EF ECB ECB

—Ef
Ec 2000
F_____EVB
Figure3.1. The introduction of dopants into a semiconductor can result in a shift in the

Fermi level energy and the contribution of carriers to a charge transport band, the carrier
sign and specific band dependent upon the type of dopant used.

3.1.2 Electrical Doping in Organic Semiconductors

Electrical doping can also be extended to organic semiconductors, albeit
through different processes. Two primary methods, electrochemicatterdical
doping, both involve redox processes. In electrochemical doping, the organic material
is coated on an electrode and suspended in an electrolyte solution, along with discrete
counter and reference electrodes, where an applied potential diffecanses
oxidation or reduction of the material balanced by counter ion diffusion, achieving n
or p-doping’® Chemical doping involves exposing the semiconductor to oxidants or
reductants, which can be elemental molecules, such as oxygen or bromine)etisli

or, more recently, redeactive small molecules. As opposed to pure inorganic



semiconductors, where dopant loading is typically rather low (c&108 at. %),

organic semiconductor doping generally must carried out with moderate to high dopant
loadings (> ca. 1 mol. or wt. %) due to higher impurity concentrations and structural
disorder in order to significantly shift the Fermi level and thus reduce caneetion
barriers, and/or to I mprove condansparti vity
levels. Although these effects are useful for applications such agxtodetion layers

for OPVs and for reducing contact resistance in OFE¥&jgh levels of doping are
unsuitable for the channel of OFETSs, where they can reduce the curahtatio and

for the active layer of OPVs, where high conductivity materials can decrease shunt

resistance and eventually result in shorting between electtbifes.

3.1.3 Electrical Doping for Trap Passivation

As was discussed infapter 1, organic sesonductorshave inherent trap, or
gap, states due to structural/morphological imperfastiand irregularitiéd 1° or to
impurities originating from synthetar material processing'1° Doping with very low
loading of dopants (or use of dopants that iasafficiently strong reductants or
oxidants to introduce free carriers), akin to the concentrations used in inorganic
semiconductors, can potentially also be used to passivate gap’statesrganic
semiconductors, i.e. filling electron traps or htlkgps with their respective carriers,
without introducing excessive conductivityow molecular dopanbading(generally
< ca.1wt. %) has been shown to passivgsp states organic semiconductor filnfg'

24 1n studies ofvacuumco-depositon of Ceo, the conductivity initiallyincreags in a
superlinear fashion with the loadingf n-dopant but at higher concentrations
approaches a linear dependence; these two regimes of dopant loading dependence have
been assigned to filling of trap states drek @rrier contribution to the conduction

band, respectively, and suggedtap density ofl0'8-10"° cm3.22 Channel doping of
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Ceo-based OFETs in the trdpling regime of dopant concentration can be used to
increase the mobility and decrease the threstatdge without significantly impairing

the current on/off ratié> Low loadings of pdopants have also been apgliin the
active layers of bullheterojunction (BHJ) polymer/fullerene solar cellDpping of
PCPDTBT/PG:BM with 2,3,5,6tetrafluore7,7,8,8tetracyanequinodimethane @4
TCNQ)was found to increase the power conversion efficiency (PCE), mostly due to an
increase in the shedircuit current Jsc), from 3.3% to a maximum value of 3.6% at a
loading of 0.5 wt% with respect to the polymer, witintfier increases in the dopant
loading leading to a decrease in P€Eow loadings of--TCNQhave also been found

to improve the PCE of a variety of other polymer/fullerene blends including
PCDTBT/PG1BM cells, for which the PCE was increased from 6.4 @%, again

largely as a result of increasidg, by use of 0.4 wt. % of the dopéit.
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Figure 3.2. Structures of poly(3-hexylthiophene) and molybdenum tris[1-
(trifluoromethylcarbonyR2-(trifluoromethyl)}ethanel, 2-dithiolene] and a schematic
illustrating passivatiorof low-density gap states by electron transfer tedopant.

There have been several studies of the effects of low levelda@bipg on BHJ
OPV device¥?’based on donescceptor polymes, yet to our knowledge there are no
studies incorporating solar cells that employ the widely studied OPV matehal3{
hexylthiophene]P3HT), an important benchmark conjugated polymer widely used in
organic electronics and photovoltaics, in the @&ctayer. In this chapter treffects of
low dopant loading on the electronic and morphological characteristics of P3HT films
and on the device performance of P3HT{B® solar cells are investigated. These
studies principally employ themolecular p-dopant molybdenum tris[1-

(trifluoromethylcarbonyh2-(trifl uoromethyl)ethanel, 2-dithiolene] Mo(tfd-
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COCR)s, with areduction potential of +0.39 V vs. Fef’f (estimatedEA of ca.5.7
eV based on photoelectron spectroscopy of a similar doffeithat has ben shown
to p-dope graphene and smaiblecule organic semiconductgfs’t andhas sufficient
miscibility with organic solvents andhany semiconductomaterialsto allow for
solution processing

To discuss the effects of trap passivation bglopants, ti is important to
di fferentiatiel bebhw@® éeanddindgdamwd th respect
undoped semiconductor typically has its Fermi level energy near theaimtbetween
its valence band and conduction b&h¢With certain matdal systems, this level can
be found closer to either valence or conduction band, depending on the distribution of
trap states within the transport gap, as well as the various details of the band stfucture.
37 The density of these states will vary asrasaterials, and for organic polymers, such
as the material in this study, the density of states can be dependent on molecular weight,

crystallinity, and morphology. For a helensporting material, the initial addition of

" Mo(tfd-COCR)s exhibits good solubility in various organic solvents; for example, 25 mg mL
chlorobenzené® Hansen solubility parameters (HSP) have been used to predict material miscibility in
OPVs8lvalues have previgsly been reported for P3HTiy(= 18.7 MP&?, Up = 1.4 MP&?, andiy = 4.5
MPa?) and PGBM (lp = 18.7 MP&2, Up = 4.0 MP&?, andliy = 6.1 MP&?). Using secondrder
estimates of the HSP for Mo(HOOCF)s, with approximations for the molybdenum core as well as the
charge distbution in the dithienolene rings, parametersioE 26.1 MP&?, lp = 4.0 MP&?, andiiy =

6.1 MP&?were obtained? Beyond the rather poor overlap of the dispersion solubility parameters of the
dopant with the semiconducting materials, these HSP stiggger dopant miscibility with the fullerene

than with the polymer. An important limitation of these predictions is that they assume neutral molecules

and do not account for the coulombic attraction between the dopant anions and the doped material.
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p-dopants can extract electrofiem the lowdensity states above the valence band,
moving the Fermi level towards the valedmand edgé®?! As the dopant loading
increases and localized states have largely been passivated, additopainps will

begin to remove electrons from thelé transport states. As the density of states in a
charge transport band is much higher than that within the gap, a substantially greater
amount of dopant is required to shift the Fermi level or increase the conductivity by a

given magnitude.

3.2 Methods & Results

3.2.1 Conductivity & Mobility Measurements

An in-depth discussion regarding the methodology of conductivity and mobility
(t) measurements of orgarsemiconductors was given irh@pter 1. For this chapter,
bot h § weaenndeasured at the King éilah University of Science and
Technology on spunast P3HT films containing various loadings of MO{@OCFR)s3,
deposited over plasmaeaned prgoatterned electrodes (45 nm Au/5 nm ITO) on 230
nm silica over silicon (3 x 0 cm™® n-doped) substratesthe conductivity was
estimated using the ohmic (linear) region of tké turves between the source and
drain electrodes, converting current to current density using film thickness and channel
width, which in all cases were 80 nm and 2 mm respectivebnd voltage to field
using channel length, which were 2, 5, 10 ot 20 Conductivities measured at all four
channel lengths gave similar values, indicating that contact resistance is negligible
relative to film resi st deast & pixeldifrona allfoures ar .

channel lengths. Mobility values were measured in a-Béfect transistor (FET)
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format using afEP4 cascade microtech pradtation & a Keithley 2400 source meter.
Mobilities were determined by fitting the slop®)(of Io¥/%-Vssin the saturation regime
by the expressioh ¢0a& j w6, whereL andW are the length and width of the
channel, andC; is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cnt for the230 nm silica over silicon (3 x 30cm® n-doped) substrates used in this
work 3 Thicknesses were determined using a Dektak 150 profilometer. Doped
solutions were preixed by adding small volumes of 0.1 or 1 mg / mL Mo(tfd
COCHR)z solutions to 185 mg / mL P3HT chlorobenzene solutions and stirring for up
to an hour in inert atmospher@olutions were spuoast at 100500 rpm for 60 s to
achieve films between 5000 nm in thickness, after which samples were dried in
vacuum (~16 Torr) and then possibly annealed at 120 °C for 30 min. Besides substrate
cleaning, all processing stepsiaidevice testing were performed in an inert atmosphere.
The fitted G values for pri s33agaiest & ann
their wt. % dopant. Weight percent has been used in previous studies with polymers,
which is preferred over mol. %ud to variations in polymer molecular weight and
polydispersity. For means of conversion, 1 wt. % dopant is equivalent to 1 dopant

molecule for every 511 P3HT monomer units.
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Figure3.3. Conductivity trend of P3HT thin films doped with 0.0001 to 1% Mof¢tfd

COCR)s. The undoped value is shown as a dotted line.

The evolution of the conductivity with increasing dopant concentration reveals

a more complex progression for this material system than was obserfudiérene?

or N-220F°systemsmdoped over

many

order s

of

magni

of the undoped P3HT thin film was 1.4 x'48 cm?, in good agreement with literature

values® This is generally reduced for very low concentrations-dbpant decreasing

to 2.6 x 10’ S cm* at 103 wt. % dopant. This change is attributed to alterations in the

P3HT order upon the introduction of the small molecules into the filde (infra).

Similar trends have been seen for the lowest doping concentrafidasTCNQ in

P3HT®Thi s regi me of

doping level is increased to ca. 0.01 wt. %; this effect is attributed to thdowltra

reduced

conductivity i

doping, tragfilling regime, although this increase is largely the recovery of
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conductvities comparable with those of undoped films. The further increase at higher
levels is more gradual, suggesting valehaed filling.

Though they exhibit reasonable hole mobilities, P3HT OFETs prepared from
chlorobenzene exhibit hysteresishich manifest in poor overlap in forward and
reverse traces as well as unreliable threshold voltagesdnd poor on/off ratiosas
shown in Figure3.4. These effects may be particular to the solvent chosen and the
processing methods, as has been explored by Cétealf! Chlorobenzene is not
popularly used in P3HT FETSs, but was nevertheless useddreronsistency with the

bulk heterojunction solar cell work, which is the central theme of this study.
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Figure3.4. An example of hysteresis in P3HT FETs deposited from chlorobenzene.

FET hole mobilities calculated from forward gate sweeps (} &we given in

Figure35 and Table3.1. From the data, thamprovements in the conductivigre
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presumably largelyattributable to an increase in the number of charge carriers.
Certainly thefield-effect mobility is rather invariant with doping level, as has been
similarly observed for other doped midaés;>! however, the mobility under saturation
conditions is likely to be very different to that relevant to the conductivity
measurements since in the former the number of injected carriers, and, therefore,
potentially the extent of trafilling, greatly exceeds the number of carriers contributed

by the dopants. Changes in the number of free carriers could possibly be resolved in
the behavior of th&mh, but unfortunately these values are not reliable due to hysteresis.
The reduction in on/off ratio obserd above 0.01 wt. % is consistent with the increase

in conductivity associated with the bafiding regime of doping. The trends are similar

for pristine and annealed samples.
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Figure3.5. OFET hole mbility trends of P3HT thin films doped with 0.0001 to 1%
Mo(tfd-COCR)s, pristine and annealed. The undoped value is indicated by the dotted
line.

Table3.1. OFET hole mobility valuesf P3HT thin films dopé with 0.0001 to 1%
Mo(tfd-COCR)s, pristine and annealedr is unreliable due to hysteresis and was not
compared to avoid confusion.

Dopant t x10* (cm?V-1st) On/Off
Concentration

Pristine

Undoped 6.2+0.9 10°
0.0001% 9.7+1.7 10°
0.0002% 109+1.2 10°
0.0005% 6.0+0.3 104
0.001% 54+0.8 104
0.002% 53+1.0 10°




0.005% 5.0+£0.7 10°

0.01% 9.1+1.8 10°
0.02% 149+1.5 107
0.05% 8.1+34 107
0.1% 79+3.1 10
0.2% 10.8+1.1 107
0.5% 26.0x11.7 10°
1.0% 36.4+16.1 10
Annealed

Undoped 6.8+1.1 10°
0.0001% 84+28 104
0.0002% 15349 104
0.0005% 74+25 104
0.001% 2905 104
0.002% 24.7+3.9 10°
0.005% 183121 10°
0.01% 17.3+3.2 10°
0.02% 14.0£ 0.5 10°
0.05% 5.7+0.3 10°
0.1% 52+24 10°
0.2% 7.2+0.7 107
0.5% 151+1.6 10
1.0% 17.2 £ 0.7 10

A series of devices were also prepared using toluene as the solvent, as is more

common used in P3HT transistarsjata for which are shown in FiguBes. Although
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the values are in agreementtlwliterature at 1.0 x 18 cm? V=1 s? for the undoped

P3HT film,* there is no significant change or discernable trend across a reasonable

range of dopant loadings.
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Figure3.6. OFET hole mobility trends of P3HT thin films prepared from toluene, doped
with 0.001 to 0.1% Mo(tfelCOCR)a.

