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Abstract

Nanoparticles present a myriad of physical, optical, electrical, and chemical properties that
provide valuable functionality to thifilm technologies. In order to successfully exploit these
aspects of nanoparticles, appropriate dispersion and stability measures must be implemented. In
this dissertation, different types of nanoparticles are coated with polymer and metallic layers to
enable their effectiveness in both amflection coatings ARCs) and organic photovoltaics
(OPVs).

lonic selfassembled multilayers (ISAMs) fabricatiohpoly(allylamine hydrochloride) (PAH)
and silica nanoparticles (Si®Ps)realts in highlytransparent, porous ARCs. However, the ionic
bonding and low contacirea between the film constituents lack sufficient mechanical and
chemical stability necessary for commercial application. Chemical stability was established in the
film by the encapsulation of S\Ps by a phot@rosslinkable polyelectrolyte, diazesin (DAR)
to make modified silica nanoparticles (MSNPs). -WMadiation induced decomposition of the
diazonium group and the development of covalent bonds with polyanions. Crosslinked
MSNPoly(styrenesulfonate) (PSSISAMs exhibited excellent anteflectivity (transmittance
>98%, reflectance <0.2% in the visible range) and chemical stability against dissolution in a
ternary solvent. Mechanical stability was also achieved by the incorporation afdwio@al PAH
andpoly(acrylic acid) (PAA)layers to create PAH/PAA/PAH/SKNP interlayer ISAM ARCs.
Thermal crosslinking of PAH and PAA facilitates the formation of covalent amide bonds between
the two polyelectrolytes, as confirmed by FTIR. Since PAHI &AA are both weak
polyelectrolytes, adjustment of the solution pH causes significant variations in the polymer chain
charge densities. At low PAA pH, the decreased chain charge densities caused lafge SiO

encapsulation thicknesses in the film with ajrenechanical stability, but poor angflection



(097% transmittance). At high PAA pH, the higt
layers, insufficient mechanical stability, but excellent-agfiection. At tradeoff between the two

extrenmes was founded at a PAA pH of 5.2 with excellentangif | ecti on (099% tr ar
sufficient mechanical stability. The normal force required for scratch initiation was increased by a

factor of seven for films made from a pH of 5.2 compared to thnaske from a pH of 6.0.

Organic photovoltaics (OPVs) are an attractive area of solar cell research due to their
inexpensive nature, ease of lasgpale fabrication, flexibility, and lowveight. The introduction
of the bulk heterojunction grég improved charge transport and OPV performance by the
blending of the active layer electron donor and acceptor mat@ady$3-hexylthiophene) (P3HT)
and [6,6}phenytC61-butyric acid methyl ester (PCBMjnto an interpenetrating network with
high interfacial area between adjacent nanodomains. However, constrained active layer
thicknesses restrict the total optical absorption and device performancécaheed surface
plasmon resonance (LSPRJ plasmonic nanoparticles, such as anisotropic silveoplates
(AgNPs), provides large local field enhancements and in coupling with the active layer, substantial
optical absorption improvements can be realized. AgNPs were first integrated into the hole
transport layer (PEDOT:PSS) by ISAM deposition. HeredD®E:PSS was used as a negatively
charged ISAM layer. Encapsulation of the AgNPs by PAH (ENPs) provided a positive surface
charge and allowed for the creation of ENP/PEDOT:PSS ISAMSs. Stability against acidic etching
by PEDOT:PSS was imparted to the AgNPscbwting the edges with gold (AUAgNPs). The
AUuAgNP ISAMs substantially improved the optical absorption, but were ineffective at increasing
the device performance. The dispersion effects of functionalized polymer coatings on AgNPs were
also deeply investigad. Functionalized AgNPs were dispersed in methanol anecepted onto
the active layer. When the AgNPs possessed hydrophilic properties, such as unfunctionalized or
functionalized by poly(ethylene glycol)methyl etherthiol (PEGSH), they formed large
aggregates due to unfavorable interactions with the hydrophobic P3HT:PCBM layer. However,
the hydrophobic functionalization of AgNPs withiol-terminated polystyrene (PSH) (PS
AgNPs) resulted in excellent dispersion, optical absorption enhancemerdsya@performance
improvements. At a RBgNP concentration of 0.57 nM, the device efficiency was increased by

32% over the reference devices.
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General Audience Abstract

Investigations are presented on the quality of distribution or dispersion of functional inorganic
(composed of silicon dioxide or silver) particles that haweedsions of less than 100 nanometers,
called nanoparticles. The nanoparticle surfaces were covered with polymer layers, where polymers

are organic materials with repeating molecular structures.

The study of these nanoparticle distribution effects were first examined Hnefatition
coatings (ARCs). ARCs induce transparency of windows or glasses through a reduction in the
reflection of light. Here, the ARCs were fabricated as-ae#fembled thifilms (films with
thicknesses ranging from 1 to 2000 nanometers). Thessdfmbly process here was carried out
by immersing a charged substrate (microscope slide) into a solution with an oppdsiggd
material. The attraction of the material te tubstrate leads to thithm growth. The process can
continue by sequentially immersing the Hfiilm into oppositelycharged solutions for a desired
number of thirfilm layers. This technique is called ionic safsemblednultilayers (ISAMs).

ARCs creted by ISAM with charged polymers (polyelectrolytes) and silicon dioxide
nanoparticles (Si©®NPs) can lead to highlyansparent films, but unfortunately, they lack the

stability and scratchesistance necesydor commercial applications.

In this dissertation, we address the lack of stability in the ISAM ARCs by adding additional
polyelectrolyte layers that can develop strong, covalent bonds, while also examining nanopatrticle
dispersive properties. Firs§jO, NP surfaces were coated in solution with a polyelectrolyte called
diazaresin, which can form covalent bonds by dight exposure of the film. After tuning the
concentration for the added diazesin, the coated SKENPs were used to make ARCs ISAM
films. The ARCs had excellent nanoparticle dispersion, high levels of transparency, and chemical
stability. Chemically stability entails that the integrity of the film was unaffected by exposure to
polar organic solvents or strong polyelectrolytes. In a rsceethod, two additional



polyelectrolyte layers were added into the original polyelectrolyte/Sidesign. Here, heating

of the film to 20°C temperatures induced strong covalent bonding between the polyelectrolytes.
Variation of the solution pH drameally changed the polyelectrolyte thickness, the nanoparticle
dispersion, the scratafesistance, and the améflection. An optimum tradeff was discovered at

a pH of 5.2, where the antflection was excellent (amount of transmitted light over 92869

with a substantially improved scratebsistance. A change of pH from 6.0 (highest tested pH) to
5.2 (optimal) caused a difference in the scragdistance by a factor of seven. In these findings,
we introduce stability enhancing properties froomflcomposed purely of polyelectrolytes into
nanoparticlecontaining ISAM films. We also show that a simple adjustment of solution

parameters, such as the pH value, can cause substantiedmtitis in the film properties.

Nanoparticle dispersio properties were next investigated in organic photovoltaics (OPVs)
OPVs use semiconducting polymers to convert sunlight into usable electricity. They have many
advantages over traditional solar cells, including their simple processingpkiyflexibility, and
lightweight. However, OPVs are limited by their total optical absorption or the amount of light
that can potentially be converted to electricity. The addition of plasmonic nanoparticles into an
OPV device is a suitable way to increase optical gdtsor without changing the other device
properties. Plasmonic nanoparticles, which are composed of noble metals (such as silver or gold),
act as fdAlight antennaso that concentrate inco
dissertation, wenivestigate the dispersion and stability effects of polymer or metallic layers on
silver nanoplates (AgNPs). The stability of the AgQNPs was found to be greatly enhanced by coating
the nanoparticle edges with a thin gold layer (AuAgNPs). AUAgNPs could éhietrbduced into
a conductive, acidic layer of the OPVs (PEDOT:PSS) to increase the overall light absorption,
which otherwise would be impossible with uncoated AgNPs. Next, the AgNPs were distributed on
top of the photoactive layer or the layer that spansible for absorbing light. Coating the AgNPs
with a polystyrene polymer layer (P®)NPs) allowed for excellent dispersion on this layer and
contrastingly, dispersion of the uncoated AgNPs was poor. An increased ameAgitPS added
on top of the photactive layer progressively increased the opttmorption of the OPV devices.
However, trends were quite different for the power conversion efficiency or the ratio of electricity
power to sunlight power in the OPV device. The greatest PCE enhancement32%) were
found at a relatively low coverage level (using a solution concentration of 0.29 to 0.57 nM) of the

PSAgNPs on the photoactive layer.



This dissertation is dedicated to my famiyic, Helen, and Elana.

Thank you for your patiee, love, and support.

Vi



Acknowledgements

This research and writing of this dissertation was only possiittethe gracious support from
the many people who providane assistance along the wayvould not be where | am today
without the people includdakelow.

First, | wouldlike to express mytmost gratitude to my advisor Dr. Randy Heflin who allowed
me to join his group and introduced me to this field of scientific research. He provided me the
opportunity, the resources, and the generous lab spacgkmwtwo exciting projects, as well as
the ample freedom to explore new ideas within my rese8@tause of higast knowledge and
intuition from years of experience in theld, he was always quidio voice & excellentsolution
or a planto nearly ay problem we facedHe was also an influential teacher, and | have gained a
tremendous amount from working under him.

| am also very grateful to have worked closely with Dr. Guoliang (Greg) Liu who was my
primary research collaboration advisor on alllof tvork related to silver nanoplates in organic
photovoltaics. Dr. Liu allowed me to spend a significant amount of time working in his lab and

using his resources to synthesize inorganic nanoparticles. He helped me understand a substantial

amouwnt about exprimental chemistryHe also spent many hours meeting with me to review results
and the publication. | am gedul for his providing of extra excitement and motivation for the
research.

Assad Khan in Dr. Li uds gr ou pesiadsivesnaneplatesne t
and their incorporation into organic photovoltaics. He contributed significantly to the project and
was always open for discussion. He also provided a substantial amount of help with TEM and
SEM characterization.

| am also highlyappreciative of all my other collaborators who assisted in critical measurements
throughout my research including Dr. John Mor@silanyu WangBrenden Magill and Dr.Giti
Khodaparast

Next, | would like to acknowledge Jason Ridley and Manpreet Kaur Bbam. Hefl inds
who prepared me to do experimental work with-agfiection coatings and organic photovoltaics,
respectively. Their training brought me up to speed on the instrumentation and protocols, which |

am very appreciative of.

Vii

€

C



| would also liket o t hank everyone else from Dr. Hef |

interacted with over the years, includi@galongrat Daengngarivioataz Khalifa JeongAh Lee,
Yanlong Li, Kelly McCutcheon Reza MontazamiShane Seamamong Wang, andiwei Zuo.

The menbers of the group provided assistance and moral support, as well as fostered a productive
environment for research.

The Materials Science and Engineering faculty and staff did a remarkable job at supporting and
assisting my development as a Ph.D. studé@m Grandstaff was above and beyond what anyone
could expect from a student advisor. She provided an incredible amount of support for all my
exams, in terms of technicalities, scheduling, and morale. Her benevolence and selflessness was
extraordinary whe times were tough and stressful. | would like to express my sincerest gratitude
to Dr. David Clark and Dr. Bill Reynolds for providing a substantial amount of financial assistance
to me, which kept our project moving forward.

| am also very grateful for ynexcellent graduate committee members, includindRinhey M.

Davis, Dr. GuoQuan Ly Dr. Gary R. Pickrell | learned an immense amount from their
discussions. They adequately challenged me during my committee meetings, which helped me
grow as a scientigind also a person.

Throughout my time as a Ph.D. student, | also received a significant amount of instrumentation
assistance from those listed below, which | am extremely grateful for.

Eric Carlson, Don Leber, and Michael Bouchard (from Ladd Resealtcépaait a substantial
amount of time helping me fix and troubleshoot our thermal evaporator. In their assistance, they
also supplied me with a great deal of knowledge about the technical aspects of the systems, which
| will surely use in the future. Ericnd Don also assisted me with using thbdam evaporator in
theWhittemore Hallcleanroom, and | am very grateful for that experience.

Steve McCartney and Chris Winkler both provided an immense amount of assistance in the
NCFL on the AFM, SEM, and TEMlacob Noble (from Hysitron) and Jay Tuggle helped me with
using and interpreting data from the Hysitron Tribolndenter. | am thankful for their support.

| would also like to thank Neha Singh from J.A. Woollam Co. for essentially training me over
the phone o the Ellipsometer. Nina Hong, also from J.A. Woollam Co., gave me much assistance
on the instrument kperson.

| am very thankful that Erich Seeh assisted me in depositing gold for FTIR measurements. Also,

| am very appreciative that Min Gao and Dwight D. Viehlandallowed me to use their AFM. |

viii



would like to express my gratitude adi Mohammadiand Dr.Herve Marandor giving me
access and assistance to their BYK Gardner Hazer Meter. | am highly grateful that Dr. Hans
Robinson allowed me to use histarized translational stage for macroscopic scratch testing. |
thank Tom Wertalik for cutting all of the ITO substrates over the years for use in the organic
photovoltaic project.

| would like to give a special thanks to Sherri Collins, Michele Strate®my Jo Hiner, and
Mary Jane Smitlior assistance with ordering laboratory supplies and with Hokiemart. Finally, |
would like to acknowledge the Army Research Lab for their funding support on threféedtion
coatingsunder Cooperative Agreement Numbé®11NF~06-2-0014.

| would like to personally thank Alyssa Johnson for all of her laboratory assistance and her love
for bean salad and tacos. Her optimism and support was massive.

| am so appreciative of all my friends in Blacksburg and ~40 roommatesatin@ and went in
my house throughout the years. It wondt be ea:
mountains of Southwest Virginia after being here for 13 years.

Perhaps most importantly, | would like to thank my loving parents, Eric ahehHas well as
my amazing sister, El ana. Without my familyods
have never come this far. My parents emphasized the importapeesef/erancand hard work,
which has become one of my greatest strengthsstddly. They helped me build a positive attitude
and conscience. They facilitated my interest in science at a very young age, with discussions at the
dinner table and suggesting that | investigate the thinning of the ozone layer in middle school. |
dedicae my initial interest in photovoltaics to my mother, who helped me with my eight grade
science project, where | measured the current from a silicon solar cell under different colored
lights. | am also extremely grateful for their financial support growm@nd in times of need. |
thank my sister for being my best friend for life, putting up with me while we grew up, and also
always being there for me. Her freedom with life and exploration has inspired me. | hope that |
can return my ftahmen yiérs tlhoev ec comicrkg tyear s, now t

lab anymore!



Table of Contents

Preface
L1 0] [230) (Of0] 11 0=] 01 ST NTTT TP T T T R O PT R O X...

Li
Li

st of &Eegaééescééécécececeeééeececeééeeeeééenxv

st of Téaéhd éeésécécéée ¢ € é é é

@
N
N
N
N
N
N
N
N
N
N
@
@
@
x
<
X

(@ aF=T o1 (=1 8 ® 0T~ 1Y 1 o Yo [ L] 1 0] o U 1.

1.1Moti vati on
1.2Di ssertati
References é ¢ ¢ ¢ € é é é é

ChapterTwo:Background and Literature Reviewéeé
21Sefassembly Techniques

22Anti-r ef l ecti on Coatings

o O
@D O
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
3
322
-
-
-

[N
[N

211Sefassembl yéeééeééeeééeeéeeéeeéeecéeeéecée.

2.1.12StaticSefassemb| yééeééeééeéééeééeéeéeééecécécéce.
2.1.2LangmuirBlodgettFimg é ¢ € é ¢ e éé e ééécéecéeécéeéé. ... 19
2.1.3Self-assembled monolaye&fyt ¢ € é e € é é e éééééééeéeééeéé. 22
2.1.4 lonic SeHassembled Multilayeésé é € é é € € é €6 € é é e ééeéeééeée2b
2.1.4.1Background é € é é 6 ééécéécéecéeécéeéeéeéeée. ... 25
2.1.4.2 Strong Polyelectrolylest é e € € é 6 ééééééeéeéeeéeéeééé. .. 30
2.1.4.3 Weak Polyelectrolytést € ¢ 6 é 6 é 6 ééééeééeééeééeééeéld2
2144 Lineagrowthe é € é 6 é 6 ééeééeéééééeééeéeéeéeéeée. ... .39
2.1.4.5 Exponentiagirowthée ¢ ¢ € é é é € é € € € é é
2.1.46 Covalentlycrosslinked polyelectrolyte ISAMsé é ¢ éééeéééeéeéé. . 43

s s

2.1.4.7 Nanoparticle ISAMsé e ¢ e éeéééeéeéeéeééeéeéeé. .. 45

2.1.5 Nanoparticle and Colloidal Stabilizatioe ¢ é € é € é 6 é €6 é e é e é é

2.1.5.1 Electrostatic Stabilizatiéne ¢ ¢ ¢ ¢ é ¢ é e ééeééééééééeé. .. 46
2.1.5.2Steric Stabilization and PolymerBrusheé é ¢ ¢ ¢ é é ¢ éééééeée. . 50

s 7z 7z oz

2.1.5.3 Electrosteric Stabilizatiéné ¢ ¢ é ¢ ¢ é é ¢ é¢éééééééééé. . .55

N

o
N
(@)}

22.1Theorg é € 6 6 66 € ééeééeééé
222Historg é 6 6 €€ éééééeéééé
2.2.3 Porous ISAMARGsé e ¢ é é é é

éé
2.2.3.1 Polyelectrolyt®anoparticle ISAMARC§ é é é e ééeéeééeéé. .. .65



2.2.3.2 Nanopartickanoparticle ISAMARCE e é e é e éééééeéeéeébo
2.2.3.3 Polyelectrolyt®olyelectrolyte ISAMARCE é é é 6 6 6 é € ééééé. 7

s s s

230rgani c Photovoltaicséééeeeeéeéeéééeceeeeeeéeéeé
2.3.1 OPV Device Materials and Architectéirée e ¢ é é e é ée e ééeééeéee. . 73
2.3.1.1ConjugatedPolymé&rg é ¢ é 6 ééeééeéecéecééeéeéeéeéeée. 73
2.3.1.2Electron Acceptodsé ¢ e e e e e e ééééééeeceeeeeeéee. 77
2.31.3 OPV Device Architecturésé ¢ é e ¢ é e éeéeéeéeéeéeée. 77
2.3.20PV DeviceOperatiéne ¢ é e é e éeéeéeéeéeéeéeecée 80
2.3.2.1 Optical Absorpticné ¢ e é e é e éeéeéeéeéeééeééeeéeé. 81
2.3.2.2ExcitonGeneratiéné ¢ é e é e éeééeéeéeééeéeéeéeéeéee. 84
2.3.2.3ExcitonDiffusicde é é e e éeeééeéeééeeééeeééeecéé. .. 86
2.3.2.4 Exciton Dissociatiéné é é e e é e e ééeéeééeeééeéeéece 87
2.325ChargeTranspére e é € é 6 ée6éecéecéééééeéeééeéeénn
2.3.26ChargeCollectiené ¢ é é é é e e e éeéeééééééeeeeecé 92
2.3.3 OPV Device Electrical Characterizaiod ¢ é e é ¢ é e é e ééeéeéeé. 93
2.3.3.1CurrentDensity to Voltage Characteristes é € € é é 6 € é €€ é é €93
2.3.3.2 Equivalent Circuit and Parasitic Resisténée¢ é ¢ é ¢ é ¢ ééééeé. . . 96
2.3.3.3 External Quantum Efficieneye ¢ € € é é e éé e éééeéééeéeé. 98
2.3.4 OPV Device Degradation Pathways and Staildye ¢ ¢ ¢ ¢ é é éééeéeée. . . 99
2.3.5 Plasmonics Nanoparticles in OPV Devicésé ¢ ¢ é é é é e e e é é é é 101
2.3.5.1 Localized Surface Plasmon Resonaneet ¢ ¢ é e e ééeééeeéloil
2.35.2PlasmonicsMetélsc é e é ¢ éeéeéecéecéeéeéeeeéeélod
2.3.5.3 Anisotropic Silver Nanoprisense ¢ ¢ é e é e ééeééeééeéeéeélib
Referencesééeécecéééeéeéeéeéeéeéeéeéeceéeéeeeéeeéeélo
Chapter Three: Experimental Methods and Material ¢ ¢ ¢ ¢ é é ééééeééé. . . 120
3.1Anti-r ef l ecti on Coatingséééécéeeceeeéééééeccececececect
3llMateriale é € é 6 e ééééééeééeéecéecécécéeceéeeéeel?20
3.1.2Substrate Preparatiéné ¢ e e e ¢ € ¢ ééééééeéeéeéeéeéeééééeée. 123
3.13ISAMFIimGrowthe ¢ é ¢ é e éeéeéecéecéecéeéeéeecée 123
3.1.4 Covalent Crosslinking of ISAMFilrese ¢ ¢ ¢ é é éeééeéeeeeéeééé. . 125
3.1.5 Characterization Instrumentagop € é é e é é e e ééeéeéeecéée 125
320rganic Photovoltaicsééeééeéeéeéeeééeééétreacéce
321Materiale é € 6 6 66 ééééééeéécécécéeéeeeeéeeeeéel2n
1

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

3.2.2 Solution Formatia’né
3.2.3Substrate Preparatéore € € € € € € é éééééeéeééééééééeéeée. 134

324ISAMFImMGrowtle é ¢ é é é ¢ éééééééééééeéeéeééeéeeée. . . 134

Xi



3.2.5 Fabrication Instrumentati®d € € € € € € 6 6 éé e éééééééé 135
3.2.6 Fabrication of photovoltaic deviéeg € ¢ é é € é é e éé e e ééeéé 140
3.2.7 Characterization Instrumentatiog € € € € € é é é € é e e e ééééé 142
Referenceséééééééeceeeeeeceeéeéeeeeeeeeeeeeeee.

Chapter Four: Stability of Anti -Reflection Coatings via the SeHAssembly Encapsulation of

Silica Nanopatrticles by DiazeResing ¢ ¢ é e ¢ éééeéééeéeééeeééeéeéeé. .. 151
4.1 Introductionéeéeéeééeéeéceeéeeéeéeéeéeéeéecece
4. 2 Experimentalééééééééééééééééééééééééééééé
421Materiale é e 6 ééeéeéeéeéeéeéceeéeéeéeéeée. ... 153
422 SolutionFormatigné é e € ¢ ¢ é ééééééeeeéeéééééecee. ... 153
4.2.3 Sulfonated Silane Slide Preparatiche ée e e e ¢ ¢ é éééééeéeeéeéeée. .. 154
424FiImFabricatioh é é ¢ é ¢ ééeééeééeéecécécéeéeéeeéeéeée. ... 154
4.3 Resultséééeééeécécéecéeeéeeéeéeé ccébecééecéles s

4.3.1 DAR/PSS Multilayeksé é ¢ € 6 é 6 éé e éécééeééeééeéé. .. 155
4.3.2 Modified Silica Nanoparticle Solution Formatop é € é € é 6 é € é e éé 157

4.3.3 MSNP/PSS ARC Morphologyé é ¢ ¢ é e é ¢ e éécééécéeéeééeée. . 160
4.3.4 MSNP/PSS ARC WVis-IR Spectrometrg é e ¢ é e ¢ éééeéééeéeéé. .. 161
435SolventStabilige é e éeéééecécéecéééeééeéeéeéeééelos

4.4 Conclusionséééeécécécécéeeeeéeéeéeéeéecécéeceéec
Referenceséééééééeéecécécécécéceéeceeéeéeéeéecéecéeles

Reflection CoatingsUsing Crosslinked Polyelectrolyte Interlayerg ¢ é é € é é é é 169

5.1 Introductionééééeéeéeéeéeéecéecécécéececeeéeée
5.2 Experimental ééééeéécécécécéeéeeeéeéeéecécéeceéec
521lMateriale é e é 6 ée6éééééeééeéeéeéeéeéceéeéeeceeée. .. . 171
5.2.2 SolutionFormaticghné é ¢ é ¢ é ¢ é e ééeééeééeéécééééeéeeeeéelr?2

5.2.3 Interlayer film Architecture and Fabricatiod ¢ ¢ ¢ é é é é e e e éééé. . 172
5.3 Resultsééeéeéeéeéeéeéeéeceéeéeeeeéeéeéeéeéecéel
5.3.1 FTIR characterization of PAH/PAA multilayere ¢ ¢ ¢ é é ¢ éeéeee. . . 173
5.3.2 PAH/PAA Diffusion and Exponéal-growthe ¢ ¢ ¢ é é é é e e e éeééé. . 176
5.3.3 Interlayer SEM Characterizatore ¢ e e e e e e éé ééééeeeeee 180
5.3.4 InterlayerUWis-IRSpectréa € € € é é é 6 éé e ééééééééeéeé. 184

5.3.5 Microscopic Scratch Testige € € € é é é 6 éé e ééeéééééééé. 197

5.3.6 Macroscopic Scratch Testtng € € € é é é é éé e éééééééééé. 203
5.4 Conclusionséééeeééeeééeeééeecééeecééeeceeéecéceecté

Xii



Referencesééeéeééeéeéeéeéeéeéeéeéeéeéeceeceeéeé?20
Chapter Six: Self-assembly of the Holdransport Layer and Encapsulated Silver Nanoplates
in Organic Photovoltaice ¢ é ¢ é ¢ é e ééééeéecéécéecéeéééeéeé.
6.1 Introductionéééeéécécécécéééeééeéeéeéeéeéecécté
6.2 Experimental éééeécééecéééeééeéeéeécécécécécecece
6.2.1 Synthesis of Ag Nanopl ateséééeérldeéécecéeé
6.2.2 Gold Coating of Ag Nanoplate® é
6.2.3Solution Formatiorda é e é e é e é e éeéeééeéeéeéeé
6.2.4 PAH Encapsulation of AgNanoplate6 é e ¢ é é e éééeééééeééeée. . 214
6.2.5 Formation of ISAMFimnsé é é é e ééeéeééeeééeeééeeéée. 215
6.3 Resultsééeéécéécécéeéeeéeéeéeéeceécécéecéeceéeeee?
6.3.1 Optimization of Annealing Coitibnsé é é é é é e €€ ééééééééee. 216
6.3.2 Optimization of Active Layer Thicknese é é é é é e e éééééééeée. . 219
6.3.3 Synthesisof AgNIBsé é e é e éeéééeéeéeéeéeéeéeée. .. 225
634PAH/AgNPISAMfiImsinOPVDevico&séééeééééeééééééé. . 225
6.3.5 PAH/PEDOT:PSS ISAM films as the lddlransport L
6.3.6PAHEncapsulatlonongNé@eeééééééééééééééééé. .. 237
6.3.7 AuUAgNPs inthe HTLforOPVDevice € € € € € éééééeéeeeéeéeé243
64Concl usionsééééeééeéécécécécéeeeeéeéeéeéeéecéeéee2s

Referenceséééééééeéeécééeéecééceecéeceeeeeceeeeeeeee22s

D

Chapter Seven: PolystyreneCoated Plasmonic Silver Nanoplates for Enhancement of

Organic Photovoltaice é é é é ¢ e e ééééeeeéééeeeéééeeeéé258
71l ntroductionééeeéééececeéééeececeéééececeeéééeeeceeéeée?

7.2 Experimental ééééeéeéeéeéééééceceeceeéeéééececece
7.2.1 Synthesisof Alanoplateé ¢ ¢ ¢ ¢ é é é e éeéééeéeéééééééee......260
7.2.2 Synthesis of Thiderminated Polystyreigeé € € ¢ € é é éé e e e e ééé261
7.2.3 Functionalization of AgNPs with P81 and Solution Dispersiéné ¢ ¢ € € € € 2 6 3

7

7.2.4 Functionalization of AgNPs with PE®H and Solution Dispersiéné é ¢ é € é . 2 6 3

sz

7.2.5 Miscibility Testing é e e éé e ééeeééeeééeceééeecééeeé2b4
7.3 Resultsééeéeéeecééeceéecécéece
7.3.1 AgNP Solvent Miscibility é € é é é & é e é e é
7.3.2 PEGSH Functionalization of AQNEEsé € € é é é é é
7.3.3 Density and Almsption Enhancements of PEAZINP< é

7.3.4 OPV Device Performance with PE@NPsé eéeééeé
7.3.5 PSSH Functionalization of AgNEsé € € € € é é é é é

(O
(O
o™ O O
o> o o P
™ © o P @
™ © o P @
> o o ™D
™ © o P @
> o o ™D
> o o ™D
™ © o P @
> o o ™D
NN N o
o oo NP
©o~wo ®
N D
o
o
o
N

@D
D
D

Xiii



7.
Reference ¢ e e éeééeééeeéeeéeeéece

ChapterEi ght : Conclusions and Future Workéeéeéeé
8.1 Encapsulation of Silica NanoparticlesbyDiaze si ns ééeééeéeéééeéeéeéeé. . 29

8 .

8.3 Selfassembly of the OPMolet r ansport Layer wi

7.3.6 Density and Structures of RGNPsinThinFilmgé ée ¢ é ¢ ¢ é éée éeééeée. . . 274
7.3.7Enhancement of Optical Absorptiére é e é e é e ééeéeééeéeé. ... .. 276
7.3.8 Enhancement of Steastate Photoluminesceree
7.3.9 OPV Device Performance with-AgNPs € é é é é

e
é

4 Conclusionséeéeéeeéeéecéceéeceéeceeceéeecécee
é

8. 1.1 Summaryééééééééecee

8.1l2Future Work ¢ é é é € € € é é

2 Covalent Cross

8. 2.1 Summaryééééééé

822FutureWork é é é é é 6 ééééééééééeeeeeeeé
t

- o
> O

D
D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

é
d PAH/ PAA Interd9%yers i

D
(]
D
D
(]
D
(]
D
(0]
(0]
(0]

(0]

(0]

(0]

(0]

(0]

(0]

(0]

8.3.1 Summaryéeeééeeeceeééeéeececeééeececeeééceeceeeécee.
832FutureWork e e é éééeeeééé

eeéeéeéeéeée eéeé 301
8.4 Polystyrene o at ed Sil ver Nanoplates in OPVsééééeécece
8.4.1 Summaryééeééecéeéeéceéececéeeéeeceéeececec 301
8A42FutureWork é ¢ é ¢ 6 6 ééééeéeééeéecéécécécécécéce 303

Xiv



List of Figures

Chapter One: Introduction

Figure 1.1.Actual and projected global energy consumption from 1990 to 2040 in million tonnes
of oil equivalent, according t@ OECDcompared to noc®ECD countries, and] separated by
(T a1 (0 AT 10| (o = OO 1

Figure 1.2.Anthropogenic greenhouse gas (GHG) emissions from 1970 to 2Gidpad based

(o] I | T 0 =T 1] oS TP PP TTPTPPPI 2
Figure 1.3.Solar cell efficiencies for the many different technologies. OPVs are represented by
the closed, red dots on the bottom righnd portion of the figure............cccccciiiiiiieeeceennnn 4

Figure 1.4.SEM image of porous ISAM ARCs composed of PAH/SNP's, as developed by our

Chapter Two: Background and Literature Review

Figure 2.1. SEM micrographs of AuNP microwires dynamically ssisembled by

(0[] (=Tt i o] o] g o] 11 L TSSO PP 16
Figure 2.2. Static seHassembly of PDMS components with sides of variable wetting properties
for different crystalline array PatternsS. ..o e 18
Figure 2.3.Processing schematic of LB films composed of amphiphilic materials and molecular
resolution image of a welirdered sevetayer ZnA LB film ona mica.........cccooeveveiveirieeee. 20
Figure 2.4.Schematic of a crystallmalkanethiolate SAM OAU(111)........ccccccoeeviieiiiciieenenen. 25
Figure 2.5.Schematic of ISAM film ProCeSSING.........cccciiiiiiiiiieeee e 27

Figure 2.6.Schematic of polyelectrolytes with)(loopy and i) extended conformations.....31
Figure 2.7.Graphical representatior[3 column chart of bilayer thickness dependency on PAH
and PAA pHranging from 2.5 to 9.0. Monolayer thickness of PAH and PAA when the pH of the
two polyelectrolytes is varied together (along the diagonal of4bec8lumn chart), represgng

RegIONS I, 11, T, QN IV.eeiii ettt emeea e st eree e 35
Figure 2.8.Degree of ionization of PAH and PAA solution. Degree of ionization of PAA in
ISAM films containing veak and strong polyelectrolytes...........ccoooovveiieeeiie e 37

Figure 2.9, Schematic of the three zones model that constitutes exponential grovzthSi

image of an 81 bilayd?LL/HA ISAM film with the last layer beig PLL labeled with a fluorescent
dye, fluorescein Isothiocyanate (FIT.C).......ccciiiiiiii et 42
Figure 2.1Q Schematic of the Electrical Double Layer surrounding a charge particle, along with
the corresponding Sur f ac gotent@lt RLN® theody shenfatice r n
related to van der Waals attractive forces and electrostatic repulsive. farces.................... 48
Figure 2.11 Polymer brushes withaf mushroom andb) and stretched conformations........ 54

XV



Figure 2.12 Bridging flocculation &) schematic ancc]f TEM image. Optimal chaiconcentration
for electrosteric stabilization of individual AUNRS) (schematic andd) TEM image............... 58

Figure 2.13.Propagation of electricald and magneti¢® fields, traveling in thé@direction.
The fields travel from air @ into a film of aparticular thickness (d), refractive index)nand

situated onto Of @ glass SUDSTIAt.(N........c..ooir e e 61
Figure 2.14Dest ruct i v e i-phase shift ef the reflected lhegms aff of Interfaces |
and 11 on a quartewavelength ARCS...........o s 63
Figure 2.15.PDDA/SIO> NP ISAMs on soda lime glas®)(@asassembled ) calcinated, ) 124
RO o I (== L0 0 T=T 0 £SO P PR 72

Figure 2.16. pH-induced switching for PAH/PAA films.-B AFM image of &) the original film

(b) the nanoporous, swelled film, anc) ¢he nonporous, collapsefiim. The plot on the right
represents the change in refractive index and thickness upon swelling and callapse.....73

Figure 2.17.Conj ugated pol ymer r e p eabitals ofrpolythophene.d t he

SEIUCTUIE OF PCBMun .ottt ettt e et enmmsa e e s e enneesnteennneens 75
Figure 2.18. Conjugation éngth (number of continuous aromatic rings) in polythiophenes in
r el at dbaneh moteaular'orbital energy SpPlitting...........cccovveiiiiiceeric i, 76

Figure 2.19 OPV device architectures including single layer, bilayer, and bulk heterojurr&ion.
Figure 2.20.Charge photogeneratiqggrocess schematic for the BHJ OPV device and material
ENEIGY VRIS ... .oe ettt e e e a et e e e et e e ea e ba e ete e aateemnereeereas 80
Figure 2.21.(a) Spectral Irradiance for the AMO, AM1.5G, and AM1.5D solar radiation spectra.