3.2.2 Ultra-violet Photoelectron Spectroscopy

A detailed discussion of photoetemn spectroscopy was given irh&pter 1.
For this chapter, ulérviolet photoelectron spectroscopy was performed at the King
Abdullah University of Science and Technology in an ifiigh vacuum environment
with a SPHERA U7 hemispherical energy analyzer (Omicron Nanotechnology),

employing a 5 eV pass energy and 0.95st&ep size. Doped solutions were 4pnexed



by adding small volumes of 0.01 or 0.1 mg / mL Mo{@@CR)3 solutions to 5 mg /

mL P3HT chlorobenzene solutions and stirring for up to 1 h in inert atmosphere.
Solutions were sphgast at 1000 rpm for 60 s talaeve films ca. 20 nm in thickness,

after which samples were dried in vacuum (2T0rr) and then annealed at 120 °C for

30 min. Besides substrate cleaning, all processing steps and device testing were
performed in an inert atmosphere or vacuum, inclyidiansfer from the glovebox to

the ultrahigh vacuum system in a vacuum tube.

The work function @ ) and ionization energie$H) of doped P3HT films show
evidence of trends that can be related to those in conductivity, as seen in3igure
The undoped P3HT film exhibitedia andIE of 3.83 £ 0.02 eV and 4.54 + 0.03 eV
respectively, indicating thahe onset of the valence band lies ca. 0.71 eV below the
Fermi level, in agreement with literature valdé$ The lowest doping concentrations
result in a lowed than undoped P3HT, so that the valence band lies up to ca. 0.83 eV
away from the Fermi leal, in contrast to the expected effect afqping, but consistent
with the decrease in conductivity seen in this doping regime, which could be due to
morphological effects. It can be considered that the lowest concentraticu®papts
might not effectvely lead to a shift in the Fermi level due to a high population of deep
trap states as observed by Tiegzal* Then as the dopant loading is increased further,
the 0 steadily increases until about 0.01 wt. % dopant after which it increases more

gradually, the difference between tilieandt decreasing in much the same way.
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Figure3.7. (left) Tabulated work functies and ionization energies of P3HT films doped atditivaconcentrations. Undoped values iagicated
by dotted lines. (rightpemtlogarithmic plots ofthe evolution of the work function and the valence band/Fermi level difference doultdaping
concentrationsThe linear plots are guides to highlight the presence of two doping regimes.
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Figure3.8 displays a highesolution scan of the area between the valence band
and the Fermi level acquired using decreased step size and lengthened exposure
petiods. These spectra were adjusted to remove higher kinetic energy satellite features,
baseline subtracted, intensity normalized to the main valemcd feature, and
smoothed. The corrected spectra reveal the presence of a low, mdropdensity
of-states extending across the energy range between the Fermi level and the valence
band maximum. In the region corresponding to ttiia doping, 0.001 to 0.1% dopant
by weight, this feature undergoes a reduction in intensity, which could be indicative of

trap-state passivation and changes in the energy distribution of the remaining traps.
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Figure3.8. He(l) UPS spectra showing the region between the valeaicd onset and
the Fermi level.
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3.2.3 Organic Photowltaic Devices

An in-depth discussion of organic photovoltaics theory and generatgsing
procedures was given inh@pter 1. For the study in this chapter, photovoltaic devices
were fabricated at the King Abdullah University of Science and Technol0gynr2:
thick patterned IT@n-glass substrates were sonicated in sodium dodecyl sulfate
solution, water, acetone, and isopropanol, and therokzbhe cleaned for 10 min. An
80% ethoxylated polyethylenimine (PEIE) solution (0.4 wt. % in ethanolamine; Sigma
Aldrich) was spircast at 4000 rpm for 30 s, then annealed at 120 °C for 10 min. 20 mg
/ mL chlorobenzene solutions (5:4 wt/wt P3HTAHM) were spurcast at 1000 rpm
for 60 s to give ~120 nm films. Doped solutions were made by adding small volumes
of 0.1 orl mg / mL Mo(tfldCOCR)s solutions to 20 mg/mL P3HT solutions and
stirring for up to 1 h, before adding BB8M solutions. Films were thermally annealed
at 120 °C for 30 min. 15 nm Ma@nd 80 nm Ag were deposited above the active layer
by thermal evapoten.

In previous studies in which BHJ polymer/fullerene solar cells have been p
doped, PCEs have been increased at dopant levels of up-0c50m%72%2 In the
present system, however, doping of the active layer of
ITO/PEIE/P3HT:P@BM/MoO3s/Ag OPVs wih Mo(tfd-COCR)s results in a decrease
in performance for all doping levels examined, largely through a drop in the fill factor
as displayed in Figurgd.9 and Table3.2. Even for the lowest concentrations at which
we anticipate gagtate passivation, theales ofJsc, Voc, andFF decrease sharply
relative to the pristine sample. Such dropg- and Voc may be an indication of
increased recombination. At dopant concentrations of 0.005 to 0.01 wt. %, at which
we anticipate the most efficient trap passimatiwithout significant contribution of

charge carriers, there is a slight increaseldg although this effect cannot be
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unambiguously attributed to trap passivation and at no point do efficiencies exceed the
values for pristine samples. The fill facfmoceeds to drop at higher doping levels, as
charges are extracted from the valence band, and the curves desbakpeS indicative

of poor charge extraction.
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Figure3.9. J-V curves for ITO/PEIE/P3HT/R::BM/M0O3/Ag devices pdoped with
Mo(tfd-COCR)s at concentrations corresponding to the-sabhdemptying regime.

Table3.2. OPV performance values for ITO/PEIE/P3HTEM/MoO3/Ag devices
p-doped with Moffd-COCR)s at concentrations corresponding to the -bahd
emptying regime.

Dopant Jsc Voc (V) FF (%) PCE (%)
Concentration (mA/cm?)

Undoped 76+0.1 056+0.0261x1 2.7+0.1
0.001% 74+0.1 0.46+0.02 461 1.6+0.1
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0.002% 6.8+0.2 0.41+0.02 43+3 1.2+0.1

0.005% 7.8+01 0.47+0.02 493 1.8+0.1
0.01% 7.7+03 047+0.02 391 1.4+0.1
0.02% 7.7+01 0.47+0.01 35%+2 1.3+0.1
0.05% 71+0.1 043+0.0135+0 1.1+0.0
0.1% 71+01 043+0.01 34+3 1.0+0.1

3.2.4 Transmission Electron Microscopy

Similar to scanning et#gron microscopy, which was discussed ina@ter 2,
transmission electron microscopy (TEMEgveloped by Max Knoll and Ernst Ruska in
1931,is atechnique by which a focused streametdctrondgs transmitted through
thin film or sampleallowing for microscopy images at a considerably higher resolution
than microscopes employing light due to the small de Brogigelength of
electrons®™ The maximum resolution achievable for a typical optical microsahps,
given by:

Equation3.1

¢t OB+

adis the photon wavelength,is the index of refraction of the lens, ats half
of the angle of the incoming cone of light. In TEM, the whke properties of electran
allow their use in an analogous manner to a beam of electromagnetic radiation, where
the de Broglie wavelength is dependent on the kinetic energy of the electrons.
Accounting for relativistic effects as the electrons apprdalelspeed of lighfc), the

wavelength of the electronas)is givenby:

13¢


https://en.wikipedia.org/wiki/Electron

Q Equation3.2

- . O
@or @o

wherehi s Pl ancknpses cansehprtt r on OEis therkimediar i ant
energy of the electrorfs. Electrons aregenerated by thermonic or field electron
emission, accelerated by an electric field, and focused onto the sample by
electromagnetic or electrostatic lenses. The resulting image, typically recorded on a
ZnS phosphor screen, can contain information rela@redectron density and material
phases within the sample.

TEM has been used extensively as a tool to study D/A distribution in
P3HT/fullerene blends, and for shorter polymers chains has been able to identify
lamellar crystallinity?®*’ Samples were preped in the following manner: Doped
solutions were prenixed by adding small volumes of 0.01 or 0.1 mg / mL Me(tfd
COCR)z solutions to 5 mg / mL P3HT chlorobenzene solutions and stirring for up to 1
hr in inert atmosphere. Solutions were sgast at 1000pm for 60 son UV odne
cleaned glass substrates (without ITO layer) to achieve films of ca. 20 nm in thickness,
after which samples were dried in vacuum (2T0rr) and then annealed at 120 °C for
30 min. P3HT films weretransferred to 3 mnNi or Cu TEM grids by dipping,
delaminating, and floating the films to the surface of DI water. The grids had a mesh
size of 50t m. After TEM sample preparation, they were given to Dr. Dalaver Anjum
who performed the experiment on a FEI Titan at the King Abdullah egsity of
Science and Technology.

Figure3.10 displays TEM images of P3HT films, which identify the distribution
of the molybdenum atoms of the dopants within the organic phase in more heavily
|l oaded samples (O ca. 1 wom highedtgmic dwmber t 0 o0 b

elements. At 1% dopant by weight, the lighter features indicate aumérm
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distribution of dopants with clusters up to a few nanometers in size. As the loading is
increased to 5 wt. % the dopants are found to have further segredattered into
areas with dimensions of ca. 10 nm.

Energydispersive Xray spectroscopy (EDS) is an analytical measurement that
can be performed simultaneously with TEM in the FEI Titan. Upon contact with the
sample, high kinetic energy electrons fréime focused beam can displace electrons
from core levels, forming an electron hole upon ejection. This hole is quickly filled by
an outer shell electron, which can release the excess potential energy in the form of an
X-ray. X-ray energy and intensity amaeasured by a spectrometer, allowing for
elemental characterization due to the unigueyemission spectrum fundamentally
allowed for different atomic structuré® Figure 3.11 shows EDS obtained when
focusing the electron beam on one of these clustastifying themo | ybdenum
relaxation at 17.4eV. The uneven distribution at lower doping concentrations could
indicate that the dopants are largely forced out of the crystalline regions of the polymer,
interacting only at phase edges and in the amorphous regiosiisThicontrast to the
doping of P3HT with the planar dopant FCNQ, where welblended phases can be
observed at similar dopant loadirf§sThe observation of dopant clusters can also
suggest that not all of the dopants inside the cluster are intgragtimthe polymer,
which could lower doping efficiency and possibly explain the unusual trends in
conductivity and mobility. These clusters may instead be acting as quenching or

recombination sites in the BHJ, explaining the dropHn



Figure 3.10. Transmission electron microscopy scans of undoped, 1%, and 5% doped P3HT filrsastpom UV ozoneleaned glass then
floated on water and collected on a NeM grid.
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3.2.5 Atomic Force Microscopy

An in-depth discussion of atomic force nmoscopy (AFM) relating to organic
phaovoltaic devices was given inh@pter 1. For the work in this chapter, AFM was
conducted on a Bruker Dimension Icon in tapping mode, using Bruker RT&ESP
antimonydoped silicon tips, and analyzed with Gwyddion SPMyans software. 20
mg / mL chlorobenzene solutions (5:4 P3HT¢MBB/) were spincast at 1000 rpm for
60 s on UVozone cleaned ITO substrates to give ca. 120 nm films. Doped solutions
were made by adding small volumes of 0.1 or 1 mg / mL M&{BCR)3 soluions to
20 mg/mL P3HT solutions and stirring for up to 1 hr, before addingBMCsolutions.

Films were thermally annealed at 120 °C for 30 min.

The surface morphology, as shown in Fig@&2, while not indicating a
substantial change in the topograpieyeals a disruption of the fibrillar morphology,
often observed in the phase scan for P3HT bféigsat the surface of the BHJ film in
the presence of the dopant, offering compelling evidence of a dopgimated effect
on polymer organization. Aftethe inclusion of the jolopant, the short fibrillar
morphology seen in the undoped material becomes patchy and irregular, suggesting
that the dopant may disrupt the fibril formation near the surface, with dopants either
blocking phase formation or actirgs nucleation sites. The surface roughness is
relatively unaffected; root mean squared (RMS) values were 0.47 and 0.40 nm for the

pristine and 0.1 wt. % doped films, respectively.
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Figure3.12. Atomic force microscopy height scans for pristine and 0.1 wt% MaURICF)s-doped P3HT thin films, a) and b) respectively. The
phase scans for the same regions are given in c¢) and d).
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3.2.6 HAggregate Modelling of Absorbance Spectra

The UV-vis absorption spectif P3HT films have been analyzed quantitatively
to look for subtle changes in the local order upon doping. Applying a weakly interacting
H-aggregate model to the absorbance-dbped P3HT films, the fraction of aggregated
P3HT and the freexciton bandwith (W) were estimated at various dopant
concentrations! W is related to conjugation length and intrachain order within the
aggregates and can be estimated from the ratio of@end 01 peak absorbance using

the expression:

o p TR WIO Equation3.3
0 p T8t XwiO

In this case the main intramolecular vibratidfp, coupled to the electron
transition is assumed to be a C=C symmetric stretch with an energy of caV0.18 e
Calculated intrachain order and fraction aggregate can be affected by processing
methods such as solvent choice and annealing condftiSrsnd as such can plausibly
be affected by the presce of impurities in the filmSamples were prepared in the
following manner: Doped solutions were prexed by adding small volumes of 0.1 or
1.0 mg / mL Mo(tfdCOCR)z solutions to 15 mg / mL P3HT chlorobenzene solutions
and stirring for up to 1 hr in inert atmosphere. Solutions werecgshat 1000 rpm for
60son UV omdnecleaned glass substrates (without ITO layer) to achieve films ca. 100
nm in thickness, which were then dried in vacuum &T6rr) and annealed at 120 °C
for 30 min. Figure3.13 demonstrates the fitting of theDdo G4 absorbance peaks to
the low energy region of the undoped film, up to ~ 2.3 eV, where no contribution from

amorphous polymer is expected, using Gaussian curves to represent each transition.
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Figure3.13. (left) Freeexciton bandwidth and fraction of aggregates estimated fromis/$pectra for loped films of P3HT. Values for pristine
films are displayed with dotted lines. (right) An example edddjregate fitting of the absorption spectrum of ataped P3HT film.
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To account for spatially correlated disorder in the filhe 60 and 01 peaks
are fit to the absorption spectriand, basedn their ratio, the expected intensities of
0-2, 0-3, 04 peaks can bpredictedin accordance with the Frar@ondon principle.
Fitted values for the fraction of photophysical aggregates, determined by the ratio of
the fitted peaks attributable to aggregated polythiophene over the full integrated
spectrum, and W are given for doped P3HT films in Figut8. Assuning the validity
of the Haggregate model and that no other factors affect the absorption spectrum,
analysis of the spectra suggests that for low dopant concentration there is a drop in the
aggregatdraction relative to undoped polymer, with the amorghpartion weighted
for its lower oscillator strength. The total aggregated fraction drops by almost 7% at 10
3 wt. %, coinciding with the decrease in conductivity observed in Fig&ethough
the exciton bandwidth of the aggregated portion experiengesalichanges. This can
be attributable to the hypothesis that the interactions of the dopant only take place
within the amorphous regions of the polymer and, at this concentration, the mixing of
the materials results in a decrease of the proportion efeddhase present. In blends
with F4~-TCNQ, incorporation of the dopant into the aggregated P3HT phase has
resulted in an increase inAAo-1, attributed to longer interaction lengttfayhich is
not observed in our systerit higher concentrations theattion of aggregate returns
to typical values, while the exciton bandwidth also grows slightly larger than for
pristine values, indicating that it is possible that dopant presence is affecting aggregates
and resulting in a slight decrease in intrachageoryet it is most likely that most of
the dopant has been pushed out of the polymer pAasemnilar trend for annealed

sampless shown in Figur&.14.
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Figure3.14. Freeexciton bandwidth and fractiorf aggregates estimated from LINS
spectra for annealedgoped films of P3HT. Values for undoped films are indicated
with dotted lines.

3.2.7 Grazinglincidence Wide Angle XRay Scattering

A detailed discussion of grazingcidence wide angle -kay scatering
(GIWAXS) in BHJOPV active layers was given ih@pter 1. GIWAXSvas conducted
at the EASTi D1 beamline (http://www.chess.cornell.edu/chess/east/D1 dtrth)e
Cornell High Energy Synchrotron Source (CHESS) at Cornell UnivdrgiBr. Liyang
Yu. The experimental parameters define the sample to detector distance as 100.25 mm
the X-ray wavelength 21.155A, and the detector angle 0.1%ata were analyzed
using Fit 2d. [ittp://www.esrf.elcomputing/scientific/FIT2D/Samples were prepared
in the following manner: Doped solutions were-prxed by adding small volumes of

0.1 or 1.0 mg / mL Mo(tfdCOCR)3 solutions to 15 mg / mL P3HT chlorobenzene
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solutions and stirring for up to 1 hr inert atmosphere. Solutions were syuast at
1000 rpm for 60 ®n plasmacleaned silicon substrates to achieve films ca. 100 nm in
thickness, after which samples were dried in vacuum{¥bdr) and then annealed at
120 °C for 30 min.

GIWAXS, displayed inFigure3.15 as 1D eplots summed across 90° of a 2D
diffraction pattern, supports the absorbance modelling in that, while there appears to be
a general trend of slight lamellar disorder induced by doping apparent in an increase of
d-spacing in diffractiompeaks, there is no compelling evidence of interruptions inshort
range order, such as a decrease in integrated peak intensity, that might be expected from
the dopantds presence primarily 1istnecrysta
f i | m, -stackng peak (010) shifts very slightly from 16.78 to 16.22'nhm
corresponding to an increase irsplacing from 3.74 to 3.87 A. The lamellar feature
(100) also exhibits a shift from 15.6 to 1682 These increases in spacing are minor
compared to the disruptions reported upon the incorporatiog-8€CRQ into P3HT
ordered phases, wheresgacings for(010 and (100 reach 4.11A and 18.0A
respectively’> The successful blending of-FCNQ into the P3HT phase is possibly
due to its plaar structure, as opposed to thalifiensional structure of Mo(td
COCBR)s. An increasing loading of the-gpopant also coincides with a slight decrease
in the intensity of the P3HTLO0 peak. As film thicknesses are comparable, this may
indicate a decrease the lamellar order of P3HT chain packing upon the inclusion of

dopants.
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Figure 3.15. 1D GIWAXS patterns for P3HT doped with various wt. % of Mo(tfd
COCR)s. The region near th@10) feature is showin the insetThese patterns are
integrated from 2D GIWAXS pseudocolor plot, such as that shown in Figure 1.16.

3.2.8 Rutherford Backscattering

Rutherford backscattering (RBS) spectroscopy is a technique in which
backscattered highnergy ions are analydein order to determine elemental
concentration and distribution in solid and gaseous samples, and is so named after Lord
Ernest Rut her f or dos-knowmrGeigeiMau tsidem thag ol ¢he
experiment which, in 1913, led to a new understandingatmic structure
incorporating a positively charged nucléfs’RBS of solids involves elastic collisions
between high kinetic energy ions, typically alpha particles, and the stationary nuclei in

the sample. The energy of the backscattered parkgis given by:



a AT-© & & OE+ Equation3.4

wherekEy is the kinetic energy of the incoming alpha partinoleandny, are the masses
of the alfha particle and the stationary nucleus respectivelyf aadhe angle of the
scattered alpha particle relative to its incoming patt® The energy is also lowered
as the ion traverses through a material due to inelastic smadingle scattering off
of electrons, referred to as thestopping powerof the material and is typically
proportional to the atomic number of the elements in the samplé8 This allows for
depth determination of elements in a solid sample.

An HRBSV500 instrument, from Kobel Steel, wapeavated at the King
Abdullah University of Science & Technology, using a 400 keV ajmdndicle beam in
order to move the molybdenum feature intc
were prepared in the following manner: Doped solutions werenpted by adding a
small volume of a 1.0 mg / mL Mo(#80OCF)s solution to a 15 mg / mL P3HT
chlorobenzene solution and stirring for up to 1 hr in inert atmosphere. Solutions were
spincast at 1000 rpm for 60an UV-0zone cleaned glass substrates to achiéws fi
~100 nm in thickness, after which samples were dried in vacuurf Fdi®) and then
annealed at 120 °C for 30 min.

The dopant distribution as a function of depth in a 5 wt % doped film was
investigated with RBS. The heavy molybdenum nucleus allowite fdifferentiation
of the dopant distribution inside the organic film, as carbon, silicon, oxygen, and even
sulfur scatter at much lower energies, as demonstrated previouslebglQvho used
RBS to investigate Mo(tfds a dopant for-NPD.>° With an incoming helium particle
beam at 400 keV, the calculated onset of particles scattered from molybdenum at the

surface of the film, at ~ 360 keV, has a very low intensity as seen in AdréAs
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particles penetrate the depth of a film, they lose erswgyto glancing nuclei collisions
(nuclear stopping) and interactions with electrons (electronic stopping) depending on
their velocity and on the density and elemental composition of theliimenergy loss

by unit of depth can be obtained as a proddiatensity andscattering crossection

" 00N 1A Q& ,whereZ; andZ; are the atomic numbers of the projectile and

scattering nucleus respectivelor the Molybdenum feature,itlv decreasing energy

and increasing déip, the feature grows roughly until the calculated organic/glass
interface at ~ 316 keV, suggesting that the dopants are unevenly distributed through the
thickness of the film, with a tendency to settle away from the surface (although
apparently still dignpting the P3HT surface fibril formation, as evidenced by the AFM
phase images in Figu&12). Employing a film thickness of 100 nm, the energy of
particles scattered from molybdenum atoms at any depth is calculated to have zero
overlap with other elemestin the film, indicating that the present signal intensity is
originating entirely from the presence of the dopant. The fugldt the bottom of the

film could be responsible for the lower fill factors at higher doping concentrations,
arising from surfae dipoles between the PEIE and the aggregatidgpants. The
distribution of fluorine, the other identifying element of the dopant, could not be as

readily established given overlap with the signals from organic/substrate elements.
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Figure 3.16. Rutherford backscattering spectra focusing on the Fluorine, Sulfur, and
Molybdenum regions of undoped and doped P3HT films on dlas=s are a smoothed
average bvalues.
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3.2.9 Organic Photovoltaic Devices with a Planar Dopant

p-Doping was also carried out with another oxidant, Niftféxhibiting a
comparable reduction potential to MoBDCR)s, the neaiplanar molecular structure
of which might be anticipatet lead to less disruption of the P3HT film morphology
than occurs with the bulky-8imensional molybdenushased oxidant. Ni(tfd)was
introduced in the same manner to P3HT#BM solar cells (see Section 3.2.3). The
resulting trend in Figur8.17 & Tabk 3.3 is very similar to that seen using the non
planar Mo(tfdCOCR)s dopant: after an initial drop iRF and Jsc, values of these
parameters increase with increasing dopant concentration to reach maxima (still lower
than the values seen for undoped fijmess was seen when using the molybdenum
dopant. However, the doping loading at which BEfeand Jsc appear to recover is
around one order of magnitude lower for Ni(tfthan for the Mo dopant. Though this
dopant has a planar structure, the centrak®faand tetrahedr&lCFs groups result in
a slightly increased thickness orthogonal to the plane relative to thatTaENQ),

which can possibly prevent their incorporation into P3HT aggregates.
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Figure3.17. J-V curves of P3HT/P&BM devices pdoped with Ni(tfd).

Table3.3. OPV performance values BBHT/PG:1BM devices pdoped with Ni(tfd).

Dopant Jsc Voc (V) FF (%) PCE (%)
Concentration (mA/cm?)

Undoped 87+03 0.62+0.01 62+2 3.3+0.2
0.0002% 84+03 0.62+0.00 48+4 25+£0.2
0.0005% 8.3+0.3 0.62+0.01 502 26+0.2
0.001% 85104 0.62+0.00 524 2.7+0.2
0.002% 87+04 0.61+£0.0153+1 28+0.1
0.005% 85+£0.2 0600 492 25+0.1
0.01% 7.3+06 0.60+0.01 44+4 20+0.3
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3.3 Conclusion

The effects of ultrdow p-dopant loading in P3HT thin films were examined by
conductivity & photoelectron spectroscopy experiments; this doping did not lead to an
improvementn the OPV performance of BHJ active layers withhiB881. TEM, AFM,

UV-vis. absorbance modelling, GIWAXS, and RBS data suggest that the dopant is not
evenly dispersed in the active layer, but is aggregating in amorphous regions with
increasingly large andvell-separated aggregates with increasing dopant loading.
Although there appears to be a minor change in therdamge ordering of the P3HT
phase upon introduction of the dopant, as observed by AFM, there is no compelling
evidence of dopantclusion withn the crystalline phase. The noniform in-plane

and outof-plane distribution of the dopants, which results in interruptions in the long
range order of the P3HT phases and possibly manifests itself tiloped pockets that
increase energetic disordmiside the active layer, have a detrimental effect on the
device performance that overshadows any possible benefit from passivation of the
polymer trap states. In the complex muofpgies that occur in OPV bulk
heterojunctions, the use of dopants will I¢acdditional complications, especially in
well-ordered systems; for this reasordqgping might be more successful with materials
that have less intricate shagnge order than polythiophenes. Such systems are studied

in the next chapter.

3.4 Additional Experimental Information

Poly(3-hexylthiophene2,5-diyl) (regioregular, Electronic grade 40&E) was

purchased from Rieke Metals Inc. #§BM (ADS61BFA) was purchased from
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American Dye Source Inc. Molybdenuntris[1-(trifluoromethylcarbonylp-
(trifl uoromehyl)-ethanel, 2-dithiolenef® and nickel bis[1,Atrifluoromethyl)}ethane

1,2-dithiolenef® were prepared according to the literature by Yadong Zhang and

Raghunath R. Dasari, respectively.
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CHAPTER 4 ULTRA-LOW P-DOPING OF LOW SHORT-RANGE
ORDER POLYMERS IN EFFICIENT ORGANIC
PHOTOVOLTAICS

4.1 Introduction

4.1.1Additives in Organic Thin Film Processing

The deposition of organic thin films can be accomplished with a multitude of
different techniques, even when limiting the discussion to sohgtiooessing. fie
variation from technique to technique, such as blaming, spraycoating, spin
coating, etc., as well as the conditions applied has a powerful effect on the drying
dynamics, and ultimately the phase growth and blendirthe dissolved or suspended
materialst'™® To gain further control over the morphological outcome of these solution
processing methods, the use of additive molecules has become common practice.

In the fields of organic electronics, solvent additives have typically been
classified as igh-boiling point solvents that are added in small quantities to solutions,
with the ability to alter material miscibility in solution as well as in the solid state,
where the additive remains for a finite duration gwsicess, depending upon its
volatility.®'1° In organic photovoltaics, additives of this class, such as diiodooctane,
have enabled enhanced customization of domain size and aggregate order in bulk
heterojunctions employing small molecules or polymers, with the goal of optimizing
exciton harveting and separatioh'? Other, norvolatile agents, such as insulating
polymers and hydrogelbonding small molecules, can act as nucleation sites within a

film, directing phase growth® 1° Ternary blends where one component is added at low
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concentratios can also be considered a method of addiaged morpholmcal
control, as discussed im@pter 2. The introduction of new materials into a film, even
in very small amounts, has, more often than not, resulted in a morphological and/or

microstructural cange, regardless of intent.