Figure 2.22 Representation of an exciton on a polythiophene molecule. Energy diagram for spin
states of a singlet and triplet @XCITOML..........ciiii et 85

Figure 2.23.(a) Singlet exciton diffusion by both Forster and Dexter energy transfer mechanisms.
(b) Exciton diffusion by the Dder energy transfer process between singlet (S = 0) and triplet

Stz SIS ST N T PSR PRRR O RUP 87
Figure 2.24.Energy level diagram for the photogeneration proCess...........cccccveveeeeevvnennne. 88
Figure 2.25 Currentdensity to voltage (¥) curves for &) both dark and light curremtensity.
(b) Fourthrquadrant representation of the lIighY ZUrve.............ccccoevie e 94
Figure 2.26 Equivalent circuit for the OPV device with parasitic resistances.................... 96
Figure 2.27. Effect of parasitic resistances on-& &urve, such asaj decreasing R for Rs = 0,
and ) increasig Rsfor Rsh@  .D...oooviiiiiieeeeee e 97
Figure 2.28.Coherent oscillation of conduction electrons within the metallic core of a nanoparticle
and the electric field enhancements around two different sized nanopatrticles................ 102

Figure 2.29.Plasmonic nanoparticles in PVs enhaneatrmechanismsa) Light trapping by
scattering elementsp) electricfield enhancements by LSPR, amg (ateral light guiding by

XVi



Figure 2.30.(a) Extinctionefficiencies for different particle geometries all identical volume to a
sphere with a 50 nm radius. Electric field contolEg)pf a () sphere(c) cubg and (1) pyramid

Figure 2.31.Room temperature seedediated growth of AgNPsaY LSPR extirction spectra and

(b) solutions for a range of AgNP sizes (1 being the smallest, 10 being the largest) with seed
concentrations of) 650¢L, 2) 500¢L, 3) 400¢L, 4) 260¢L, 5) 200¢L, 6) 120¢L, 7) 90¢L, 8)

60¢L, 9) 40¢L, and10) 20¢L. (c) FCCcrystal and growth mechanism for AgNPs........... 109

Chapter Three: Experimental Methods and Materials

Figure 3.1.Chemical structure of PSS and DAR............ccccoiiiiieniic e 121
Figure 3.2.Chemical structure of PAH and PAA............coo oo 122
Figure 3.3.(a) Immersionmachine setuphp) pneumaticolution platform, ) and the StratoSmart
100 | =T 1o PSSR 124
Figure 3.4.Motorized abrasive rod setup for miesoale scratch testing of films................. 128
Figure 3.5.PEDOT:PSS chemical StrUCIULE............ccoiiiiiieeee e 131
Figure 3.6.Chemical structure of P3HT and PCBM...........cccociiiiiiicmi e 133
Figure 3.7.Chemical structure of PEGH and PSSH...........ccccooiiiiiii e 133
Figure 3.8.Copper hot plate in plexiglass bdsor annealing, the plexiglass lid was installed and
With @ flOW Of @rgon gaS.....c..ooouiiiii et 137

Figure 3.9. Thermal evaporator setu@) (Thermal evaporatorb] rotary vane vaaum pump, €)
turbo pump, d) turbo pump controller g ionization gauge tubef)(ionization gauge controller.

Figure 3.10. Thermal evaporator deposition setup) The sample holder with four sample
locations and a shadow mask for each sample elfigre, the item covered with aluminum foil

is the quartz crystal microbalance (QCM)) One tungsten basket from the factory (left) and after
stretching with pilers to avoid shorting (right}) Power supply current knob and current meter.
(d) Tungsten basket holder with tungsten basket and aluminum pedetQCM thickness
070 1 o] PSP 140
Figure 3.11.Graphicaland pictorialrepresentation of OPV devices. Each sample contains eight
devices (one for each Al strip) that can be individually testéne exposed ITO anode and the
nontoverlapping Al cathode are used as electrode contae¥iantl EQE measurements...142
Figure 3.12. Optical absorption of glass/ITO, glass/ITO/PEDOT:PSS,
glass/ITO/PEDOT:PSS/P3HT:PCBM, and P3HT:PCBM subtractedrgpect...................... 144
Figure 3.13.Absorption coefficient| () of P3HT:PCBM (1:() as a function of wavelengtii45
Figure 3.14. AM1.5G 2}V testing setup.d) Si photodiode in the plexiglass box for lamp
calibration. For the AM1.5G calibration, the Si photodiode hadafs on with a pinhole light
opening. b) All calibration and-<Y measurements were done with the plexiglass lid installed with

XVii



argon gas flow.d) An OPV device under the lamp source in the plexiglass pXdithley 236
sourcemeteandKeithley 485PICOAMMETEN...........occuiiiiiiiii e e 146

Figure 3.15.Monochromator lamp testing setup) Lamp (left), lens (middle), monochromator
(right), monochromator controller (bottom left)) (Si photodiode with the same circular spot size
as on the device with use of a lens. Ppiwhole cap was removed from the Si photodiode for this
calibration. ¢) OPV device under monochromator source in plexiglass box. The plexiglass lid was
installed for Si photodiode calibration and OPV device teSting.cuu......c.ccoeeiriiiieennieieenens 147

Chapter Four: Stability of Anti -Reflection Coatings via the SelAssembly Encapsulation of
Silica Nanopatrticles by DiazeResins

Figure 4.1 (a) Absorption spectraf five to eight bilayeDAR/PSS films before and after UV

irradiation. (b) The absorption intensity & = 3 Bridr tonUW exposuren relation to the
number oDAR/PSS DIlayerS........ccooiiiiiieeee e e e e e e eneas 156
Figure 4.2.Chemical schematic of UV irradiation covalent crosslinking reaction between DAR
oL 0 S T OSSR 156

Figure 4.3 Schematic of MSNP solution formatior&) diluted SiQ NP solution 0.0376 M), b)
deposition of the diazeesininto the diluted SiI@QNP solution (c) encapsulation of the Si P 6 s
by the DAR to make MSNPs. Schematic of ISAM film formatiat):qilylation of glass substrates,
(e) growth of the first MSNP polycation laygf) asembly of the second layer, PSS......... 157
Figure 4.4 SEM characterization of a MSNP/PSS film produced from latism with large
=Yoo [0 £ LT = L= PSP 158
Figure 4.5. ¢-potentialand average particle size by DiS. DAR concatration for the MSNP

£ ] 1011 o P 160
Figure 4.6. SEM dharacterization of MSR/PSS films after UV irradiationmages are shown for
films of (a) two, (b) four, () six, and @) eight bilayers............ccoooiimann 161
Figure 4.7. UV-vis-IR spectrometry characterization of one to four bilayer MSNP/PSS ARCs
including (a) transmittance,b) reflectance, andc] absobancedue to scattering (& spectra.

Figure 4.8. Transmittance spectra for two tbilayer MSNP/PSS films after being sonicated in a
ternary slvent solution (H20:DMF:ZnCl23:5:2, w/w/w) for various periods of timga) UV-
irradiatedfilms (b) norrirradiated filMS..........oooiiiii e 166

Figure 4.9 AFM characterization for two tebilayer MSNPPSSfilms after being sonicateid a
ternary solvent solution (H20:DMF:ZnCl2, 3:5:2, w/w/ey tenminutes (a) UV-irradiated films
(b) NorHrradiated filMS.........oi e eee e naaea e 167

XViii



Chapter Five: Enhanced Scratch Resistance of Sessembled Silica Nanoparticle Ant
Reflection Coatings Using Crosslinked Polyelectrolyte Interlayers

Figure 5.1.FTIR spectra for twebilayer PAH s/PAA4 s films on Au substrates................... 175
Figure 5.2. Amide bonding chemical schematiC...............cccccoviecvie e 175

Figure 5.3 PAH/PAA rdractive index vs. wavelengtiBased on Cauchy dispersion model with
A =15373, B =0.0053271, and C Z.0.....ccciiiiiiiicieeeeeee ettt 177
Figure 5.4 Thickness measurements for oneite falayers of PAH.o/PAAx films with (a) PAAz o
to PAAsoand p) PAAsoto PAAs.o. RMS surface roughness measurementsifierto fivebilayers

of PAH7.dPAA« films for () PAAsoto PAAsoand () PAAs.0t0 PAAGO.......ccccvveriiiieeieine 178
Figure 5.5. Thickness measurements for one to twenty bilayers offdfAAx films with PAAs o
LU Y PSSR 179
Figure 5.6.Interlayer BAM ARC architectural schematicC..............c..ccooovvieeceiee e, 180

Figure 5.7. SEM characterization at 200 kX magnificatifor four-quadlayer interlayer ISAM
ARCs of the architecture [PAMPAAXPAH7/SIO; oln=4.5 wherePAA pH was varied from &)

PAA3, (0) PAA40, (C) PAA50, aNd ) PAAGO ....cove et snne e 181
Figure 5.8 SEM characterizatiorior a kquadlayer [PAHPAAs/PAH7/SIO, gn=15 film at a
MAagnIfication 0T200 KX.........oiiiiiiii ettt smeee et 182

Figure 5.9.SEM characterizatiofor four quadlayeinterlayer ISAM ARCs with PAA, focused
on the microporous formation for magnifications af 20 kX, @) 100 kX, €) 400 kX.Images
were also takeon regions withouthe microporous formations in tfiem at (d) 200 kX........ 184
Figure 5.10.Measurements ofaf transmittance b reflectance,d) absorptiondue to scattering
(As) for four-quadlayer interlayer ISAM ARCwith PAA pH varied from PAAoto PAAso by
(1o =T 0 g [T 0] £ 0 ) 0t TSR PR S 186
Figure 5.11.Measurements off onequadlayer transmittanceh)(onequadlayer reflectances)(
two-quadlayer transmittancej)(two-quadlayer reflectanceg)(threequadlayer transmittance) (
threequadlayer refictance for interlayer ISAM ARSwith PAA pHvariedfrom PAAz oto PAAs.o
DY INCremMents Of L.Q......c..oooiiii ettt e re e eae e e eae e 189
Figure 5.12. Measurements ofaj transmittance, ) reflectance,and (c) absorbance due to
scattering (A for four-quadlayer interlayer ISAM ARCwith PAA pH varied from PAA, to
PAA6.0 DY INCrement®F 0.2.......ooiiii et eeae e 191
Figure 5.13 Measurements df) onequadlayer transmittanceh)(onequadlayer reflectances)(
two-quadlayer transmittanced)(two-quadlayer reflectanceg)(threequadlayer transmittancd) (
threequadlayer reflectander interlayer ISAM ARG with PAA pH varied from PAAoto PAAe.o

DY INCrEMENTEI 0.2.... .o reret et e et e e et e e st e e e snra e e e aeeeennes 192
Figure 5.14.Refractive index for threeand fourquadlayer interlayer ISAM ARCs from PAA
LU0 T Y SRR 193

XiX



Figure 5.15 Thickness measurements for ene fourquadlayer interlayer ISAM ARCwith
PAA pH in the range ofd) PAAso to PAAso and €) PAAso to PAAso. RMS roughness
measurements for onw fourquadlayer interlayer ISAM ARCs with PAA pH in the rangeh)f (
PAA3010 PAAso0aNd ) PAASOTO PAABO....ei ettt 195
Figure 5.16.In-situ SPMimage, ramped normal force, and height profile of scratcheal far
four quadlayer interlayer ISAM AREL with @,b) PAAso and €,d) PAAso and (e,f)
(PAH7.0PAA7.0)10-(PAH7 o PAA7  PAH7 o/SIO2 9.94-(PAH7. 0 PAA7.0)10. . cvveeeciee e 201
Figure 5.17.In-situ SPMcharacterization of a 1Bilayer PAH o/PAA7 ofilm scratched upo 1000

Figure 5.18.Percent differences in haze measurements after scratching for the uncrosslinked and
crosslinkedour quadlayer interlayer ISAM ARCS.........cccooiieiiiiiieeeee e 204

Chapter Six: Self-assemblyof the Holetransport Layer and Encapsulated Silver Nanoplates
in Organic Photovoltaics

Figure 6.1.The current densitly voltage (V) characteristics of OPV devices with a{arene¢ed

or postannealed Al CAtNOE............coii et 218
Figure 6.2. The current density voltage (V) characteristics of an OPV device that was post
annealed after high Al deposition rateS ZEB>A/S)..........ccvvieevieeeeceeeeeeeeeeeeee e, 219
Figure 6.3 Optical absorption of glass/ITO, glass/ITO/PEDOT:PSS,
glass/ITO/PEDOT:PSS/P3HT:PCBM,aR3HT:PCBM subtracted spectra....................... 220
Figure 6.4.Absorption coefficient/ () of P3HT:PCBM (1:(8) as a function of wavelength221
Figure 65. (a) The opticalabsorptiorspectra of the asast P3HT:PCBM films with thicknesses
of 75, 90, 100, 115, and 130 nrb) The opticakabsorptiornof the same P3HT:PCBM films after

thErMBl @NNEAIING...... ..ottt e emeer e e te e s teesaseeeteeesenns 222
Figure 6.6. The current densitly voltage (3V) characteristics of OPV devices with thicknessks
75, 90, 100, 115, @nd 130 NIM..ccoiiieeeiee ettt e e et e e e e e e e et e e e e e e e s smmeeeeeeeaans 224

Figure 6.7. AgNPs characterizationa Normalized extinctiospectra of the AgQNPs with a variety
of | ateral di mensi ons (.eel TEM imagesnofthePAgNPsfeomthe c or r «

(b) Philips EM420 andd) JEOL 2100........cccooiiiiiiieiiiemrie e seesiee st seesmnseesseesneeneeeneesneeanes 225
Figure 6.8. R a wpotential measurements from PAH, AgNPs, and PEDOTIiPEZ0 (1-20)
5] 1111 TSP 227

Figure 6.9 Characterization of PAH/AgNP ISAM films, using AgNP solution watbrrequal to
648 nm (a) Optical absorption spectra for one, two, and three bilayers of PAH/AdHRhe
amaxand peak absorption for one, two, and three bikagéPAH/AgNP. €) Representative SEM
image of one bilayer of PAH/AgNP on glasd) Photograph of oneand two bilayer film of
PAHIAGNP. ..ot oeem s n s eems st enmn e 228

XX



Figure 6.1Q (a) Optical absorption spectra of one bilayer of PAH/AgNP and PEDOTsPBS
coated on top of the same film at 4000 rph).@ptical absorption spectra of PEDOT:PSS spin
coated on to glass, and sjmoated AgNPs mixed with PEDCHSS at a ratio of-& on glass229

Figure 6.11 AFM height images of asast and thermally anneal films of spincoated
PEDOT:PSS (4000 rpm), 30 bilayers of PAH/PEDOT:PSS, and 30 bilayers of PAH/PEDOT:PSS
with a thin layer oPEDOT:PSS spHtoated 0N tOP...........cocveiiieiiii e 232

Figure 6.12. The @) optical absorption andb) transmittance ofpin-coated PEDOT:PSS at 400

rpm, 15 and 30 bilger of PAH/PEDOT:PS3SAM films with a thin layer of PEDOT:PSS spin
(oo L= 1L=To [0 (o] o JEU USSP U PR R ORI 234

Figure 6.13 The current density voltage (V) characteristics of OPV devices with HTLs of
spincoated PEDOT:PSS (4000 rpm), 15 and 30 bilayePA¢f/PEDOT:PSSvith a thin layer of
PEDOT:PSS SPHI0AtEd ON TOP......ccuiiiiiiiiieitie e ceeeee ettt emmeaa ettt sae e bsemmenee 236

Figure 6.14 Characterization of encapsulated AgNPs (ENPs) with PAH concentration in the range
of 0.5 mM to 10.0 mM. & -petential measurements for ENRe a range of final PAH
concentrations (0.5 10.0 mM) (b) Extinction of the ENP solutions with the PAH concentration

of 3.0 mM, 4.0mM, and 10.0 mM after one daig) The change in thENPse x t i niepkpeak n o
over the COUrsef tree daYS.......coo i e e 239

Figure 6.15 (a) Extinction spectra of ENPs with PAH at a final concentration of 4. mie
starting pH of the PAH solution was tested at bb#md 7. ) Optical absorption of 15, 20, @n

30 ENP/PEDOT:PSS ISAM fIlMS ..ottt eenee e emnnee s 240

Figure 6.16 Characterization of gotdoaded AgNPs (AuAgNPs).a) Extinction spectra of
AuAgNPs at Au:Ag ratios of 0:1, 0.01:1, 0.033:1, 0.06:1, and 0.085:1. TEM images for AUAgNPs
with Au:Ag ratios of p) 0.06:1, ¢) 0.08:1, andd) 0.06:1 withh a zoomin on one of the edges.

Figure 6.17.Re |l at i ons hi p rerkpeak toreAulgXPs with Au:Ag catios @k of 0:1,
0.01:1, 0.033:1, 0.06:1, and 0.085:1. Table e6®& concentration and the respective pH value,
as well as iformation on calculation of PH.............cccoiiiiiieee e 243
Figure 6.18 (a) Optical absption of just the HTL:one and three bilayers of PAH/AuAgNP
ISAM films on ITO before(solid lines)and after spircoating PEDOT:PSS at 4000 raashed
lines). p) Optical absorption of just P3HT:PCBM with the different HTL absorptions subtracted

Figure 6.19 (a) The current density voltage (V) characteristics of OPV devicagth one and
three bilayers of PAH/AUAgNP ISAM films on ITO, and the reference devibg. The
correspondingxternal quantum efficiency (EQBEPECtra............ccoeevviiiiiieeee e, 246
Figure 6.2Q (a) Optical absorption of just the HTL: two and three quadlayers of
PAH/PEDOT:PSS/PAH/AUAgGNP on ITO before (solid lines) and after-spating PEDOT:PSS

XXi



at 8000 rpm (dashed linegh) Optical absorption of just P3HT:PCBM with the different HTL
ADSOrPIONS FUIACIE OUL.........iiiiiiiiiiie e 248
Figure 6.21 (a) The current density voltage (3V) characteristics of OPV devicesth two and
three quadlayers of PAH/PEDOT:PSS/PAH/AUAgNP ISAM films on ITO with PEDOT:PSS spin
coated on top at 8000 rpm, and the reference dewgelhe correspondingxternal quantum
efficienCY (EQE)SPECIIA.........covii ettt eee ettt smnnre e nbe e s neaereas 221

Chapter Seven: PolystyreneCoated Plasmonic Silver Nanoplates for Enhancement of
Organic Photovoltaics

Figure 7.1.Synthesis of polystyrene (PS) using reversible additagmentation chain transfer
(RAFT) polymerization. The chain transfer agent used he2eplsenyl2-propyl benzodithioate
(CDB) and the final polymer is denoted as®BB ..............cccoevieeiiiiimeie e 261
Figure 7.2.Reduction oPSCDB to thiol terminated polystyrene (F) by NaBH............ 262
Figure 7.3.1H NMR spectra of PEDB (black) and PSH (red). The thiol peak (~1.7 ppm) is
indistinguishable in the spectra due to overlap with the backbone polystyrene protonbpeaks (
Peaksaround 5.25 and 5.76 ppm correspond to the residual styrene monamers........... 262
Figure 7.4. Normalized extinction spectra of the AgNPs in solution before aafter
functionalization With PEGBH.............ooiii et cem e 267
Figure 7.5.RepresentativEEM images of BG-AgNPsat a concenttan of 8.55 nMspin-coated
on @) bare glasand b) an annealed P3HT:PCBM film...........cc.ccooviiiiiieei e 268
Figure 7.6.The opticalabsorptiorspectra of the asast P3HT:PCBM films beforand after spin
coating PEGAgNPs The PEGAgNP solutions had concentrations&565 nM, 17.10 nM, and

22.40 NIVttt emen— et e eeh e ae e te e sant st e eateeae e e be e teenteennanaraenteeres 269
Figure 7.7.The current density voltage (V) characteristic®f OPV devices with added PEG
AgNP at concentrations of 8.55 nM, 17.10 nM, and 22.40.0M............ccceevveeereesieeieeene 270

Figure 7.8. Schematic illustration of an OPV device with -R§NPs. The AgNPs are (1)
functionalized with a layer of thigerminated polystryrene (PSH). The PSAgNPs are (2)
deposited on top of the activeyéa (P3HT:PCBM) in OPV devices..........cccccoeeevveevieemnnnnenn, 271
Figure 7.9. Characterization of AgNPsa) Normalized extinction spectra of the AgNPs in
solution before and after functionalization with-BH. TheunfunctionalizedAgNPs and PS
AgNPs were suspended in water and methanol, respectively. (Inset) A photograph of AgNPs in
solution (1) and PAgNPs in solution (2).4, c) TEM images of the AgNPs and P§NPs. 272
Figure 7.1Q Absorptionspectrumof P3HT:PCBM before and aftgpincoating a blank solution
of 500 pl of MeOH at 800 rpirshowing that the P3HT:PCBM is not dissolved................. 273
Figure 7.11.RepresentativéEM images of B-AgNPs in OPV devices. The PRINPs were
spin-coated on the active layer of P3HT:PCBM from solution concentrationg)d:.§7nM and
(o) 228510 1 OSSO 274



Figure 7.12. AFM heightimagesof thermallyanneaéd P3HT:PCBMfilms with PSAgNPs of
variousconcentrations (0 ~ 2.90 NIM)......ccuiiuieiieeii e ee e enee e nree s 275
Figure 7.13.(a) The opticakbsorptiorspectra of the asast P3HT:PCBM films before and after
spincoating PSAgNPs. The PgNP solutions had concentrations of 0.29, 0.57, 1.14, and 2.90
nM. (b) The opticalabsorptiond i f f e rAbsorbaacg l{etgpeen the P3HT:PCBM films with
PSAgNPs and the asast P3HT:PCBM films.q, d) The optical absorption spectra and the

difference of the same P3HT:PCBMNms after thermal annealing............c.ccccoooiiiecicnnnn. 277
Figure 7.14. Absorptionspectraof pristine P3HT films (no PCBM) with layer of(a) PSAgNPs
and (b) AgNPsS of various CONCENIAtIONS..........coiiiiiieiieee e e see e eeeesee e seenee e sneeesneeenneas 278

Figure 7.15. Absorptionspectraof (red curve)AgNPsin water rightafterthesynthesis an¢black
curve) aggregatedgNPs after transferring to a &tion of MeOH. (inse) A photographof an

aggregated AgNP sSolUtiaN MEOH...........ccoi i 279
Figure 7.16. TEM image of aggregated AQNREMEOH.............c..ccovi i iieeec s 279
Figure 7.17.Absorption spectra of the aggregated bare AgNPs on P3HT:RCBM........... 280

Figure 7.18 SEM image of theggregatedinfunctionalizedAgNPs on P3HT:PCBM.......... 280
Figure 7.19.Photoluminesence emission spectra of P3HT films with a laya) &&AgNPs and
(D) AGNIPS. .. ottt bbbttt eme et b ettt eeene e b re s 282
Figure 7.20. (a) The current density voltage (V) characteristics andof the corresponding
external quatum efficiency (EQE) of OPV deVICES.........cccoveeiiiiiieeee e, 283
Figure 7.21.(a) The current density voltage (dV) characteristics of OPV devices with bare
AgNPs andl§) the corresponding external quantum efficiency (EQE).............ccccovvieemnen. 284

XXiii



List of Tables

Chapter Four: Stability of Anti-Reflection Coatings via the SelAssembly Encapsulation of
Silica Nanoparticles by DiazeResins

Table 4.1. Optical characteristics fasne to four bilayeMSNP/PSSARCS.........ccccceeeeeennn.. 164

Table 4.2 Additional optical characteristics fayne to four bilayeMSNPPSSARCs........... 165

Chapter Five: Enhanced Scratch Resistance of Selssembled Silica Nanoparticle Anti
Reflection Coatings Using Crosslinked Polyelectrolyte Interlayers

Table 5.1.Exponetial-growth constants dEquation 5.2 for PAH;  PAAx films with the PAA
PH (X) range from 3.0 £0 B6.0........ooiiiiiiieiie e 175

Table 5.2.0ptical and physical properties fibre fourquadlayer interlayer ISAM ARCs.....187

Table 5.3. Thermal crosslinking conditions (maximum temperature and dwell time) to the critical
load (Lc1) for (PAHZ/PAA7)10-(PAH/PAA7ZIPAH7/SiOg)4-(PAHZ/PAA7)0interlayer ISAM ARCs.

Table 5.4. Transmittance @xima, L1, and L/R for four quadlayer interlayelSAM ARCs....202
Table 5.5 Haze measurements before scratching, after scratching, and the respective percent
differences fofour quadlayer interlayer ISAM AR ..ot e 205

Chapter Six: Self-assembly of the Holdransport Layer and Encapsulated Silver Nanoplates
in Organic Photovoltaics

Table 6.1. Various ISAM film processing steps. One full cycle consistseigiht solution

IMIMEISION STEPS ... viiiieeitie et et eeme e ettt e et e s eee e sae e e sbeeebeesaseesbeeemaeseesnseesnseeaseeenseeansenmnans 215
Table 6.2.The 3V characteristics of the OPV devicegth a preanneded or postannealed Al
(0= 11 o o = ST 218
Table 6.3.The 3V characteristics of th®PV deviceswith thicknessesf 75, 90, 100, 115, and
RS0 o | o 0 PP PR SR 224
Table 6.4.Arithmetic mean roughness {Rand RMS roughness {Rof the AFM height images.
................................................................................................................................................... 233
Table 6.5. Sheet resistance of spooated PEDOT:PSS (4000 rpm)nda 30 bilayers of
PAH/PEDOT:PSSvith a thin layer oPEDOT:PSS sphtoated orop.........ccccccevvveeivveeccieenee. 235

Table 6.6.The JV characteristics of the OPV devicesth HTLs of spin-coated PEDOT:PSS
(4000 rpm), 15 and 30 bilayers of PAH/PEDOT:R@th a thin layer oPEDOT:PSS dp-coated

XXV



Table 6.7 The 3V characteristics of theOPV deviceswith one and three bilayers of
PAH/AUAgNP ISAM films on ITO, and the reference device............cccoooviiiveeree e 247
Table 6.8 The 3V characteristics of th@©PV deviceswith two and three quadlayers of
PAH/PEDOT:PSS/PAH/AUAgNP ISAM films on ITO with PEDOT:PSS spuated on top at
8000 rpm, and the referenCe dEVICE...........c.ooove i 250

Chapter Seven: PolystyreneCoated Plasmonic Silver Nanoplates for Enhancement of
Organic Photovoltaics

Table 7.1. Solvent miscibility ofunfunctionalized AgNPs, PEG&gNPs, and P&gNPs........ 265
Table 7.2.The 3V characteristics of the OPV devices witEG®AgNPs of various concentrations

ranging from 0 t®22.40nM in the spiRcoating SOIULIONS............ccccoivieiivceee e, 271
Table 7.3 Arithmetic mean roughness {RandRMS roughness (§ of the thermallyanneag¢d
P3HT:PCBMfilms with PSAgNPs of various concentrations (0 ~ 2.90 nM)...................... 275
Table 7.4. The JV characteristics of the OPV devices with-R§NPs of various concentrations
ranging from O to 2.90 nNh the spiRcoating SOIULIONS............ccoiiiiiiiiieese e 284
Table 7.5. The 3V characteristics of the OPV devices with unfunctionalized AgNPs of various
concentrations ranging from 0 to 2.90 mMthe spircoating Solutions..........c.cccccevveiieennnne 285

XXV



Chapter 1

Introduction

1.1 MOTIVATION

Energy is a central aspect in our modern day life. Office lighting, laptops, mobile devices, air
conditioning units, and vehicles all use energy. Global energy consumption continues to ramp up
annually, especiallyas more countries become developed and the world becomes more
westernized. The Organization for Economic@ration and Development (OECD) consists of
36 highlydeveloped member countries. Projected energy consumption growth f@EOD
(mostly developig) countries is 2.2% annually and these countries will consume 65% of the

worl dés total Hguretlgy? use by 2040 (

:20000- B OECD = 20000+ O
[ I non-OECD c Gas
(¢}] Q@ L Coal
f_U C_U 16000 I Nuclear
> > I Hydroelectric
'S 'S 120004 MM Renewables
o (o n
L LU .
— == 8000
) o
@ 40004
8 o
- e
= 0 = 0
1990 2000 2010 2020 2030 2040 1990 2000 2010 2020 2030 2040
Year Year

Figure 1.1.Actual and projected global energy consumption from 1990 to 2040 in million tonnes
of oil equivalent, according t@ OECD compared to ne@ECD countries, and] separated by
energy source. These figures were produced using data gathered fidnSketistical Review of

World Energy 2018!



Nearly 85% of the energy consumed worldwide comes from fossil fuels (Qicag}, and this
poses some serious problems in the years to édfhe. combustion of fossil fuels is used to
produce steam in large turbines and ultimately results in the creation of electrical energy. However,
fossil fuels are also nerenewable and wileventually be depleted. One study predicts that oil,
coal, and gas will be depleted in 35, 107, and 37 years, respectively, and thus, coal will be the only
remaining fossil fuel after 2042Future dependence on fossil fudgure 1.1b) would only be

feasible if these sources were in infinite supply.
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Figure 1.2.Anthropogenic greenhouse gas (GHG) emissions from 1970 to 2010 partitioned based
on the gas type. This figure was originally printedragire SPM.2on page 5 ilPachauri, R. K.;

Meyer, L. Ipcc, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups
[. 1l and Il to the Fifth Assessment Report of the intergovernmental panel on Climate Change.

IPCC, Geneva, Switzerlar®D14 151* IPCC authorize permission for reproduction.

Even more significant than fossil fuel depletion is the growing threat of global warming, which

has largely been attributed to the escalation of anthropogenic greenhouse gas (GHG) emissions



(CO,, CHs, NO,, etc.)? Since fosdifuels are mostly composed of hydrocarbonsH)C their
combustion in air creates substantialz@issions. Ice core data extracted from Antarctica reveal
that current C@ levels are the highest they have been in the past 800,000°\lea2017,
atmospleric levels surpassed a recdngh level of 400 ppm. The total average temperature from
1880 to today has increased by approximately 8C8%vith the majority of the warming occurring

in the past four decades at 0118.2°C per decad&.® Oceans absbrthe majority of the thermal
energy (~90%), while the atmosphere is reported to only storelithe period of 1901 to 2010,

the global sea level has risen 0.19 m and the ocean has increased in acidity by 26% (due to an
uptake of CQ@). Out of all thegreenhouse gas emissions, the burning of fossil fuels contributes
65% of the total Figure 1.2).* Given the pressing circumstances, the need for clean, renewable
energy is vital. As is apparent Figure 1.1b renewables are projected to grow more than any

other energy source in the generations to come.

Solar energy is a highly attractive renewable source, as the sun supplies a tremendous amount
of energy and with an expected supply for billions of more years. The surface of the earth receives
120,000 teravatts (TW) of power from the sun at any given monfe@bompared to the global
consumption over the past several decades 6f 20 TW, the sun delivers nearly 10 thousand
times more power than we currently use. To put things further in perspective, m@&egooves
from the sun in one hour than the entire planet uses in one year. Since the sun yields more power
than any other source, advancements in solar energy harvesting are absolutely imperative.

Solar cells, also known as photovoltaics (PVs), arerm fof solargenerated energy that
optically absorb a portion of the light spectrum in the form of photons. The absorbed photons cause
excitations within the PV material to generate a direct current (DC). After fabrication, PVs require

minimal maintenancersce there are no moving parts, and they produce zero emissions. PVs can



be wired into an array to generate huge amounts of power, only restricted by the installation area.

As long as the sun is shining, there will be generated power. The PV industrgrestigu

increasing faster than any other renewable resource, and PV growth is reported to be more than
40% annually? Crystalline silicon PVs dominate the market by far with 85% of the global sales in

20112 Commerciallysold silicon PVs exhibit efficienes of 1822% with maximum laboratory

test cell efficiencies reaching upwards of 25% (monocrystalline). At these efficiencies,
photovoltaics could supply over 1000 times t h:
why do fossil fuels still contrahe energy market? The answer is cost.

Best Research-Cell Efficiencies iNREL

Muiltijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies

LM = latiice malched © CIGS (cancentrator)

48— mm=metamorphic ® Cics

1MW = invertsd, metamorphic CdTe

¥ Three-junction {concentrator) O Amorphous SitH (stebilized)

44+ ¥ Three-junction {non-concentrator) Emerging PV
Dy

52

Shap
(IMN, 302%) 15'
ro| (), 207

 Fraunoter
5 1SE/Soiee

A Two-junction {concentrator)

A Two-junction (non-concentrator)

B Four-junction or more (concentrator) °

a Four-junction or more (non-cancentrator) A
<

Single-Junction GaAs o
A single crystal &
A Concentrator %
V' Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrater)

B Single crystal (non-concentrator)

O Multicrystalline

® Silicon heterostructures (HIT)

'V Thindilm crystal

o0
o

0

N
=]
I

w
>
I

w
R
I

LG Electronics
Alla Devices

()
=)
I

[N
=

Efficiency (%)

Z: Q Chinese Academy of S¢
L s i o Iy P

C L L ¢
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 1.3.Solar cell efficiencies for the many different technologies. OPVs are represented by
the closed, red dots on the bottom riglnhd portion of the figure. This figure is openly distributed

by NREL° which authorizes reproduction as it was developed with government funds.

The cost of PV technology is often compared based on the cost per peak wgto(wét per

kilowatt-hour ($/kWh)!¥12 The $/W, is associated with the cost of a PV module (assembly of



solar cells) and the installation. The PV module cost scales inversely with its power conversion
efficiency (PCE) since module cost = (material cost per unit area) / (PCE x average midday solar
irradiance). $/kWh is more familiar to consumers, but comwerfrom $/W, to $/kWh is
convoluted. Conversion between the two figures can roughly be approximated by the ratio $/kWh
= $/W, x 0.05. Commercially available Si PVs are approximately $10%$0.150.05/kwh?t 13

The conventional electricity cost to consers (typically from fossil fuel sources) is $0.25
0.08/kWh, so PVs are currently on par or cheaper compared to conventional fossil fuel sources
(referred to as grid parityf.However, since fossil fuel energy sources essentially monopolize the
energy nfrastructure, reports state that PV cost should equal to a half to a third the cost of
conventional energy before it becomes a truly competitive resbufterefore, there is a strong
development push for cheaper alternatives to silicon with higher fFiftse 1.3).

Organic photovoltaics (OPVs) could potentially be competitive because of their low fabrication
cost, attributed to their inexpensive components and low temperature processiOgher
advantages of OPVs include their ligheight, flexibiity, tunable nature of materials, and
printability on a largescale. Classic OPVs are based en p p-eonjugated polymers (electron
donors) and fullerene derivatives (electron acceptors), however small molecule materials have also
received considerablattention more recently. However, OPVs have relatively low PCEs
compared to other PVs. Using commerciaiailable conjugated polymers, such by (3-
hexylthiophene) (P3HT), PCEs range from 2 to 898.In newer, low bandgap conjugated
polymers such aBCDTBT, PTB1, PTB7, oPffBT4T-20D, higher PCEs can achieved at 6.5 to
11%, but at 3 to 5 times the cost of P31 4?2 Therefore, lowend conjugated polymers can be
more appealing for many applications. Furthermore, RBaSed OPVs are reported to have

0.004 to 0.02 $/W which is substantially cheaper than more efficient conjugated polymers, such



as PTB1 at 0.075 to 0.48 $W Since materials cost are difficult to reduce beyond a certain point,
the pursuit to increase the PCEs of OPVs is essémgatablish their commercial competitiveness.

OPV PCEs are limited by their low charge carrier mobilities and short exciton diffusion
lengths!>16 Despite high absorption coefficients in conjugated polymers, the optical absorption is
also restricted berise of trad®ffs on the active layer thickness and fill factors. However, OPVs
can be enhanced by the inclusion of plasmonic nanoparticles into the dévicEise electrons
within the metallic core of plasmonic nanoparticles resonate upon the expbswieence light,
which leads to substantial electric field enhancements. This phenomenon -lsnhoveti as
localized surface plasmon resonance (LSPR). When the frequency of the plasmonic nanoparticle
LSPR is coupled closely to the peak absorption frequef the OPV device, large absorption
enhancements can be achieved. In this dissertation, anisotropic silver nanoplates (AgNPs) are
integrated into OPV devices for optical absorption enhancements. The AgNPs are coated by
polymer or metallic layers, antié dispersion (resistance to aggregation) and stability properties
are thoroughly investigated.

Optical absorption in PVs can also be significantly enhanced by reducing the amount of reflected
light entering devices. When light is incident at an interfsegarating a medium of air from a
different refractive index medium, the light is split into transmitted, reflected, absorbed, and/or
scatteringportions. For instance, incident light on silicon (n = 34) in air (n = 1) leads to
reflection losses excding 30%2 Anti-reflection coatings (ARCs) are generally utilized on all
types of PVs to diminish reflection loss and substantially improve the performance. ARCs are
composed of thin dielectric with an intermediate refractive index between the two separate

mediums.The ideal refractive index value for ARCs is the geometric mean for the two mediums,

£ ¢ ¢ . For silicon in air, the ideal ARC refractive index of n = 1..9.0 can be achieved



using silicon nitride (Sil, which has a tunable refractive index (n =1.8.9) when deposited

by plasmaenhanced chemical vapor deposition (PECVD) or sputtérfié’ With establishment

of the proper refractive index, the peak aefiection wavelength (destructive interference of the
reflected beams) can easily be tubgdvariation of the thickness. However, for glass (n = 1.5) in
air (n = 1), the ideal refractive index of 1.22 is unattainable using single material coatings. The
lowest refractive index material that is practical for ARCs on glass is magnesium fluoggg,(M

with a refractive index far from ideal (n = 1.38).

The ideal refractive index can be acquired through porous nanocomposite ARCs. In porous
ARCs, the mixing of void space (n & 1) | ower s
achieved witha single material. In this dissertation, the void space is created as a result of the self
assembled packing of spherical nanoparticles on a fitigufe 1.4). lonic seltassembled
multilayers (ISAM)or layerby-layer (Lbl) deposition is optimal for thelbrication of porous
ARCs. ISAM deposition involves the adsorption of two or more oppositedyged materials onto
a charged substrate, driven by electrostatic attraction. Since the only requirement for ISAM is that
the materials must possess a chargejde range of materials can be deposited and onto any
substrate composition or size. The process is inexpensive and the thickness can simply be
controlled by the number of layers. Our group previously developed Higtnigparent ARCs with
poly(allylamine hydrochloride) (PAH)and silica nanoparticle (S}ONP) ISAMs3! If used
commercially, thes&RCs would be highly effective for increasing light transmission on lenses
(eyeglasses, binoculars, microscopes, etc.) windows, or computer displays. Anothexiabenefi
aspect of ARCs is effective glare reduction. However, becatsssasnbled ISAMs are comprised

solely of ionic bonding, the mechanical (scratebistance) and chemical stability of ISAM



nanoparticle films is undesirable for many practical applicatioecause of the relatively low

contact areas.

Figure 1.4.SEM image of porous ISAM ARCs composed of PAH/SNP’s, as developed by our
group.

In this dissertation, covalent crosslinking polyelectrolytes are incorporated into porous silica
nanoparticldSAM ARCs in order to provide mechanical and chemical stability enhancements.
We investigate fundamental experimental factors, such as pH and solution concentration, on the
dispersion and encapsulation properties of the nanoparticles in solution andfiim.titese

properties are then correlated to the optical and stability characteristics of the ARCs.
1.2DISSERTATION OUTLINE

Chapter 2 provides background and literature review pertaining to all of the experimental
material in this dissertation. The chepbegins with an introduction to sei§sembly, followed by
a discussion of static and dynamic setsembly techniques. Langmiiitodgett films and self

assembled monolayers (SAMs) are briefly discussed. ISAMs are then reviewed in detail, including
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thebasis of the technique, history, polyelectrolytes (strong, weak, covatroiglinked, linear
growth, and exponentig@rowth) layers, and nanoparticle layers. The theory of nanoparticles
stabilization by electrostatic, steric, and electrosteric meatimeimsthoroughly discussed. Next,
ARCs are overviewed idepth, including theory, history, and fabrication of porous ARCs by
ISAMSs. A detailed background on OPVs is then presented, including the theoretical principles and
device operational mechanisms. Hiyaplasmonic nanoparticles are reviewed, as well as their
incorporation in OPVs.

Chapter 3 overviews all of the experimental setups and methods used in this dissertation. First,
the materials and substrate preparation methods for ARCs are discussed. Next, the ISAM film
fabrication and crosslinking methods are thoroughly explained. The instiaitoanand
characterization for ARCs is then presented in detail. The materials for OPVs are next outlined,
including a full discussion on the conjugated polymers and fullerene properties. Then, the OPV
solution and substrate preparations are describezlcii@éipter ends with a detailed discussion of
OPV fabrication and characterization methodology and instrumentation.

Chapters 4and5 are dedicated to the experimental work on improving the stability of ISAM
ARCs by the incorporation of covalenityosslinkel polyelectrolytes and the reduction of film
agglomerates. I€hapter 4, a photecrosslinkable polyelectrolyte, called diagsin or DAR, is
focused on. Upon UV irradiation, the diazonium group on DAR partially decomposes, allowing
for the formation of caealent crosslinking with nearby sulfonate groups, such asly(styrene
sulfonate) (PS5 The crosslinking behavior is first inspected and confirmed through the formation
of pure DAR/PSS ISAMs. The following section of the chapter overviews the sudategof
silica nanoparticles (S¥ONPs) by DAR in solution to develop a modified silica nanopatrticle

(MSNP) solution. In the chapter, we primarily investigated the necessary conditions to produce a



stable, welldispersed MSNP solution free from large laggerates for highly transparent
MSNP/PSS ARCs with enhanced stability. To do so, the DAR added to thé&lBgwas altered

over a range of concentrati ons ;potemtaldandtdynamico pt i mi
light scattering (DLS) measuremenidter the fabrication and crosslinking of MSNP/PSS ISAM

films, the film morphology (scanning electron microscopy; SEM), optical properties
(transmittance and reflectance), and chemical stability (solubility resistance in a ternary solvent)
were analyzedMSNP/PSS ISAMs were highly homogeneous (free from agglomerations) with
excellent antreflection in the visible range, including transmittances >98% and reflectances <

0.2%. After crosslinking by U\Mfrradiation, the films displayed chemical stability thgbu

resistance to etching by a ternary solvent.

Chapter 5 is focused on the fabrication of nanocomposite ARCs withy(allylamine
hydrochloride) (PAH) poly(acrylic acid) (PAA) and SiQ NPs. PAH/PAA/PAH/SIQ NP
interlayer ARCs were produced, which incorporated two extra PAH and PAA interlayers into our
standard PAH/SI® ARCs to enhance the mechanical stability. Thermal crosslinking of films
containing the PAH amine and PAA carboxylate groups replaced thdimkages with covalent
amide bonds, as confirmed by FTIR. For this chapter, we studied the effects of PAA pH
manipulation on SiONP encapsulation size (by SEM), along with the resulting differences in both
optical and mechanical properties. At low PAH,the lowered polymer chain charge density
caused elevated encapsulation thicknesses, which resulted in enhanced mechanical stability and
degraded antieflection. Differently, a high PAA pH increased the polymer charge density,
leading to thin encapsulanhs, excellent antieflection, but poor mechanical robustness. An
optimal tradeoff was established at a PAA pH of 5.2, in which both improved mechanical

properties and excellentamtie f | ecti on (transmittance 099 %) c
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force required for scratch initiation as determined by a Triboindenter was increased by a factor of
seven for films made from a pH of 5.2 compared to those made from a pH of 6.0.

Chapters 6and7 describe the work on OPVs and plasmonic silver nanoplates (&gbi&well
as the methods for dispersion (aggregation resistance) and stability of AQNPs when integrated into
OPVs. The initial section of Chapter 6 is focused on the optimization of baseline OPVs (tuning of
the active layer thickness and annealing priog®r to maximize the device power conversion
efficiency. After the baseline optimization is discussed, the remaining majority of the chapter is
aimed at the incorporation of AgNPs into the hindnsport layer (HTL) of OPV devices by ISAM
deposition. Firg the synthesis of AgNPs is discussed, along with the fabrication of PAH/AgNP
ISAMs on glass. Next, the HTL is fabricated with PAH/PEDOT:PSS ISAM films (without
AgNPs), along with the examination of the morphology, roughness, optical absorption, sheet
resstance, and OPV electrical properties. Following this, the PAH encapsulation of AgNPs
process and addition to the HTL is discussed. To protect AgNPs from etching by the acidic
PEDOT:PSS, AgNPs are coated with gold (AuAgNPs), which are used for the tresicbhpter.
In the final section of the chapter, the htl@nsport layer is constructed by PAH/AuUAgNP or
PAH/PEDOT:PSS/PAH/AUAgNP ISAMs, and the optical absorption and OPV electrical
properties are both assessed in detail. The techniques in this chdpietrlead to improved OPV
device performances, but established many experimental conclusions that can certainly be
expanded on by those with interest in the field. Additionally, we describe detailed methodology
for the PAH encapsulation of AgNPs ance tetching resistance of AUAgNPs to the acidic
PEDOT:PSS, both important for the field of plasmonics.

In Chapter 7, we thoroughly investigate the dispersion effects of thiolated polymer coatings on

the AgNPs when included at the organic/cathode interfate/@len the active layer and aluminum
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cathode). This chapter studies AgNPs unfunctionalized, functionalizedlifethylene glycol)
methyl etherthiol (PEGSH) (PEGAgNPSs), and functionalized thiol-terminatedpolystyrene
(PSSH) (PSAgNPs). The dispersn for all three types of AgNPs at the interface is examined by
AFM and SEM, and the density is controlled by spiating solution concentrations. Next, the
optical absorption enhancement of the active layer with AgNPs is assessed, before and after
therma annealing. Following this, the photoluminesce behavior of the active layer is presented, to
evaluate how the added AgNPs affects the exciton yield. Finally, the OPV electrical device
characteristics are discusseddepth. Integration of the P&gNPs inb the OPV devices at an
optimal concentration of 0.57 nM resulted in a homogeneous film dispersion, significant
absorption enhancements, and an increase of the device efficiency by 32%. Unfunctionalized
AgNPs and PEGA\gNPs both degraded the device perfonocedue to the creation of detrimental
film aggregates.

Chapter 8 finalizes the dissertation with an overview of all the major conclusions, scientific

contributions, and the potential future work for further exploration.
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Chapter 2

Background and Litéture Review

2.1 SELFASSEMBLY TECHNIQUES
2.1.1 Selfassembly.

Engineering principals can vastly benefit from lessons taught by the natural world.
Oligonucleotides elegantly converge into the double helix DNA structure with genetic information
for production of proteins and cells. Cells split and coalesce into organ structures that assemble
into organisms, such as ourselves. Organisms such as fish create schools and insects form swarms.
Bubbles organize into arrays, frozen rain aggregates intadregls weather and galaxies produce
uni que patterns. Natureds design tassenbbl.Int o | o¢c
selfassembly, each component possesses information or characteristics (shape, charge, surface
energy, etc.) that supporpantaneous convergence into stable, complex structér&ince
autonomy is fundamental to sel§sembly, the components must have the freedom to adjust their
structural positions, which is mostly possible in fluidsoarsmooth surfacesTherefore, only
norntcovalent or weakly covalent interactions can exist betweerasstfimbled components, such
as electrostatics, van der Waals forces, hydrogen bonds, or hydrophobic intef&diiaego the
specificity of most interactions, sedssembly automaticgll corrects structural errors in
development, and its components build cooperatively for a high rate of convetggelte.
assembly can be categorized into two broad categories: dynamic and statsegibly:?

2.1.1.1 Dynamic SelassemblyDynamicselfassembled systems dissipate energy and remain
in a nonequilibrium thermodynamic state&. Additionally, dynamic sedassembly must have an

external driving force or the components must bes@pelled® The vast majority of dynamic
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selfassembly sstems are those from nature, including life. If the energy flux within biological

cells or weather patterns stops, then these systems cease to exist. Engineered dynamic self
assembled systems are a relatively new field with work spanning back onlymthéey 200006 s
Earlier in that time frame, Hermanseh al. developed dynamic seHfssembled microwires by
application of a AC field through an aqueous gold nanoparticle (AuNP) solution, which induced
dipoles within the AuNPs by dielectrophoredtsgire 2.1).* The nonuniform electric field gave

rise to electrostatic attraction between nanoparticles and microwire growth. Growth propagated
from the tip of the wires at approximately 50
aggregations (which imeased the dielectrophoretic force) and the presence of hydrodynamic
interactions. Upon bridging opposite electrodes, the microwire growth ceased, along with a large
jump in electrical current. The microwires displayed an ohmic behavior, with a resiginaty

orders of magnitude higher than bulk gold because of pores and limited particle contact areas. A
key feature of the microwires was their ability to repair themselves, as a small breakage gap

resulted in substantial fields that attracted new pastideaggregate and rebuild the wire.
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Figure 2.1. SEM micrographs of AuNP microwires dynamically satsembled by

dielectrophoresigzrom Hermanson, K. D.; Lumsdon, S. O.; Williams, J. P.; Kaler, E. W.; Velev,
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O. D. Dielectrophoretic Assembly of Eleciily Functional Microwires from Nanoparticle

SuspensionsScience2001, 294 (5544), pg. 1084Reprinted with permission from AAAS.

In a more recent study, Lest al. demonstrated dynamic selésemblies of polystyrene (PS)
particl e pai icrefluidicrchafinels. laeitial Bftdorcesrstabitized the particles into
dynamic equilibrium positions within the channels streamlines, where the spacing between the
rotating particles oscillated. Hydrodynamic interactions caused the oscillation betavéeleq
which was attributed to the competition between inertial and viscous disturbance flows. Both of
these systems represent dynamic-astfembly since they dissipate energy, exist in & non
equilibrium state, and function purely because of a contimexternal driving force.

2.1.1.2 Static Seldssembly.Differently from dynamic selassembly, static se#ssembly
systems do not dissipate energy dondeach a stable thermodynamic equilibritiAThe end result
of static seHassembled systems is typically a remarkable level of order because of the continuation
of rearrangement processes until thermodynamic equilibrium is achigitbdugh static self
assembly is predominantly found in engineesgstems, it also occurs in natural systems as well,
such as crystalline structures, globular proteins, lipid bilayers, or bubble-Feftstic self
assembled structures may require an external driving force such as stirring or agitation during
processig, but these forces are removed at completion of the structure. The Whitesides group is
well-known for their notable work in static selfsembled arrays and structures. Earlier work by
Bowdenet al.in the Whitesides group involved the static ss§emly of polydimethylsiloxane
(PDMS) molded components in a mixture of water and perfluorodecalifgC® The top surface
of the PDMS components were converted from hydrophobic (low surface energy) to hydrophilic
(high surface energy) through aa @asmaThe GoFig layer wetted the hydrophobic PDMS side

with a curved meniscus, and theQHlayer wetted the oxidized hydrophilic side. The components
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maintained a parallel orientation between the two layers at #f@s®1-0 interface due to the
interactions ad densities differences. After breaking up of component aggregates by agitation, the
hydrophobic sides of separate components attracted each other over large distances (approximately
2-3 times their height), into a fullseversible selassembled arraytef 5 to 30 min. The process

was applied to hexagonal, cross, and {anktkey shapes, along with variations in the hydrophilic

conversion of the faces to produce different patterned arffaysré 2.2).

Figure 2.2. Static sefassembly of PDMS componeantvith sides of variable wetting properties
for different crystalline array patterns. From Bowden, N.; Terfort, A.; Carbeck, J.; Whitesides, G.
M. SelfAssembly of Mesoscale Objects into Ordered IMvmensional ArraysSciencel997,

276(5310), 2332358 Reprinted with permission from AAAS.

Later, Graciset al. from the Whitesides group used truncated octahedrons (TOSs) in the static
selfassembly of 3D patterned arrays for LEDSonfigured copper/polyimide sheets were first
attached to the TOs with solder dots at their contacts. The TOs were then suspendexdianae
KBr solution and heated to slightly above the solder metling temperature &tC.4For
minimization of the irerfacial free energy, the solder dots came in contact and fused to establish

a 3D integrated circuit with parallel and serial connections. The work done in both of these reports
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are classic of static sedfssembly as the individual components visibly caraiinto energetically

stable structures at thermodynamic equilibrium.

2.1.2 Langmuir-Blodgett Films.

Besides patterned arrays and crystalline structures, monolayer (or multilayer) films are perhaps
the most versatile form of static selésembly. The elast record of monolayer films dates back
to the Babylonians (#8century BC) pouring oil on water as an act of divinafidThousands of
years later, Benjamin Franklin noticed that oily water provided a remarkable calmness to choppy
water at sed Franklin later deposited a small quantity of oil to a pond, which then rapidly spread
over half an acre to such a small thickness that it became nearly invisible and made the water look
as fAsmoot h a s The dffextdhatiFranklin gbseavedswast understood until Lord
Rayleigh and Agnes Pockles found that a fatty acid contaminant in soap reduced the surface
tension of water, and Rayleigh believed that the film thickness reached the size of one organic
molecule®® Irving Langmuir confirmed Ragli gh6s suggestion that fat:t
one molecular layer based on the volume of oil and area of thé Timese floating monolayer
films, called Langmuir films, are composed of the amphiphilic material with a hydrophilic polar
head group pated into the water and a hydrophobic nonpolar alkyl (hydrocarbon) tail directed
out of the watef. Amphiphilic materials are commonly known as surfactd®sveral years later,
Katharine Blodgett worked with Langmuir to produce monolayer and multiesssamblies onto
solid substrates, which became known as LangBlaidgett (LB) films®®

The processing of modern LB films involves a trough with computerized and automated
functions®® The amphiphilic molecule is first dissolved into a volatile, organigent (typically
chloroform) at | ow concentrations?{TBeofganiet %) ar

solvent evaporates from the amphiphilic molecule to leave a monolayer called the aqueous
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subphas&.The monolayer is then compressed Ryaarier that transitions the molecules from a
gaseous to liquid to solid state, also known as the condensed Istate condensed state, the
monolayer is packed tightly at approximately 28molecule, the molecules are highly oriented,
and the surfaceressure is high A pressure sensor cooperates with the barrier to maintain the
condensed state. A hydrophilic or hydrophobic substrate is then vertically immersed into the
aqueous subphase, a meniscus forms, and the substrate is slowly withdrawn &)1fanm/
monolayer homogeneifyThe immersion process is then repeated to grow a series of successive
monolayers (multilayers) on the substritelhe amphiphilic materials orient in each new layer

to maintain hydrophilichydrophilic and hydrophobibydrogobic interactions throughout the
film.® For instance, if the hydrophobic side of the previous layer points away from the substrate,

then the new layer will orient with the hydrophobic side pointing into the subdtigted 2.3).
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Figure 2.3.Processig schematic of LB films composed of amphiphilic materials and molecular

resolution image of a webirdered sevetayer ZnA LB film on a mica. From Zasadzinski, J.;
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Viswanathan, R.; Madsen, L.; Garnaes, J.; Schwartz, D. Langtadgett Films.Sciencel994

263(5154), 172617331° Reprinted with permission from AAAS.

Variations in amphiphilic materials and aqueous subphase constituents can strongly influence a
range of properties in the LB film. The alkyl chain length is responsible for the differ@moes
fatty acids, such as palmitic {§1320,), stearic (GsHz602), arachidic (GoH4002), behenic
(C22H4405) acids, and longer chain lengths are more stable because of the increased van der Waals
interactions® The pH of the aqueous subphase is clitita homogeneous growth®
Zasadzinsket al.showed that high levels of order and packing density in LB films can be achieved
through the addition of counterions to the agueous subphase such aMedli, BaCb, CaCh,
MgClz, ZnCh, or Pb(CH3COQ)!® The difference in electronegativity of the counterions
compared to the oxygen on the carboxylic acid head group resulted in eithlentdonding (2
difference; e.gCd, Mn, Pb) or ionic bonding @ difference; e.g. Ba, Ca, Mg). The bonding
variations produced different local lattice structures (herringbone, triclinic, hexagonal) and
molecular areas on the substrate (from #2@n the most covalent to 22.2%in the most ionic
bonding). Due to the van der Waals interaction between the alkyl chagnsjihimum cross
sectional area of the alkyl chains is 18 Aherefore, an increased molecular area between chains
caused the chains to tilt from® @ 33. Upon creation of multilayers with LB films, the
development of the bulk lattice structure requitt@ee to seven monolayers, based on the lattice
matching with the different substrates used. This work was one of the first to show detailed
molecular order in the films by scanning probe microscopy (SPM) and atomic force microscopy
(AFM). Besides fatty @ds, other amphiphilic materials can be used for LB films for various
applications such as phospholipids (for biological membranes), fluorocarbons, amphiphilic

polymers, and organically capped nanopartigfes! Several applications for LB films incled
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antireflection coatings (ARCs), nonlinear optical (NLO) films, conductive films, insulating films,

passive layers in metaisulatorsemiconductor (MIS) devices, and biosen$dfs.

2.1.3Self-assembled monolayers.

Later monolayer development led t@tadvent of a more fundamental structure, appropriately
named selassembled monolayers (SAMs). SAMs are similar to LB films as each monolayer is
composed of a head group, a fully extendiyl chain, and often a terminal functional grddp.

4 while LB films physisorb to substrates, SAMs instead exothermically chemisorb to substrates,
which significantly increases the molecular adhesion and stalSilBAMs assemble into a
closelypacked crystallindike structure based on the substratead group intections with a
defined lattice spacing, which results in a tilt of the molecules caused by the van der Waals
interactions betweealkyl chains'** The thickness of each monolayer is typicaliy3nm, based

on the length of thalkyl chain and the tilangle!* In the adsorption process, the first regime lasts
only minutes,n which 80-90% of SAMs final thickness is complét® The second adsorption
regime involves ordering of the molecules, along with the elimination of defects, and can last hours
to days depending on tlagkyl chain length:>* Besides adsorption from solution, SAMs can also

be less commonly assembled froges phase under ultragh vacuum (UHV):* The spontaneous
adsorption of SAMs onto a multitude of substrate materials or shapes circumvents the need for
special processing equipment.

SAMs are primarily classified based on their head group, which incfattgsacid derivatives
(generally carboxylic acid or amines), organosilicon derivatives (alkylsilanes derivatives), and
organosulfur derivatives (thiols, disulfides, sulfid&$§Fatty acid derivatives such as docosanoic
acid have previously been repatto have carboxylic acid head groups that adsorb ionically to

silver(111) substrates, specifically the native oxide layer (A§35.As determined by Xay
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diffraction, the fatty acid chains assembled into a p(2x2) structtineawattice spacing of.38 A
with a tilt angle of 26 from the surface normatf: 16 Fatty acid SAMs can bind to virtually any
metal oxide in a similar fashion. SAMs with alkylsilane derivate head groups form silanol groups
(Si-OH) on hydroxylated substrates and subsequentlysiimxanes (SiO-Si) with neighboring
chains!® Alkylsilane SAMs on Si@substrates results in an interchain distance of approximately
4.4 A, and therefore the tilt of alkyl chains is typically nonexistéhimited water exposure is
critical for all alkylsilane SAMs to resist polymerization in solution or at the surfaadkylsilane
derivatves have chemical formulas of RSXR:SiX>, or RsSiX, where R is thalkyl chain with
a terminal functional group. The alkylsilane derivate used in this thesiss (3
Mercaptopropyl)trimethoxysilane (MPTS) with formula HS(4%i(OCH)s, and in RSiX%, R is
HS(CH)sz and X is (OCH). To deposit the SAMs, glass substrates were first hydroxylated using
a piranha solution (#$QW/H>0z; 7/3; w/w). MPTS was thedissolved into methanol (MeOH) and
the hydroxylated glass substrates were immersed into the solution for 18 h to form SAMs on the
surface. After formation of the MPTS SAMSs, the thk8HK) functional groups were converted to
sulfonates by an acetic aciddanydrogen peroxide mixture. In previous reports, hydroxylation of
the terminal functional group on alkylsilane SAMs, specifically octadecyltrichlorosilane (OTS),
allowed for the creation of multilayer filmté. OTS multilayers were assembled with 25
conseati ve monol ayers with an overall film thicl
structural disorder was present with a greater number of monolayers.

Besides fatty acid and organosilicon derivatives, perhaps the most studied and used SAM are
organosulfur derivatives. SAMs with organosulfur derivatives form strong coordination bonds
with a range of metals and semiconductors, such as silver, gold, copper, palladium, platinum,

mercury, and GaA¥* Among the types of organosulfur derivatives, thi@RSH) are most
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common as they have higher solubility than disulfideS{®R9, and have greater stability than
sulfides (%$-).1* The reaction of alkanethiolates with metals (e.g. gold) involves the oxidative
addition of the RSH to the surface, folload by a reduction elimination of hydrogen into a gas

(H2),
YYO 664+ YY 856 -0 0606 2.1)

with bonding energies (strengths) for RS & 8 7 kRS#\lu @%0l4cal mot, H-&4 1 0 4
kcal molt, and the net adsorption energy dtkanethiolates to gold i§ kcal mot* (exothermic)*

1314 Despite nearly the same lattice constant for Au(111) and Ag(111) at 2.88 and 2.89 A,
respectivelythe structure of alkanethiolates on the two surfaces is drastically différemnt.
Au(111), the energy difference between top and hollow surface sites is ~6.0 kcal smol

al kanethiolates bind to every sixth holl ow
spacing of 4.97 A, and with a molecular area of 22.g=fgure 2.4).1*1* On Ag(111), the energy
difference between top and hollow surface sites is smaller at ~3.3 kc| soohlkanethiolate
adsorption on these sites is more competitivélkanethiolate adsorption on Ag(111) forms a
(a7x4a87)R10. 9A B dpacingcaf 4141 &1*W$ a rbsultDRAtAe larger spacing in
Au(111) compared to Ag(111), the tilt of alkyl chains to the surface normaPiar2B1115°,

respectively:* More detail on thiocterminated polymer brushes are discussed below.
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Organic Interface:

— Determines surface properties
— Presents chemical functional groups

Terminal
Functional .
Group Organic Interphase (1-3 nm):
— Provides well-defined thickness
Spacer — Acts as a physical barrier
(Alkane Chain) — Alters electronic conductivity
Ligand and local optical properties
or Head Group Metal-Sulfur Interface:
Metal - Stabillilzes surface atoms
Substrate — Modifies electronic states

Figure 2.4. Schematic of a crystalline alkanethiolate SAM on Au(111). Reprinted (adapted) with
permission from Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Self
Assembled Monolayers of Thiolates on Metals as a Form of NanotechnGlogmical reviews

2005 105(4), 11031170 Copyright2005 American Chemical Society.

Functionalization of the alkyl terminal end groups on SAMs are essential for their application in
optics, piezoelectrics, chemical sensors, biomaterials, and alsaderstanding of wetting,
adhesion, corrosion, and friction properti&¥! The functionalization of terminal end groups after
formation of SAMs on a substrate is less convoluted (than prior to assembly) and ensures that the

assembly structure will not m®mpromised?

2.1.4 lonic Selfassembled Multilayers.

2.1.4.1 Background.Among selfassembled thifilms, no other technique has greater
simplicity and robustness than ionic safisembled multilayers (ISAMs). In the processing of
ISAMs, a chargedsubstrate is first immersed into a solution containing an oppositelsged
material (e.g. anionic substrate into a cationic solution). Within seconds of immersion, the
dissolved charged material diffuses towards the substrate and adsorbs onto thedsiwéacky

electrostatic attractiolf:!® Adsorption continues until the material fully overcompensates and
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reverses the surface charge of the substrate. At this point, the buildup of charged material creates
a repulsive barrier that terminates furthes@gtion, and one layer is completed. Bheglelayer
ISAM film is then thoroughly rinsed (typicallwith DI water) to remove weakly bound and
solvated material off the surface of the film. Essentially, the rinsing step improves the homogeneity
of the film and prevents contamination of further solutiri€.After rinsing, the ISAM film is
then immersed into a separate, oppositdigrged solution, which induces the adsorption of a
second layer on top of the first one. After completion of the second tagelSAM film is again
rinsed, and the process is repeated indefinitely, until the desired film thickness is olft@uez (
2.5). In this sense, ISAM films are also referred to as Hwyelayer (LBL) films.

The attraction of ISAM films arises primbridue to theirsimple nature. Unlike LB films,
specialized equipment is not utilized in ISAM film processing; a substrate is simply immersed into
a solution for a predefined amount of time. The substrate does not need to be planar for a
homogenous ISAM Im; it can be of any size, shape, or curvature. Since the basis for ISAM films
growth is electrostatic attraction, the sole requirement is that each material has a stable surface
charge and everguccessivdayer is of opposite charge. Therefore, prectsgckiometry and
chemical reactions are unnecessary to build homogeneous multilayers, as they may be with other

selfassembled thifilms (e.g. SAMS).