4.1.2 Dopants Acting as Additives in Organic Photovoltaics

Trap states as discussed inh@apter 3,can result from irregularities in the
morphology that form during material processfigor fromimpurities introduced in
the pocessing environmer#2° and can impede charge transport and increase
recombination in OPV system&o correct this, low levels of the moleculadppant
2,3,5,6tetrafluore7,7,8,8tetracyanequinodimethane (HCNQ) have been used to
passivate trap ses affecting donor polymers in the active layers of solytmcessed
polymer/fullerene bulkheterojunctions, observable through an increase in the- short
circuit current densityJsc). p-Doping of PCPDTBT/P&BM with F4aTCNQ was found
to increase the poweonversion efficiency from 3.3% to a maximum value of 3.6% at
a loading of 0.5 wt. % with respect to the polymer, via an increase fadfi@m 9.4
to 10.3 mA/crd, with further increases in the doping level leading to a decrease in
PCE?! Low levels of FTCNQ doping have also led to an improvement in the
performance of PCDTBT/P&BM cells, for which the PCE was increased from 6.4 to
7.9%, again largely as a result of increasingJtegfrom 11.0 to 14.0 mA/cf) by use
of 0.4 wt% of the dopart? No drasic effecton the BHIhandstructure was seen upon
dopant introduction, according tatomic force microscopyand Xray scattering
experiments.

Despite the publication of these studies regarding the effectdapipg in ulk
heterojunctions based on doramceptor copolymers;??molecular dopants have been

unsuccessful in improving the performance of OPVs employing the widely studied
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homopolymer, ply(3-hexylthiophene) (P3HT), when introduced into the bulk
heterojunction. Studies withhy INCQ/P3HT blends literature have shown a distinct
change in P3HT order upon dopant incorporation, including evidence pifases of
the two material$¥2® The work of the previous chapter, employing a -ptanar
molybdenum dithiolene derivative as thedgpant, has ab been unsuccessful in
producing improvements in P3HT:B8M OPVs due to inhomogeneous distributions
of the dopants in the film, likely resulting from exclusion from the wetlered
domains during their formatioif. This chapter presents a study of #fiects of low
doping levels, using similar dopants, on the electronic and morphological
characteristics of the lessdered, higkperformance copolymers
poly(thienothiophendenzodithiophene (PTB7) andpoly[heptadecanyicarbazole
(dithienyl-benzothiadiaale)] (PCDTBT), and on the OPV performance of their
respective solar cells with RPBM, with the goal of completing our understanding of
the activity ¢ these dopants in diverse bufieterojunction films. We employ the
molecular p-dopans molybdenum tris[1-(methoxycarbonykp-(trifl uoromethyl)
ethanel,2-dithiolene] Mo(tfd-COMe);,®  and molybdenum  tris[1-
(trifluoromethylcarbonybe-(trifl uoromethyljethanel, 2-dithiolene] Mo(tfd-

COCER)3,?° which have high electron affinitieEA) of 5.2 and 5.4 eV resptaely,’

¥ Mo(tfd-COMe)s; and Mo(tfd-COCFs); oxidation potentials have estimated in the solution state by
electrochemistry to be + 0.16 V and + 0.39 V vs. ferrocene respectively. BatifdMo(tfd-CO,Me);
has been determined by inverse photoelectron spectroscbpya@ eV in the solid state, we estimate

the EA of Mo(tfd-COCR); by adding the difference in the oxidation potentials to the \Alue.
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have been shown tegope graphene and smaiblecule organic semiconductgfs®
and have sufficientmiscibility with organic solvents andnany semiconductors

materialsto allow for soldion processing

IE = 5.1 _
EASS2 EpA-54 E=54

Figure4.1. Structures and relevant energy levels of PTB7 (far left), Md&dMe)s
(middle left), Mo(tfdCOCHR)z (middle right), and PCDTBT (far right).

4.2 Methods & Results

4.2.1 Conductivity & Mobility Measurements

An in-depth discussion of thenethods of conductivity and mobility; X
measurements of orgarsemiconductors was given it&pter 1. For this chapter, both
G af wdre measured at the King Abdullah University of Science and Technology on
spuncast PTB7 and PCDTBT films containing mars loadings of Mo(tfdlCOMe)s
and Mo(tffdCOCR)3, respectively, deposited over plasoleaned pregatterned
electrodes (45 nm Au/5 nm ITO) on 230 nm silica over silicon (3'%ct3 n-doped)
substrates. The conductivity was estimated using the ohiméaK) region of theé-V

curves between the source and drain electrodes, converting current to current density

using film thickness and channel width, which in all cases wetH)B0hm and 2 mm
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respectively, and voltage to field using channel length, wiviete 2, 5, 10 or 20 |.
Conductivities measured at all four channel lengths gave similar values, indicating that
contact resistance is negligible relative
at least 8 pixels from all four channel lengthsickhesses were determined using a
Dektak 150 profilometer. Doped solutions were-priged by adding small volumes of
0.1 or 1 mg / mL Mo(tfdCOMe)s or Mo(tfd-COCR)z solutions to 5 mg / mL PTB7
or PCDTBT chlorobenzene solutions and stirring for up tbaam in inert atmosphere.
Solutions were spunast at 100500 rpm for 60 s to achieve films between ca. 50 nm
in thickness, after which samples were dried in vacuum{¥bor). Besides substrate
cleaning, all processing steps and device testing weli@ped in an inert atmosphere.
OFET hole mobility was measured with the same devices, but generally
displayed very minor decreases with increasing dopant concentration until 1%, above
which no transistor activity was identified for any of the materigléhd systems.
Mobility values were measured in a bottgate fieldeffect transistor (FET) format
using anEP4 cascade microtech probw@tion & a Keithley 2400 source meter.
Mobilities were determined by fitting the slop®)(of 1o%-Vssin the saturatio regime
by the expressioh ¢0bG j w0, whereL andW are the length and width of the
channel, andC; is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cnt for the230 nm silica over silicon (3 x 30cm n-doped) substrates used in this
work3! FET hole mobilities for PTB7 are displayed in Figudel by dopant

concentration.
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Figure 4.2. Hole mobility values of Mo(tfdCOMe)s-doped PTB7 upon the
introduction of the glopantfrom concentrations of ca. 0.001 to 1 wt. %. The undoped
value is indicated by the dotted line.

The fitted 0 values for PTB7 a&2d PCDT
against their wt. % dopant. Larger increases in conductivity were observed with
different pdopants for each polymer: Mo(tfdO.Me)z for PTB7 & Mo(tfd COCR)3
for PCDTBT. These dopankxhibit estimated electron affinities of 5.2 eV and 5.4 eV
respectively determined electrochemically, which happen to line up well with the
ionization energies of their respective polymers. Doping was implemented in solutions
of the given dopant in chiobenzene at percentages determined by weight %, as is
convention with polymer doping. 1 wt. % Mo(iOMe)s in PTB7 corresponds to 1
dopant per ca. 98 monomers, and 1 wt. % MeQ@ICF)z in PCDTBT corresponds to

1 dopant per ca. 122 monomers.
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Figure 4.3. Conductivity evolutions of Mo(tflCOMe)s-doped PTB7and Mo(tfd-
COCR): PCDTBT upon the introduction of the respectivedgpants down to
concentrations of ca. 0.001 wt. %. Thesbrare included as a visual guide. The undoped
values are given by dotted lines.

The trends displayed above ca. 0.01 wt. % dopant concentration for both
polymer/dopant systems are different from those that have been observed in other
doped systemsand irdicate varied collections of deep and shallow trap states among
the two materials=or the PTB7/Mo(tfdlCO:Me)z system, following the slight decrease
in conductivity from 1.9 x 10S/cm in the undoped case, in reasonable agreement with
literature3? to 2.0x 108 S/cm with 0.001 wt. % dopant, tieeis agradual increase n
with wt. %. Thisis interrupted by a depression in the slap®adings betweet05 to
0.5 wt. %.It is possible that thisegimeis due to an energetically localized distribution

of trap states above the valence band, which is discussed furher Bellowing this
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point there is a s h%aYcm atjlwimd dopant, [€ading at o 5
more gradual increase.

The PCDTBT/Mo(tfdCOCR)s system displays a somewhat simpler trend, with
increases in 0 fr om &Skm, againidregsomable ageebmert o f
with literature3 up to 0.02 wt. % dopant where a sharper increase to 2.8 8/t at
0.1 wt. % occurs. From this point thereléss pronounced increase in conductivity
growthup to 1 wt. % dopantyith the conductiity increasing to 4.1 x 10S/cm. The
stronger dopant Mo(tf€COCR)z: results inmuch higher conductivities with this
polymer than its loweEA cousin, Mo(tfldCO:Me)3, when doped to the samentent
by weight (see Figur&.3). This is most likely due tde inability of the weaker dopant
to passivate states or add carriers close to the valence band edge, occurring at ca. 5.4

eV for PCDTBT(Section 4.2.2).
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Figure4.4. Comparison othe conductivity evolutions of PCDTBT with thedopants
Mo(tfd-COMe)s andMo(tfd-COCRs)s. The lowerEA of Mo(tfd-CO:Me)s restricts its
ability to passivate the traps of the highpolymer, observable from the very slight
improvement in conductivity. Thlines are included as a visual guide. The undoped
value is indicated by the dotted line.

Due to the amorphous nature of these materials, large percentages of dopant
could be added to the film without processability issues (i.e. changes in morphology).
For the PTB7/Mo(tfdCO:Me)s system the increase in the conductivity is consistent up
to 30% (see Figurd4); its seems possible that doping could continue at higher
concentrations before a drop in performance is observed, although quick inspection of
the D% film by optical microscopy shows a very small amount of aggrdigate
features beginning to build up, scattered randomly across the film. The average
conductivity for this sample, determined from the Ohmic region of -Neclirve, is
0.015 S/cm, and as checked with-point probe to a value of 0.025 S/cm. Note that

this value is not as high as the conductivity observed from a P3HT film doped to 10%
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by weight with the same dopant by Deti al?®, however PTB7 displays a greater
versatility, with condutivities ranging across 6 orders of magnitude as the dopant

concentration increases, due to the lower conductivity of the pristine polymer.

Conductivity (S/cm)

108 —— e
103 10 10* 10° 10*

Dopant Concentration (wt. %)

Figure4.5. Conductivity values of Moftl-CO:Me)s-doped PTB7 upon the introduction
of the pdopant from concentrations of ca. 0.001 to 30 wt. %. The line is included as a
visual guide. The undoped value is given by a dotted line.

4.2.2 Ultra-violet Photoelectron Spectroscopy

A detailed discusion of photoeleicon spectroscopy was given irh&pter 1.
For this chapter, ultrsiolet photoelectron spectroscopy (UPS) was performed in the
ultra-high vacuum environment of a Kratos Axis URfa XPS/UPS system at the
Georgia Institute of Technologyll samples were in contact with the detector by a

metallic clip and characterizations were performed at aaékengle normal to the
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film. Spot size was ca. 110 em. UPS was
size.Doped solutions were praixed by adding small volumes of 0.1 or 1 mg / mL
Mo(tfd-CO:Me)z or Mo(tfd-COCRs)s solutions to 5 mg / mL PTB7 or PCDTBT
chlorobenzene solutions and stirring for up to an hour in inert atmospher@niTO
glass substrates were solvent and plasi@aned; soltions were cast at 1500 rpm and
dried in vacuum. Besides substrate cleaning, all processing steps and film testing were
performed in an inert atmosphere or vacudihe work function is determined by
w0 "® 0 0 ,where BEeeis binding energy of the secondary electron edge and
hvis the He(l) photon energy (21.22 eV). The ionization energy is determiri@iby
w0 6 0 ,where BRsw is the cutoff of the valence band emission.

The Fermi level energy of an organic semiconductor lies between the valence
band and conduction ban#s>°® but its precise energy with the transport gap has a
strong relationship to the distribution of trap states within this*§&pFor polymers,
the desities of such states can be dependent on molecular weight, crystallinity, and
morphology. In holdgransporting materials,-gopants remove electrons from these
states of varying density above the valence band, which at a certain point can be
observed irthe shift of the Fermi level towards the valetesnd edgé®+ Once local
gap states have been passivated, dopants will remove electrons from the band itself. As
the density of states is much higher than that within the gap, a much greater amount of
dopant is required to shift the Fermi level or increase the conductivity by a given
amount.

The work function @ ) and ionization energytE) evolution of doped polymer
films was determined by ultra@olet photoelectron spectroscopy, shown in Figuge
Pristine PTB7 & PCDTBT, 20 nm films sprast from chlorobenzene on L®zone

cleaned ITO, exhibited s of 4.31 #0.01 eV and 4.39 + 0.03 eV aliek of 5.03 + 0.02
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eV and 5.39 £ 0.02 eV respectively, indicating differing valence band onset energies of
ca. 0.72 eV and 1.00 eV relative to the Fermi level for the two polymers. Doping up to
ca. 0.1 wt. % results in veryinor changes in these values for either material system.
However, at higher dopant concentrations the begins to increase rapidly,
corresponding to the features that may be related to trap passivation activity in the

conductivity trends.
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Figure4.6. Work function and ionization energy evolution of PTB7 (left) and PCDTBT (right) upon the introductiestopigmts Mo(tfedlCO.Me)s
and Mo(tfdCOCR)3, respectively, from concentrations of ca. 0.02 to 1 wt. %, determined by UPS. Undoped values are repredettéed by
lines.
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The unchangingd at lower dopant concentrations is not necessarily an
indication that no trap passivation is occurring in the regimes below 0.1 wt. %. At these
ultraslow concentrations, the number holes adde@dresumably very small vs. the
density of allowed stateJietzeet al. have demonstrated, in doped films of pentacene
and ZnPc, that Fermi level energy modulation may only occur once the dopant
concentration has approached the concentration of deep trag*é#sftes this point is
reached, there is a transitibm a dopant saturation regime, which proceeds with the
passivation of shallow trap states and a rapid increage kor the present systems,
this regime transition can be related to the depression in the PTB7 conductivity
evolution, where it is possible that a large population of deep traps has been filled, as
well as to the region of higher slope in that of PCDTBfie difference between the
two material systems could be the result of vastly differing impurities or

morphologicallyinduced electronic variation.