26



1. Polyanion
2. Wash

Substrate
I ICREICICRICICICICIC)

Figure 2.5.Schematic of ISAM film processingn the schematiche substrate is cationic,
polyelectolyte solution 1 (blue) is anionic, soluti@represents a water rinse, polyelectrolyte
solution3 (red) is cationic, and solution 4 represents another water rinse. From Decher, G. Fuzzy
Nanoassemblies: Toward Layered Polymeric Multicomposites. Scie@@e 287 (5330), 1232

1237.Reprinted with permission from AAAS,

Any number or combination of charged materials can be used to make ISAM films for any
degree of complexity. Consequently, ISAM films can possess a wide range of functionalities and
properties, useful for a multitude of applications. Most often, ISAM films are composed of two
oppositely charged materials, ane tompletion of two successilayers is appropriately named
a bilayer. The |1 SAM f il mod s, wheeesAiad B arectlzercatidnie r epr
and anionicmateriak, respectively, and n is the number of repeat units or bilayers. Another
common architecture for ISAM films is (A/B/C/R)where A, B, C, and D are represented as
cationic solution 1, anionic solution 1, catios@ution 2, and anionic solution 2, respectively, and

n is the number ajuadlayers
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The first report of | SAMs dates back to t
multilayers as an alternative to LB filli$The ISAM films were composed of cationic boehmite
alumina fibrils and anionic silica nanospheres with a diameter of 5 to 6 nm and 100 nm,
respectively on black plate glass. Since the silica formed a packing density of 50 to 60%, the
overall refractive idex of the films was approximately 1.25. As this refractive index is close to
the ideal value for antieflection (as discussed more thoroughly later), the films displayed strong
optical interference in the visible wavelengths. The thickness of the fiessapproximated by
the peak interference wavelengths and the reflected interference color.

Despite the significant implications in the work done by ller, further development with ISAM
films had a long dormancy period until Gero Decher revitalized theamhire  1'92%3Décher
et al. produced ISAMs using cationic and anionic bipolar amphiphiles with outer charged
functional groups, inner alkyl chains, and a central biphenyl?tiiihe amphiphile layers were
adsorbed onto an aminopropylsilanized aatiosubstrate and their biphenyl chromophores
showed a I|linear increase in absorption at
examination of the films by small anglerdy scattering (SAXS), the thicknesfsthe cationic and
anionic layers togdter was found to be 97.2 A. Soon thereafter, Deeheal. reported the
fabrication of ISAM films with cationic and anionic polyelectrolytes (polycations and polyanions),
such as poly(styrene sulfonate) (PSS), pbilynylbenzyt(N-N-diethykN-methyl)-amnonium
iodide, poly(1-(4-(3-carboxy4-hydroxyphenylazepenzenesulphonamidd) 2-ethanediyl)
sodium salt (PAZO), and poly(allylamine) hydrochloride (PA#Y22® Similar to the ionic
amphiphile ISAM films, polyelectrolytdased films composed of pefyvinylbenzyk(N-N-
diethyFN-methyt)-ammonium iodide and PSS showed a linear increase in UV absorption with

increased number of layefsHowever, when these films were first examined under SAXS, the
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measurements were devoid of Bragg peaks, which suggéstietheé structure of the films was
different than expected. It was theorized that the lack of Bragg peaks was either due to an electron
density similarity between adjacent | ayers or
of interpenetratbn between neighboring polyelectrolyt&Regardless of the lack of Bragg peaks,

the SAXS spectra did exhibit Kiessig fringes which could be used to calculate the overall
thicknesses of the films and also revealed that the films had a high level of sessofKiessig

fringes are strongly affected by interfacial roughnéss).later examined PSS/PAH/PAZO/PAH
ISAMs, Bragg peaks finally appeared and intensified with seven or more quadlayers, attributed to
an increased contrast in the electron density fiwrazo dyes of PAZ& Also, it was found that
periodic drying after every fourth, sixth, or eighth bilayer of PAH/PSS ISAMs resulted in the
formation of Bragg peaks. As ISAM films are generally kept wet until their completion, the drying
removed solvatedounterions and lead to a rearrangement of the surface polymer chains. The
reorganization of polymer chains changed the interfacial roughness, electron density, and created
defined fisuperl atticeo structur e svedBiadgpeaks. t he |
Years later, Decher incorporated perdeuterated PSS (labeled with deuterium) into PAH/PSS
ISAMSs to investigate the configuration of the polyelectrelytsed films' Surprisingly, Kiessig

fringes were again only present in neutron reflégti NR) spectra when films were composed of

only PAH and perdeuterated PSS. When the perdeuterated PSS was used for every fourth layer,
however, the Bragg peaks again appeared. Therefore, it was concluded that the majority of
polyelectrolytebased filmsare not discrete individual layers, but are rather largely interpenetrated.
Interpenetration naturally arises to maintain an equal stoichometry of cationic and anionic groups
across the ISAM stratum and corresponds to roughly a 50% overlap of nearbylidyergqual

charge. These films were thus characterized a
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implications for applications such as the interconnectivity of conductive polyelectrolytes. ISAM
film characteristics were found to become promirany after the film thickness has surpassed

the substrate/film interactions. The polyelectrolytes used by Decher opened the door for versatility
in ISAMs and therefore were an important milestone.

Polyelectrolytes are a class of polymers with synthetioaiural repeat units that contain
ionizable functional groups. When polyelectrolytes are dissolved in aqueous or other padar medi
they dissociate into charged polymer chains and oppositely charged counteriomécKriess of
polyelectrolytelayers in BAM films is largely dependent on the charge density of the polymer
chains. A fully charged polyelectrolyte maintains a relatively strong level of adhesion because of
the large number of formed ionic bondsBased on their inherent charge characteristics,
polyelectrolytes are cla%¥®ified as either fst

2.1.4.2 Strong PolyelectrolyteStrong polyelectrolytes are those with fixed, permanent charges
that dissociate completely in solution and are independent of the solutié®*pASS and
poly(vinylsulfonic  acid) (PVS) are considered strong  polyanions, ilewh
poly(diallyldimethylammonium chloride)PDDA) and poly(4vinylbenzyltrimethylammonium
chloride) (PVTAC) are known as strong polycatiéhFhe systematic addition of salt, such as
NacCl, to solutions is an effective method for the adjustment of the ionic strength and the charge
density on strong polyelectrolyte chafis*33 When dissolved into solution, salt dissociates into
separate cation and anionic ions (e.g” Biad Cl), which act as counterions to the electrolyte
functional groups. Dechet al. showed that the addition of NaCl at concentrations of 1.0, 1.5, 2.0
M to PAH/PSS ISAMs systematically increased the lirmdape of the thickness per bilayer to
17.7,19.4, and 22.6 Agspectively’* Without the inclusion of salt, the charged chains fully extend

into a Aflato conformation as a resulRguef t he
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2.6). The increasdpresence of salt and counterions in the solution induces electrostatic screening
of the polyelectrolyte 1 onic groups, causing
conformation with a greater film thickness. The screening of charges by counigrefesred to

as Acounteri ®n condensationo.

Figure 2.6. Schematic of polyelectrolytes witha)( loopy and ) extended conformations.
Reprinted by permission from Springer Nature: Decher, G.; Schmitt, JTHmag of the Film
Thickness of Ultrathin Multilayer Films Composed of Consecutively Alternating Layers of
Anionic and Cationic PolyelectrolyteBrogr. Cdloid Polym. Sci.1992 160-1643! Copyright

1992.

Steitzet al.found that the thickness of bilayers containing fdharged strong polyelectrolytes
was directly proportional to the squaneot of the NaCl concentrationng?).3%32 It was also
reved ed t hat wet I SAM films hold a cond6%)er abl ¢
that scales with bilayer thickness, and the drying of films decreases the thickness H\58&i¢.
et al.developed a copolymer with varying ratios of the cationiconugr,PDDA, and the neutral

monomer,N-methykN-vinylacetamide (NMVA), in order to investigate the effect of charge
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density on polyelectrolyte thickne¥sThe thickness of ten bilayer PSS/P(DABMVA) films
remained relatively small (~75 A) egrylow chage densitie§<50%) andncreased dramatically
at a critical charge density of 509660 A).As the charge density was increased above, 8086
film thickness and the roughness gradually decreased due to the heightened levels of charge
repulsion within the chains. Counterions had a significant effect on the ‘ulghtged
polyelectrolyte thickness and a negligible effect on the leshigrged plyelectrolyte thickness. It
wasalso demonsttaed t hat the charge density on strong
charge overcompensation in ISAM growth. Lourergo al. discovered through XPS that
counterions were distributed throughout the bafkPAH/PSS ISAM films during and after
processing, and associated closely to the polyelectrolyte ionic gfbufise counterion
concentrations in the bulk of the films scaled proportionally with the NaCl solution concentrations
and polyelectrolyte adsoiipth per monolayer.

2.1.4.3 Weak Polyelectrolyteg/eak polyelectrolytes feature functional groups with variable
charge states that can easily be adjusted through solution pH. PAH and poly(acrylic acid) (PAA)
are perhaps the most studied weak polyeleceotytt not abl y B PARebdPAA 6s gr
contain cationic amine groups (NH and anionic carboxylate groups (CQ@espectivelyln an
early report by Rubner os group, Decher 6s
interpenetration was revisieby exploring the wettability of PAH/PAA ISAMs for a range of
monolayer thicknessé8 Since PAH is cationic, a lower and higher pH of PAH solution increases
and decreases the linear charge density of the polyelectrolyte chains, respectively. Thisgalt to |
charge density relationship is the opposite for PAA, as it is anionic. Similar to strong
polyelectrolytes, a higher linear charge density increases electrostatic repulsion between ionized

groups, and the chains ad oponadsonptiore €anteanlyd alaly, Af ol
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linear charge density reduces segmental electrostatic repulsion between ionized groups, resulting
in an increasingly fAloopyo structure with an
ISAM film, the loops fom the underlying layer interpenetrate into neighboring layers. The easily
manipulated charge properties of weak polyelectrolytes by alteration of the solution pH allow for

a precise control over layer thickness. Since PAH and RS have considerablyifflerent

contact angles (PAH = 5055°, PAA<®) , the fil mbs combined cont a
by changing the thicknesses of the two layers, which tuned the proportions from each polymer.
Along with contact angle measurements, a positicblgrgel dye called methylene blue was
deposited onto the films and its absorption intensity was reported to scale proportionally to the
level of available ionic carboxylate groups on PAA. The methylene blue staining emphasized 1) a
higher charge density on PAAigher PAA pH) resulted in decreased methylene blue absorption

as greater number of carboxylate groups had formed ionic pairs, and 2) thinner outermost PAH
layers (lower PAH pH) showed enhanced methylene blue absorption from a higher degree of
interpenetraon by PAA. By the same regard, thinner outermost PAA layers also allowed for
greater PAH interpenetration. A following report by Shiratdral.f r om Rubner 6s gr o
systematically explored the relationship between pH and PAH/PAA thickh&bs. pHof PAH

and PAA were both separately varied from 2.5 to 9.0 to develep @d@umn chart for every

possible pH combination with bilayer thicknesses ranging from very thin (<10 A) to very thick
(>120 A) Figure 2.7). Additionally, the pH of both PAH and PAwere modified in unison (along

the diagonal on the-B column chart) to unveil four pH regions. It was noted that PAA has a 20

30% degree of ionization at pH 2.5 and is close to 100% ionized at pH 6.5, whereas for PAH, the
chains are fully ionized untdH 7.0, and deprotonation occurr@abvet hi s pH. I n ARegi

2.51 4.5), an increase in the PAA pH results in an increase of the linear charge dengydhat
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tothinner PAA layers and thicker PAH layers, as more PAH chains are required toropensate

the PAA surface c harigié) both RAHRRIEHA acerullylionizedand p H 6
the thicknessis~3 | per | ayer, the | owest outi@d all t
and ARegi on 9.0)présenfguhiquésat®n in which a fullyionized polyelectrolyte

is deposited with aearlyfully-ionized polyelectrolyte. This situation results in dramatically thick

layers that are uncharacteristic for the other two regions. A-ifaiized chain with high charge

densty is expected to have a flat conformation since the enthalpic gain in the adsorption free
energy is larger than the entropy cost for extending the chain. Differently, the enthalpic gain in a
nearlyfully-ionized chain is inadequate for spreading the ¢lsminthe conformation is loopy, and

the overall bilayer is remarkably thick. As related to the polymer conformations, increased layer
thickness correlated directly to heightened layer roughness values. The underlying layer
conformations and surface effegtere found to be highly influential to the following adsorbed

layers. When fullyionized polyelectrolytes from Region 1l (pH 6.5 for PAH and PAA) were
deposited on top of layers from Region |, it required nearly 30 bilayers for the layer thickness and
roughness values to reach similar magnitudes for the layers deposited on a bare substrate. This
report also highlighted an interesting phenomenon in which lehérged PAA chains (pH 2i5

4.5) will increase their ionization when deposited on higthlgrged®AH chains to neutralize the

high surface charge density. The change in ionization causes PAA to have a substantially different

pKain a PAH/PAAfilm than in solution.
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Figure 2.7.Graphical representationr[3 column chart of bilayer thickness dependency on PAH
and PAA pH ranging from 2.5 to 9.0. Monolayer thickness of PAH and PAA when the pH of the
two polyelectrolytes is varied together (along the diagonal of#hec8lumn chart)representing
Regions I, I, lll, and IV. Reprinted (adapted) with permission from Shiratori, S. S.; Rubner, M.
F. pHDependent Thickness Behavior of Sequentially Adsorbed Layers of Weak Polyelectrolytes.

Macromolecule®00Q 33 (11), 421312192° Copyrigtt 2000 American Chemical Society.

Mendelsohnet al.f r om Rubner &s gr ofor PAHPAAX ISAMs:elpfolly-t ed t h
charged (Region 1l kepHstorQU)cthuadke avifilhadiceoroper
2) lowly-charged (PAH pH 7.5, PAA pH.35 ) had a fAscrambled salto
stitched and mixed loopy segments, andejrlyfully-charged (Region Il, pH 5.0) contained both
icooperati vel 9 satnidt ciihsecdr asvebheigmbm immdrsing PAH/BAAa i n s .
ISAMs with lowly-charged polyelectrolytes into an acidiolutionwi t h pH O 2. 50,
thicknesses swelled by ~1D@00 %, the refractive index droppsubstantially (1.54 to 1.18). In
this situation AFM revealed that the films drastically shifted from a contiguousctire (pore
vol ume a 0 %) to a microporous structure (por

permutations, the relative amount of carboxylic acid (COOH) compared to the ionized carboxylate
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(COQ) groups on PAA were determined by Fourier transforfrarad spectroscopy (FTIR). In

the ISAM film with PAH and PAA at pH 7 and 3.5, respectively, PAA was found to have-an 80
90% degree of ionization in the film after assembly. However, the degree of ionization of PAA
sharply decreased in an acidiolution of pH 2.4 to 60% and substantially mare an acidic
solutiono f pH 2.0 to O 35%. Essentially, the cart
(converted to COOH) and the irtehain ionic linkages between PAH and PAA were split,
resulting in the micropous structure. It was found that the microporous structure returned to the
original structureafter immersion inneutral water overnight. Also it was found that the
microporosity was prevented with the creation of amide covalent crossiMHE Q) by heang

the film to greater than 20C. The pk is defined as the pH that a polyelectrolyte had a 50%
degree of ionization, and therefore, this report exposed that thef PRAA in a PAH/PAA ISAM
resided between pH 2. 0 an dgro@p, Ghoiet dl. agairautilized n a | roe
FTIR to fully reveal the degree of ionization depen@arcpH for PAH and PAARigure 2.8).2’

In solution, PAH was found to be 100% ionized at pH ~2.0, 85% ionized at pH 7.0, 50% ionized
(pKa) at pH ~8.9, and 0% ionizeat pH 12.0. PAA in solution was found to be 100% ionized at
pH 9.5, 65% ionized at pH 7.0, 50% ionized {pKt pH ~6.5, and 0% ionized at pH 2.0. In an
ISAM film, the ionization shift of weak polyelectrolytes is more substantial with other weak
polyelectolytes compared to strong types. For instance, PAA at pH 4.0 is 7% ionized in solution,
and dramatically shifts to 63% ionization in PAH/PAA ISAMs, but only shifts to 30% ionization
in PDDA/PAA or PVTAC/PAA ISAMs. Therefore, the pKor PAA in PAH/PAA film and a
PDDA/PAA was found be pH ~2.2 and pH ~3.0, respectively. The ionization shifts only occurred
when the degree of ionization in solution for the not falyarged polyelectrolyte was below the

Atrigger pointo, which fi 80, rd3getiivey.icdrlieRepdtsalsas 8 9 ¢
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present the pkfor PAA and PAH in the ISAM film to be approximately 2.5 to 4.5 and 9.9 to 10.9,

respectively, depending on the solution pH and the film thickitess.
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Figure 2.8.Degree of ionization of PAH and PAA isolution. Degree of ionization of PAA in
ISAM films containing weak and strong polyelectrolytes. Reprinted (adapted) with permission
from Choi, J.; Rubner, M. F. Influence of the Degree of lonization on Weak Polyelectrolyte

Multilayer Assembly. Macromole&ules 2005 38 (1), 11612427 Copyright 2005 American

Chemical Society.

Although electrostatic attraction between ionized groups is the primary growth mechanism for
polyelectrolytebased ISAM films, weaker secondary interactions such as hydrogen bonding a
hydrophobic interactions can become dominant forces for chains with low linear charge
densities’®?’ Clark et al. studied the pFiependent growth selectivity of PAH/PAA and PEI/PAA
ISAMs on carboxylic acid (COOH) and oligoethylene glycol (EG) termth&aMs3¢ EG is a
neutral polymer with low interfacial energyt a low pH of 2.5, the lowhcharged PAA
interpenetrated through the very thin PAH layers and developed hydrogen bonds with COOH and

other PAA layers, which enhanced absorption. With increpisie@lectrostatic repulsion from the
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increasingly ionized PAA chains and the CO@tminated SAMs diminished the hydrogen
bonding effects. Since PAH and EG are strong hydrogen bonding donors and acceptors,
respectively, PAH/PAA ISAMs thicknesses at the 48 were found to be greater on EG SAMs
compared to the weakly ionized COOH SAMs. For the neutral pH 7.0, electrostatic attractive
forces again became the dominant driving force for PAH/PAA ISAM growth, and the ISAMs
preferred COOH over EG SAMs. Yang ardbner developed PAA and polyacrylamide (PAAmM)
ISAMs at pH 3.0 entirely from hydrogen bondif{(PAA and PAAm both act as hydrogen bond
donors and acceptors, and this hydrogen bonding was confirmed by FTIR. When immersed in
water at pH 5.0 or higher, thenization of PAA overwhelmed the hydrogen bonding, so the
PAA/ PAAM film was dissolved. The dissolution
crosslinking, which induced imide bonding, stabilized the film up to pH 7.0, and allowed for
functionalfilm patterning.

On fully-charged weak polyelectrolytes, counterions were reported to condense on ionized
groups and screen charges with similar conformation changes to strong polyelectdtgies.
highly-charged polyelectrolytes, greater solution iorstrength diminished the extended
conformations and also caused a release of water from the chains nonpolar, hydrophobic moieties.
Since divalent counterions ($Ofrom NaSQy) could bind a greater number of ionized groups,
they were found to have a stgmr screening effect than monovalent counterions {GHom

NaClQs). The addition of counterions to an uncharged weak polyelectrolyte had a vastly different

(

out come. At |l ow ionic strength ( GOutOd eM)f, ectth

which the chains became fully dehydrated and hydrophobic segmentaiciimes caused a
complete collapse of the chain. However, at greater ionic strength (>0.05 M) for the uncharged

polyelectrolytes, the nonelectrostatic van der Waals adsorption of the anionic counterions to
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functional groups resulted in a rehydration ardtee nsi on of t he ¢ hian®s, k
effect. -Thé BS$§&kCt ngandNaG butmot with N&Ca Since weak
polyelectrolytes contain a dynamic degree of ionization, their counterion interaction is profoundly
different than strong polyelectrolytes.

2.1.4.4 Lineargrowth. As initially established by Decher, ISAM films containing strong and
highly-charged polyelectrolytes (e.g. PSS and PAH) generally exhibitigrearth in ISAM films
with interpenetration spanning two ta¢k layers?® 2222 Lineargrowth was also demonstrated in
PAH/PSS films with the addition of counteriotis*®Ladamet al.provided clarity to the structure
of lineargrowing films with the introduction of a three domain moidlhe model explained &t
in a fAprecursoro domain (zone |), film growth
different structure than the bulk of the film. Zone | was found to be composed of approximately
three bilayers and the growth rate was markedly slowerl#t@ndomains. As the film grows, an
outer surface domain (zone Ill) forms with attributes of typical polyions that swell (extend) and
collapse with the rinsing of water and salt, respectively. The surface domain drives the growth of
the film by charge oweompensation, but its thickness remains relatively constant. Beyond this
thickness, a central bulk domain (zone Il) is conceived, which continues to grow with increased
bilayers. Zone 1l is more characteristic of zwitterions that swell and deswell wititi@ase or
decrease of the ionic strength of solution, respectively. Since counterions are primarily stored in
the bulk of the film, represented by Zone I, an increase in their concentration partially breaks ionic
bonds and induces swelling.

2.1.4.5 Exponentiatgrowth. More recently, exponentigrowth film growth has been
extensively studied in ISAM films assembli@$® Exponentialgrowth generally involves a

polyelectrolyte with a chemical structure that is conducive for diffusion. Expongntiaing
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films were first reported in ISAMs with natural polyelectrolytes through the use of polyelectrolytes
poly(L-lysine) (PLL) and alginate for modeling of tissue heaffhd@he film surfaces for
exponentialgrowing films were less structured than lingaowing film and more characteristic
of hydrogels. At that point in time, there was no established understanding for the mechanism of
exponentialgrowth. Picaret al.later utilized optical waveguide lightmode spectroscopy (OWLS)
in poly(L-lysine) and hyalwnic acid (PLL/HA) polyelectrolyte film4! During film growth, the
refractive index near the substrate was reported to increase and decrease, related to the diffusion
of free PLL chains Aino and fAout o ofport@nostr ongl
the PLL anchored strongly into the film, another portioasvi f r e e 0, di ffusing
interacted weakly with the strongly bound HA chains. Since the number of free diffusing chains
is proportional to the relative thickness, the thicknesseases exponentially per bilayer. The
exponentialgrowth occurred when HA was deposited, as the free PLL chains (which overall
concentration increased per bilayer) diffused to the film surface to form polyelectrolyte complexes.
During the growth of the liin, free chains can be exchanged with other diffusing chains or
anchored chains. Soon after this report, the free chain diffusion concept was confirmed on a
molecular level through the use of dwdbeled versions of PLL/HA and confocal laser scanning
microscopy (CLSM), by the same grotfThe diffusion process was again established in pely(L
glutamic acid) and polydlysine) (PGA/PLL) multilayer filmg° Exponentiaigrowing films were
shown to contain substantially larger growth islands and roughness valtree initial bilayers
when compared to lineargrowing films.

Hubschet al. combined various ratios of diffusing (PGA) and rdiffusing (PSS) polyanions
with the polycation PAHS As expected, with a greater concentration of PGA, the growth became

increasingly exponential. Free PGA chains wer ¢
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brought in contact with the PGA and PAH solution, respectively. Therefore, it was cahfiyne

QCM t hat the thickness was wunaffected when 1t
chains diffused HAout 0. However, a pwympwth i ng p
abruptly transitioned over to linegrowth at a certain thickness. law proposed that due to the

diffusion coefficient ([3) of the diffusing polyanion and the limited immersion time (t) of the film

in the polycation solution, the surface domai
(Dpt)¥2. Basically, only dimited number of free polyanions could diffuse to the surface and at the
critical thickness, the thickness slope became constant. Since the surface domain remained a
constant thickness, further growth essentially increased the size of the central atiredih

regime after an exponential regime had a substantially larger slope, compared to a purely linear
growing film, and was also inherently different in character (diffusiased). Thus, Hibset al.
fundamentally applied the thremmain model fronbadamet al.to the diffusing polyelectrolytes.
Salomakiet al. soon thereafter came out with a nearly identical theory for polyelectrolyte
diffusion, based on the temperature of the polyelectrolyte soltftibhey reported at a certain
heightened tempetare, the zone Il can dominate the entire thickness of the film, related to the
increased level of free chain diffusion. It was shown that even assemblies of PAH/PSS that contain
the strong polyelectrolyte PSS can experience expongntaith at a high mough temperature,

primarily due to increased diffusion rates. Poetedl. later proved a variation to the Hibsch and
Salomaki theoriesHigure 2.9).%° Porcel showed that forRLL/HA multilayer film that consisted

of a large thickness (80 bilayers) amad already transitioned from the exponengiawth to the
lineargrowth regime, free chain diffusion still occurred to the bottom of the film. They deposited

the last layer as a dyabeled version of PLL, and found through CLSM that the chains diffused

to the bottom of the film. Their explanation for the transition from linear to expongndath
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was based on the saturation concentration of free chains within a film, even as the polyelectrolyte
concentration was increased. It should be noted thattl gtilized both a dipping and spraying

selfassembly technique.

Surface
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Figure 2.9 Schematic of the three zones model that constitutes exponential gro@hSM
image of an 81 bilayd?LL/HA ISAM film with the last layer being PLL labeled with a fluorescent
dye, fluorescein Isothiocyanate (FITC). As the bottom of the film is indicated by the white
horizontal line, the CLSM image exemplifies a thorough diffusion of free PLL chains. Reprinted
(adapted) with permission from Porcel, C.; Lavalle, P.; Ball, Vchee, G.; Senger, B.; Voegel,
J-C.; Schaaf, P. From Exponential to Linear Growth in Polyelectrolyte Multilajarsgmuir

2006 22 (9), 43764383 Copyright2006 American Chemical Society.

PAA was later discovered to possess diffusing properties that resulted in exponential growth in
PAH/PAA, especially augmented in lower moleculegight batches® This finding was later
applied to polyethylenimine (PEI)/PAA films, where free chains wewadoby CLSM to fully
diffuse throughout the thickness of the fitfin a later study, the pH of PAH/PAA ISAMs was

adjusted toget her, similar to the manner done
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V (pH 10 to 12) displayed linearowth, wrereas Regions Il and IV exhibited exponential
growth?® Essentially, the linear charge density of the two polyelectrolytes correlated to the level
of diffusion and the type of growth. They showed specific growth and viscoelastic properties that
pertained niquely to each pH regime.

2.1.4.6 Covalentlycrosslinked polyelectrolyte ISAMsThe construction of polyelectrolyte
based ISAMs is only practical if the films possess the necessary mechanical and/or chemical
stability required for longevity. After develofy and characterizing the exponentiajiyowing
PLL/HA hydrogel ISAMs, Picart and eworkers later showed that these films could be covalently
crosslinked to vastly improve their mechanical robustfie€sosslinking was accomplished by
immersion of the ifms into a l-ethyl3-(3-dimethylaminepropyl)carbodiimide (EDC) andl-
hydrosulfosuccinimide (sultHS) solution. The PLL amine and HA carboxylate groups allowed
for the creation of covalent amide linkages between the polyelectrolyte chains, upon iminersio
the EDC/sulfeNHS solution. The crosslinked films showed a 4 tefdl@ enhancement in the
Youngdés modulus over the uncrosslinked fil ms,
the covalent bonds. Furthermore, crosslinking of the PLL/H@sEi as well as later studied
PLL/PGA, PLL/poly(alginic acid) (Palg), PLL/poly(galacturonic acid) (Pgal) films, also
dramatically improved biological cell spreading and adhesive propé&ttes.

Similar to the biological polyelectrolytes, the amine aatboxylate groups on PAH and PAA
provide the necessary elements for the formation of covalent amidelinkagges. Crosslinking
of PAH/PAA ISAMs has proven to drastically enhance film stability and can be accomplished
through thermaP: °*°6 or chemical (EDC/sulfdNHS)’ means. Harrigt al.were some of the first
to examine the formation of covalent amide crosslinks between PAH and PAA using FTIR,

following different thermal treatments at moderate (A3Pand high (218C) temperatured Liu
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et al.developed exponentialgrowing PAH/PAACaCQ (PAA-complexed CaCeNPs) ISAMs

and thermally crosslinked the films after processing @B@or 5 h)>2 The PAH/PAACaCQ

films were examined with Hysitron Triboindentefnanoindentation), andwas discovered that
thermal crosslinking increased the hardness a
The addition of CaC®NPs into the films greatly enhanced the mechanical properties over pure
PAH/PAA films. The thermally crosslinked PAH/PABaCQ films withstood a thorough
gualitative rubbing analysis aratape pull testASTM D 3359 standapd which attested to the

film adhesion. Pavoostalu s ed nanoi ndentation to examine he
ISAM films with PAH (pH = 7.5) / PAA (pH = 3.5), both PAH/PAA pH at 3.5, and both PAH/PAA

pH at 6.522 It was discovered that @ssembled PAH/PAA films with both pH set to 3.5 and 6.5
showedt he hi ghest Young6s modulus and hardness,
moderate temperature (180 6 h) also slightly increased the mechanical properties of PAH (pH

=7.5) I PAA (pH = 3.5) ISAMs, although thermal crosslinking was not reptwtdatie other pH

conditions. Yanget al. created ISAMs containing different combinations of PAH, PAA, and
positively-charged aminopropyltrimethoxysilaneapped Si@ NPs (1620 nm)>* After thermal
crosslinking (21%C for 2 h), composite films with all tae components had greater mechanical
stability than pure PAH/PAA and S#PAA films. The mechanical stability was assessed using a
microtribometer, which had frictional wear and scraiesting capabilities. Daet al. used

increasing normal forces froAFM contact mode to evaluate the mechanical properties on ISAM

films of pure PAH/PAA and composite films with separate stacks of PAH/PAA Gad
ethylenediaminadduct{Cso-EDA)/PAA.>° After thermal crosslinking of the films, the mechanical

and chemical stability increased, as uncrosslinked films were soluble in polar organic solvents

(DMF), while crosslinked films were not. Pure PAH/PAA films showed higher mechanical
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stability comparedo composite films, which was attributed to the higher molecular weight of
PAH over Go-EDA. Thermal crosslinking of PAH/PAA has albeen utilized fothe cohesive
strengthening of paper fibet$PAH/PAA showed to drastically increase the tensile inofethe
fiber-to-fiber joints, as welks the overall sheet strength.

Besides PAH/PAA ISAMs, theolycation 4-diazodiphenylamine/formaldehyde condensate
hydrogen sulfatédiazoresin DAR) has shown to be an attractive material for providing film
stability by crosslinking?®%! DAR is typically photecrosslinked by exposure to Uivtadiation
and forms covalent linkages with polyanions bearing sulfonate groups (PSS) or carboxylic groups
(PAA). More discussion on DAR can be founddhapter 4.

2.1.4.7Nanoparticle ISAMs.Along with polyelectrolytesthe growth processes of nanoparticle
layersin ISAM films has also been thoroughly explor&ince the original work done by 11&t,
ISAMs containing inorganic oxide nanoparticles such as silicax(SRE3) a titania (TiQ NPs)
have received considerable attention. Lwal. studied the characteristics of 45 nm diameter
SiO; NPs and PDDA layer adsorption using a quartz crystal microbalance (€¥Qiivas
discovered that the growth rate and the surface rageeincreased with SONP solution
concentration. The introduction of 0.25 M NacCl into the SN solution increased the layer
thickness by a factor of seven (layer thickness of 20 nm and 143 nm for O and 0.25 M NaCl,
respectively), demonstrating thatunterions have a substantially larger impact on 8is when
compared to polyelectrolytes. Upon the inclusion of PDDA at different concentrations directly into
the SiQ NP solution, maximum flocculation occurred at a BHDA mass ratio of 64, which
represents the condition of charge neutrality or 1:1 stoichiometry. Since tb@®BIDA mass ratio
was only 13 to 31 (based on ionic strength) in the ISAM film, then charge neutrality was therefore

not achieved, as excess PDDA chains were present in thad fierdifferences were attributed to
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the greater charge density on the PDDA chains over the fixed charge distribution 1iNPSIO
Additionally, it was revealed through QCM that the PDDA chains only reache? @ani depth

with each layer, elucidating thixélihood that polymer layers only formed on the top and bottom

of SIONPs, as wel |l as -rtamegy ee xihsatreggrec e aadfr sl dmg t he
clarified that the polyelectrolyteanoparticle ISAM adsorption mechanisms was inherently
different than onlypolyelectrolyte films. In a subsequent study, Lvew al. reported that
adsorption layer saturation occurred very rapidly for PDDA anc 8IPs at 20 s and 2 s,
respectively, when every PDDA layer was difédllsing the SiGlPDDA masgatio of ~13, the

films were found to contain 30% pore, 10% PDDA, and 60% 8IiP (0.6 packing coefficient)

by volume, which was very close to the theoretical 63% for closely packed spheres. As determined
by ellipsometry, the porosity of the film contriledgtto an overall refractive index of 1.25 at 633

nm, which was lower value than pure silica at 1.46. The work done by étwveaw. laid the

groundwork for antreflection coatings, as to be discussed later.

2.1.5Nanoparticle and Colloidal Stabilization.

The selfassembly of polymers onto nanoparticle surfaces in solution functions as a means of
stabilization, functionalization, and/or encapsulation. Colloidal stabilization is necessary for
resistance against particle aggregation, which can occur due talepartllisions from
centrifugation oBrownian motiorP+%° Stabilization is achieved in solution through electrostatic,
steric, or electrosteric mechanisf§’

2.1.5.1 Electrostatic Stabilization.Electrostatic stabilization is described by DLVO theory
(establishd by Derjaguin, Landau, Verwey and Overbeek), accounting for both attractive forces
and repulsive electrostatic forc¥8’ Attractive forces are comprised of London dispersion

interactions and van der Waals foré&%’ Because of the large mber of atoms in a nanoparticle,
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the attractive forces are more extensive than single atoms in solution. The attractive potential

energy for two identically sized spherical particles with small separation disté&he is
w — (2.2

where A is the Hamaker constant, a is the spherical radius, and h is the separation distance. The
Hamaker constant encompasses the attractive interactions, as well as the material density. As the

solvent medium itself also has an attractive force, its Hameonstant must be subtracted out in

calculating the overall Hamaker constant for the dispersion materialo(i.e. 0

0  ;Asi02=6.5x10%J, Auzo=3.7 x 107°J so A = 0.39 x 18° J)®* The attractive
forces are couptacted by mutual electrostatic columbic repulsive forces that arise from
neighboring nanoparticles of similar surface charge in solution. The surface charge is founded by
the dissociation of surface ions upon transfer of an ionogenic material to ansmesbum, such

as silica,
"Y'QOPO "YQU O (2.3

which holds a negative surface charge in solution. The surface charge for oxides is pH dependent,
with a negative surface charge at high pH, positive surface charge at low pH, and zero surface
charge at a moderate pH (pebftzero chargeisoelectric poity PZC)%* ¢ The PZC is largely
dependent on the material; the PZC for S6d AgO is pH 2.0 and 11.2, respectivéThe lack

of surface charge at the PZC eliminates the repulsive forces and aggregation inevitably follows.
Whether or not aggregatias a desirable effect, maintenance of the surface charge is critical. An
accurate depiction of the charged dispersion also includes some level of counterions in the solution.
For negativelycharged particles, positive counterions are attracted and adsworgly onto the
surface to form what i Figurk 2.0/ 7% The cauntdii®t e r n
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concentration continuously decreases with further distance from the paiedativelycharged

icioonso are al so r epeldhaget and increade @ cqnaemtrationcwitle 6 s S
increased distanc®.%7%8 The surrounding counterions andicons f or m a ®f®i f f use
Together, the Stern and diffuse layers are referredtofdassal ect ri cal doubl e | ay

portrayed a an electcal cloud surrounding the particte. %768 The double layer thickness is

inversely proportional to the counterion conc
1y 6465
Electric Double Layer DLVO theory
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Figure 2.1Q0 Schematic of the Electrical Double Laysmrounding a charge particle, along with
the corresponding Sur f ac eoteptmlt RLN® theoly scheBatie r n  p

related to van der Waals attractive forces and electrostatic repulsive filneefigure found on
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The electrical potential is the highest at the surface of the particle, drdpeaffy in the Stern
layer, exponentially in the diffuse layer, and then reaches approximately zero at the outside of the
double layeP*%® The overall charge of the double layer and the particle surface are equal, so that
the entire aqueous system ifeefively neutraf>®® With application of an external electrical field
to the particle solution, a portion of the fluid that contains ions close to the particle surfaces
continues to move with the particles, where another portion moves with the dielttrié 8 The
separation of these two regions is called the
known as t he -paeattaldf> *§Ad tt éro tuigpdtentiafisenot technically the same
as the electrical surface potehtia Stern layer potential, it is generally close in magnitude, easily
measured, and therefore, quite useful for characteriz&ftitiThe electrical repulsive potential

energy is represented Hs8’

W ¢ -Q for 8a << 1@

W ¢ -0 lp Q for aa >>@251
where U is the permittivity of the otdntaent , a
9 is the inverse Debye | engt h, and h is the ¢

length islargely dependent on the counterion concentration (for symmetrical electréfyfés),

Il — (2.6
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where n is the counterion concentration, e is the elementary charge of an electron, z is the
counterion valency, k is Boltzmanndés <constant
spheres with a larger radius, greater surface charge, lower counteri@mtcatien, and closer
separation distance have increased repulsive energy. The repulsive energy becomes significant as
the electrical double layers of two different particles ovetiaphe combination of both the
attractive and repulsive potential enesgie equivalent to the overall potential energy as,
W W W (2.7

and is generally expressed in units of %> ¢’ Here, the repulsive energy opposes the attractive
energy, given thaquation 2.2is negative an&quations 2.4and2.5are posi ti ve. The |
barriero or @pmd)mepresgnts tha activationreergy bBarrier that the particles
must exceed for aggregatiofrigure 2.10.54%> For kinetic stability, i.e. resistance against
aggregation by Brownian collisionsm%must exceed 1.5 k¥ However, for longterm stability,
Vmaxmust exceed ~+30 kT with ag-potential of approximateh20 mv 54 67

2.1.5.2 Steric Stabilization and Polymer Brush&e attractive forces between particles can
also be counteracted byedc stabilization, which involves the adsorption of polymers onto
particle surfaces. The polymers strongly anchor onto the surface and create a dense coating, often
extending loops and tails into the solutf3rf®6” 6470 The polymer layer createspasive forces
between the particles callstbric repulsiorf* 66 690 As two particles approach one another with
a separation distance dfand a polymer chain length @f there exists three domains for Steric
interactions: TheO firadnj ntie ma etripemaltd a{dono (
iinterpenetration p(dyg®.°8Therprintesmcional dombimdoas aana i n
contain any substantial repulsive forces since the interactions between the chains is noffexistent.

In the interpenetration domain, the polymer chains are close enough for interffi%&hg7° In
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this domain, steric repulsion arises from fAvol
cost as a result of multiple polymer chains sgBticoinciding. Additionally, as the solvent
maintains strong interactions with the polymer chains, increased interpenetration leads to a buildup

of osmotic pressure. As the particles and chains intermingle closer into the interpenetration plus
compressinal domain, opposing chains compress on one another and the polymer concentration
increases significantl§ ®7© As the chains compress, the steric repulsion gains an elastic
contribution, cumulative with the mixing repulsions (volume restriction, dsnpoessure§®’°

Therefore, the steric repulsion begins in the interpenetration domain and dramatically increases in

the interpenetration plus compressional domain.

Steric stabilization is advantageous since unlike electrostatic stabilization, iesemiknt of
counterion concentration and it is effective in nonaqueous solvents where electrostatic stabilization
would be impossiblé&* ¢ 70| fact, the solvent stability af polymercoated particle is based on
the solubility of the polymer, which nabe defined by the Flofiduggins interaction parameter
¢%When 6 < 0.5, the polymer is in a figoodo sol
interactions with t hAec s= Ih0ee5st0d &y esimmalils melceoguli
sol vent, i n which case the polymer acts ideal
the polymer collapses because of poor interactions with the solvent molecules. Above a certain
polymer volume fraction in a poor solvent, the polymer becomesiscible®* Miscibility is
correlated with a negati®» e change in free ene

In the spontaneous adsorption of polymers onto particle surfaces, dewetting of the polymer
chains and the particle surfaces is first necessary, which requiregen¢rgpG < 0) attri b
attractive interactions between the material and the sdi%@he fixation of polymer chains onto

the surface requires energy, due to the loss in configurational entropy. However, the dewetting and
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spontaneous polymer adsorppn processes also release energy
Essentially, the combination of these energies impacts the capability for adsorption of the polymer
onthe surffacAnot her representati on siviich mustdbegrEadteor y s u
than t he cdfiotri @allssdovsgifoeeffectijesteric repulsion, the particle must
have high surface polymer coverage, which requires a sufficient polymer concentration for
adsorption.

Typically, polymers for steric stalzlation either are composed of copolymers or a polymer with
a functional grouB? €In the example of copolymers, one type of monomer would adsorb strongly
onto the surface and the other type would have favorable interactions with the solution molecules.
For polymers with functional groups, either the functional group or the polymer would adsorb onto
the surface and the other component would interact with the solvent.

Polymer brushes are attractive for steric stabilization, attributed to the high suefesty df
grafted polymer layer®’® The tethering of polymer layers onto particles allows for dispersion
and longterm stability in solvents that would otherwise be impossible for uncoated pafti¢fes.
" For instance, poly(ethylene glycol) (PEG)dapolystyrene (PS) brushes are utilized for
stabilization in aqueous and organic solvents, respectit€ff® Polymer brushes can also consist
of more than one type of polymer chain, per mi
among otheapplications3The att achment of the polymer | aye
fromo etrodf Gmafinfftom entails polymerization of brushes directly onto initiator
groups, covalently bound to the surfdé€>Brushes can be grownitiy high surface densities and
controllable molecular weights, given that the monomers can easily diffuse through -already
tethered chain& ® The graftingto of polymer brushes is perhaps more straightforward, as it

involves simply the tethering of priusly-synthesized polymer chains onto surfae&.In both
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the graftfrom and grafto techniques, the initiator groups or the polymer chain terminal head
groups require a favorable interaction with the surface composition (or functionalizatiorg for th
formation of covalent bonds: "> Similar to SAMs, silane derivative groups are often used with
hydroxylated surfaces, whereas organosulfur derivative groups, specifically thiols, are typically
used for noble metals (gold, silvéf)’® Without these dtical functional groups, the adsorption of
polymer brushes is improbabie.

The adsorption kinetics for grafd polymer brushes has been extensively investigatad siu
andexsitu analysis methods, including plasmonic nanoparticle sensing, atomic force microscopy
(AFM), QCM, simulations, and solution concentrations chari¢e$.As confirmed by these
analyses, the grafting of polymer brushes follows three growth regimes, andoagtino
understanding of these processes is vital for their utilization in colloid or particle stabilization. The

first regime is characterized by the rapid diffusion and tethering of chains to the $arfatkis

regi me is referrgednetoo wahse rteh e hfed iclhuatiend raedsor b
coi l . In a good solvent, the unstretched coil :
(Figure 2.11a) and in a poor solvent, they are refe

more fivorable polymer interaction witthe substrate over the solvéht/2’* The mushroom
conformation is reported to have an equivalent radids €gual to or larger than the radius of
gyration (R = N¥2a), and the spacing between neighboring chainseisterthan twice the Flory
radius (R).”> "*Due to the relaxed conformation in this stage, each chain possesses a relatively
high surface area, which limits the chain den&tyherefore, the rate of adsorption in the first
regime is independent of thmolymer concentration, as solution is always replete with excess

polymer’*
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Figure 2.11 Polymer brushes withtaf mushroom andd) and stretched conformations. Reprinted
(adapted) with permission from Penn, L.; Huang, H.; Sindkhedkar, M.; Rankin, S.; Chittenden, K.;
Quirk, R.; Mathers, R.; Lee, Y. Formation of Tethered Nanolayers: Three Regimes of Kinetics.

Macromolecule®002 35 (18), 705470662 Copyright2002 American Chemical Society.

In the second regime, the increasing energy barrier with greater chain crowding substantially
sl ows the additional tethering of chains, and
with an adsorption rate proportional to a log(time) séalé& During the second regime, the
mushrooms begin to rearrange and extend perpendicular to the surface to regain the loss
configurational entropy upon adsorptithThe rearrangement rate is gesaat heightened
temperatures and for lowatolecular weight$*

The lateral contraction and vertical stretching of the chains initiates the third regime, and the
newly available surface area leads to a drastically increased tethering rate that isopiadgor
the polymer concentratiof}: “*The brush layer density increases to more than double that of the
first regime, until saturation is achieved. At the third regimes Ry and the neighboring chain
spacing decreases to less than twice thérRhis regime, the chains stretch from the surface in a
good solventRigure 2.1b) , and form fApinned micel PEBBO oOTF

stretched chain conformation originates from the counterbalance of the osmotic pressure and the
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stretchingfree energy* I n a brush | ayer, the osmotic pres
where N is the degree of pol ymer i Alefraéeenergy 0 i s
related to osiotic pressure isedmod  k ThywMhere wisrepresnt ed as t he fAexcl L
parameter o, which is correlated to the strengq
pressure and the brush density profile have been represented as parabolic withiktgeand
dilute characteristic close to afar from the surface, respectively. The configurational entropy
penalty upon stretching of chains associates with a free energy equaktad f k F/2ZNadh't 3
The tot al free enedirgy fosmfand tmmieizabion with tespe to thepf & f
thickness, h, 3% whks R {wich appraximht€¢lyweépeesents unstretched
chains) grows with M2, the stretched brush height increases directly proportional to N.

2.1.5.3 Electrosteric Stabilizationln the adsorption of polyectrolytes onto surfaces for
electrosteric stabilization, both electrostatic and steric stabilization methods are utilized, along
with their associated repulsion energies. In this scenario, particles function as substrates for ISAM
development and theiugace charge provides the electrostatic driving force. Early electrosteric
stabilization work used one polymer layer adsorbed onto colloidal particles. Cesaaho
examined the adsorption of poly(methacrylic acid) (PMMA) onto alumina particles asteifun
of pH and added PMMA® Adsorption was restrictembove the PZC at pH 8 Where both PMMA
and alumina possess negative surfdwage. Below the PZ@dsorption increased with decreased
pH, until the sedimentation poiatcurreddue to a substantial decrease in the degree of ionization
of PMMA. Low concentrations of PMMA led to bridging flocculation as chains adsorbed onto
mul tiple particles at o n-patentialmagnittides. Atlmsoptimans s o c i
added amounof PMMA, alumina showed lower sedimentation levels and greater stability over

bare alumina because of the electrosteric stabilization. In most likely the first report of particles
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with polyelectrolyte multilayers, Kelleet al. developed alternating lase of redox cationic
polyelectrolytes and anionic zirconia phosphate sheets grown directly onto high surface area silica
particles®® Gittins and Caruso later produce®DA/PSS ISAMs directly onto gold nanoparticles
(AuNPs)8%82The AuNPs were regarded asiecessary platform for monitoring the ISAM growth

as their localized surface plasmon resonance (LSPR; more to be discussed on this below)
wavelength is highly dependent on the surrounding dielectric medium (and refractive index).
Because of this depemitey,t he L SPR e x tidernwad reported to redshift bétveeen 2

to 5 nmwith a greater number gfolyelectrolytelayers. Low salt concentrations (1 mM NacCl)

were found to be necessary to partially screen the polyelectrolyte charge density,sethtbevi
electrostatic repulsions would restrict wrapping of the particles, which was especially true for
particles with d #wesstlsorfandsorba drilical to uge hoaw molegular
weight polyelectrolytes (M= 157 20k) at sufficientsolution concentrations to avoid bridging
flocculation. In other words, low polyelectrolyte concentrations andrigfecular weighthains

can cause attachment of more than one particle at once, leading to aggregation. Aggregation was
associated with retisi f t  @pk grelathréhanab0 nm. It was noted that despite the negative
surface provided by sodium citrate (small molecule capping layer), the attachment of anionic
alkanethiol SAMs to the particles was a necessary step for their stability. Aftsu¢bessful
creation of the polyelectrolytes ISAMs onto the AuNPs, the AuNPs were dissolved by a cyanide
solution to leave a hollow nanocapsule, left intact and stable. Schneider and Decher more
comprehensively expanded on the work and further explorettadtaric stability in PAH/PSS

ISAMs on AuNPs for hollow nanocapsule productféf? In the earliest report, it was highlighted

that the attachment of thiols to the AuNP surfaces was unnecéssstgpbility(as done previously

by Gittins and Carusowith appropriate deposition procedures of the polyelectrolyte |&/&he
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thickness per layer was methodically presented by the PSS UV absorption increases, along with
t h eprr@dshifts, for a total shell thickness of 7.5 nm after 20 monolayers. Withavaé of the

excess citrate and a drbyy-drop deposition of the AuNPs into the polyelectrolyte solution,
aggregation was avoided and nanocapsule stability was ensured for up to year. A similar
processing method was used in a following report, but an ier§aarescent dye was covalently
attached to PAH for the last ISAM lay¥rFluorescence quenchingas substantially reduced
following the cyanide dissolution of the AUNP core, as well as a greater nunpmdyetectrolyte

layers beforeleposition othelast dye layer. Thefore, thefluorescence quenching was primarily
attributed to a fluorescence radiative rate degradation with a close proximity of the dye to the core.
The effects of polyelectrolyte bridging flocculation was deeply investigated mpaper by the

same author® For a singldayer polyelectrolyte nanoparticle coating, the number of
polyelectrolyte chains to AUNPs was separated into three regimes. The first regime related to an
excess of colloids to polyelectrolyte chains (<10 ch&iR$/in which the surfaces were not fully
covered and the stabilization was weak. In the second regime, the polyelectrolyte and AuNPs
charges were nearly in a 1:1 stoichiometryi(20 chains/NP), causing a drastic rise in aggregates
and sedimentatio(Figure 2.12. For the third regime, the polyelectrolyte chains were in excess

of AuNPs (>20 chains/NP), resulting in the greatest stability. However, it was found that below
10,000 chains/NP, there was an incomplete recovery of coated AUNPs after certnf{s§1%),

which correlated to an inadequate level of electrosteric stabilization. An optimum recovery was
found at 60,000 chains/NP (~80%). Adaiitally, it was confirmed thatoth low polyelectrolyte
molecular weights anaounterion concentrations weiitical for suppression of bridging

flocculation.
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(a) _ (b)

50 nm| | * 50nm

Figure 2.12 Bridging flocculation &) schematic anct]f TEM image. Optimal chain concentration

for electrosteric stabilization of individual AUNPS) (schematic andd) TEM image.Reprinted
(adapted) wth permission from Schneider, G.; Decher, G. Functional Core/Shell Nanoparticles
Via Layerby-Layer Assembly. Investigation of the Experimental Parameters for Controlling
Particle Aggregation and for Enhancing Dispersion Stabilapgmuir2008 24(5),17781789%

Copyright2008 American Chemical Society.

2.2 ANTI-REFLECTION COATINGS
2.2.1 Theory.

As incident light travels through a medium of a certain refractive indgxnto the interface
of another medium with a different refractive indey,(a portion of the light is transmitted and
refracted, and another portion of the light is reflected. The optical behavior at the interface is
eloquently conveyed bthe Fresnel equations (these equations were adapted from the Optics
textbook by Eugene Hat).8% Fresnel merged principles by Huygens on light refraction and Young
on light interference into a cohesive wave theory of f§fit.Fresnel alsaletermined thalight

beams polarized at right angleasnnot interfereThus the Fresnel equations gartitioned into
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separate equations governing the transmitted and reflactplitude coefficientfor light with E
fields perpendicular (polarization) and parallel {polarization) to the incident plang-polarized

light at the optical interface cam bbepresented ¥s

ik (2.9

o0 k (2.9
where gis the amplitude reflection coefficien§jts t he ampl i t ude tigtlens mi ss
angl e of i nsthednglea efractiannFbrgdarized light the Fresnel equations are
represented &%

ik (2.10

0 k (2.11)

where p is the anplitude reflection coefficient,is the amplitude transmission coefficiemhe
Fresnel equations above are fundamental to the field efilimroptics. However, perhaps a more
applicable variation to the amplitude reflection and transmissiefficients is reflectance and
transmittance. Reflectance is the ratio of reflected to incident radiant flux (i.e. percent of the light
reflected), whereas transmittance is the ratio of transmitted to incident radiant flux (i.e. percent of
the light tranmitted). The reflectance and transmittance fpokrized and {polarized light is

represented 65§

Y oo ny i (2.12

o N’y 0 (2.13
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where Rand R are the reflectance formolarized and polarized light, respectively, and and
Tp are the transmittance forp®larized and {polarized light, respectively. In the case of normal

i nci dien,dhe reflectance and transmittance bectme,

Y Y Y — (2.1
YOY Y ——— (.19
Y Y p 2.16

where R is reflectance and T is transmittance, respectively. If light travels from airl(B) to

glass (n = 1.5) at normal incidence, then usiBguations 2.14and2.15 the total theoretical
reflectance and transmittance is 4% and 96%, respectively. Since the Fresnel equations consider
optical loss mechanisms such as absorption and scattering as negligible, the summation of
reflectance and transmittance is unity.

Anti-reflection coatings (ARCs) reduce detrimental reflectance occurring from light incident on
an optical interface. Incident light encompasses the propagation of ele@riaald magneti€®

fields, characterized as a plane wave traveling in@teedion.2® Upon incidence with an ARC,

the incoming light now encounters two interfaces: (I) the interface between air and the ARC and

(I1) the interface between the ARC and the substrate. At each of the two interfaces, a portion of

the light is reflected andnother portion is refracted. Here, we examine the optical interference
behavior for a |inearly pol ari z eldyerRGwtha f wayv

distinctive refractive index ghand physical thickness (dyigure 2.13.
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Figure 2.13 Propagation of electricald and magneti¢® fields, traveling in the@direction.
The fields travel from air @ into a film of a particular thickness (d), refractive indey,(and
situated onto of a glass substrate).(hight is reflectedand refracted at both Interfaces | and Il
This figure was recreated frohhecht, E. Optics, 4tHnternational edition, AddisciiVesley, San

Francisco2002 3 2, Figure 9.49°

The total amplitude reflection and transmission coefficient, for light incidetd the single

layer ARC system is (as adapted from the Optics textbook by Eugene®echt)

i (2.17)
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0 (2.18

where| k —& AT-©,| k —& AT-© (for @ not in the plan®f-incidence),| k

—¢& TAT-O (for @in the planeof-incidence)] k —& AT-©,Q —k wavenumber,

andOk ¢ Qwé+ koptical thickness. For the usdgieci al

= dw = 0, the amplitude reflection coefficient reduces to

| (2.19

and multiplying the amplitude reflection coefficient by its complex conjugate leads to the

reflectance for the normal incidence condition as

Y (2.20

For the ondition of

N - (2.20)

N - - - = = (2.22

or when h = id is an odd multiple of-, such as,
ceEQ a - G T1h ph ¢&8 (2.23

the ARC is also-wikawewrengs hacbdagtanygedesrstive t i nd

interference for t he o8 Updnlrefactioreofithelincideht tightthfougva v e | ¢
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Interface | (air and ARC) of the coatireg the maximum destructive interference condition, a
guarter of the wavelength travels to the batkie coating and another quarter of a wavelength
reflects off Interface 1|1 (ARC and substrate)
out-of-phase with the beam reflected off the Interface I, which results in maximum destructive
interfere n ¢ e o. Sirce physical thickness, d, is generally an easily adjusted parameter, h can be

easily tuned for maximum destructive interference orrargif | ect i vi t yoo at virtua

al Al
A 4

/
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Figure2.14Destruct i ve i-phase shiftef thereflected legms aff of Interfaces |
andllonaquartewavel ength ARCs. This figure was <creat
material editor on Wi kipedlnte.f eTrheen coer ii gni ean th-/t4i 1

it is licensedunder the Creative Commons Attributi@hmare Alike 3.0 Unported license

Substitution ofQ'Q - (Equation 2.21) into Equation 2.20provides the reflectanég,

Y — (2.24

and when the reflectance is equal to zero,
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3 € € (2.25

which represents the ideal refractive index for an ARC. For the ARC in a medain(mmf= 1.0)

and on top of glass {rr 1.5), the ideal refractive indexiss 1. 2 2. When the AR
refractive index is equal to the ideal, the reflected waves off of Interfaces | &iaddlequal
amplitude, and t heo Sineefthe eefractavenindex is as intdnsic materfalo r &
property, it is substantiglimore difficult to tune compared to the optical thickness. In summary,

the two essential parameters in designing ARCs are as follows:

1) The optical thickness h=is necessary for maximum amtie f | ect i on ag¢ t he v

2) For zero reflectance, thefractive index of the AR@ust bet € &

2.2.2History.

The first ARCs were not coatings at all, but rather accidental surface conditions on glass. In
1817, Joseph Fraunhofer grinded and polished glass, then immersed the glass in sulfuric or nitric
acid for 24 1£78 |t was discovered that the treated section of glass had a defined reflection loss,
and the effect was augmented for glass that was more easily tarnished. The treated glass also
exhibited pronounced interference colors, upon rotatiadeumcident light. Nearly a century
later, Lord Rayleigh independently found that the polishing of aged glass adhgadigsedthe
reflectance of the glass from 3.5% to 4.8%tven though Rayleigh never deposited an actual
coating, he realizedthepeesrce of a transparent | ayer with a
in antireflection. Despite these early occurrences ofiaikection on glass, the first singlayer
ARC was invented by Alexander Smakula in 1935, while working for the company €isslin

Germany’®®’These ARCs dramatically improved binocu!
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which was significant at the tinféDue to the advent of World War Il, ARCs remained atariy

trade secret until 1940.

2.2.3 Porous ISAM ARCs.

ARCs can be produced by virtually any tHitm processing technique, including physical
vapor deposition (PVD; e.g. thermal evaporatiehgam evaporation, iebeam sputtering¥?°
plasmaenhanced chemical vapor deposition (PECY¥Djolgel synthesi$™®® naneimprint
lithography?®°° spin-coating!® and chemical etchintf* Despite the various advantages among
these processing methods, lasgpale production is expensive and especially difficult for-non
planar or irregular surfaces. Furthermore, althd listed techniques generally produce single,
homogeneous materialgth a refractive index far from the optimum value for zero reflectance.
Magnesium fluoride (Mgfj is commonly utilized as an ARC on glass, although with a refractive
index of nugr2 = 1.38, it provides a theoretical reflectance of only 1.£quation 2.24). ISAM
film deposition addresses the shortcomings inherent in other ARC processing methods, as the
deposition is unrestricted by substrate geometry or size, in addition to the inegpetare. Most
importantly for ARCs specifically, ISAMs allow for the processing of heterogeneous
nanocomposites with controlled porosities and refractive indices close to ideal value for ARC
films.

2.2.31 PolyelectrolyteNanoparticle ISAM ARCs Hattori expanded on the previously
discussed work by Lvoet al®?%3 and applied the work to ARC& A singlelayer of 110 nm
diameter SIQNPs were deposited onto one to ten bilayers of PDDA/PSS, resulting in a maximum
transmittance and reflectance of 98.8% and 0.07%, respectively. The magnitude effeation
was found to progressively increase with up to five polyelectrolyte bilayede( the single Si©

NP layer). The refractive index of the films was approximately 1.25 with a calculated porosity of
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50.3%. Heat treatment of the film at 76 caused a deformation of the SiRPs and further
enhanced the anteflection. Sara Yanceyrdm our group, conducted a far more comprehensive
study on PAH/SIQISAM ARCs, and constructed films with 15, 45, and 85 nm diameter SiO
NPs1% The pH of PAH and the SKONPs were separately adjusted to maximize the film quality.
The optical thickness dnthe antr ef | ect i on destr ucotwass easilyi nt er f
manipulated by the number of bilayers from three to twenty. Maximurareftectivity was
displayed in films with the 45 nm Si®QIPs (pH = 9) / PAH (pH = 7) that provided transmittance

a t 8%adhd reflectance of <0.2%. The 15 nm 8\P (pH = 7) / PAH (pH = 7) and 85 nm SiO

NPs (pH = 9) / PAH (pH = 9) films were reported to have transmittances of ~97% and %
(reflectance of 2.2% and 02 1.2%), respectively. As the film constituents hasbligible
absorption in the visible wavelength range, all extinction losses were attributed to optical
scattering. Furthermore, e x t iwhiehtsiiggests Raygesgh | i n e :
scattering at long wavelengths. The extinction magnitudekpe intensified with greater particle

size, which was associated with elevated inhomogeneity and roughness levels. As confirmed by
ellipsometry, the Si@volume fractions and refractive indices of the films are interrelated and thus
trend in a similafashion. For the 15 nm SyPs, the volume fraction remained consistently at
82% with a refractive index of 1.39. In films with 45 nm SiPs, the volume fractions and
refractive indices were 1) <100 nm thickness: ~55% and ~1.26, 2) 20 thickness: ~70% and

~1.34, and 3) >200 nm thickness: ~55% and ~1.26, respectively. Differently for films with 85 nm
SiO, NPs, the volume fractions amdfractive indices were 1) 100200 thickness: ~75% and
~1.36, and 2) >200 nm thickness: a gradual decrease down to ~30% and ~1.14, respectively.
Evidently, the antreflectivity of the films with 15 nm Si&NPs was associated with the high 5i0

volume faction and refractive index values. Since the 45 and 85 nmNg#© both had volume
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fractions and refractive indices close to the ideal, their-raflactivity was limited by the
increasing optical scattering magnitudes. Finally, due to the nature MdS#e nanoparticle
films were found to be nearystalline, lacking of longange order, and with a random close
packed (RCP) structure.

Rubner, Cohen, and associates (as previously discussed for PAH/PAA ISAMS) also released
several reports related to pois polycatiorSiO, ISAM ARCs with superhydrophilic (anti
fogging) and superhydrophobic (seltaning) propertie+1% Cebeci et al. created
superhydrophilic ARC ISAMs using PAH and 7 nm diameter,8IPs1%The SiQ concentration
was systematicallyxamined from 0.005 to 0.1 wt%, and 0.03 wt% was reported as the optimum
concentratiorfor sufficient density and hydrophilicity. Optimum pH of Si®P solution was
between 7.5 9, although quality was still present down to a pH of 4.0. Additionally, a8
bilayers were required for hydrophilicity, whereas, above 24 bilayers the films lost their
transparency necessary for ARCs, due to optical scattering. Febitajdr PAH (pH = 7.5) /

SiO2 NP (pH = 9.0), deposited on top of ébdayer PAH/PSS adiséve stack, the transmittance

was 99.7% with a refractive index of 1.25. After film processing, the films were calcined by
thermal treatment up to 50C, which fused neighboring particles, induced siloxane bridges, and
dramatically improved the mechanigabperties (resistance to rubbing). Calcination of the films
also decreased the thickness and the refractive index (as polymer was burned out, void volume
increased), which therefore caused a slight-shi# in the antireflection peak and increased the
transmittance to 99.8%. The -bdayer films had superhydrophilic behavior with an advancing
contact angle of less thar? B under 0.5 s, associated with the ability of the films to fully
accommodate the extent of water on the film. The film porosityceasidered the primary source

of film wetting, as the pores allowed for rapid water penetration throughout the film called
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Ananowi ckienagfor o Br Rwlmner 6s group soon thereaft:

ISAM ARCs in effort to model a lotus @ht1% Essentially, the goal was to intentionally produce

film aggregates with high surface roughness, while maintaining transparency. These films were
also composed of an adhesive stack (similar to the previously discussed report), a central stack
with PAH / 50 nmand20 nm SiQ NPs (0.03 wt%), and a top stack with PAH / 20 nm>®s.

At 40 bilayers (of the central stack), the film had ideal superhydrophobic behavior with an
advancing contact angle of 1%6@lthough this film was far from transparenheT2Gbilayer film

was the only film to exhibit both superhydrophobicity and mediocre-rafiéiction with
transmittance at 94.6%. Despite the near ideal refractive index, the heightened levels of optical
scattering largely diminished the angiflectivity. Calcination of the films substantially improved

the mechanical properties and also enhanced the superhydrophobicity.