4.2.3 Organic Photovoltaic Devices

An in-depth discussion of organic photovoltaics theory and generadgsiog
procedures was given inh@pter 1. For the study in this chapter, photovoltaic devices
were fabricated at the King Abdullah University of Science and Technology. 200 nm
thick patterned IT@nglass substrates were sonicated in sodium dodecyl sulfate
solution, water, acetone, and isopropanol, and therokbhe cleaned for 10 midnO
solgel was prepared by dissolving zinc acetate dihydrate (Sigdrech 379786) and
ethanolamine (SigmAldrich 411000) in 2Zmethoxyethanol (SigmAldrich 284467)
to a cancentration oD.75M. After hydrolysis in air for ca. 24 hhe solution waspn-
cast omo cleaned ITO surfasein inert atmosphere, a®@0 rpm for 30 shen annealed
at 19 °C for 10 minbeforecooling down toroom temperatureyielding a&ZnO films.

Theactive layer blend solutions were stirred at60vernight and filtered using PTFE
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0.45 um filters before spin casting (800 rpm,s4&nd 100 rpm, 45 s for PTB7 and
PCDTBT donor polymersespectively) For PTB7:PGiBM, BHJs activelayer blend
solutions wereobtained by mixing 1:1.5 w/w donor to acceptor mimochlorobenzene
(concentration 25 mg/mL) with a 3% volume ratibDIO. For PCDTBTPC;:BM,
BHJs activelayer blend solutiopwereobtained by mixing 1:4v/w donor to acceptor
ratios in 1:3 chlorobenzenk-dichlorobenzene (concentratiorb Ing/mL). Doped
solutions were made by adding small volumes of 0.1 or 1 mg / mL Mo@td/e)s or
Mo(tfd-COCR)s solutions to the respective donor solutions and stirring for up to 1 h,
before blending with P&ZBM solutions. Samplewere kept in a closed Petri dish for
20 min of solvent annealing after coating the active layer, then transferred into vacuum
chamber (10 Torr) for thermal evaporation of Mad15 nm) and silver (Ag) (100
nm). To ensure consistent stdts, each series of devices wefabricated
simultaneouslyThe active area of the devices was 0.%.dfhe current densityoltage
characteristics of the photovoltaic cells were measured using a Keithley 2400 under a
simulated AM 15G solar irradiatiomt 100 mWeén?. The external quantum efficiency
(EQE) was recorded by Oriel Quantum Efficiency Measurement Kit (Newport).

As noted in the previous paragraph, OPV devices incorporating PTB7 &
PCDTBT active layers with PABM were doped by adding Mo(H8OMe) and
Mo(tfd-COCR)s respectively to the active layer solutions, using polymer:dopant ratios
in proximity to the trap passivation region observed in the conductivity and
photoelectron spectroscopy experiments; results are shown in Ei§uamed Tablel.1.

Cells constructed in a typical inverted format, with a laygfayer composition of
ITO/aZnO/Active Layer/MoQ/Ag, gave efficiencies of 7.7 £ 0.1 and 5.5 + 0.2 % for
PTB7/PG1BM and PCDTBT/P@BM devices respectively, which are consistent with

literature values for cells of this tygé** Results were taken from over 25 cells from
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multiple substrates in order to ensure the reliability of the observed trends. With both
polymer systems, an indication of reduced recombination is observed as an increase i
the current density, peaking at the point just befordithregins to increase rapidly,
which corresponds to the passivation of deep traps and the transition to a dopant
saturated regime, as discussed previously. The greatest incrdasesiseen with 0.2

wt. % Mo(tfd-CO,Me); in PTB7/PG1BM, from 16.4 to 19.920.3 max) mA/crfi a

~21% boost and the higheic value reported for an OPV to date. Thg of the
PCDTBT/PGiBM also increases, peaking with 0.1 wt. % Mo@OCR)s at 11.1
mA/cn? from 10.2 mA/cn. The dopant concentrations for which peak performance
observed are similar to those seen fgFENQ2*?2and similarly the fill factor (and
measured shunt resistance) decrease quickly at higher dopant concentrations. There
also appears to be a slight decrease in-grenit voltage as dopant content ieases,
around 20 to 30 mV. These decreasdsHrandVoc could be due to increased charge
carrier density, which can lead to increased recombination via elduiten
annihilation and exciton quenchifigjit is clear that while a benefit to tdec and PCE

was realized, as holerapping is reduced and the effective charge transport in the
system is improved, it is balanced with other detrimental recombinative pathways that
are aided by the increased carrier density. It is for this reason that the fieasman
powerconversion efficiency is on the aer of ~10% for either system. Another
possibility is that the presence of the dopants has changed the thickness or refractive
index of the film, which could serve to optimize the absorbance of the actie lay
leading to the improvement in tldec. The thickness changes were determined to be

minimal by profilometry, but refractive indices have not been determined.
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Figure4.7. J-V curves of pdoped PTB7 (left) and PCDTBT (right) OPV cells with the accepteiBM doped with Mo(tfdCO,Me)z and Mo(tfd
COCR)3, respectively.
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Table4.1. OPV performance values otgoped PTB7 (top) and PCDTBT (bottom)
cells with the acceptor P@BM doped with Mo(tfdCO.Me); and Mo(tfdCOCR)3,
respectively. Averages are from over 25 cells.

Dopant Jsc Voc (V) FF (%) PCE (%)
Concentration (mA/cm?)
PTB7/PG1BM Doping with Mo(tfdCO:Me)s

Undoped 164+£0.1 0.73+0.01 641 7.7x0.1
0.1wt. % 188+0.4 0.72+0.01 590 8.0+0.1
0.2wt. % 199+0.4 0.72+0.00 581 8.4+0.1
1.0wt. % 18.0+£0.6 0.71+0.01 53=x1 6.9+£0.2
PCDTBT/PG1BM Doping with Mo(tfd COCR)3

Undoped 10.2+0.2 0.88+0.01 611 55+£0.2
0.05wt. % 10.2+£0.2 0.86+0.00 640 56+£0.1
0.1wt. % 11.1+£0.3 0.86+0.01 62x1 6.0+£0.2
1.0wt. % 99+04 085+0.01 556 4.6 £0.7

The improvement in current density is supported by incidestipkto-electron
conversion efficiency (IPCE) measurements. These curves feajuvevéh and subtle
changein shape specifically an increase in external quantum efficiency for lower
energy photons and a red shift in the dlemergy onsedf ca. 40 meV for either system,
observable in Figuré.7. The integrated external quantum efficiencies are in agreement
with the measured OPV sharircuit currents to 10% accuracy. This increased overall
current generation is consistent with trap paggiwm and improved hole transport in the
polymer phase, which can result in decredsienolecular ecombinationthe redshift
can be an indication of improved exciton dissociation for lower energy excitons, as trap
sites have been linked to geminageambinatiorf®*’In addition, Schwaret al. have
proposed dopardssisted carrier photogeneration, where interactions of excitons and
isolated neutral dopants can result in additional photocurrent, as an additional

mechanism to explain the photocurragmdrease'®
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Figure4.8. IPCE spectra of PTB7 (left) and PCDTBT (right) OPV cells with the acceptaBRC doped with varied concentrations of Mo¢tfd
CO:Me) and Mo(tfdCOCR)s respectively.
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Doping of PCDTBT was also attempted with the lo&x dopant Mo(tfd
CO:Me)s in an attempt to selectively dope trap states without depleting the valence
band. However, no improvement in performance is observed (seesBig); the
electron affinity of the dopant is presumably not sufficiently high to passivate the trap
states that reduce device performance. Consistent with the other material siygtems,
andVoc are reduced up to 1 wt. % dopant, and a slightteft is observed in the IPCE,
but does not result in improveldc, which declined at 1 wt. % as well. It is possible
that the dopant, while unable to fill necessary trap states to improve performance is still
able to increase the carrier density, ultimately Iomge performance at higher
concentrations.

Coinciding with the decrease in tR€, the change of shape in the IPCE for the
attempted devices can possibly be related to a slight change in thickness or refractive
index of the active layer film, as these pedpes will have an effect on the optical
interference and absorbance at various depths in the film. Howevelifférence in
the behavior of the two dopants with PCDTBT indicates the likelihoodragf
passivation as a possible contributor to the irsgea photocurrent in addition to the

optical effects.
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Figure 4.9. J-V curves (left) and IPCE (right) of PCDTBT:P8M OPV cells doped with various congeations of Mo(tfdCOMe)s. No
improvement inJsc or PCE is observed.
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4.2.4 Atomic Force Microscopy

An in-depth discussion of atomic force microscopy (AFM) relating to organic
phaovoltaic devices was given inh@pter 1. For the work in this chapter, ARis
conducted on a Bruker Dimension Icon in tapping mode, using Bruker RT&ESP
antimonydoped silicon tips, and analyzed with Gwyddion SPM analysis software.
Doped solutions were pmaixed by adding small volumes of 0.1 or 1 mg / mL Mo(tfd
CO:Me); or Mo(tfd-COCR)z solutions to 10 mg / mL PTB7 or PCDTBT
chlorobenzene solutions and stirring for up to 1 h in inert atmosphere. Solutions were
spunrcast at 1000 rpm for 60 UV-0zone cleaned ITO substrates to achieve films
ca. 100 nm in thickness, after whisamples were dried in vacuum (3I0orr).

To explore the possibility of morphological changes upon dopant introduction,
atomic force microscopy was performed on films of PTB7 and PCDTBT with
concentrations of glopant relevant to the trends observedhm conductivity, UPS,
and OPV results. The full series of height and phase images can be observed in Figures
4.9 and4.10. Generally, no observations in the height or phase images would lead one
to conclude that the presence of the dopant results iostesiial change in the surface
morphology of the film, such as new features or changes in roughness. Fheesrot
squared roughness #fzs) of the undoped films is 0.26 £ 0. 1 and 0.21 £ 0.01 nm for
PTB7 and PCDTBT respectively, and deviates by less@dhnm across any of the

doped samples.
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Figure4.11. Atomic force microscoptopography (left) and phase (right) images of PCDTiBris with 0, 0.01, 0.1and 1 wt. % Mo(tfdCOCRs)s.
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4.2.5 GrazingIncidence Wide Angle XRay Scattering

The effect of dopant intrduction on the molecular ordering of tli®nor
polymer phase was studied witlrazingincidence wide angle -kay scattering
(GIWAXS). A detailed discussion of GIWAXS in BHIPV active layers was given in
Chapter 1. The experimentvas conducted at the EAST D1 beamline
(http://www.chess.cornell.edu/chess/east/D1.htie) the Cornell High Energy
Synchrotron Source (CHESS) at Cornell UniversiyRahim Munir The detector used
was Pilatus 200K (combination of two 100K detectors). The blind spot of the detecto
appears in the result as a black horizontal line in the middie. experimental
parameters define the sample to detector distance as 100,26enray wavelength
as 1.155 A, and the detector angle as 0.1Data were analyzed using Fit 2d.
(http://www.esrf.eu/computing/scientific/FIT2D/Samples were prepared in the
following manner: Doped solutions were prexed by adding small volumes of 0.1 or
1 mg / mL Mo(tfdCO,Me)s or Mo(tfd-COCR)s solutions to 10 mg / mL PTB7 or
PCDTBT chlorobenzene solutions and stirring for up to 1 h in inert atmosphere.
Solutions were spupast at 1000 rpm for 60a plasmacleaned silicon substrates to
achieve films ca. 100 nm in thickness, after which sasnpkre dried in vacuum (~10
®Tor).

As described in the previous paragraph, GIWAXS (spectra shown in Figure
4.11) was performed on polymer films deposited at similar conditions to those used in
the OPVs. WeaK100 lamellar and(010 - st ac k i @ apsenves dok lsoth a r
polymers, as has been observed in litereifiPé Exposure time for each shot was at 2
and 1.2 s for PTB7 and PCDTBT films respectively, and the incident angle was at 0.17°
for maximum resulting intensity. There is no appearance dfiadal peaks or peak

changes, in intensity or position, upon the introduction of the dopants up to 1 wt. %.
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The lack in change of crystallographic properties upon doping supports the conclusions
that the improvement in OPV performance with doping is eatbse of a change in

morphology, but because of the reduction in trap states of the thin film.
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Figure4.12. GIWAXS images of PTB7 (top) and PCDTBT (bottom) films on silicon
wafers pdoped with relevantoncentrations of Mo(tfeCOMe)s and Mo(tfdCOCR)3
respectively. GIWAXS was conducted at bernell High Energy Synchrotron Source
(CHESS) at Cornell Universityy Rahim Munir

4.3 Conclusion

Evidence of trap passivation in two different lander copolyners, PTB7 and

PCDTBT, upon the introduction of molecular dopants wsblished by conductivity

andphotoeletron spectroscopypoping ofthe polymers with the respective dopants in

OPV active layersvith PC;:BM yielded an improvement itihe Jsc for bothmaterial

systems, with an increase of over 20% for PTB7%{BM. Theincrease can be seen
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clearly in the IPCE, the increasing values accompanied by a change in shape to favor
high wavelength photons as well as a-s&dting of the low energy tailHowever
increased carrier concentration also resulted in a penalty of degf&dadd Voc,

which led to significantly reduced performance at higher dopant concentrati@ns,

ca. 1 wt. % AFM and WAXS suggesthat the dopants are wallspersed in the film
anddo not appear to be interrupting or changing polymer maoglyon any significant
manner.