Zhanget al. also produced superhydrophilic and superhydrophobic ISAM ARCs, but with
slightly different materials and proces$®5%” Superhydrophilicity films deposited onto quartz
substrates consisted of PDDA complexed with sodsilivate for a cationic material and the
polyanion PAA!%® Along with an augmentation of mechanical properties, calcination for these
films were reported tsignificantly reduce the density and induce higher levels porosity. Because
of these effects, calcination provided excellent-agftectivity, with maximum transmittance at
99.86%, and also enhanced superhydrophilic properties. Superhydrophobic filenéomeed
with a Sbilayer ISAM stack of PDDA/sodium silicate, on top of ahilyer stack of PDDA/Si®
NPs (200 nm diameter), and had a brbadd antireflectivity with peak transmittance of 98.5%
in the NIR range® However, for superhydrophobic profies, the CVD deposition of
fluoroalkylsilaneon the top surface of the films was required, which slightly reduced the AR

properties.
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2.2.32 NanoparticleNanopatrticle ISAM ARCsISAM composed purely of nanoparticles have
gained a considerable amountadifention for porous ARCs, as also extensively reported Rubner
and Co h e84 eegtal.areaped superhydrophilic ISAMs containing positiveharged
7 nm TiQ: NPs and negativelgharged 7 nm or 22 nm Si®IPs!% Due to the higher porosity in
films consisted of 22 nm SPs compared to 7 nm SI®Ps (45 and 35 vol%), the 22 nm Si0
NPs provided a more ideal refractive index (1.28 vs. 1.32) and had super@fl@ation with
>99% transmittance. The alanopatrticle films were alsmalcined which was reported to induce
partial fusion of the NPs and enhanced film durability. Regardless of the N§iCsize, the
significantly higher TiQ surface charge attributed to a remarkably lowerTW®% than SiQwt%
in all films. The exposure of Tigto UV-irradiation in the film also facilitated the elimination of
organic contaminants, which was demonstrated as a key method to maintain superhydrophilicity.
In a following study, Leeet al. systematically examined the effect of solution pH on2{iO
nm)/902 NP (22 nm) ISAM growth® With a reduction in the SKONP pH and therefore the
surface charge, the bilayer thickness continuously increased, until th®Zat pH 2.0, where
a dramatic drop in bilayer thickness ensued. The opposite scenario wdsrtthe TiQ NPs,
where an increase in pH caused increased bilayer thickness, and aHT4Cand SiQpH 3 the
maximum bilayer thickness was achieved at 30 nm/bilayer. Additionally, it was found that the
thickest films were also the most porous. Thifereact i ve i ndices for | SAM:
relatively consistent between 1:2%29, although antieflectivity was not specifically reported.
Near t he r es pxd@Pstwiere reporfed G éxkibit astonishing aggregation resistance,
whereas Ti@ NPs rapidly flocculated into large aggregates. Five bilayers of stable TiO
(pH=3)/SIQ (pH=3) ISAMs were deposited onto PS microspheres, which allowed for the

development of robust hollow microcapsules upon calcinationet.e¢ again reported on all
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nanoparticle ISAMs using positivelgharged3-aminopropyHunctionalizedSiO, NPs(AP-SiO2

NP9 with a 16.2 nm diameter, along with negativeharged Si@ NPs with sizes of 8.6, 15.4,

and 24.2 nnt!°With a synchronized adjustment of both the-8i®, andSiO; NP pH, maximum

thickness of the bilayers containing 8.6, 15.4, and 24.2 nm I$H3 was discovered at pH 5.0,

4. 5, and 3.0, respectivel y. At bt MPesgzeshawadx i mu m
increased porosity8(6, 15.4, 24.2 nm = 42 4%, 49%, respectively) and decreased refractive

indices 8.6, 15.4, 24.2 nm £.26, 1.25, 1.22 respectively). AlSQIPs s howed-a negse
potenti al sl ope wi t h -potental neagngudedwittphiihef pH). Bhe 8.6 ncr e
and 15.4 nm Si©NPs had similar slopes, while the 24.2 nm SNIPs had the greatest negative

slope out of all three NP sizes. A« NP s | apot&néatldemendency on pH with a steady
magni tude of +23 mV (until beyond pHs#to6). Th
(o= t hi ckness relative to pH /potendakratim@as -tehi c kn
potenti al r-potertial of ARSIOL NKs) was sufprismgly nearly identical for all the

different SiQ NP sizes, with a peak lybetwesn 0.6z and 1.2g. Years later, Shimomuret al.

synthesized the work from Le al.into broadband ARCY! The ARCs consisted of alternating

low-index and highindex stacks of ARSIO,/SiO; NPs (both 15 nm) and PVS/Ti®IPs (7 nm),
respectively, with designed thicknesses for broadbanerefteéction. The final assembled film

was of a 4stack design with average reflectance less than 0.5% in the visible wavelength range

and approximately 0.2% haze (ratio of diffuse talttransmittance; wide angle optical scattering).
Largescale roughness was reported to be the primary contributor to optical scattering and haze.
Calcination densified the films and enhanced mechanical durability, represented by only a 0.3%

reduction intransmittance after abrasion at 100 kPa.
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As discussed thus far, calcination has been utilized as primary means of promoting mechanical
robustness for nanopartiet®ntaining ISAMs, but calcination is incompatible with plastic
substrates due to the high €5% temperatures. Gemici, who worked with Shimomura, Cohen,
and Rubner, produced a comprehensive study comparing calcination to hydrothermal treatment
(HT) methodst!? HT involves autoclaving the samples to temperatures of 112484 °C.
PDDA/SIO: NP (15 m), AP-SiO; (15 nm)/SiOz (15 nm) NP or TiOz (5nm)/SiO; (15 nm NP
ISAM films were all examined for both calcination and HT methods. Qualitative (by rubbing) and
guantitative (by 25 or 100 kPa by a metal polisher) testing was carried out for all films. As
calcination densified the films and increased the refractive index, there were no noticeable changes
to surface morphology under SENFigure 2.15 . Differently for the H
became visibly apparent, which entailed the dissolution and rsitiepoof soluble silicates
between regions of neighboring particles. Furthermore, acceleration of the particle necking process
for films on soda lime glass was attributed to thé ias within the substrates. XPS and FTIR
revealed that HT had no effech dhe PDDA in the films, whereas calcination completely
eliminated the polycation. All films (ssssembledcalcined HT) exhibited >99% transmittance
for their peak anireflection wavelengths. However, PDDA/SINP ISAMs showed significantly
higher durabiity over all-nanopatrticle films for both calcination and HT techniques. The HT
technique was also reported to consistently provide greater robustness compared to calcination for
all of the films. The different films were also processed on quartz, sileah polycarbonate
substrates. Since quartz and silicon have high annealing temperatures {€1@0@ do not
contain N4, calcination and HT was ineffective on these substrates. On the other hand, the low

glass transition temperature of polycarbonate (C)Gallowed for an effective platform for the
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HT durability film enhancement, despite the lack of Mathin the substtes. Essentially, the

thermal and chemical properties are critical for thermally treated films.

200 him
R

) . b
AcaV Spot Mo, Dt WO ] 200 o

300+ 20 JOO00004SE" 51 124°'C HT
Figure 2.15 PDDA/SiIO; NP ISAMs on soda lime glass)(asassembled ) calcinated, ) 124
°C HT treatments. The particle necking is evident in the HT.fReprinted (adapted) with
permission from Gemici, Z.; Shimomura, H.; Cohen, R. E.; Rubner, M. F. Hydrothermal
Treatment of Nanoparticle Thin Films for Enhanced Mechanical Duralibiygmuir2008 24

(5), 21682177112 Copyright2008 American Chemical Society

2.2.33 PolyelectrolytePolyelectrolyte ISAM ARCs ISAM films composed purely of
polyelectrolytes can also be achieve the sufficient porosity necessary foefldiion. As
discussed ibection2.1.4.3, Mendelsohret al.processed PAH/PAA films that developed swelled
microporous structures (with largely reduced refractive indices) upon immersion into acidic
solutions, attributed to carboxylate group protonation and the splitting ofciméén ionic
linkages?® Years later, Hiller, Mendelsohn, and Rubner applied the methodology for nanoporous
ISAM ARCs 3 The pHinduced reversible swelling of PAH (pH = 8.5)/PAA (pH = 3.5) ISAMs
all owed for switching between a nanopowr ous,
refractive Til.hSjankanpmordous 25col |l apsed state (thi
refracti ve (Figuk.£6. Thapor pehetratian)depth (<580 nm) increased and
the refractive index decreased with increased immetsiwes and ionic strength (0.05 and 0.1 M

MgCly) of the acidic solution. Upon achievement of the ideal refractive index on glass, the ARC
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exhibited 99.99% transmittance. Thermal crosslinking of the films (heating to°€3@0rmed
covalent amide linkagebetween the two polyelectrolytes and substantially improved the
mechanical robustness of the film. The crosslinking also secured the refractive index of the film,
so that multiple PAH/PAA ISAM stacks with different refractive indices could be utilizedhtege

for an effective broadband ARC. This work was repeated almost identically by &ugta
although Ce@NPs were instead used to produce the high index $thEkijita did present that

the waterproofness of the PAH/PAA films after crosslinking,als® shown previously by
Mendelsohn. Later, Fujitat al.reported that decreased dipping times (3 min instead of 15 min),

and hence thinner PAH/PAA bilayers, showed improvedrafiectivity because of lower optical

scatteringi!®

Thickness (nm)
=
Il
Effective n

T135

Cycle number

Figure 2.16. pH-induced switching for PAH/PAA films.-B AFM image of &) the original film
(b) the nanoporous, swelled film, anc) ¢he nonporous, collapsed film. The plot on the right
represents the change in refractive index and thickness upon swelling andecB&gpated by
permission from Springer Naturétiller, J. A.; Mendelsohn, J. D.; Rubner, M. F. Reversibly
Erasable Nanoporous Arfeflection Coatings from Polyelectrolyte Multilayerdlature

Materials 2002 1 (1), 5963 1! Copyright2002.
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2.3 ORGANIC PHOTOVOLTAICS
2.3.10PV Device Materials and Architecture

2.3.11 Conjugated PolymersCarbonaceousiolecular materials represent the heart of all OPVs
and other organic semiconductor devices. Among the different types of dsabed materials,
here we focus on polymers. Naonjugated polymers, such polyethylene (PE), have saturated
backbones primagl connected through single (0) bonds
heteroatoms (N, O, S, et¢f!’ In these norconjugated backbones, the four valence carbon
electrons generally hybridize into four’sprbitals (the 2s orbital overlaps with tBpy, 2p,, and
2p; orbitals), each containing one electron. Due to their very large band gagsa(E 8 e V) , nor
conjugated polymers normally do not absorb visible light and are electrically insd&titg.

Conjugated polymers instead are composedinfs at ur at ed backbones with
and doubl e ( on'e!8a thia cask, the)valebce alattsons on carbon form three
hybridized sporbitals (the 2s orbital overlaps with the.2pd 2p orbitals), leaving one remaining
unhybridized 2porbital. Bonding between two carbon atoms involves the overlap of two separate
sforbitals to form rigid covalent O bosbitalss, as
to f-domdSs .-bord$ eontain weakipound, delocalized electrons located outside the
pl ane of the carbon chain. A °~ bond itself 1is
lower and higher energy thanthe original@x bi t al s. The bolowerengggy( ") or
of the two or bit elecrons favordbly teside hexdf ab graaind tStit@he ~
antibonding ("*) orbital has the higher energ
highest energy level in the bonding orbitakisown as the highest occupied molecular orbital
(HOMO), and the lowest energy level in the antibonding orbital is known as the lowest unoccupied

molecular orbital (LUMO):6 118118 The HOMO and LUMO are separated by the band ggp (E
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which is analogougo the separation between the valence and conduction band in inorganic
semiconductors.

Polyacetylene
= P3HT

n CH;

Polythiophene

Figure 2.17.Conj ugated pol ymer r e p eabitals ofrpolythophene.d t he
Structure of PCBM. The P3HT figure was created by Sigdaich. These igures were created
byDr.David Flanagan A Gr i ml ock o, and fACubaned on Wikipec
a r &he imonomer repeat unit of unsubstituted polythioplten€ ofn j u g-arhitasdof &

coplarmar and a t wi s tfiRhehylGoltdutyric | e e d meT o vy | estero

under the Creative Commons Attributi@mare Alike 3.0 Unported license

The most fundamental conjugated polymer is polyacetylEigrie 2.17), with a repeat unit
consisting simply of alternating silegand double bonds$®!® Increased stability and versatility
can be realized in conjugated polymers containing aromatic rings. Aromatic rings often contain
heteroatoms, such as sulfur in polythiophene, which ultimately affects the electronic properties.
Polythiophenes usually have alkyl side chaifgre 2.17 P3HT), which affects solubility, as
well as ordering in films. A longer conjugation length in conjugated polymers (e.g. number of
coplanar aromatic rings in polythiophene), relates to the energet o v e roitbitalp and the

related to the density of the frontier (HOMO and LUMO) electronic levels, which also affects the
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Eg (Figure 2.18.116 129The conjugation length is broken at kinks and torsional defects found in
all conjugated polymers. lthis sense, the molecular orbital energetic overlap is less defined in
conjugated polymers, and distinctive conduction and valence bands do not form as they do in
inorganic material$!'*!°T h e d e g-orlstal overlp also extends to electronic intbain

effects, which correlates to charge carrier mobility properties.
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Figure 2.18. Conjugation length (number of continuous aromatic rings) in polythiophenes in
r el at {iband molecularorbital energy splitting. For a higher conjugated length, HOMO and
LUMO are more densely packed. Reproduced with permissionden®. Doping in Gnjugated

PolymersJohn Wiley & Son£20131® Copyright2013.

Besides molecular structure, doping is essential to the electrical and optical properties of
conjugated polymers®118 In the neutral, undoped form, conjugated polymers act as insulators
with relatively high B0 s -6 €\3 and low conductivitiesl(0’ i 10! S/cm).**® Upon doping of
the conjugated polymer chains, thgdan be reduced to that of semiconductors or conductors (1
i 4 eV), along with drastically increased conductivitiesY1A0* S/cm). Doping entails either a

partial reduction (+type) or oxidation (gype) of the polymer chains, in which electrons are added
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by an electron donor or removed by an electron acceptor, respectively. The majority of conjugated
polymers are ftype semiconductors. B/pe dopants for polythiophenes includesBIEIOs, or
FeCly.**Counterions are added with dopants to neutralize the dopant charge. As doping inorganic
semiconductors is achieved by substitution of a lattice atom, doping in coxjpgdyeers often
involves a charge transfer reaction. The doping concentration is related to the conductivity of the
polymers with optimal levels betwe®@rili 0.5 mol %.P-type conjugated polymers are used as the
electron donor (D) in this dissertation ahé majority of work done on OPVs.

2.3.1.2 Electron Acceptors. Another commonly used conjugated structure is the
buckminsterfullerene (§).1'® Cso contains 60 carbon atoms, with alternating single and double
bonds. The high levels of conjugation ien@llow for excellent electron acceptor capabilities and
it can hold up to six electrons at once. The fullerene derivdtiye]-phenyl Gi butyric acid
methyl ester (PCBM(Figure 2.17) is often used due to its good solubility and stability in organic
solvents.

Other fullerenes such as the rymmetrical Go or [6,6]-PhenytC71-butyric acid methyl ester
(PC1BM) have sparked interest recently, attributed to their optical absorption in the visible
wavelengths, which allows for greater photogenerdibidditionally, nonfullerene electron
acceptors, including conjugated polymers or small molecules have been utilized for the same
reasont?*123 However, many of these new electron acceptors face the challenge of solution
dispersion and homogeneity in thilms, which keeps traditional electron acceptors popular.

2.3.1.30PV Device ArchitecturesOriginal OPV devices were constructed from a single
organic donor layer between two electrodaglijre 2.19. An early report of a single layer OPV
by Markset d. was constructed by spin coating a conjugated polymer,pply€nylene vinylene)

(PPV), onto the transparent anode, indium tin oxide (ITO), and evaporating a metallic cathode on
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top of PPVA?* For the ITGPPV-metal devices, metals of different work functions including Al
(4.28 eV), Mg (3.66 eV), and Ca (2.87 eV) were examined, which resulted in differentiopen
voltages (M) ranging from 1.2 to 1.7 V. Thegylevels were attributed to ¢hdifference in the

high work function ITO (4.8 eV) to the lower work function metals. Despite the higlevels,

the device photocurrents were very poor and external quantum efficiencies (EQE; ratio of number
of photogenerated electrons to number oident photons) were ~1%. The low photocurrents and
EQE are a result of high bimolecular recombination levels in the single conjugated polymer layer.

Single layer Bilayer Bulk Heterojunction

Metallic Cathode Metallic Cathode Metallic Cathode

Transparent Anode Transparent Anode Transparent Anode

Glass Glass Glass

Figure 2.19. OPV device architectures including single layer, bilayer, and bulk heterojunction.

In 1986, Tang developed perhaps the first reported bilayer OPV device, which essentially
represented thp-n junction from inorganic PVsFigure 2.19.1%° The devices were fabricated
using a ptypeCopper phtalocyanine (CuPand a rtypeperylene tetracarboxylerivative (PV)
vacuum evaporated onto ITO. Thegnd ntype materials effectively transport holes to the ITO
anode and electrons to the Ag cathode, respectively. After exciton dissociation (separation of the
electronhole pair from photoexcitation) occed at the interface between the two materials,
detrimental charge recombination effects found in simyers were substantially reduced. This

work revolutionized OPVs, as it introduced the importance of separate donor (D) and acceptor (A)
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charge matealls for efficient device operation. It is critical that the ionization potential (IP) and

electron affinity (EA), analogous to the HOMO and LUMO, respectively, are offset in the two

components for effective exciton dissociation. In the bilayer device¥,thveas dependent on the

organic materials themselves rather than the difference in work functions between electrodes. The

ITO/CuPc/PV/Ag bilayer OPV device showeda¥ 0. 45 V, FF = 0.65, EQE

nm, and an overall power conversion efficiency (PCE) of 0.95%. In 1993, Saratifatiand

Kraabeletalf r om Wudl and Heeger ds groups developed

polymers poly[2-methoxy,5( 2ethylhexloxy)-1,4-phenylenevinylene] MEH-PPV) and

poly(3-octylthiophene) (P30T) astygpe donor materials and a buckminsterfullereng)(&s an

electron acceptdf®'2’ The combination of the conjugated polymer witl &lowed for ultrafast

charge transport under 1 picosecond, which strongly rivaled recombination effects present in pure

conjugated polymer films. However, despite advancements made by bilayer OPV devices over

singlelayers, the inherent design in these devices are ultintatgiycted by the disproportionality

between optical absorption depths and short exciton diffusion lett§tidFor instance, typical

optical absorption depths (1/U) in conjugated

length (Lg) is only~10 nm. This means that either the active layer thickness must be unfavorably

limited to only absorb a small fraction of light or a large percentage of photogenerated excitons

will recombine, as they are unable to reach the D/A interface. This createatmsireferred to

as a fAexciton diffusion bottlen¥cko, which ca
The introduction of the bulk heterojunction (BHJ) addressed the exciton diffusion length

limitations by blending D/A components together into one layentefpenetrated phases with

high levels of interfacial aredrigure 2.19.12612° Therefore, exciton dissociation is independent

of the active layer thickness, as the D/A interface is highly probable to be within the diffusion
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length of photogenerated etans. Additionally, the BHJ maintains bicontinuous pathways for
percolating charge carriers to their respective electrodestalf r om Wudl and Heege
presented the first report on the BHJ in OPVs with a blend of ¥PM and PCBM, sandwiched

between ITO and Ca/Al electrod&8 The MEH-PPV:PCBM BHJ devices showed EQE of ~29%

and PCE ~2.9%. Almost a decade later, pelyRylthiopheng (P3HT) was utilized as a
conjugated polymer in P3HT:PCBM BHJ devices, which displayed EQE of >70% and PCE of
3.5%, after annealing®' Given the numerous advantages, BHJ is the standard architecture

employed universally for OPV devices.

2.3.20PV Device Operation.

The conversion of sunlight to electrical current in OPV devices is-st@pprocess involving:
1) optical absorption, 2) exciton generation, 3) exciton diffusion, 4) exciton dissociation, 5) charge
transport, and 6) charge collectiofrigure 2.20. In the following sections, the charge

photogeneration steps are discussed in detail.

Cathode

Anode

Figure 2.20. Chage photogeneration process schematic for the BHJ OPV device and material

energy | evel s. The Onsager radius @anadantdhéama
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respectively. The numbers in the blue dots represent the sixfetepsarge photogenerah
process including: 1) optical absorption, 2) exciton generation, 3) exciton diffusion, 4) exciton
dissociation, 5) charge transport, and 6) charge collection. In the energy level schematic, the colors

correspond to the same materials in the devicensatie

2.3.2.10ptical Absorption The sun is classified as a blackbody emitter, which corresponds to
a radiation spectrum based on the surface temperature=(3762 K)1® Emission of light from
the sun arrives to the earth in the form of photons. The incident photons vary in energy based on

their wavelength such &%
(o I (2.26

where h is the Planckds const antgthoféghtilrsthet he s
discussion of photon energy, typically units of electvoits (eV) are utilized. Additionally, the

quantity of photons delivered per time and unit area are represented by the photén flux,

%o — (2.27

where Nhis the number of photons. From the photon energy and flux, spectral irradiance can then

be calculated for each wavelength'#fs,

O_ %0 (2.29

Spectral irradiance is important for characterization of the radiation spectrum from a blackbody
emitterAs sunl i ght is irradiated into the Earth=os
(O3, O, H20, CQ, etc.) and particles result in optical loss including such as reflection, absorption,

or scattering>3 These optical effects alter the spectraldiance intensity onto the Earth compared

to levels outside the atmosphere in the extraterrestrial regimes. Air mass is commonly used to
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describe the radiation spectrum, which is the

normal compared to ¢hpath length at the normal, or related to the light angi®as,
o0 — (2.29

where d is the angl e f r onrhe doler raigiontsgedrsm asitsidef a c e
the earthds at mospher e i swhicletqanslates éozearoatinospheresi Ai r
with a total intensity of 1.35 kW/t(Figure 2.21).1'° The standard radiation spectrum for the
characterization of PV devices is the AAir Ma
atmospheric thicknesseBigure 2.2) . The AM1.5G is embodies the
48.2, an annual average angle for #aititudes, and at a total power density of 1 kKW/(i00

mWicn) . fAGlobalo in AM1.5G associates with dir
compmentsfrom the atmosphere and surrounding topography, including scattering and reflection.

AAir Mass 1.5 Directo (AM1.5D) onlHAgueaz2dount s
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Figure 2.21 (a) Spectral Irradiance for the AMO, AM1.5G, aAi1.5D solar radiation spectra.

The optical loss by the atmospheres gas molecute¥H.0, CQ) gas molecules are showH.
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(b) Comparison of the AM1.5G to P3HT:PCBM optical absorption spectra (for a 100 nm thickness

from our own work). The solar raation spectra were recreated from NREL d&ta.

Incident light is absorbed into a semiconductor based onyits Elation the photon energy.
Photons will be absorbed with energy equal to or greater thag,tha&eas photons with energy
less than the gEwill simply transmit through. In order to absorb a majority of the AM1.5G
spectrum, optimal gvalues range from 1.3 to 1.8 eV or if considering all optical losses, then 1.1
to 1.5 eV!® 134Basically, a narrowerfme ans t hat t he RN Besshifiebts or pt i
longer wavelengths and cover a greater percentage of the AM1.5G spectrum. Traditional OPV
conjugated polymers, such as polythiopheneshgdesE & 1.8 to 2.0 eV, alth
has been carried out to produce polymers withemarrowgd s s u ¢ h-Thdga PIT.B%9 e V)
or ITIC-Th1 (& 1. 5% 12%1¥Mhe conjugated polymer used in this dissertatiay(B-
hexylthiopheng P3HT), hasangE 1.9 eV or an absorption onse
conjugated polymersxhibit broad absorption spectra over 1 eV in width, attributed to wave
function overlaps between ground and excited states, as well as structural deformation/relaxations
in excited state¥% 13°Even if the F of the absorbing material is not complgteesirable, the
absorption width compensates for it. Furthermore, conjugated polymers are known for their high
absorption coefficients (U = 4" k/a; iRxlPs the
cmt, which allows for significant lighabsorption from relatively low thicknessgg12% 13°For
instance, a 100 nm thick film of P3HT:PCBM has an absorbance (also referred to as absorption
efficiency;— p Q where d = thicknessangingfrom~0.3 0. 6 ( si ngl e pass)
4007 600 nm or ~0.6 1.2, if accounted for a double pass of the light after being reflected by the

metallic cathode. The absorption dept h, equal
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corresponds to path | englel)ofilight hasibées dbso®&f (d =
conjugated polymers, the absorption depth is typically ~100 nm.

Thermal annealing of BHJ OPV films has a significant effect on the optical absorption.
Annealing involves heating above the glass transition temperatref (he D/A components in
the film (e.g. B, pant= 9.3°C and T,pcem = 118.3°C), which induces greater phase separation,
reordering, and crystallization of the of the constituéits® Following annealing of
P3HT:PCBM, the absorption peak redshiftsldnger wavelengths (~473 to 505 nm), and the
extinction coefficient increases (~0.4 to 0.5) significantly. Hence, annealing can improve the
optical absorption without changing the film thickness.

2.3.2.2 Exciton Generation The optical absorption of phmts with sufficient energy to
surmount the fof a conjugated polymer leads to electron excitation called photoexcitétidh.
135, 139Thjs excitation forms a fundamental qupsiticle consisting of an electrdmle bound pair
called an excitonHigure 2.22). In the exciton, the electron and hole reside nearly at the LUMO
and HOMO of the donor polymer, respectively. Two types of excitons exist: singlet and triplet.
Singlet excitons are formed by photoexcitation (ground state to singlet state; & in which
the hole and the electron have opposite spins. Triplet excitons can then form from singlet excitons
from intersystem crossing and have identical ground and excited state electron spins, but are lower

in energy by ~0.1 eW.8 135,139
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Figure 2.22 Representation of an exciton on a polythiophene molecule. Energy diagram for spin
states of a singlet and triplet excitdReprinted by permission fror8pringer:Brabec, C. J.;
Dyakonov, V.; Parisi, J.; Sariciftci, N. S. Organic Photovoltaics: €ptsc and Realization,

Springer Science & Business Med?803 Vol. 60.1*8 Copyright2003.

Exciton formation induces a structural relaxation of the polymer chain, i.e. a reversal ef the C
C bond alternation or a temporary semiquinoidal dor&in3> 3¥*Compared to singlet excitons,
triplet excitons have a smaller degree of structural deformation/relaxation, but are also more
localized (deformation/relaxation only extending? Xepeat units). The binding energy of an

exciton attributed to coulomb attraan forces is-'® 139

o — (2.30

where e is the ¢ihaartglee odi alne etlreict romnsgéllant of
the permittivity of free space, and R is the separation distance between the electron and hole.
Because of the high dielectric cons& alnZ)s, imorie
screened coulomb attractive forces lead to a relatively small exciton binding energy of less than
0.02 eV119 121, 139750, the electrothole separation distas is larger, delocalized over many

|l attices. On the other hand, the | ogwel3. 8) el ea«

to larger binding energies ranging from ~0.1 to 1 eV, and also smaller separation distances ranging
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from ~0.57 1 nm €.g. localized to a single molecule or only over several monomer units on a
single polymer chain). The high exciton binding energy in organics is attributed to both coulombic
forces and structural relaxation effetts 1**Because of the inherent excitdifferences, excitons
in inorganic and organic semiconductors are generally classified asAhottier and Frenkel
excitons, respectiveli##11° The lifetime of an exciton on an organic molecule varies from 100 ps
to 1 ns, and if electrehole pair doesiot dissociate in this time, then the exciton will recombine
either radiatively (photon emission; photoluminescence) orradmatively back to ground
state!!8: 139

2.3.2.3 Exciton Diffusion. Upon the photogeneration of excitons in organic materials, the
electronhole pair together is a neutral entity, which allows for random diffusion through the donor
materiall?® 135 13%s previously discussed, the D/A interface must be within the exciton diffusion
length 0 MO * p 1t & (where D is the diffusiorc oef fi ci ent and U is
recombination will occut?®12!: 135Therefore, the optimal domain size in a BHJ is <20 nm. Singlet
excitons are known to diffuse faster (higher D) with faster decay times than triplet excitons (ps or
ns Vvs sale forrsingtetsand triplet, respectiveligxcitons diffuse by intramolecular or
intermol ecul ar movement, in which Ahoppingo
chains. The diffusion can be characterized by either a Forster resonant enesfgy (FRET) or
Dexter energy transfer proce&gure 2.23.120 135 140Singlet excitons typically follow FRET
mechanisms, which involve longnge transfer (up to 10 nm) by dipaole electrostatic
interactions and spin conservatid®{ + A ¥D + 'A*; D is a donor molecule, A is another
molecule that acts as an acceptor for the exciton, 1 corresponds to the singlet spin state).
Alternatively, triplet excitons are transferred purely by Dexter mechanisms, associated with short

range transfers (up ® nm) and molecular orbital overlaps. In Dexter energy transfers, there is
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spin conservation for the system, but not of the individual D/A mole@®és+ A -> 1D +3A*;

3 corresponds to triplet spin state

D*+'A—'D+A*

J’ HO ke VIV R AW\ L HUNV

Dantes " i 1DY(S=1) 'A(S=0) 1D*(8=0) A(S=1)

Figure 2.23 (a) Singlet exciton diffusiofy both Forster and Dexter energy transfer mechanisms.
(b) Exciton diffusion by the Dexter energy transfer process between singlet (S = 0) and triplet
states (S = 1)Reprinted by permission fro@pringer:Giulianini, M.; Motta, N. Polymer Self
Assembly orCarbon Nanotubes. In Sessembly of NanostructureSpringer 2012 pp 172140

Copyright2012.

As energy transfers causes a decrease of the exciton energy, charge trapping (and eventually
nonradiative recombination) can occasionally occur during phacess for materials with
especially broad density of states or high levels of disdf@€fCharge trapping can also occur
when excitons encounter defects orep)@megantsegat es
the ratio of the excitons thdiffuse to the D/A interface to the amount of generated exclfdns.

2.3.2.4Exciton Dissociationlf the exciton diffuses to the D/A interface, excitons do not directly
dissociate into free charge carries, but first partially separate intweamediate, charggansfer
(CT) state (hole on donor HOMO, electron on acceptor LUMRUre 2.23.118 126121, 135,139
order to reach the CT state, the exciton must overcome the binding energy, requiring the energy
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offset between the D to A to b®.37 0.5 eV (greater than or equal to the binding enefgyjhis

of f set causes a fdnhot charge transfero (CT*)
eventually relax into the CT state with an electhmhe pair separated at a thermalizatiength

(@) (Figure 2.24.120 139 |n this relaxed CT state, the electsbole pair remain strongly
coulombicallybound and form a different quagsarticle called a polaron pair (two oppositely
charged polarons), associated with a structural deformdafid® The polaron pair is geminate
(monomolecular) when both oppositaiarge polarons are formed from same photoexcitation.

In the CT state, the polaron pair can switch between singlet or triplet spin states with four possible

spin permutations. Polaroran also exist as two carriers with the same charge on one molecule,
referred to a bipolaron.

A

Free Energy

So mlBem ©
L

Figure 2.24 Energy level diagranfor the photogeneration proce$k.is the ground state,1Ts
the triplet exciton energy,1$ the singlet exciton energyskis the exciton dissociation to the CT

state, kiplet IS the geminate recombination of the CT state back to the triplet energy staite, k
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the geminate recombination back to ground state, CT* is the thermalized € Tkstais spin
mixing between singlet and triplet statessks the hot transfer from the CT* state to the CS state,
kinerm- ! is the thermal relaxation of the CT states is the transfer of the CT state to the CS, CS*
is the thermalized CS statendt " is the thermal relaxation of the CS state, asd ik the
bimolecular recombinatiorReprinted (adapted) with permission from Clarke, T. M.; Durrant, J.
R. Charge Photogeneration in Organic Solar Céllsemical review201Q 110 (11), 6736

6767139 Copyright2010American Chemical Society

Similar to excitons, the CT state also has a limited lifetime related to a competition between
dissociation and geminate recombination (electron decays from the acceptor LUMO back to donor
ground state}!® 129139 pglarons in the CT state can also decay back to triplet excRims ¢
2.24).13 The strong coulombic attractions, low charge mobilities, and low dielectric constants alll
play a counteracting role to polaron pair dissociation. Although dissociationthe CT state is
still under debate, the Onsager model predicts dissociation by comparing the thermalization length
(a) to the capture or Onsager radiug (Figure 2.20.1%° This Onsager radius is equal to the
separation distance between the polarainspvhere the coulomb forces are equal to the thermal
energy (T). If rcis greater than a, then the Onsager model predicts that dissociation will occur at

certain escape probability?
0YO Q  p —0O (2.3

where E is the apied electric field strength. As is implied, by the Equat®81, the probability
of dissociation is strongly contingent upon both electric field and temperature. The dissociation

probability can also be related s,

0O — M OtO0 (2.32
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where k is the geminate recombination rate(H is electric field related dissociation rate into
charge carriers, and U(E) is the I|ifetiyme of
depends on the charge carriesbilities and the coulomb attraction components.

Full exciton dissociation means a transfer from the CT state to the &epgrmted state (CS)
(Figure 2.24.120: 135139 the CS state, the electron and hole no longer are coulombicallyd
and are free to move by polaron hopping. Si mi
with an excess of thermal energy (CEjgure 2.24). Eventually, the CS* state thmally relaxes
to the CS state, with a final energy equal to
(LUMO) and the donor 6s iffniP@E tEAAN This energynis i a | (
correlated to the gof BHJ and is associated twithe theoretical maximum for the opeincuit
voltage, as discussed | ater. Transition from
fast rate due to ultrafast polaron hopping and transfer (~100 fs) with a greater efficiency compared
to thernally relaxed state¥® Additionally, charge mobility is stated to be two several orders of
magni tude | arger while states are theydg mally
represents the ratio of for amount of excitons that have been fully iditexbto the amount of
excitons that have diffused to the D/A interfate.

2.3.2.5Charge TransportAfter the polaron pair is fully separated into free electron and hole
charge carriers, they drift or diffuse towards their respective electrodes byadlgeutar polaron
hopping?!®120: 13%Holes travel in the donor material phase towards the anode (high work function
electrode) and electrons move in the acceptor phase towards the cathode (low work function
electrode). The work function difference betwédantwo electrodes creates a builelectric field,
which drives charge carrier migration to the appropriate electrodes. Essentially, the difference in

work functions causes a chemical potenti al di

90



interfaceby high to low density gradients. The efficiency of charge transport is quantified by
charge carrier mobilities. Charge mobility is hindered in organic materials due to strong electron
phonon couplings, weak intermolecular electronic couplings, and diseficts'?®: 1**Organic

materials can feature charge mobilities either many orders of magnitude lower or equal to
inorganics (organics: 18§-102 m?(Vs), inorganics: 18 to 10' m?%(Vs)) depending on the
ordering of the film, as well as crystallinity, molecular weightegfioregularity of the conjugated
polymerst??: 135 14244 Eqr instance, annealing of the film allows significant enhancements to the
charge mobility due to gréer crystallinity and intermolecular orderiffl n P3 HT:nBNGBM, ¢
gp (electron and hole mobility) are 1.7 x8and 1.0 x 13° m?/(Vs) before annealing, respectively,
andgamgarel.8x 10 and 4.0 x 16 m?(Vs) after annealing, respectivefif.

Charge transport competes directly with charge recombination by either monomolecular
(geminate), traqassisted (also referred to as ShockRmadHall (SRH)), or bimolecular (also
known as Langevin or negeminate recombination) process&g20: 139142, 148146 \ronomolecular
recombination occurs between two opposite charges of the same photoexcitation either in or
directly after the CT state. In tragssisted recombination, charge carriers are immobilized by
defects, aggregates or interfacial teap at e s . Traps introduce ener g)
energy gap, and immobilization charge carrier eventually leads to recombination. Bimolecular
recombination refers to recombination of two charges from different photoexcitations, in which
charge dfuse within the Onsager radius. Additionally, bimolecular recombination follows
secondorder kinetics, meaning that the rate increases with photoexcitation density or light
intensity3° Since most OPV materials are considered mostlyftesn bimolecudr recombination
is recognized as the dominant recombination process in the BHJ architéetdfe The

bimolecular recombination rate &146
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Y [ €nRf €n (2.33
where n and p are the free charge carrier densitiasdipare the intrinsic charge carrier densities,

and 9 is the recadination rate given by,
o — ‘ (2.39

wh e rm&n @arethe electron and hole mobilities, respectively. Annealing of the film reduces
bimolecular recombination rates due to greater phase separation between D/A contpoiments.
P3HT: PCBM, the recombination rate¥andbl)xlbefor e
18 m%s142 Since both charge transport and recombination depend on charge carrier mobilities,
there is an optimal tradeff point.1*° It has been reported that the highest device efficiencies are
achieved for charge mobilites from-9@ 10 m?(Vs), and higher values result in a charge
extraction reduction.

2.3.2.6Charge Collection.Once a charge carrier arrives at an electrode, charge extraction is
influenced by several factors. Electrodes can either form ohmic or Schottky contacts, associated
band bending of the work function of the electrode in relation to the HOMO or LUMO liethed 0
donor (hole collection) or acceptor (electron collection), respecth&R#’For an ohmic contact,
the work function must be equal to or higher than the HOMO level of the donor, or equal to or
lower than the LUMO level of the acceptor. The opgos true for a Schottky contact. Ohmic
contacts pose no significant potential barrier on charge extraction, whereas a Schottky contact
does. Tunneling through a Schottky contact can occur with barrier thinning, making it more ohmic.
The charge collectioa f f i ¢ kceisitieeyatio ofjfthe collected charge carriers by the electrodes
to the number of fully dissociated charge carriéts.

Carrier (hole or electron) transport layers are used between the OPV BHJ and the separate

electrodes to more closely m@ h ener gy | e va®&l(associtedr withi redpced v e d
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recombination rates). A commonly used RhsEnsport layer is@y(3,4-ethylenedioxythiophene)
poly(styrenesulfonatefPEDOT:PSS), which has a closely matched work function with the
HOMO level of P3HT (~5.2 eV for both), allowing for effective hole transport to ITO.

| n r e a lcdistmpre cohvblged than energy diagrams illustrate. For instance, a mismatch
between hole and electron charge carrier mobility can cause charge accumulatieteatrides,
associated with spaasharge*® Furthermore, deposition of metallic layers onto organic layers
may induce chemical reactions and structural changes, which ultimately affect the energy band
alignmentt2%- 135 145 ecifically, low deposition rates of the metallic layers onto the organic layers
provides increased uniformity, whichisw&lln own t o be cri ti cal for
2.33 OPV DeviceElectrical Characterization.

2.3.3.1 Current-Density to Voltage Characterisis. PV devices are a type of photodiode
optimized to convert light into usable electrical power. Since power is the product of voltage and
DC current (P = V x 1), currentoltage (V) characterization is fundamental to the electrical
properties of PV deges. The currentlensity (J) is calculated from the ratio of current to the area,
(J = I/A; in this case, the area is the device active area), which is often utilized over simply current
as active area sizes may vary. Therefoié,clirves are presentedmarily in this dissertation.

Without illumination(dark 3V curve), the PV device acts a conventional diode that allows the
flow of current in the forwardbias and a small current in revetsias (ideal devices have zero
current in reverséias) Figure 2.25. The dark currentlensity (3) in reversebias is known as
dark saturation current density)@r often referred to as leakage current density (leakage current
flowing over the diode in reverse bias), which is an important parameter for compevicg d
recombination levels (more recombination means higher leakage cdffelff->° The Shockley

diode equation for the PV device without illuminatiort’is 132
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b 0 A@B— p (2.39

where J is the dark saturation curredénsity, e is charge of an electron, and n is the ideality
factor. Together, kT/e is the thermal voltage)\and at 2%C,Vra 0. 0259 V. The i de

represents of the degree of similarity to an ideal diode (n = 1).

a) tJ

Figure 2.25 Currentdensity to voltage (¥) curves for &) both dark and light curremtensity.
(b) Fourthrquadrant represgation of the light v curve.Jscis shortcircuit current density, ¥ is

opencircuit voltage, and fxis the maximum product of current and voltage.

As discussed in the previous sections, illumination of the device causes a photogeneration of
charge <carriers. Generated charge enaiffhei er s (
photocurrent shifts thé-V curve below the saxis (voltage axis)Rigure 2.25, and the light

currentdensity (J) represented by the Shockley equation (without parasitic resistant€s)s,

b 0 0O 0 A@GB— p O (2.36
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For standard comparison tife PV devices, Jis measured for devices under AM1.5G (100
mWicnd) il Il umination. The flow of generated cur
forward-bias places the generated power from the PV device in the{quatirant Figure 2.25.

Here, he currentdensity at zero voltage is known as #mertcircuit currentdensity(Jv=o = k).

For negligible parasitic resistances or leakage currgng dpproximately equal to photocurrent

(Jsc& pnl as thedis roughly zero for zero voltagé’Jcs c al es wi th the devicebd
and charge carrier mobilities, and is degraded with an increase in series restétatte.

The voltage at J = 0 is referred to asdpencircuit voltage(V =0 = Voc). At Vo, the gnhequals

the &. The theoretical maximum §¢/is correlated to thefof a D/A BHJ OPV device by,
W — (2.37

where (= IP(D) 1 EA(A)) and Moss is voltage losses and is primarily associated with band
bending at the electrode ohmic contacts, which can vary in the vicinity of 0.4 V (~0.2 V per
contact) due to thermal fluctuations or illumination power densities. The voltage losses ia the V
are abo related to device recombination levels, as discussed¥ater.

The maximum power produced from the PV device is equal to the maximum product of voltage

and currentdensity in the fourtlquadrant as,

~

0 W L (2.39
and the produmf the Fhaxis represented by the shaded squafégare 2.25. The fill factor (FF)

quanti fies t he -Vicsnganathequaity of the deviceddfFe J

00 (2.39
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The FF is graphically shown in the ratio of the shaded square to the dotted sdtiguedr2.25.
The power conversion efficiency (PCE) or ef f

comparison of PV devices represented as,

~

LOO (2.40

where R is the incident power density from the illumination source onto the PV device.
2.3.3.2Equivalent Circuit and Parasitic Resistanc&he photodiode design of the PV device
can be characterized by an equivalent cirauih previously discussed parameters including a
photocurrent sourcedy) and a diode with a dark curresiénsity Figure 2.26). The two parasitic
resistances, shunt {ig and series (8§ are also added to the equivalent circuit. These parasitic
resistances directly influence the FF, sg &1d R should be as high and low as possible,

respectively.

JDl
‘Jph ! Ren

m('_
<
C_l
O— < —»0O

Figure 2.26 Equivalent circuit for the OPV device with parasitic resistances.

Ideally, the Rnshould be as high as possible, which correlates to limited linear ohmic shunts
(short circuits) and nonlinear local shunts (caused by localized recombination centers; i.e.

interfacial/crystal defects, impurities and nanoparticle aggregafiths)®'*° In the equivalent
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circuit, the shunt currerdensity () flows over the B, which associates with current lost to

shuntst*® The Rn can be determined by the reciproc 3lope at zero voltage B§°

Y — (2.41)

Rshdegradations cause th&/Xurve to lose its diode characteristics and become more ohmic with
a drop in the FF. Decreases in thgde associated with deteriorations of the (Figure 2.27a),

since both are related to charge recombination, which besanore significant at low light
intensitiest!® 1>° A reduction of the R to very low levels causes the,Mo approach 0 22

Generally, the Ris not influential on thesd

>V
a) b)

Decreasing R,

Increasing R,

A 4 v

J J

Figure 2.27. Effect of parasitic resistances on-& &urve, such asaj decreasing R for Rs = 0,
and p) increasingRforRshd B. Thi s f i g u kugquevAaldegeaus,sSpHaredidookf r o m

of Photovoltaic Science and Engineeridghn Wiley & Son011*° Copyright2011.

The R is associated with the resistance of ik heterojunction, electrodes, and interfacial
contactst>* Ideally, the R should be as low as possible. Increasete®ls to a reduction in the

Jsc, and very high Rcauses thesdto approach zerd={gure 2.27b). Typically, the R does not
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affect theVc levels. The Rcan be calculated from the reciprocal slope at voltages much larger

than Vhc asi*®

Y — (2.42
Translating the equivalent circuit with parasitic resistances into the Shockley diode equation is
shown in132, 149, 154

L 0 0 O (2.43
6 0 AGB— p — 0 (2.49

and the \bc by Renis represented b2 132
w &—agp —p —— E—GEp — (2.49

Equation2.45represents thabds inversely proportional to §, meaning that a decrease is)
critical maximize \4 levels.

2.3.3.3External Quantum Efficiency Measurement of the generated current per wavelength of
light provides a more complete derstanding of the electrical characteristics in a PV device. The
current to wavelength spectrum is established in phetoresponsivityPR; or the spectral

response) spectrum by,

~

0 Y_ S (2.46
where Rourcd ) illuminatidn @ower from light source per wavelengthagfd b-) i s- t he s/|
circuit current at each wavelength. Typically, theu{ &) i s cal cul ats€ &) by m
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from a calibrated photodiode with an issued PR spectrum from its manufactusecaf then be
used to calculate the PR spectrum for a PV device. Therefore, PR is an essential property to
photodiodes or PV devices. Units for PR are amps per watt (A/W). Similar to the PR is the external

qguantum edodéqoaltency ( d

- _ —wpTnmh (2.47

where N is the number of electrons angnNs the number of photons, specific to a distinctive

wavel en g k&dis alculat€chdeectly from the PR by,

S O wp LT b (2.48

The EQE takes account for all of the photons incident on a deviceletaean also be represented

aS,121’ 128

S _ - _- _- _- _ (2.49

Essentially, the quantum efficiency corresponds to the efficiency for the entire dzaurige
photogeneration process per wayV edgdsnatpaoften The

reported since it isolatesly the photonsbsorbedoy the devicd??: 128

S _ e (2.50

2.34 OPV DeviceDegradation Pathwaysand Stability.

The introduction of new, higherformance conjugated polymers has allowed OPVs to reach
PCEGs above 10 %, making them increasingly
However, since the advent OPVs, degradation and limited lifetin@s remained a principal

barrier to their commercializatioviability. While inorganic PVs can last upwards of 25 years,
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OPVs are limited to 7 10 years-®° The three primary degradation pathways are pbatdation,
temperature, and pheton duce-d nd bur n

Photooxidation is the result of oxygen or water diffusion into the device, coupled with
illumination 16%161 yv-irradiation on the conjugated polymedsves an oxidative free radical
reaction on the alkyl side chains and the polymer backbone. This reaction leads to a disruption of
the chain conjugation, by either a scission of the chain or the growth of carbonyl, ester, alkoxy, or
sulfoxide bonds. Theeed r esult i s a | oss in absorption, c:
operational active area by propagation of fdfde
stated to slow photoxidation as electron transfer directly competes with oxygeiicals!®°
Additionally, low work function metallic electrodes are known to oxidize leading to performance
degradations. Although phetixidation can cause rapid device failure within seconds to hours, it
can be prevented by encapsulation, such as-glagtass (preferable) or flexible plastic.

Thermal degradation is a large area of concern for OPVs, due to the substantiallyg@wer T n
polymers compared to inorganit.PV operating temperatures range from room temperature to
60 °C (140°F), which isespecially problematic for traditional conjugated polynidends such
as P3HTPCBM with Tg &  8C6 Heating the device above the materiaje3sentially causes
unintentional annealing, leading to large scale phase separation between the D/A comgurmhents,
reductionin the exciton dissociation or charge extraction efficiencies. For traditional polymers,
crosslinking between components can promote thermal stability, but at the cost of performance.
Fortunately, the higiperformance conjugated polymer bdsnPCDTBT:P@BM and PBT?
Th:PG1BM have significantly greatergd s r a n g i ACgo 160PCo and thug show superior

thermal stability to traditional polymet§?: 162163
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Photeinduced burAn has recently been identified as the leading cause uceeddevice
performance over photoxidation and temperature, although a full understanding of this
degradation pathway is still incomplefé&. 14165 |n the first hundred to thousand hours, birn
causes a 10 50% performance decrease, then transstitm either a ceased or very gradual
degradation for the remaining lifetime of the device. Bartas been found to cause photo
dimerization in fullerenes, specificallys€(or PCBM), leading to significantsgdlosses®? 164
Fullerene photalimerizationis not currently understood, but it can be prevented by either using
PC1BM or a nonfullerene acceptor. Busim also causes ¢ deteriorations, attributed to
heightened disorder levels, density of states broadening, and recombination losses. Recently, burn
in in PTB7ZTh:PG1BM devices has been correlated to the absorption of high energy UV photons,
which cause a spiflip at the DA interface and the formation of lodiyed triplet anions (in the
CT state of PGBM).1%* However, without the additivd,,8 diiodooctan€DIO), and with the the
utilization of UV filters, these devices exhibited an initial 8.87% PCE and a projegtbid{ime
(lifetime for the devicéo maintain 80% PCE) for 7 years.

2.35 Plasmonics Nanoparticles irDPV Devices.

Even with the possibility of future stability enhancements and the advancement of high
performance conjugat ed s,pow tislestecrcastants are sellanberenth i g h ¢
to organic semiconductors. Compared to inorganics, these low dielectric constants create large
exciton binding energies, short exciton diffusion lengths, limited charge mobility, and hence
significant chargeacombination. These properties conspire together in limiting the optimal active
layer thickness and the overall absorption efficiency.

2.3.51 Localized Surface Plasmon Resonanc®lasmonic metallic nanoparticles can

effectively address the issues of OPVs by inducing substantial absorption efficiency increases
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without modification of the active layer thickness. As incident light is irradiated onto the
nanoparticles, a resultant @bnt oscillation of the conduction electrons occurs within the
metallic core(Figure 2.29.1%¢2The | i ght 6s electric field exer
creates an electron displacement and dipole within the nanoparticle. The greater thendesglac

the greater the subsequent restoring force. Similar to a damped linear oscillator, the largest

di splacement amplitude occurs at the nanopart

| - (2.5

where n is the conduction electrdensity and m* is the optical mass of the conduction electrons.
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Figure 2.28 Coherent oscillation of conduction electrons within the metallic core of a nanopatrticle
and the electric field enhancements around two different sized nanoparticles. Reproduced with
permission frontGarcia, M. A. Surface Plasmons in Metallic Nanopartidesidamentals and

Applications.Journal of Physics D: Applied Physi2611, 44 (28), 28300158

The electron oscillations develop large electric field enhancements at the nanoparticle surface
by a mode of extinction called localized surface plasmon reser@a SPR)}%¢1> The peak LSPR
wa v el ewpg ts depdnaent on the nanoparticle shape, size, aspect ratio (ratio of the lateral

dimension to thickness), and the dielectric constant of the surrounding medium. Essentially, the
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nanoparticle LSPR is effége at concentrating the incident light and increasing the overall
absorption of the organic semiconducting layer. Surface plasmons (SPs) also exist at the interface
between bulk metals with a negative permittivity and a dielectric medium with a positive
permittivity, creating an electronic oscillatié#: 1’*However, LSPR is unique to nanoparticles
where electrons are thrg@gmensionally confined and have a less than <200 nm diameter, which

is below the wavelength of light. LSPR can increase the electric field near the nanoparticle surface
up by ~50 to 10,008mes that of the incident light, with a spatial range of 10 to 50 nm, depending

on the nanoparticle properti€s.The spatial range is provided by the LSPR extinction eross
section, which consists of a noadiative absorption and a radiative scatte(tr@nsformation of
plasmons into photons) componét®’® 12The absorption component is more substantial in
small er nanoparticles (5 to 20 nm in diameter
to LSPRinduced local field enhancemeriEgure 2.299.1%61%7 Differently, larger nanoparticles

(>50 nm diameter) have a more dominant scattering component, and therefore act as
subwavel engt h | i g (Fgurdi2s28balh thiesensa) sgatterihgelereents cause

Al i ght tr alight scattgréd, beyont the ceitical angle for reflection will be contained
within a semiconducting layer given the presence of a reflective metallic electrode. The scattering
mechanism allows for an increase in the optical path length. Light trappirajscabe achieved

by surface plasmon polaritons (SPPs), created by metal corrugation or nanostructures, in which

light is guided laterallyFigure 2.299.16% 173
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Figure 2.29 Plasmonic nanoparticles in PVs enhancement mechanigjnkight trapping by

scattering elementspj electricfield enhancements by LSPR, arg) lateral light guiding by
SPPsReprinted by permission from Springer Natukewvater, H. A.; Polman, A. Plasmonics for

Improved Photovoltaic Deviceblature Materials201Q 9 (3), 205%° Copyright 2010.

The absad paindns GHctosssectionag giver by

y Q0600 —— (2.52
0 o6y —— (253
where k is thieswahendimbeecttdic constisthe of t

dielectric constant of the surrounding medium, and V is the nanoparticle volume. The absorption
and scattering crossection can also be interpreted as an efficiency, i.e. the ratio ababsor
scattered photons on actual particle to the number of absorbed or scattered photons on an opaque
particle (that fully absorbs or scatters all photdfs)®® The LSPR extinction crossection is sum
of the two componentsié:= and+ sl Neart h epr &ie extinction crossection can be greater
than 10 times the geometrical crasstion of the nanoparticle.

2.3.52 PlasmonicsMetals. Plasmonic materials are often composed of noble metals (such as
Ag, Au, Cu, Pt) since they have large absorption in the visible wavelengths, higher conductivity,
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largerplasma frequencies, and lower loss compared to conventional Météfs !’ ossesccur

from electrorelectron or electrophonon interactions, scattering within lattice defects, or
interband electronic transition losses. Interband losses are attributed to a broad density of states
between the valence and conduction band, leadingetdreh trasitions and an onset frequency.

Losses can be described by the Drude theory related to the permittivity of a m&dfas,

- - 01 - _— (2.59

where U(¥)E is the r egtenghafrdti eolfd trhael ariied atcitarn)
i maginary portion related to the | os@sés i n t
permittivity portion related to interband trz:

damping of the lasmons (analogous to a linear oscillator) and is definétf ;172

i

3 3 — - — (2.55

whemesilithe relaxation constant for risthedernbul k,
vel ocity, R is the particle radius, U is the
Pl anckds cDnssthheadaphasing aimed Since tffe is proportional to the field
enhancement factor'y ® s and inverselypr opor ti onal to @O, a small
greater field enhancemett The damping constant combines both radiative (scattering) and non
radiative (absorption) paoat+ttddadns ©fi $ hal $ SPRo e
homogeneus line width or the fullvidth half maximum (FWHM) for a monodisperse
nanopart i cshr@hesefore, anairowver line-width in an extinction spectrum corresponds

to a greater field enhancement. However, since other solution factors can atdn eesincreased

FWHM, such as a broad nanoparticle size distribution (polydispersity), extensive analysis is

required in examination of these properti€s.
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Among noble metals, Ag and Au are most common for plasmonic applications due to their lower
losses in the optical wavelengths, however, Ag is optically superior for plasmtfi¢4: For
instance, the O of Ag is 0.02 é'Vrurthermobestheant i al
i nter band o0 nig & Agisflocated ausideofyisilfleavelength range at 3.9 eV (318
nm), whereas it is within the visible range for Au at 2.3 eV (539 nm), making Au unfavorable for
various functions. Ag also has higher conductivity at 6.2181 compared to Au at 4.55 x"10
S/m11Besides the optical and electrical intrinsic properties, the price difference between the two
metals is tremendously significant with Ag at $964/kg and Au at $52,019/kg. Despite all of the
advantages in using Ag, it lacks the higid chemical stabilityound in Aut®® 11 This makes
either metal attractive, depending on the application requirements.

2.35.3 Anisotropic Silver NanoprismsTraditionally, nanoparticles are spherical or isotropic in
nature. More recently, anistropic particles, including péates, nanoprisms, nanorods, and many
other shapes have received considerable recent attention, especially for plasfitiRi¢&!"

Ani sotropic particl es @rkdcrosathd visible wagelergths irttouhe a b i |
NIRrange,du¢ o t he facile control over theasr@anpect r
be dramatically different for nanoparticles with identical volume, but different anisotropy and
shape FFigure 2.29. Since isotropic nanoparticles have a fixed aspectoat a t (skrrandeei r o
is limited, whereas the aspect ratio in anistropic particles can range from ~1 to oV&Y 4.

the synthesis of anistropic nanopatrticles, the adjustment of the lateral dimension is typically more
common in comparison to thiénickness, which stays relatively constant for each type of
particlel’ 175 177Along with tunability, anisotropic nanoparticles possess substantially higher
LSPR extinction efficiencies and local electfield enhancements over isotropic nanoparticles.

Although these properties are not easily measured, they can be readily presimmgesimulation

106



models including discrete dipole approximation (DDA), in which a modeled particle is partitioned
into polarizable fragments. The model produces an eldettcc contour for a specific geometry
(Figure 2.30. For a sphere, cube, and pyidnDDA predicts peak electric field contouER)

values of 54, 745, and 9770, respectively, which shows the apparent differences in enhancements.

[a]

12 Ll ] L) l L) ] L)

Pyramid

—
o

@

Extinction Efficiency

300 400 500 600 700
Wavelength (nm)

l200.'200. 200
' 0.0 I 0.0 I 0.0

Figure 2.30. (a) Extinctionefficiencies for different particle geometries all identical volume to a

sprere with a 50 nm radius. Electric field contouEg?j|of a () sphere(c) cube and ¢) pyramid

Reproduced with permission froriaes, A. J.; Haynes, C. L.; McFarland, A. D.; Schatz, G. C,;
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Van Duyne, R. P.; Zou, S. Plasmonic Materials for Surtageanced Sensing and Spectroscopy.

MRS bulletir2005 30 (5), 36837517

Silver nanoprisms or nanoplates (AgNPs) are attractive since they often contain sharp tips,
which contribute to significanbptical propertied’? 17 AgNPs can be synthesized through
photochemical or thermal means. Photochemical synthesis requires excitation illumination beams,
which can produce high quality, monodisperse solutions, but require days to complete. In thermal
synthesis, AgQNPs grow at specific temperature (often room temperature) and pH, which develops
nanoparticle solutions in hours, but often with increased polydispersity. However, recent thermal
methods show largely monodisperse, higlality solutions (>95%igld) solutions using stability
and capping agents, such as PSSS and sodium ¢éir&erthermore, these methods produce
AgNPs at room temperature, using a seetliated method, and anisotropic growth is driven by
defects in the seeds. Growth onto thedsedevelops a hexagonal FCC crystal with a large flat
{111} face (with lattice constant of 2.50 A), edges composed of combinations of {111} and {100}

FCC faces, and a 1.5 nm thick defdch HCP layer sandwiched between the two faEegufe

2.3]). Everyother edge has alternating larger {100} or {111} FCC faces. Due to the instability of

the HCP layer (unnatural crystal for Ag) and relatively lower stability in the {100} face compared

to the {111} face, AgNP growth is purely driven at the edges withelaff00} faces. That way,

AgNPs begin as hexagonal nanoplates, and then develop inteataadriangular nanoprisms.

Since the amount of added silver nitrate (AgIN@ kept constant, the size of the prisms is
inversely proportional to the concentrationf Ag seeds. Lassrg&r atAgNBage
wavelengths. I n this metshr®@sl, s Pp@gmNPisngarieheeert o
with lateral dimensions ranging from ~20 to 70 nm, and thicknesses in the range of 5 to 6 nm

(Figure 2.31). This method was utilized in this dissertation with slight modifications.
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Figure 2.31. Room temperature seadediated growth of AgNPsa) LSPR extinction spectra and

(b) solutions for a range of AgNP sizes (1 being the smallest, 10 being the largest) with seed
concentrations of) 650¢L, 2) 500¢L, 3) 400¢L, 4) 260¢L, 5) 200¢L, 6) 120¢L, 7) 90¢L, 8)

60¢L, 9) 40¢L, and10) 20¢L. (c) FCC crystal and growth mecham for AgNPs. Reproduced

with permission fromAherne, D.; Ledwith, D. M.; Gara, M.; Kelly, J. M. Optical Properties and
Growth Aspects of Silver Nanoprisms Produced by a Highly Reproducible and Rapid Synthesis at

Room Temperaturéddvanced Functional Matels 2008 18 (14), 20052016172

The use of NPs in OPV devices is outlined thoroughly in the introductiddisagdters 6and?.
Please refer there for more information.
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Chapter 3

Experimental Methods and Materials

3.1 ANTI -REFLECTION COATINGS

3.1.1Materials.Fi sher brandE Premium Plain Glass Micro
purchased from Fisher Scientific. Hydrochloric acid (HCI; ACS Reagent;M2.%ulfuric acid
(H2SOy; ACS Reagent), acetic aci@ld:COOH Certified ACS), ammonium hydroxide (NGH;
Certified ACS Plusmethanol (MeOH; Certified ACSIN,N-dimethylformamide (DMFCertified
ACS), sodium hydroxide (NaOH; Pellets/Certified AC@nd hkboratory cleaning tissues
(Kimwipes Delicate Task WipersKimberly-Clark Professionaki mt e c h S-®ly)evere e E ; 1
purchased from Fisher Scientific. yd#togen peroxide (tD2; 30 wt%), 95% (3
mercaptopropyl)trimethoxysilane (MB) solution, and zinc chlate (ZnCl; powder; Purity >=
98%) werepurchased from Sigmaldrich.

Colloidal SiO; nanopatrticles were used as the primary building block for all ioniaseémbled
multilayer (ISAM) ARCs in this dissertation. The Si8P solution was purchased from Nissa
Chemical (SNOWTEX ST20L). The SiQ NPs are amorphous nanospheres with an average
diameter o5 nm?! The SiQ NP solution has a 20 wt% (3.76 M) concentration in solution with a
opalescentmilky color. The hydroxyl functional groups@H) on the SiQ@ NPs contributes a
negative surface charge and facilitates their dispersion in aqueous medium. TINPSIgH is
important for aggregation resistance, and the stable pH range is 9.5 to 11.0 (as stated by the
manufacturer), however, we found the optimumfpthigh-quality ISAM ARC fabrication to be
9.012 The glass transition temperaturg,(&nd melting temperature J of the SiQ NPs are

approximately 800C and 1700C, respectively.
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The following two polyelectrolytes were used together for the wdwke in Chapter 4.
Poly(sodiump-styrenesulfonate]PSS) powdemwas puchased from Fisher Scientifidi(y &
70,000ACROS Or gStatk #AG2£227100 The sulfonic acid functional groups on the
PSS polymer chains provide a negative charge surfagearé 3.1). The PSS solution pH was
always maintained at 7.01-Diazodiphenylamine/formaldehyde amnsate hydrogen sulfate
(diazoresin; DAR; My = 2,800)powderwas graciously donated by Secant Chemi¢aigure
3.1). The diazonium groups (R>") on DAR provide a positive surface charge, but are also very
|l ight sensitive and decompose with UV exposur
the material was always done in the dark, until it was fully incorporated into ISAM films. For the
work outined in this dissertation, DAR was never made into an individual solution and was only

used for the seldssembled encapsulation of $iPs in solution.

PSS

DAR

NP HS0 O

| zncy,

NH

= — CH,——

[ —n B ™
Figure 3.1.Chemical structure of PSS and DAReprinted fromPolysciences Inc. and Secant

Chemicas.

The following two polyelectrolytes were used for work doneéChmpter 5. Poly(allylamine
hydrochloridePAH) powder was purchased from Siglarich (Mw a 17,50Q Stock #283215
2 009), TheDamineSunctionkl gréup4R3:0 9 2

and AlfaAesarglwa 120, 000 t o
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contributes the positive charge to the PAH polymer chains and is responsible for the repulsion of
individual chains in the aqueous solutiéimgure 3.2). The pH of the PAH solutiowas typically
adjusted to 7.0, unless otherwise noted. The@KPAH is reported to be between 8.0 to 9.0 in
solution, without the addition of s&ltPoly(acrylic acid) (PAA) powder was purchased from
SigmaAldrich (My ~450,000 St oc k # 1 8dghte8chgrge is Buk fodhe carbexylic

acid group (RCOOH) Figure 3.2). The PAA pkiis repated to be located in range o4 6.5

while in solution and without the addition of siftThe PAA solution pH was the primary variable

for the methods i€hapter 5. For PAH and PAA, &acuum filtration assembly with 3.0 um filter

was used to remove large aggregates from the solution. This filtration method vastly improved
film homogeneity and clarityThe glass transition temperatureg)(for pure PAH andPAA are

reported to be 22%C and 128C, respectively.

PAH PAA
P — | 0 _OH
+ HCI
NH,

N = N
Figure 3.2.Chemical structure of PAH and PAReprinted fronSigmaAldrich.

The polyelectrolyte powders were added at a 10 mM concentratidtnapure ddonized water
18Mg c¢cm resistivity) (DI water) and stirred o\

adjusted with 1.0 M HCI and 1.0 M NaOH solutions.
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3.1.2 Substrate PreparationFor the work done irfChapter 4, silanes were grafted to glass
substrates, and théanctionalized with sulfonate groups (more details in the chapter). The silane

grafting method was similar to previous procedures with slight modifications

The experimental methods @hapter 5 followed a standar®RCA cleaning methddwith
various modifcations. First, glass microscope slide substrates were vigorously cleaned with
acetone and laboratory cleaning tissuben thoroughly dried withN> gas.The substrates were
placed in a glass staining jar, immersed in a RCA base solutie®/HbD2/NH4OH,
72%/14%/14%, viviv; i.e. 100 mLAD/20 mL HO/20 mL NHOH), and heated to 785 °C for
30 min. The substrates were then copiously rinsed with DI water while remaining in the glass
staining jar. Afterwards, the substrates were immersed in a RCA aatibao|HO/H>O-/HClI,

75% /12.5% /12.5%, viviv; i.e. 120 mLB/20 mL HO2/20 mL HCI) for 30 min. The substrates
were again thoroughly rinsed with DI water and placed into a vacuum oven iC-i@0-26 h.
The RCA cleaned substrates were mostly freerghmic contaminants, haah abundancef
negative hydroxyl groups@H) on their surface, and were therefore suitablel$#&M film

growth.

3.1.3I1SAM Film Growth. ISAM films were fabricated by the operation of a programmable
automated immersion machineafStrata Inc.). The immersion machine features a pneumatic
platform that has the capacity for eight different solutidghgure 3.3). The immersion machine
is programmed using softwaf8tratoSmart), which includes control over the number of bilayers,
dipping times, solution refill step (for rinsing DI water solutions), spinning of substrates, drying,
and more. The machineds substrate hoylwhehr can

is useful for the processing of films with identical conditions and for maintaining uniform solution
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current flow. The substrate holder can be programmed to spin for a range of speéd3,0800

rpm) while immersed in a solution.

Runtime Windows
Number of fayers [1 |
Delayedstat [0~/ min Plotform | PEMGRRDS
Motor Motor Off
Drier Drnier Off
Pump Empty |11 Off
Waer Pump Fill Pump Off

Qo Osec

Figure 3.3.(a) Immersionmachine setuphp) pneumatic solution platformg)and the StratoSmart

program.

ISAM film growth procedures either involved a standard bilayer design (two repeating
individual layers) or a quadlayer design (four repeating layers). For thgebitlesign, the
substrates were first immersed into the polycation solution. Following the polycation solution, the
substrates were immersed and spun in three aqueous rinsing solutions for 45 seconds each, which
were refilled with fresh DI water after dabilayer. Next, the substrates were immersed into the
polyanion solution, and then rinsed again by three rinsing solutions. The polycation and polyanion
immersion times could vary from three minutes to five hours based on the solution, although five
minute immersion times were used for typical polyelectrolyte solutions. For the quadlayer design,
the procedure consisted dft) polycation solution X2) 135 second rinse (spirf3) polyanion
solution 1(4) 135 second rinse (spif®) polycation solution Z6) 135 second rinse (spifY)
polyanion solution 48) 135 second rinse (spin). Following ISAM film growth, the films were
dried with a stream of air, and stored in a microscope slide holder. Specific immersion schedules
are included irChapters 41 7.
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3.14 Covalent Crosslinking of ISAM FilmsThe crosslinking of ISAM films was accomplished
through UMirradiation Chapter 4) and thermally Chapter 5). For crosslinking by UV
irradiation, films were placed inta Kinsten KVB30 exposure unit, which Hasix 20 W UV
fluorescent bul bs wiit480 nmePaidk to W\rnadkatioa orapslinkinggr & 35
photosensitive films were kept in the dark. A Uvadiation time of 15 min was effective for
crosslinking of films with DAR. A Thermo Scientific Lindae Bl ue ME Vacuum Oven
for the thermal crosslinking of ISAM films. The films were first placed into a glass staining jar
and then into the oven chamber. The oven chamber was pumped down to ~20 in. Hg vacuum using
the laboratory house vacuum, an@rhheated to a desired temperature. Once the films were
thermally crosslinked for a desired amount of time, the oven was cooled, and then vented using N
gas.

3.1.5Characterization InstrumentationA Zetasizer nanoZS (Malvern Instruments) operating
at afixed angle of 173° and 633 nm wavelength was utilized for dynamicdgtitering (DLS)
measurements and-potential For all e-potential and DLS measurements, at least three
measurements were recorded per sample.