While the increase in OPV photocurrent was the expected result of trap
passivation, the reduction FF is inconsistent with increased charge transport on its
own. It is possible that the introduction of the molecular dopants into the organic thin
films has slightly changed its thickness or refractive index, which would also manifest
in the observed evolution of the IPCE. An increase in thickness can also explain the
lower fill factors. However, as the recorded PTB7#BM Jscis among the highest in
literature, and the electron affinity of the dopant has a direct effect @etfemance
of dopedPCDTBT:PG:BM devices it is unlikely that the PCE improvements are
unrelated to ultrdow doping. In this case, it is possible that the results are a product of
trap passivation, refractive index and thickness changes, as well as new recombination
pathways due to localized increased carrier densities, if dopants are hdispeised
on the nanoscale. The deconvolution of these effects is not straightforward for the
imperfect systems being studied, and can be the focus of future Witirkately,
relative to the previous chapténese resultsansupport theconclusionthat ultra-low
p-doping in OPVs canresult in PCE andlsc improvements when employealith
materials that have oW intricate shorrange order unlike homopolymer
polythiophenes for example, andould be applicable to a number of other devices

employing bulkheterojunction films with loworder organic materials.
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CHAPTER 5 ZINC OXIDE INCORPORATING PENTAME THYL -
RHODOCENE DERIVATIVE SASELECTRON -
TRANSPORT LAYERS FOR HIGHLY EFFICIENT
ORGANIC SOLAR CELLS

5.1 Introduction

5.1.1Semiconducting Oxide Interlayers in Organic Electronics

The favored transparent conducting oxide (TCO) in organic photovoltaics
(OPVs), and a number of other electronic devices, has historically been indium tin
oxide (ITO), owing to its high electrical nductivity and transparency in the visible
region? However, its work functioni() is largely dependent on surface cleaning
methodology? and is not always appropriately situated for electron or hole transfer
to/from the valence and conduction bands @ngnmaterials that are employed in
organic semiconductor devices without losses in energy. This is manifested in
decreased opetircuit voltages in OPVs and higher required injection voltages in
OLEDS for examplé'” To account for this problem, a numbéimterlayer materials,
often semiconducting oxides with large bandgaps, have been employed to manipulate
better contacts with organic materiélls.

Oxides that have commonly been used for hole injection/extraction in organic
electronics are molybdenumide (MoQs), vanadium oxide (¥Os), and tungsten oxide
(W03).191714 These layers are usually thermally evaporated to attain the most pristine
layers, achieving metallic conductivities and work functions up to or above 6.0 eV.

However, to realize compatlly with anticipated higkthroughput rolto-roll
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manufacturing, lowtemperature solutieprocessed Mo@with at of 5.0 eV (and up
to 6.1 eV after @plasma and vacuum annealing) has been reported and implemented
in OPVs, the thickness minimized to offset the higher resistivity.

The most common low Fermi level energy oxides are zinc oxide (ZnO) and
titanium oxide(TiO»), thin films of which, those witla s ca. 3.5 4.0 eV,have found
use in a number of electronic applications, including organic and inorganic
photovoltaics, thidfilm transistors, and liquigrystal displays$% 22 Usingdiverse film
processing mettds, lowcost and facile procedures have beeneloped to produce
amorphous to loverystallinity ZnO layerswith thicknesses aens of nanometeiend
with opto-electronic properties competitive withose oftheir more highly-ordered
relativeswhen emplogd in certain applications, such as chargasport layers in
organic photovoltaics (OPV3$}2324 However, these filmscan still suffer from
increased defect populations related to vacancies and interstitialetatiage to their
more crystalline courrparts. The presence of thesdectscan limit charge transport

andthereproducibilityof device performanc® 28

5.1.2 Additives in LowTemperature Solution-Processed Oxides

A method that has classically been used to augment oxide properties is the
introduction ofmetal atomswhich can often occupy interstitial sites and/or lead to
enrichment odeficiencies in charge carriers, depending on valence saturation. In zinc
oxide materiab processed at low rtgperatures the use of sodiusduminum and
lithium havebeen demonstrated to improve electron mobilities, conductivities, and
ultimately, the performance of organic photovoltaic devices employing such
layerst’?*2°However, these films require the additional step of particle formation in

solution, which contribués to processing time and cofbt he best of t
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knowledge, there has been no application of atomic doping taeloywerature zinc
oxide films derived from segels to date.

Robust small molecules, such as fullerene derivativese been cdissolved
into ZnO solgels, where they were incorporated into the bulk of the film and can have
an influence on the oxide properties, such as carrier band energies and charge
transport®3! Incorporation of these organic materials into théde has resulted in
improved OPV performance, up to 8.2 % in inverted cells with PTB/{BRG largely
through increases in theF and Jsc. The reports suggest that these improvements
originate from fullerene assistance in electron extraction and transatrer than

interactions with defects.

5.1.3 Molecular Dopant Incorporation into Amorphous Zinc Oxide

Redoxactive molecules, also known a®lecular dopantshavealready been
usedto modify the surface properties of metaf§ and oxides?*3’ Schlesingeret al.
usal an evaporateddimeric sandwich +topant to reduce the work function of
crystalline ZnO by up to 1.5 eV to a minimum of 2.2 eV due to electron transfer to
(Asur f ac e the axide, allgving for impre efficient energy transfer whkb t
organic dye L4Psp33’ Work-function reduction has also been demonstrated by
Giordanocet al.through solution processing similar complexes do metal and oxide
thin fil ms, 0i=i0c5lev)tbimedy Zomid layerdepositithThe use
of molecular dopants has not, however, been demonstrated within the bulkged sol
based ZnO films, although the addition of fullerene derivatives has been shown to
reduce the opticalap® In addition to potentially affording a homogeneous distribution
of the dopant in the oxide, such a method might also lead to greater compatibility with
solutionprocessing of organic overlayers over surface doping approaches, in which

changes in surface hydrophobicity/philicity and/or dopant transfer or passivation may
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ocaur. Moreover, bulk doping can potentially have a more significant effect on the bulk
conductivity of the oxide.

In this study, the incorporation of the moleculardopant 1,2,3,4,5
pentamethylrhodocene dimgRhCp* Cp]2)**“%into solutionprocessed ZnO thfilms
is demonstrated, as well as the characterizatidhexiaterial properties that lead to
an improvement in OPV performandéis dopant has been shown to be a reasonably
air-stable, yet powerful, reductant due to the doping mechanism, which eésviobth
cleavage of the dimer and electron transfer, resulting in the formation of two
monomeric [RhCp*Cp] cations per doparif:**® the effective redox potential is
estimated to be ca.2.0 V vs. ferrocené&! The reductant strength of the dimer and
robustness of the resulting [RhCp*Cmgation makes it a promising candidate for {ow

temperature sejel oxide processing.

5.2 Methods & Results

5.21 ZnO Preparation

The preparation methddr the electrontransporting layeof amorphous ZnO
(a-Zn0) was adaied from those detailed in recent publicatibh® For sotgel aznO,
zinc acetate dihydrate (Siga#ddrich 379786) and ethanolamine (Sigkrich
411000) were dissolved in -rBethoxyethanol (SigmAldrich 284467) to a
concentration of 0.11 M. After hydlysis inair for ca. 24 h, the sajel was bubbled
with argon for 2 h before beingransferred, in a vial with argon atmosphere, to the
glove-box. 1,2,3,4,9entamethylrhodocene dim@repared by Dr. Karttikay Moudgil

as described in the literatd?é% was dissolved in the sglel solution and allowed to



stir at 60 € for 1 h.The solutionavere sm-cast omo solvent and UMOzonecleaned
ITO substrates in inert atmosphest 4000 rpm for 30 s, yielding compact ZnO lm
To achieve thicker, rippled-anO, the solgel was prepared with a zinc acetate
dihydrate/ ethanolamineoncentration of 0.75 Mndspin-cast at3000 rpm for 30 s.
In both casesthe doped filmsvere annead on a hotplate (PRAZITHERM PZ 28
3TD) at100 °C for 10 minin the glovebox,iten annealed in aat 15 °C for another
10 minbefore beingllowed to cool down at room temperature.

The benefit of thedw-temperature solutieprocessing of sefjel ZnOis that it
allows for the use of molecular dopants in ways not previously exgl@isethe soluble
dopants can be dissolved directly into tBenethoxyethanebasedsolution and
deposited simultaneously with the g@l. Thermogravimetric analysis (TGA) of the
[RhCp*Cplk powder, performed by Dr. Karttikay Moudgil, shows that the
decompsition point (5% mass loss) of the dopant dimer is ca. C85€en in Figure
5.1. The thermal conversion of the gl to the oxide wa conductedoelow this
decomposition pointat 150°C for 10 min,andso has the potential toap the dopants
within the forming film although the dimer may decompose via chemical reactions
with either solvent or species created during thegsbldeposition. It should also be
noted that the doping product, the RhCpQation, is among the most stable
organometallic spees and is expected to be stable, both thermally and in thgekol

conditions (as has been observed via absorbance).
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Figure 5.1. Thermogravimetric analysis offRhCpCplz at 10 °C min'l,
Thermogravimetric analysis (TGA) of the [RhCp*gppwder was performed by Dr.
Karttikay Moudgil.

5.2.2 Secondary lorMass Spectranetry

Secondary ion mass spectrometry (SIMS) is a technique that allows for surface
composition analysis of solids tymbarding exposed materials with a focused beam
of primary ions. Ejected secondary ions are analyzed by their mass/charge ratio in order
to determine elemental or molecular composition as a function of depth. Though the
first SIMS experiments were not aucted until the 1940%950s by Herzog,
Viehbock, and Honig?* enabled by improved vacuum pump technology, the
phenomenon of secondary ion ejections following primary ion collisions was first
observed by J. J. Thomson in 198®ue to its ability to diéver nanometer depth

resolution and elemental sensitivity down to parts per billion, SIMS has found extensive
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use in the compositional characterization of electronic devices and materials that
compose them, such as ZAEP!

In order to determine how welhe dopant moleculesre dispersedn the
amorphou£nO, thin films werestudied bySIMS. Several solutions were prepared by
mixing zinc oxide sebel solution (detadd in Rction 5.2.) with dopant molecules at
concentratios ranging from 16 down to 10* mg/mL. Thesehin ZnO films were
produced by spin coatinthe sotgel solutions on top of @olvent and UMOzone
cleaned silicon substratk order to obtain a stable and reliable profile signal in this
experiment, 5 layers of thinZnO (from 0.11M sol-gel solution) were deposited
sequentially to a total thickness of ca. 50 nm. This film preparation was completed by
Hanlin Hu at the King Abdullah University of Science and Technology.

SIMS experiments were carried out by using a Dynamic SIMS ingnafnom
Hiden analytical company (WarringtdsK) operated under ultrhigh vacuum
conditions (1& Torr). Depthprofiling experiments were conducted using oxygen at
energy of 4 keV for maximizing the detected rhodium signal in particular. The
conversion bthe sputtering time to sputtering deptfalewasachievedy measuring
the depth of the crater generated at the end of the depth profiling experinesrdasién
of the sputtered area waestimated to be 1000 x 1000 {inin order to avoid
contributionsfrom surface materials near the edge of the crategcquisition area of
150 x 150 prh was centered in the middle of the eroded region. Throughout the
sputtering process, the selected ions ascribed to rhodium and zinc were sequentially
collected using aMAXIM spectrometer equipped Wi a quadrupole analyzer. lons
were collected from the sample by a shaped extraction field and energy filtered using a
parallel plate system, with the energy resolution matched to that of the quadrupole

analyzer. After passintprough a tripé filter system, detected ions eneasured using
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a pulse counting detector having a 4 keV post acceleration potential to increase the
detection efficiency at high mass&MS experiments were conducted at the King

Abdullah University ofScience and Technology by Dr. Nimer Wehbe.

Sputtering depth (nm)
a bloe_o 14 27 41 55
1 Zn,
4 '\__\___,\_rv‘_&
10°; \ |
S ]
< @102 i
< Z10;
) c
= 3 10°+ :
+£ © ]
04 { RhO*
102'§ E
n-dopant (10”° mg/ml) in ZnO‘
T O i R S
10 10 10 10 0 250 500 750 1000

n-Dopant Concentration (mg/mL) Sputtering Time (s)

Figure5.2. SIMS data showing (a) the Rhiignalintensitymeasuredor ZnO filmsas

a function of the rhodium concentration in taa¢ oxide precursor dopant) solution
and (b) depth profiling ofithin ZnO layer deposited from the solution containing®10
mg/mL of dopantSIMS experiments were conducted at the King Abdullah University
of Science and Technology by Dr. Nimer Wehbe.

Figure5.2ademonstrateslearly therhodium signalsdenoted byhodium (RH)
andrhodium oxide (RhQ ions exhibit anapproximate lineaproportionaity to the
allotted concentration in the solution. The maximum®*Rhtensity of 2 x 18 c/s
measured from #film corresponding to thd 0! mg/mL solutionis decreased by
almost two orders of magnitude and reaches 1.6 % cI§ when the dopant
concentration in the solution wasducedby the samegoroportion (Figure5.3). This
experimental series showthat SIMS is capableof detecting rhodium withhigh

sensitivityin films fabricated from solutionsith concentratioaas low as 18 mg/mL
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Figure5.3. Mass spectra recorded for four thin laypreducedusing sd¢utions ofzinc

oxide mixed with rhodium at concentration ranging from #idown to 10* M. SIMS
experiments were conducted at the King Abdullah University of Science and
Technology by Dr. Nimer Wehbe.

Thevariation of the rhodium signal as a functiondepth was investigated in
order to assess the homogeneity of the rhodium distribtitrongh the film thickness
(Figure5.2b). Following aninitial drop at the beginning of the sputtering process, SIMS
signals ascribed to zinc and rhodium exhibit stafilenisities untithe exposure of the
buriedsilicon substrateafter whichthey steefy decreaseThis opening surface drop
is often observed inlepth profilingexperiments and iattributed to the presence of a
contamination layerwhich includesa higher oxygen content, leading to signal
augmentation at the surfaedge(called amatrix effect). Except fothe Zn?* ion, a
similar enhancement effect occurs at the silicon interface and is due again to the

presence of a native silicon oxide layer formed loa silicon substrate. The depth
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profiling data suggests that theodium is homogeneously distributed throughout the

deposited layer.

5.2.3 Xray Photoelectron Spectroscopy

A detailed discussion of photoelectron spectroscopy gigen in Chapter 1.
Forthis chapter, Xray photoelectron spectroscopy (XPS) was performed in the ultra
high vacuum environment of a Kratos Axis URra XPS/UPS system at the Georgia
Institute of Technology. All samples were in contact with the detector by a metallic clip
and claracterizations were performed at a takieangle normal to the film. XPS using
monochromatic Al KU line wa¢Touahedernit ed a:
l evel cali brated using atomically clean
XPS scan were run at 160 eV pass energy and high resolution scans typically at 20 eV
pass energy and 0.1 eV stefeveral solutions were prepared by mixing zinc oxide
solgel solution (detadd in Sction 5.2.) with dopant molecules at concentragon
ranging fom 1 down to 1¢* mg/mL. Thesehin ZnO films were produced by spin
coating the soigel solutions on top of solvent and L®zonecleanedITO/glass
substrate.

Atomic ratios of relevant elements in the films with differing concentrations of
n-dopantare giva in Table5.1, determired by O 1s, Zn 2p, In 3d and Rh 3d peak areas
The area ratios were converted into atomic ratios after correcting for instrumental and
sensitivity factors. Assuming a constant thicksievhich is supported by AFMé&&tion
5.2.8), tle effective thicknessx| of the ZnO layer was determined by integrating the
expected signal decay functiGAdased on the inelastic mean free pati3(of the
scattered photoelectrons relevant to the given core level orbitals, and equating to the

obsened In 3d and Zn 2p intensities:
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O "Q 00 Equation5.1

o SRR Qo
The depth inside the sgle in nm is given by andmis the estimated density
of an element in the given oxide. Usingvhich, as expected, was ca. 10 nm for each
sample, oxygen contribution of the ITO substrate to the O 1s intensity was further
calculated using the same intagon formula and subtracted from the total signal
intensity. From here, the O/Zn atomic ratio was calculated based on the remaining O

1s and Zn 2p intensities, adjusted for atomic density and signal decay to a depth of

Table5.1. Atomic ratios of relevant elements in the films with differing concentrations
of n-dopant, determined by O 1s, Zn 2p, and Rh 3d XPS p&#Ka.atomic ratio was
adjusted by signal decay through the material and corrected foemxoantribution
from the ITO substrate, uncorrected values given in parenthesis.

n-Dopan Rh/ Zn O/ Zn Al

Concent At o mi Rati o
Rati o

Undope - 1.08) (¢

18mg/ m - 0.92) ¢

168mg/ m - 0.92) (

13mg/ m 0.002 0.98) (

1mg /Lm 0.03C 1.10)(
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Figure 5.4. Evolution of the Rh 3d peaks bbserved in the higher concentration
samples.

For the oxides fabricated from 1 and 0.1 mg/mL dopant solutions, fitting of Zn
2p and Rh 3dpeaks gave Rh/Zn atomic ratios 0f030 and 0.003 respectively,
consistent with the 3% and 0.3% ratibdopant monomers to zinc acetate molecules
expected fom the solution concentrationshe XPS Rh 3d peaks are compared, by
dopant concentration in thelsgel, in Figures.4. Althoughthe Rh signals fronower
dopantconcentrations cannot betectedvith XPS, based on the linear decrease ih Rh
intensity observed by SIM&ection 5.2.2})t is reasonable to assurtieat the atomic
ratio follows this trenchs well. The 1 mg/mL film also shows two sepapsis ofRh
3dionizations with a difference in binding energy of ~1.8.&€¥he pair, which accounts
for 20.7% of the total Rh specids seen at similar binding energy to the neutrdl Rh
dimer3*5*while anotherat higher binding energygan be attributed tihe monomeric

Rh'" RhCp*Cp' cation. The observation of a lovbinding energy pair of RBd
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ionizations might indicate thahe dimersare stable to the sglel precursor solution
and donot completey reactwith the formed ZnQCat theseconcentratiornishowever,
these ionizations might also be attributable to anothésities, such as a products
of nucleophilic attack on thRhCp*Cp" cation.

An additional, unexpected trend was the increase cdjharentO/Zn atomic
ratio from the undoped ttow-dopedfilms, indicating a large change in the film
compositionThe increase was not uniform across the samples; thaentf102 mg/mL
films both exhibited decreasdo 092 from the undoped value of 1.0Bhese values
wereestablishedby subtracting the ITO oxygen contributitom the measured O/Zn
ratio, determined vighe effective ZnO thickness from tHa/Zn ratio andcalculating
the integrated signal deca>3Measured values are given in TableAs.these films
are processed at low temperatures for a short period of time, the formation of the oxide
can be imperfect and the concentration of impurities can be rather high, both of which
will affect the O/Zn ratio. A decrease in this ratio can inditt@éthe oxide is becoming
more oxygerdeficient via an increasm O vacancies and Zn interstitial sites a
decrease in O interstitial sites and Zn vacan@#Ber situatiorwith the potential to

affectthe electronic properties of the systets’

5.2.4 Ultra-violet Photoelectron Spectroscopy

A detailed discussion of photoetemn spectroscopy was given irh&pter 1.
For this chapter, ultraiolet photoelectron spectroscopy (UPS) was performed in the
ultra-high vacuum environment of a Kratos AxisttdP'® XPS/UPS system at the
Georgia Institute of Technology. All samples were in contact with the detector by a
metallic clip and characterizations were performed at aafékangle normal to the
film. Spot size was ca. dsdebergyamd0.03B\Sstepva s

size.Several solutions were prepared by mixing zinc oxidegysbkolution (detadd in
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Section 5.2.] with dopant molecules at concentraseanging from1 down to 1¢*
mg/mL. Thesetin ZnO films were produced by spin cogfithe sotgel solutions on
top of asolvent and UVOzonecleanedITO/glasssubstrate.The work function is
determined byo™O "® 0 O , where BEee is binding energy of the secondary
electron edge anlv is the He(l) photon energy (21.22 eV). Tibaization energy is
determined byOO w™O 6 O , where BEaw is the cutoff of the valence band

emission.
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UPS was used to explore shifts in therk funcion and ionization energyf
the thin aZnO films; the results are shown in Fig&r®. It wasfoundthat the lowest
dopant concentrations actually result in a slighteasen the work function, from 3.8
to 3.9 eV. This could be explained by a composdi change in the bulk of the ZnO,
indicated by the change in the O/Zn ratio shown in XiR@icated in $ction 5.2.3
Densityfunctional theoretical (DFT) models that account for surface defects, as
opposed to termination irOH groups, indicate an exged increase from the presence
of zinc and oxygen vacancies, and from zinc interstitial Stejch could account for
the slight increase in th& at lower dopant concentration©nly at higher
concentrations does the work function decrease, down to 3.4 eV for the film with 1
mg/mL dopant which is consistent with the dopant undergoing effective electron
transfer to the conduction band, as was olesewith surface doping of the oxide
The ionization energy is constant at lower dopant concentrations, only shifting down
with the work function at higher concentrations, with a maximum shift from 7.55 to
7.05 eV.Since the Fermi level moves little agive to the onset of the valence band (i.e.
IE T G is roughly constant), the origin of tlie shift is presumably the formation of
interface dipoles across the surface of the ZnO particles due to the presence of
positively charged RhCp*Cpons on the negatively charged oxide, though one should
note thatan overly largai shift is not anticipated, as-ks expected to beufficiently

close to the higlklensity of statesdge of the conduction band.

5.2.5 Conductivity & Mobility Measurements

An in-depth discussion regarding the methodology of conductirtynaobility
(t ) measurementsf semiconductors was given im@pter 1For t hi s chapter
and{ were measured at the King Abdullah University of Science and Technology on

aZnO spincast from scebel solutions incorporating [RhCp*Cyp]deposited over
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plasmacleaned prepatterned electrodes (45 nm Au/5 nm ITO) on 230 nm silica over
silicon (3 x 187 cm® n-doped) substrateSeveral solutions were prepared by mixing
zinc oxide solgel solution (detadd in Sction 5.2.)] with dopant molecules at
concetrations ranging from1 down to 16 mg/mL. The conductivity was estimated
using the ohmic (linear) region of theVl curves between the source and drain
electrodes, converting current to current density using film thickness and channel
width, which in allcases were 5000 nm and 2 mm respectively, and voltage to field
using channel length, which were 2, 5, 10 ot 20 Conductivities measured at all four
channel lengths gave similar values, indicating that contact resistance is negligible
relative to flmr esi st ance. 0 values are averaged
channel lengths. Mobility values were measured in a-Béflelct transistor (FET)
format using afEP4 cascade microtech pradtation & a Keithley 2400 source meter.
Mobilities weredetermined by fitting the slopef of Io¥%-Vssin the saturation regime

by the expressioh ¢0ba j w0, whereL andW are the length and width of the
channel, andC; is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cnt for the230 nm silica over silicon (3 x 30cm n-doped) substrates used in this
work.®® The threshold voltageV/n) was determined by the zeitercept of the fitted

slope. Thicknesses were determined using a Dektak 150 profilometer.
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Figure 5.6. Electron mobility and conductivityvalues of ZnO with different
concentration of dopant (as indicated) by bottom gate/bottom contact thin film filed
effect transistor.

Table5.2. Electron mobility values, threshold voltages, and On/Off ratios adadiped
ZnO transistors.

Dopant t x10*(cm?V=1st) Threshold On/Off
Concentration Voltage (V)
Undoped 1.5+0.3 7.0+6.8 10°
0.0001% 1.3+0.3 19.4+6.7 10°-10°
0.001% 1.6+0.7 9.4+3.8 10°-1¢°
0.01% 15+04 18.0+3.7 10°-10°
0.1% 2.2+0.6 7.0+6.4 10°-1¢°
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Trends of in-plane electron mobility and conductivity ire-ZnO films
incorporating the ftlopantare shown in Figur&.6. The electron mobility is in good
agreement with literatur@alues?®°° but does notvary significanty with dopng
concentrationsHowevetr a nontrivial increase of conductivityvas observedvith
increasingdopant concentratignapproaching values measured for ZnO processed
under much highetemperature®® Though this is not identifiable in the threshold
voltage,there appears to be an increase in the currerg at0. This trend, combined
with the unchanging electron mobilitgpuld point to an increase carrier density
expected on increasing the doping level, assuming the mobility trend is consistent in

ungaed and gated saturation regimes.

5.2.6 Absorbance & Photoluminescence

UV-visible absorption spectra were acquired on a Cary 5000 (Varian)
instrument Photoemissionspectra were collected using a Horiba Jobin Yvon
Fluorolog3 employing an iHR320 monochronter, and a CCD detector.
Photoluminescence lifetimes were calculated using the Horiba DAS6 Analysis
software. Samples were excited at 320 Spectra are corrected fiuctuations inthe
lamp currentSeveral solutions were prepared by mixing zinc oxmlegsl| solution
(detaiked in Sction 5.2.] with dopant molecules at concentrasaanging from1
down to 16 mg/mL. Thesehin ZnO films were produced by spin coatiing sotgel

solutions on top of solvent and U9zonecleanedSiOx/Sisubstrate
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Figure5.7. UV-Vis absorption spectra tfiin, compact (left) and thickippled(right) ZnO doped by different concentration (md/nas indicated.



The optichproperties of ZnO can shed light on tregureof gap defectsrigure
5.7 shows that the introduction of dopants has a negligible effect on the absorbance of
compact or rippled ZnO. The absorbance remains in the UV region, with onset-ca. 360
370 nm, thogh the rippled ZnO displays a scattering tail in the visible region.
However, t has beershown that the presence of gasgates in ZnO films can be
identified by photoluminescence spectroscapgcifically by the presence afgreen
luminescence resultinjom the recombination of shallow donors (close to the ZnO
conduction band edge) and deep acceptors associatedingttacancie$’ ¢ When
normalized to the main fluorescence feature at ~360 nminith@ped oxidéiim hasan
intense suigap emission centered at 580 nmAlthough doping resulted imo
significant changen the absqgstion spectra, @ditions of a small amount of dopant
reduce theelative intensity of tle green fluorescendeaturerather sharply (Figure
5.8). As this transition is thouglb involve carrier relaxation into deep vacancy trap
states, a reduction in the fluorescence strength could indicate a decrease in the
population of vacancies, specifically of Zn vacancies, that corresponds to the observed
decrease in the O/Zn atomic mtDFT calculations have indicated that these vacancies
can act as electrecompensation centers on the surface of ZnO films that can trap
mobile carriers® Chenet al. observed a similar reduction green luminescende
ZnO NP filmsuponUV-ozone treahent,and attributed this to meduction of oxygen
vacancies due to oxygen penetration duringrésegmentthe treatment was also found
to lower charge recombination at the oxmlganic interface in OPV cells with ZnO
NP electrortransport layer8? Theaveragesnergy of botlemissionslecreases as well
at low doping levelsthe peaks are reshifted with an energy difference cd. 0.07 eV.

At higher doping (1 mg/mL), the strength of the green luminescence increases again
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and the main feature appears lmaden this might be attributable to potential
fluctuationsarising from a noruniform distribution of molecular dopantas well as
an increase in atomic vacancy sitBsthfeatures experience a blseh i = 0.05é\p

similar to that observed when ZnO is doped with donors such as géflium.
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Figure 5.8. (left) Photoluminesence spectra of ZnO thin filmsontaining molecular dopants. (righDecay of the longlived green
photoluminescence (580 nm) ZnO filmswith various dopant concentrations.
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The photoluminescencedecayof thegreenemissve state was studied, as shown
in Figure5.8, and modelled as a biexponential. The longer component had a lifetime of
6.2 €s in the i ntlowidopmg concantrationsn thidlifeemeie f f e c t
marginal, but in the highest doped film (1 mg/mL) the lifeti;se hor t ene,d t o 3
i.e.about half ofts initial value. The increased rate of de@@n be an indication of an
increased rate in either radiative or rawliative pathwaysinvolving shallow

interstitial trap statedait were previously unpopulated.

5.2.7 Organic Photovoltaic Deices

An in-depth discussion of organic photovoltaics theory and generagsing
procedures was given inh@pter 1. For the study in this chapter, photovoltaic devices
were fabricated and tested at the King Abdullah University of Science and Technology
jointly with Hanlin Hu. 200 nrrthick patterned IT@n-glass substrates were sonicated
in sodium dodecyl sulfate solution, water, acetone, and isopropanol, and then UV
ozone cleaned for 10 min. ThirZmO films were produced by spooating ac oxide
solgel solutiors (detailed in Sction 5.2.) that were preparedith dopant molecules
at concentratiom ranging from 16 down to 1® mg/mL. The active layer blend
solutions were kept stirred at 8G overnight and filtered using PTFE 0.45 pm filters
before pin casting (800 rpm, 48 and 90Qpm, 45 s for PTB7 and PTBTh donor
polymersrespectively) For PTB7:PGBM and PTB7Th:PG1BM, BHJs activelayer
blend solutios were obtained by mixing 1:1.5 w/w donor to acceptor ratio
chlorobenzene (concentrati@® mg/mL) with a 3% volume ratwf DIO. The samples
were kept in a closed Petri dish for 20 min of solvent annealing after coating the active
layer, then transferred into vacuum chamber’(Torr) for thermal evaporation of
MoOx (15 nm) and silver (Agf100 nm). To ensure consistent results, each series of

devices were simultaneously fabricat@the active area of the devices was 0.F.cm
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The current densityoltage characteristics of the photovoltaic cells were measured
using a Keithley 2400 under a sifated AM 1.5G solar irradiation at 100 mW ém
The external quantum efficiency (EQE) was recorded by Oriel Quantum Efficiency

Measurement Kit (Newport).

(€)

<)

>

R

- 3.8

o -4 ZnO PTB7

= 4.7

Q PCBM 4.9
C

LU

n-dopantmp ZnoO

ITO/glass -6 —_ | X

Figure 5.9. Chemical structure of (a) PTB7 polgm (b) PTB¥#Th polymer, (c)
PC BM fullerene and (djhe [RhCp*Cp} n-dopant. (e) Device architectusowing

different functional layers and (8stimatecenergylevel diagram of materials used in
inverted BHJ device configuratioh$

To explore theinfluence of dopant moleculmtroduction intoZnO as an
electrontransport layer, organic solar cells were fabricated with -pgtiormance
polymers. The chemical structuresloé materials use®TB7, PTB7Th, PGi1BM and
[RhCp*Cpl2, are shownin Figure5.9 a-d respectively With the aim of testing ZnO
with different concentrations of-tlopant on the performance of orgasiolar cells,

BHJ solar cells we fabricated with an inverted structuf€igure 5.9¢); the
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correspondingnergy diagrams shownn Figure 5.9f, where hel of ZnO is measured
by UPS as discussqateviously,with the other estimatednergy levels taken from
literature values’

Upon dopant incorporation into theZaO layer, a sizeable improvement was
seen for devices with the structueO/a-ZnO/PTB7PC;1BM/MoOz/Ag employing
thin, compact &nO. Figure 5.10a plots the current densiyoltage (-V)
characteristics of tlse OPVs, with detdled photovoltaic parametesimmarizedn
Table 3 The performance of BVs with pristine ZnO is in a good agreement with
literature value$§8%° There is littleeffect on theVoc and FF upon modulation of the
dopant concentration withthe range of 1®to 10> mg/mL; thevariation inJscis the
major parameter thagoverns the evolution oPCE with doping level. The most
significantimprovementsappearat lower dopant concentratignghere a reduction in
subgap fluorescence was observed ec8on 5.2.6, with a maximuenhancement of
Jsc from 16.3 mA/cm (pristine ZnO) to 1R mA/cn? (with 10 mg/mL dopant in
Zn0), in whch the enhancemeint performance is greater thatée9Consequently, the
PCE increases from 8.6% to a maximum value 8¥Qwhichexceed the record PCE
of inverted PTBPC:BM-based OPY, which was previously achievewith
poly[(9,9-bis(3-(N,N-dimethylamno)propyl}2,7-fluorene}alt-2,7-(9,9
dioctylfluorene)] (PFNYmodified ITO.”® As the dopant concentration increases td 10
mg/mL, the Jsc was reducedto 16.2 mA/cr, slightly below pristine valuesThese
results seem to complement the observations frét® ¥nd PL, corresponding to a
reduction in Zn vacancies on the surface of the film that ultimately reduces charge
trapping at the oxide/organic interfat®®? Conversely, the increases in carrier
concentration and conductivity, as well as reductionsenmithdo not appear to have a

positive effect on device performance.
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In order to confirm the enhancemeimt the Jsc, the incident photorto-
conversion efficiency (IPCE3jpectra were measureshown in Figure 5.10b. An
increase of the spectral response atios lower wavelengths of 3@D0 nm is noticed
for moderately doped ZnO (£aL0° mg/mL) relative to the pristine sample with pure
ZnOas ETL, followed by a uniform decreasequantum efficiencyith greatedopant
concentratiog implying that the incease of current density results from more efficient

electron collectionn moderately doped Zn@ver pristineor heavilydopedzZnO.
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Figure5.10. The J-V characteristics (a)ral EQE (b) of inverted PTB70?:BM device with compact ZnO doped by different concentratias
indicated.
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Table 5.3. The OPV performance valuesf inverted PTB7/P&BM device with
compact ZnO doped by different concentrasias indicagd.

n-Dopan  Jsc( mA/?c Voc( V) FF( %) PCE %,
Concent
( mg/ mL ) ) ) )
0 16N30. 0. K@&. 0 7N 1 8.8 0
13 17N10.: 0. R@. 0 7 NO 8 .Nm
18 17N80.: 0. K@&. 0 7 NO 9 .\®
18 17N@. 2 0. K@&. 0 7N 1 9.B. @
1-5 17N@Q. 2 0. K@&. 0 7N 0 9.Nm
16 16N20.:0. Ka. 0 7N O 8 .ND .

In addition tothe work oncompactsolgel ZnO described abovehe influence
of dopantson thicker rippled ZnQ which has a greater surface area that camaksn
advantage of with surface modifiefs’> was also studied in OPW¥evices As in the
case of compact films, the dopant was introduced in solution prior to film deposition.
The use of the rippled ZnO resultedan intrinsicallylower Jsc for PTB7.PC:BM
deviceswhich is presumed to be due to light scattegrglent in absorbancgpectra
(Figureb5.7), yieldinga control efficiencyof 8.0%. As expectedrom the results with
compact ZnQlow levels of doping result improvement in thdsc and consecgently
the PCE, with improvementsf PCEup to 87% (Table5.4). Increasing thedopant
concentration upo 30 mg/mL, corresponding to a 1:1 Rh/Zn atomic rat&sults in a
significantphotovoltaicperformancedecreasewith concentratios of dopantover 1
mg/mL, mainly viaFF and PCE. At 30 mg/mLtheJsc, Voc andFF decrease to 15.0

mA/cm2, 0.68 V an®8% respectively, resulting in a PCE of @0
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Table5.4. The photovoltaic parameters of inverted PTBZ:1BM device with rippled
ZnO doped by fdopant with different concentration.

n-Dopan Jsc( mA/?c Voc ( V) FF( %) PCE %)

Concent

( mg/ mL
0 15N70. 0O.KR@. 01 7N 1 8.ND. 1
1d 17N00. 0O.R@. 01 68 1 8.NM O.
16 17N60. 0. R@. 01 6N 1 8.\ O.
16 17N30. 0. K. 01 6N 1 8.8 O.
106 17N30. 0O.R@. 01 68N 1 8.W. 1
1 15N30. 0O.Ka. o1 6N 1 7.8 O.
3 15N@&. 3 0. R@. 0 6N 2 6.N0. 2
10 15NR. 3 O.8@. 01 58N 1 6.ND. 2
30 15N00. 0. 68@.01 58 2 6.0 0.

To determine if the improvement could also be seen for other active layer
systemsthe lowerbandgap polymer PTBTh was employedvith rippled aZznO, the
photovoltaic parameteshown inTable 5 Again, alding thedopantup to 16" mg/mL
did not change theF andVoc of the deviceshowever Jscincreagsfrom 17.5 to 19.2
mA/cn? between pristine rippled ZnO and a film doped usimppant concentration
of 102 mg/mL This enhancement idsc results in a?CEimprovementfrom 8.3% to
9.0%with a highJsc of 19.2 mA/cn? at a slightly higher, relative to the compact films,
dopant concentration of £amg/mL, which is expected with the higher concentration
of the solgel. As the trend in enhancemeatevery similar forthe compact and rippled
ZnO films, it can be dedudethat the improvement in the PCE and the IPCE is most
likely not related to morphological/phase formation differenbe$s to common

electronic effects, such as the passivation of shallow traps, assdid@lsove
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Table 5.5. The parameterof inverted PTB7Th:PC;:BM device with rippled ZnO
doped by different dopant concentration.

Concent Jsc( mA/?c1 Voc( V) F F( %) PCE (¢

( mg/ mL
0 17 NG3 0. N®B. C 6 N1 8. \ND. 1
10 17 N@3 0. R®. C 6 N1 8. \D. 1
16 18N@&. 3 0. R®. C 6 N1 8. \®. 2
16 19 N@4 0. R®. C 6 N1 9.ND. 2
18 18 N@3 0. R®. C 6 N1 8 .N\N®2

As the improvements in performancd@ter concentrations have been linked
to the population of atomic vacancies in the oxide, the role of the redox properties of
the Rh dimer upon these states was explored by employing weaker reductants.
Cobaltocene, which is a weaker, albeit often moretigs metalcentered reductant (~
-1.3 V vs. ferrocene), and tetramethylammonium chloride, which has a moderately
sized cation but no doping potentiaere also attempted in OPV$he separate
materials weralissolved directly into ZnO salels in 2-mettoxyethanolin the same
fashion as [RhCp*Cp] in relevantconcentrations of 18 104 102, and 16 mg/mL,
the oxide employed in inverted PTB7:RBM devices Theanticipated increase iisc
is not observed with these materialgon dopantintrodudion into the oxide, as is
evident from thel-V curves in Figuré.11, and, save a slight decrease inkRe no
reproducible trends can be identifistiggestinghat this effect ipossibly tied to the
reducing strength and reaction kinetics of the Rh dimeita effect upon the formation

of the oxide.
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Figure 5.11. J-V curves and device characteristics from doping of ZnO interlayers in PTRBMOOPVs with cobaltocene (left) and
tetramethylammonium chlorideght).



5.2.8 Atomic Force Microscopy

An in-depth discussion of atomic force microscopy (AFM) relating to organic
phaovoltaic devices was given inh@pter 1. For the work in this chapter, AFM was
conducted at the King Abdullah University of Science & Technology by Hanlin Hu on an
Agilent 5400 SPM in tapping mode, and analyzed with Gwyddion SPM analysis software.
Several solutions were prepared by mixing zinc oxidegysbkolution (detaéd in Sction
5.2.1) with dopant molecules at concentragoanging froml down to 10 mg/mL. These
thin ZnO films were produced by spin coatithg sotgel solutions on top of solvent and

UV-OzonecleanedTO/glasssubstrate.
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(a) O 2.3 nm (b) 10_5 2.5 nm
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(C) 103 2.9 nm (d) 101 2.9 nm
0 0

Figure5.12. AFM (1x1 pm) images of compact Zmniith dopant concentration (mg/mL
as indicated. AFM was conducted at the King Abdullah University of Science &
Technology by Hanlin Hu.

Spin-coatingof 0.11 M ZnO solgel solutiors (with and withow dopant) on ITO
coated glasat a high speed (4000 rpm) for 30 s results in a comgdciO layer witha
thickness of ca. 10 nm, measured by ellipsomatiy cofirmed by XPS (as described in
Section 5.2.3) The surface morphology of ti#nO thin films with and without dopant
have been characterized by atomic force microscopy (AFM), as shdwuiguire5.12. The
pristine and doped ZnO thin filmsdisplay minimal differences iimorphology and
roughnesswith nearly identicaZnO particulatesize evenat higherconcentratios of the

n-dopant.































