Optical spectroscopy was performed gsidV-vis-IR and FTIR spectrometer$he ogical
transmission (T) and reflection (Rpectra were recorddxy Perkin Elmer Lambda 950 UV/VIS
and Filmetrics F14/C-EXR spectrometerwith wavelengthrangesa@éd 300 t o 100 nn
a 3n&@ 1700 nnrespectivelyFourier transform infrare(FTIR) spectroscopy measurements
were acquired using a Bruker IFS 66V/S, type 118174. The unit collected spectra in reflectance
mode using OPUS for 100 scans per spectrum at a scan speed of 20 kHz wittSauvtieand

a KBr beam splittefThe FTIR amples were pressurized at ~24 mbar.
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A J.A. Woollam VB400 ellipsometer with a H$90 monochromatic system was used to
measure thickness values, esjally those less than 20 nm. Alliepsometry measurements were
recorced from ISAM films deposited onto siliconlsstrates to increase the sigt@inoiseratio.

The ellipsometry measurements were recorded in a range of0 to 1000 nm (with 5 nm
increments), angles 55 to 75 degrees (by 10 degree increments), with H@ioesoper
measirement, and dynamic averagimgjtially, a bare silicon substrate was modeled and found to
have anative oxide layer of 1.81 nmA model was then built which involved three sections, a
Cauchy layer, the silicon oxide layer, and the silisabstrateSince theCauchy layers assumed
as a transparent materiagero extinction coefficienwas usedor the entire measured wavelength
spectrumThe Cauchy layer dispersion modiet the film was represented IBguation 3.1

3 0o — — (3.1
where A, B, and C are fit parametedetermined by the softwareor work done irChapter 5,
several relatively thick films of ten to twenty PAH/PAA bilayers in the pH range-efwere
measured and anaba by the modeling softwar€hicker films were used to improve the accuracy
of the model, due to the higher sigit@noise ratio, when compared to thinner filiike model
determined optical constants of A = 1.53#8IB = 0.005327while C = Owas keptconstant.
These optical constants were applied to the experimental polarization data for the restrasthe fil
to determine the thickneslean squared error (MSE) values were consistently below 5, which
signified that he data fit well to the modelll of the reportedquantitative values involved
averaging three to five measurements per sample.

The thicknesand RMS roughnessmieasurementaere recordedusinga Veeco DekTak 150
Stylus Profilometer with a 2.5 um tip radius stylAsleast four measurememivere averaged for

each sampld-or step thickness measuremetiis,samples were first scored down to the substrate
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using plastic tweezers, and the thickness was recorded as the height difference from the sample to
the substrate.

A field-emission saaning electron microscope (SEMEO (Zeiss)1550) with an accelerating
voltage of 5KV was used to image the film surfaces. Samples were cut into small squares (~1x 1
cm) and attached to a SEM sample stub using carbon tape. The samples werecqiati€reica
EM ACEG60Q with ~2.5 nm of high resolution iridium before use. Atomic force microscopy (AFM;
Dimension Icon) was also used to image the surface of the films at scan rate of 1 Hz.

The micrescale scratch test results were obtdingth a Hysitron TrileIndenterusing a 1 pm
radius coni cal di amond tip. The instrumentds
scratched sectiom-situ, directly after scratchinglhe scratch test procedure involvadinear
rampof thenormal force from neazeroforce to a specified peak force, ovgelateral distance of
10 to 20 um. Bsed on the nature efch specific film sethe peak force was varied from 50 to
300N to maximze the resolution of the scratch. SPM was then used to image the stisitah
centeed on the 10 t&0 um? scratched area of the filmh&initiation of the scratch was identified
as by a continuous decrease in the Stelght profileover the scratchn relation the overall film
roughness. Qualitative analysis of the SPM ir
location The normal forceapplied at e initiation location of the scratch was desigrthses the
critical load value (k1). TheLc1 was specificto the Tribolndenter setup parameters (tip geoynetr
tip size, calibration, etc.).

The macrescale scratch test was performed by sliding the end of a stainless steel rod over the
samplegFigure 3.4). The rod had a circular profile of 1.29 tanda total masof 451 grams.

The rod was fixed in the-x plane and was free to move in thelirction, by an open clamp

attached to a shelf above. The end of the rod was wrapped tightly with three laboratory cleaning
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tissuesand attached with tapéNew cleaning tissues were installed eafteach sample for
consistencyThe samples were secured to a matxi translational stage (MLS203; Thorlabs).
Three single passes at approximately 0.4 cm/s were made down the length of the sampte to cov
the entire aga of the filmFour samples were abraded from each sample set, corresponding to the
PAA pH and whether the films weogosslinked or uncrosslinkeA. haze meter (BYK Gardner)

was used to measure the haze of each sample before and after the scragshddtarent spots

per sample. The results wexreeraged for each sample Sdte percent difference for each sample

set was calculated by dividing the difference of the haze before and after the scratch by the haze

before the scratch.

Figure 3.4.Motorized abrasive rod setup for ane-scale scratch testing of films.
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3.2 ORGANIC PHOTOVOL TAICS

3.2.1 Materials. Sodium citrate tribasic dihydrate (ACS ReageRurity O9 9 ; 8té6k #
S4641, sodium borohydrideNaBHs; granul ar ; P u r 4808§6), §I9eP nitrat® %; St
(AgNOs; Purity® 9 9 . 9 $tBc& #804390), poly(sodium-4tyrenesulfonatPSS; powder; M
D1,000,000; Stock#434574) ascorbic acid (crystallin®urityO 9 9 . Siditk #A5960), gold(l1l)
chloridetrihydrate(Purity O 9 9 . Siditk #520918) styrene ReagentPlus@Purity 099%; Stock
# S4972)2-Phenyt2-propyl benzodithioaté€CDB; Purity(9%; Stock # 731269)htorobenzene
(CB; anhydrous; Purit¢09.8% Stock # 284513hydrogen peroxide (¥D2; 30 wt%),andPAH
(Mw & 17,500 Stock #283215 were all purchased from Sigadal dr i ch. Fi sher br anc
Plain Glass Microscope Slides (75 mm x 25 mm), hydrochloric acid (E€&Lfied ACS Plus
36.5 to 38.0wt%), sulfuric acid (HSQu; Technical Grade; Purity = 93 to 98%\,N-
dimethylformamide (DMF; Spectranalyzed Purity (99.8%), sodium hydroxide (NaOH;
Pellets/Certified ACS), isopropyl alcohol (IPA; HPLC Grade; PutB®.5%), toluene (Certified
ACS; Purity(9.5%), and pyridineGertified ACS Purity 399%) were purchased from $her
Scientific. Ammonium hydroxide (NEOH; ACS Reagent) and methanol (MeOH; HPLC Grade)
were purchased from Spectrum Chemi&ghanol (EtOH; ACS reagengbsolute 200 proof;
Purity & 1 @) was purchased from Decon Laboratorieghloromethane (ACSStabilized;
Purity $99.5%;)was purchased from VWR.

Float glas slidespassivatedwvith indium tin oxide (ITO) on one side arah antireflection
coating (ARC) on the other side were purchased from Delta Technologies Limited (25 x 75 x 0.9
mm; CH-50IN-S109).The | TO6s thickness is reported to be
of 8 to 15 ohms per square. ITO is a transpamariductivecoating with a work function of

approximately4.7e§The substrateds ARC h@B8. a%ref | waveahe
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> a 500 to 550 nm. For @Haptersf6and7, IDPWAS wbedas thiee pr o
anode and the base layer.

Aluminum (Al) pellets were purchased from Kurt J. Lesker (1/8" Dia. x 1/8" Length; Purity =
99.999% Stock #EVMAL 50EXEA). Tungsten wire baskets were purchased from RD Mathis
Company (10 .ix#%in.; % in inner diamete4,57 Volts 40 Amps 183 Watts1 8 0 0 C Temp
Stock #ME17-3X.025W). Al was evaporated onto devices as the cathode for all OPV work done
in Chapters 6 and7. The work function of Al in OPV devices is reported to be 4.3 eV, which is
consistent with the work function of FCC (111) Al at 4.26%V.

Poly(3,4ethylenedioxythiopheng)dy(styrenesulfonate) (PEDOT:PSS) was purchased from
HeraeufC L E V| O SE Al R083 with a PEDOT to PSS ratio of 1:6, mean particle size of 75
nm,a r esi st i-em, tanda wdrk fuh&i@n ofds.2 eV PEDOT:PSS was used as the
primary holetransport layer (HTL) for OPV devices @hapters 6and7. PEDOT:PSS is made
up d globular dispersion nanoparticles that are comprised of encapsulated PEDOT (hydrophobic)
by PSS (hydrophilic) in an aqueous liquid phddgyre 3.5.1713 The PEDOT:PSS nanoparticles
have a negative charge, since the negatigbbrged PSS lines theiutside. The PEDOT:PSS
dispersion is highly acidic, which is a necessary feature for their work functimoaddctivity!*
PEDOT:PSS was refrigerated in the dark to increase thelgaeihd filtered through a 0.45 pm

PVDF syringe filter before use.
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PEDOT:PSS
Sejejele Q

0; SOH SOH SOH SO, SOMH

Figure 3.5.PEDOT:PSS chemical structuRReprinted fromHeraeus.

For all OPV device work done in this thesis, the bulk heterojunction active layer was composed
of a blend of the electron donpoly(3-hexylthiophene2,5-diyl) (P3HT) and the electron acceptor
[6,6]-phenyl G1butyric acid methyl ester (PCBM

P3HT was purchased from Rieke Metal®({2E; My, ~50,000i 70,000;Regioregularity = 91
94%) and i s c¢ o mpoogugated lmatkbome amdtshoft flkyl ‘side chains (hexyls
(Figure 3.6), which allow for good solubility in organic solvertfsin relation to other ply(3-
alkylthiophenes) (P3ATs) P3HT6s shorter al kyl -stackileandc hai n:s
interchain coupling® P3HT films have been shown to be composed of ordered crystalline
lamellae!® "Low My P3HT conforms to highly crystalline nanorod structures, and higR3HT
creates isotropic, nodule structures with relatively lower crystallthitl. However, charg
mobility has been reported to increase drastically with P3KTrhging from a 1 x 10cn?/Vs
(very low My) to 1 x 10? cn?/Vs (high My).1” Additionally, higher regioregularity of P3HT and
annealing have also been reported to increase charge carrkdlityrté'® Using cyclic

voltammetry (CV), P3HT is reported to have HOMO and LUMO levels @0 eV and3.53 eV,
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respectively:® The HOMO level of P3HT have also been reporteeda@0 eV using ultraviolet
photoelectron spectroscopy (UPS), from which tHUMO levels were calculated a3.00 eV
using the optical absorption bandgag’?lE1° Therefore, P3HT bandgap determined by C){lE
is reported as ~1.67 eV and thg™His ~1.90 eV, although the discrepancy between the two values
has not yet beeresolved in the literatur. The peak absorption coefficierit)(for P3HT is
reported to be ~1.75 x 1@m? at 2.48 eV (500 nm'¥® The glass transition temperaturgy)(Tor
P3HT has been reported to be TP 3 HT6s mel t i nuis te@ored ® inardaser e
logarithmically with the molecular weight, ranging from 300 to 545 K (27 to°2§2%? At 420
°C, P3HT is shown to thermally degrade.

PCBM was purchased from Nar®©® (NanoC-PCBM-BF). PCBM is a Go fullerene derivative

with erhanced solubility, stability and homogeneity in organic solvefitgute 3.6).22 At high

film concentrations and annealing temperatures, PCBM forms large crystalline needle structures

with lengths of 10 to 30 um and heights of 20 to 180*ARCBM has a H®O level of-6.10 to
-5.90 eV (depending on the source) and LUMO leveBdf3 eV, and an §of 2.17 to 2.37 eV.
16 peak absorptivity of PCBM is reported to be 1.95 x%1€m! at 3.64 eV (340 nmY The T,
Tm, and thermal degradation temperatureH8HT are reported to be 118.3, 279.5, and €98

respectively’®
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P3HT PCBM

CH,

/

n S n

Figure 3.6.Chemical structure of P3HT and PCBReeprinted fronRieke Metals and NarG.

Detailed procedures on the synthesis of silver nanoplates (AgNPs) andethioiated
polystyrene(PS SH) powder Figure 3.7) are overviewed irChapters 6 and 7. Poly(ethylene
glycol) methyl ether thiol (PE&H) powder Figure 3.7) was purchased from Sigafddrich (Mn

a 6, 00 072915%andcfrkm Greative PEGWorks (i 1 0, 0 0 (PLS683. oc k #

PEG-SH PS-SH

n n

Figure 3.7.Chemical structure of PEGH and PSSH. Image courtesy of Sigr#sdrich.

3.2.2Solution Formation.For standard OPV devices, PEDOT:R&3 filteredthrough a 0.45

pm PVDF syringe filter and vorkemixed with IPA (PEDOT:PSS/IPA3/1,v/v). The addition of
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IPA to the solution increased the overall vapor pressure of the solvent, which dramatically
improved the uniformity on ITOSeparatedutions ofP3HT and PCBM were made with a final
concentration o8 wt.% (30 mg/mL) eachn CB and stirrel overnight at 70 °C. After cooling
down to room temperature, the two solutions were mixed at a volume ratio of P3HT:PCBM =1:0.8
and tten stirred at 70 °C in the dark. Before use of P3HT:PCBM, the solution was cooled down to
room temperature, while sting in the dark

The formation of ISAM solutions for OPV devices is detaile@hapter 6.

3.2.3Substrate PreparationTO/ARC glass slides were vigorously cleaned with acehmiere
use Two electrical tape strips (12.7 mm wide) were applied in the muofdhe glass slides along
the longitudinal direction to protect tleenter of thdTO on one sidendthe entireARC on the
otherfrom etching. The glass slides were then immersed in a mixturasefsolution (HCI/ED,
50%50%, v/ for 1 h to etch thexposed ITO and ARC. The slides were then copiously rinsed
with DI water, and the electrical tape was removed to uncover the ITO and ARCe(3.11,
blue stripe). The slides were further cleaned by sonicating in a mixtuteasg solution
(H202/NH4OH/H20, 9%/14%/77%, viviv; i.el1 mL of BO>, 18 mL of NHiOH, and 97 mL of
DI waten. The ITO slides were then cut into small substrates (25 x 25 mm), cleaned with acetone
andIPA, and then dried in a stream of nitrogen gas.

3.2.41SAM Film Growth. ISAM film processing on ITO/glass/ARC substrates involved using
the substrates after the etching and cleaning procedure above without further modifications. For
ISAM film growth with the ISAM immersion machine, the ARC side of the substrates was first
covered with Eectrical tape to avoid deposition on that side. The substrates then were attached to

microscope slides (ITO side facing out) with electrical tape.
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For all other ISAM film processing on glass, glass microscope slides were RCA cleaned, as
detailed inSecton 3.1.2

The operation of the immersion machine for ISAM film growth is outlined above in section
3.1.3. The programming of the immersion machine for different ISAM films is described in
Chapter 6.

3.2.5 Fabrication InstrumentationA Chemat ScientifiecW-4A Spin Coater was used to spin
coat thinfilm layers for OPV device processing. After securing the substrate by a vacuum chuck
inside the spircoater, speeds of 250 to 8,000 rpm can be reached for a total of 78 seconds (using
both timers). In sphtoaing, either static or dynamic dispense can be used. Static dispense
involves drop casting the solution onto the center of substrate, and starting the substrate rotation
shortly thereafter. Dynamic dispense implies that the substrate is first accelethtediatained
at specific angular velocity, and then the solution is dispensed at the center of the substrate.
Although static dispensing may increase surface coverage at lower spin speeds (<700 rpm), the
homogeneity is typically compromised, as discovelbgdour own trials and from previous
reports?® Therefore, dynamic dispensing was used all-spiting related work itChapters 6
and7.

For the work done here, the thickness of a-spiated film was primarily based on the spin
coating speed, the soluti@oncentration, the vapor pressure (or boiling point) of the solvent, and
the surface energy of the substrate (or previous film). After the surface is wetted by the solution,
the rotation causes a majority mtk andthenaislod ut i or
dries the remaining solution into a fifA A heightened spitoating speed results in a greater
guantity of solution to leave the substrate, and therefore a lower thickness of the resultant film. It

has been reported that thicknesproportional to spin speed BEguation 3.2
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S
00 = (3.9

where t i s thicknes?%Withthd formatian ®f each mew P3HT:POBM | o c i t
solution batch, the thickness was first evaluated empirically, before films were incorporated into
OPV devices. Along with spin speed, the film thickness is highly dependent on the solution
concentration, and therefore care was taken to maintain a P3BWtBGlution concentration of

3 wt% for consistency among films. Additionally, the primary variabl€imapter 7 was the
concentration of the AgNP solution, which directly affected the surface density of theospéal
AgNPs. The vapor pressure of the swit/is also a critical factor in the thickness and morphology

of the film. Since a lower vapor pressure solvent also has a higher boiling point, the effective result
is less solvent evaporating during the spiating rotation process. With more solverdgant,

more solution will be flung from the substrate, and the film thickness will be relatively lower.
However, a slower evaporation time can be beneficial for polymer films to induce increased self
organi zat isotnacokfi n'g o £ Fop sph-coatiegrof nanopaiitiake ssolutions, a
higher vapor pressure solvent was found to be essential for sufficient film coverage and uniformity,
as discussed i@hapter 7. For PEDOT:PSS, a binary solvent(HIPA, 3:1, v/v) was utilized to

make use of the higi vapor pressure of IPA, as discussed above. The surface energy of the film
was also found to be essential for film wetting, which is directly correlated to thickness and
morphology. Higher surface energy promotes greater hydrophilic wettability, whiereeas
surface energy decreases hydrophilic wettabifit§. The formation of hydroxyl groups@H) on

the surface increases surface energy, which is critical forcgpiting wettability’> Hydroxyl

groups can be formed by UV/ozone cleaning, RCA cleaf8egtion3.1.2), and sonication in the

base cleaning solution used for the ITO substrates, as discussed abeggan3.2.3
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A copper hot plate heated by tQmega&mgindenng dge
Inc.) was used to anneal thiitms (Figure 3.8). The hot plate was powered byteamperature
controller (CNi1622C24; Omega Engineering Inc.), and temperature readings were sent to the
temperature controller by sedfihesive thermocouples (SA1X; Omega Engineering Inc.). The
temperature cdroller was controlled by BabVIEW computer program, and the communication
between the temperature controller and computer was established by a USB GPIB controller
(GPIB-USB-B; National Instruments Inc.). The LabVIEW program allowed for full programming
of the heating ramp rate, peak temperature, and dwell time, which was essential for precise
annealing operation. All annealing by the hot plate was done in a plexiglass box filled with argon
gas, which maintained a positive pressure compared to the antddeméatory environment

(Figure 3.8). All sides of the plexiglass box were blackaat for the dark annealing of films.

Figure 3.8.Copper hot plate in plexiglass bdsor annealing, the plexiglass lid was installed and
with a flow of argon gas.
A thermal evaporator Classic Floor Model LADD Vacuum Evaporatokadd Research

Industries) was used to evaporate metals onto devkigsré 3.9af). The evaporator was
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equipped with an aftermarket turbo purdpcatel 5400 Fl ow rate & 400 |/ s;

1 x 10° torr), which was controlled by a turbo molecular pump controller (Alcatel CFF 450). The

turbo pump allowed for maximum vacuum levels (minimum pressures) in the magnitudé of 10

torr, as measured by a glass ionization gauge tB@XK; Iridium Filament;0.75" Diameter

Kovar Port Duniway Stockroom Corp.) connected to vacuum ionization gauge controller (Varian

843). The turbo pump and bell jar chamber of the evaporator was pumped by a dual stage rotary
vane vacuum pump (Alcatel 2021; Peak purmpg s peeding & 14.6 cf m; Ul
102 torr). The rotary vane vacuum pump was equipped with an oil mist eliminator (Varian OME

25 HP) and a foreline trap (Edwards FL20K) to reduce backstreaming into the turbo pump and

chamber.

Figure 3.9 Thermal evaporator setu@) (Thermal evaporatorbj rotary vane vacuum pump)(
turbo pump, @) turbo pump controller g] ionization gauge tubef)(ionization gauge controller.

Inside the thermal evaporator chamber, samples were placedididface down on a sample
holder. Up to four samples could be placed on the sample holder and each sample location had

identical shadow maskgigure 3.10ae). The shadow masks exposed the device so that eight
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separate Al strips were deposited with identicaha. After a tungsten basket was installed into a
tungsten basket holder inside the evaporator chamber, Al pellets were placed the basket. Prior to
installing the tungsten basket into the basket holder, it was critical to stretch the basket with pliers
to avoid shorting of the basket by Al during the evaporation process. If the basket was shorted,
very large currents were required to maintain Al deposition, which generated heat from the basket
hol derd6s terminal s, and t hwersupplyewithintthe evdperatorc e d e
supplied current to the tungsten basket by electrode feedthroughs, and the current was controlled
by the user.

For standard procedure involving deposition of Al at 100 nm onto the sample, five pellets were
placed into basit, and two samples were placed fdogvn in the holder. Aluminum foil was
placed into the bell jar to avoid deposition onto the bell jar glass. The bell jar was then installed,
and the chamber was pumped down to ~60ta@ by the roughing (rotary vajvacuum pump.
The chamber was then opened to the turbo pump and pumped to at least %ror.1® higher
vacuum (lower pressure) correlated to a lower temperature for evaporation and a longer mean free
path, so it was a crucial parameter for a cleath effective deposition. The Al evaporation
temperature for 18 10° and 1¢ torr is 677, 821, and 1,01%C, respectively> A thickness
monitor (STM100/MF; INFICON) was linked to a quartz crystal microbalance (QCM) inside the
chamber, and the QCM wasstalled close to the samples. At the appropriate vacuum, the
thickness monitor was turned on, and its shutter button was depressed. Current to the tungsten
basket was then ramped up to ~30 amps, where it was stabilized until the deposition started. After
initiation of the deposition, the current was manipulated between 30 to 40 amps to achieve the
desired rate. The deposition rate was maintained at ~1.0 A/s for first 10 nm of Al, and then capped

at ~2.5 A/s for the final 90 nm. Upon completion of the @i, the current and thickness
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monitor were turned off, and the chamber was allowed to cool to room temperature (>30 minutes).
Cooling to room temperature is <critical t o

components during venting. Reguldeaning of the chamber was also essential to lessen gas

adsorption locations, which led to cleaner depositions and shorter pumping times.

Figure 3.10. Thermal evaporator deposition setup) The sample holder with four sample
locations and a shadow mdsk each sample. In the figure, the item covered with aluminum foil
is the quartz crystal microbalance (QCM)) One tungsten basket from the factory (left) and after
stretching with pilers to avoid shorting (righty) Power supply current knob aedrrent meter.

(d) Tungsten basket holder with tungsten basket and aluminum pedetQCM thickness

monitor.

3.2.6Fabrication of photovoltaic devices'lhe PEDOT:PSS solution was sfoated onto an
ITO substrate at 4000 rpm for 60 s to obtain a thiskm# ~30 nm (as measured by profilometry).
The top fifth (~5 mm) of the film was removed using a wetted laboratory cleaning tissue, in order
to expose the ITO electrodéhe PEDOT:PSS film was then annealed at°2l@r 20 min in air

to remove the solvénTo obtain an active layer of ~100 nm in thickness, the P3HT:PCBM solution
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was cooled down to room temperature and therapated on top of the PEDOT:PSS film at 1500
rpm for 30 s.The top fifth (~5 mm) of the film was again removed with a laborattegning

tissue soaked in GSr CB solvent.After annealing, the sample was loaded intthermal
evaporator to deposit ~100 nm of &l an ultrahigh vacuum of X 10° torr. The sample holder

in the thermal evaporator featured an Al shadow mask to aeaetive area of 0.12 énfter
evaporating Al, the samples were annealed at 130 °C for 15 min under Gogper tape was
attached to the ITO and individual Al electrodes to increase electrical contact. The schematic of

the device processing and atpital image are representedfigure 3.11.
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ARC/glass/ITO PEDOT:PSS

ARC/glass/ITO (etched) layer
ARC/glass/ITO
S wes PEDOT:PSS
Active area —— s P3HT:PCBM
0.12 cm2 By
]
Evaporated Al P3HT:PCBM
layer

OPV Device

Figure 3.11.Graphicaland pictorialrepresentation of OPV devices. Each sample contains eight

devices (one for each Al strip) that can be individually tested. The exposed ITO anode and the

nonoverlapping Alcathode are used as electrode contacMradd EQE measurements.

3.2.7Characterizationinstrumentation.The transmittance (T) and reflectance (R) spectra were
recorded by a Filmetrics FI0V-EXR spectrometeiSince optical loss in the P3HT:PCBifm

was attributed to both significant absorption and reflectance, modifications were made to the
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traditional Beek a mber t 6s | aw. Al ong with the total I

it enters the film () is also considered as
Yo - (3.3)
Yo - (3.9

where | is the transmitted light intensityid the light intensity before entering the film (and before
reflectance), and is the transmitted light intesity upon entering the film (and after reflectance).

Therefore, as the light enters the film, it is split into two componennd R, that add to 1

p Y Y (3.5

and substitutingequation 3.4into 3.5,
p Y - (3.6

where R ighe total light reflectances is then reduced to | accordingtoBéea mb er t 6 s | aw
— pmt  Q (3.7

where A is the |light absorption of thelfil m,

and | is the thickness of the filnBy multiplying the left side oEquation 3.7 by lo/lo and

substituting inEquations 3.3and3.6,

_— — (3.8
and finally substitutindequation 3.7 into 3.8, the modified Bee. amber t 6s | aw can
calculate the absorptiqA) spectra:
o) (= (3.9

where T and R are the transmittance and reflectance at a given waveldmgthbsorption

spectrum of P3HT:PCBM was obtained by subtracting the absorption spectrum of
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glass/ITO/PEDOT:PSS from thatgihss/ITO/PEDOT:PSS/P3HT:PCBNhis is exemplified for

a sample irFigure 3.12

glass/ITO
0.54 glass/ITO/PEDOT:PSS
glass/ITO/PEDOT:PSS/P3HT.PCBM
—— P3HT:PCBM only
@ 0.4-
Q
c
® 0.31
o]
o
hrd 0.2
o]
< 014
0.0

l v T v T v T T
400 450 500 550 600
Wavelength (nm)

Figure 3.12. Optical absorption of glass/ITO, glass/ITO/PEDOT:PSS,

glass/ITO/PEDOT:PSS/P3HT:PCBM, and P3HT:PCBM subtracted spectra.

As shown, the visible wavelength absorption of glass/ITO and PEDOT:PSS were both small in
order to limit unnecessary light blocking from P3HT:PCBM. The absorption of these initial layers
was not negligible, however, and therefore their subtraction wascalrifor an accurate
representation of the P3HT:PCBM absorption spectrum.

A Veeco DekTak 150 Stylus Profilometer was used to measure the thickness of PEDOT:PSS
and P3HT:PCBM filmsThe right side oEquation 3.7 was manipulated to determine ttie

absorpt on coefficientas:(U) of P3HT: PCBM

| (3.10
The absorption coefficient is dependent on wavelergtju(e 3.13. With the calculation of
the absorption coefficient, the thickness of the P3HT:PCBM filitisout the profilometecould

be calculatedby a manipulatindequation 3.10to:

a

(3.11)
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Figure 3.13.Absorption coefficient| () of PSHT:PCBM (1:0.8 as a function of wavelength.

Photovoltaic devices were illuminatedth an air mass 1.5 global standard spectrum (AM1.5G)
created by a 300 W Xe lamp (Oriel Instruments) The | ampdés beAMapdassed
AM1.5G filter, and then was reflected down with a mirror to a sample in a covered plexiglass box
Thel a mp 6 s intdmsitya was adjusted to 100 mW/rfl sun) which corresponded to a
calibratedSi photodiodecurrent of 0.118 mAatfter placing the lid onto the plexiglass bokXhe
current(l) 1 voltage (V) characteristics we evaluated on asrcemetefKeithley 236).Current
(1) was divided by the active area (0.12%rto calculate the currewmtensity (J) with units of
mA/cn?. All J-V characteristics for OPV devices was measured with the plexiglass box lid

installed and with a positive pressure flow of argon.
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Figure 3.14. AM1.5G J}V testing setup.d) Si photodiode in the plexiglass box for lamp
calibration. For the AM1.5G calibration, the Si photodiode had its cap on with a pinhole light
opening. b) All calibration and-<Y measurements were done with the plexiglass lid installed with
argon gas flow.d) An OPV device under the lamp source in the plexiglass X dithley 236

sourcemeteandKeithley 485picoammeter.

To measure the external quantumadincy (EQE), a monochromat¢CVl CM 110, Spectral
Products)with 2400 grooves/nm grating filted the light from a separate, identiG@l0 W Xe
lamp (Oriel Instruments). The monochromator was operated by a controller (AR3@S;
Spectral Products),mch was controlled by a LabVIEW program. The LabVIEW program cycled
through a range ofavelengtls in the range ob- 360 to 700 nmThe light from the lamp was

condensed into the monochromator by a lens, then light from the monochromator passed through
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a lens to a mirror, and the reflected light from the mirror was condensed into a circular spot on the
sample. The height of the OPV devices was adjusted so that the circular spot filled the entire active
area. At an identical height, the shontcuit curent of the Sphotodiodewas measured at each
wavelength by picoammete(Keithley 485. The shorcircuit current of the Si photodiode (with

the pinhole cap removed)as used to measure the input optical pcaneithe number of photons
irradiatedat eachwavelengthFor the OPV devices, th&hortcircuit currentwas measured and

the number of electrons was calculated at each wavelefigthEQE spectra were obtained by
dividing the number of electrons by the number of photaiisilicon photodiode and BV device
shortcircuit currents were measured with the plexiglass box lid installed and with a positive

pressure of argon gas (for the devices).

Figure 3.15.Monochromator lamp testing setup) Lamp (left), lens (middle), monochromator
(right), monochromator controller (bottom lefth)(Si photodiode with the same circular spot size

as on the device with use of a lens. The pinhole cap was removed from the Si photodiode for this
calibration. ¢) OPV device under monochromator source in plexigtass The plexiglass lid was

installed for Si photodiode calibration and OPV device testing.

A field-emission scanning electron microscope (SEM, LEO 1550) with an accelerating voltage

of 5 kV was used to image the filmBhe samples were sputtenated [Leica EM ACE60) with
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~2.5 nm of high resolution iridium before uge atomic force microscope (AFM, Veeco SPI
3100) with a scan rate of 1 Hz was used to determine the surface roughness of the films after
annealing. Transmission electron microscopy (TEMAges were collected on a Phillips EM420

with an accelerating voltage of 120 kFor examination of AgNPstadeast 100 AgNPs were
surveyed using ImageJ to gain an estimatb®edge length and thickness.

Sheet resistance of films was measured using cylindricalpoit probe Jandel Multi Height
Probe;Bridge Technologycoupled with a resistivity test unit (Jandel RNB3idge Technology
Thefourpoi nt probe had an el ec inga Hnem, andahiadjustablef 5 0 (
load of 10 to 30 grams. The test unit supplied a constant current source from 10 nA to ~100 mA
through the outer two probes, while measuring the voltage drop through the center two probes.

The test unit calculated the shessistance as:
f n n
Y —— 1®0cx - (3.12

where Ris sheet resistance in ohms per squeves the change in voltage in volts, | is the current
in ampse,sijstiisvi ty listhe fintthitcknesAineom, and

Photoluminescence (PL) was excited by a continuous wave laser at 488 nm (Coherent Sapphire
488-20). The laser power was 28 mW supplied by Coherent Sapphire LP/SF Driver Unit. The PL
was delivered to a 0.55 m focal length spectrometer (HORIBA Jobin YvoB5SB)Rwith a 0.1
mm slit width and a 600 grooves/mm, 500 nm blaze grating. The PL was recorded by a liquid

nitrogen cooled, chargeoupled device (BRIBA Jobin Yvon Symphony II).
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Chapter 4
Stability of Anti-Reflection Coatings via the Self
Assembly Encapsulation of Silica Nanoparticles by

Diazo-Resins

The majority of this chapter is from a manuscppblished inJournal of Physics and Chemistry

of Solids! with slight modifications.

4.1 INTRODUCTION

Previously, ar groupfabricated highytransparent antieflection coatingsARCs) by ISAM
film growth of poly(allylamine hydrochloride) (PAH) ansilica nanoparticles (SKONPs). The
selfassembled Si¢NPs formed a nanporousrandomly closed packed (RCin structure with
an overall refractive index largely dependent on the porosity. ARGstructed with 45 nm SO
NPsyieldedthe greatest artieflection with arefractive indexhatresided in the range of 1.25 to
1.35 and gorosityrangingfrom 30% to 45%.Since the refractive indices of the films were close
to the ideal value (n & 1.22), t mP8%dnd<9.B%, tr an
respectively. Although the films had excellent aefiection, their mechanical stability was
insufficient for commercial application.

The incorporation ofthe photocurable polycation 4-diazodiphenylamine/formaldehyde
condensate hydrogesulfate(diazoresin DAR) intoionic selfassembled multilayers (ISAM&
a promising approadbor increasing film stability. The exposure of DAR to UV irradiation causes

decompositiorof its diazonium groupwhich facilitatescovalentcrosslinking betwen DAR and
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polyanionic sulfonate or carboxylianctional groupgPSS, PAA, porphyrins, etcf Without the
presence of covalent linkages, ionically bonded polyelectrolytes are susceptible to being
dissociated and dissolved by polar solvents (metharMdF,Dimethyl sulfoxide etc.), as well as
strong electrolyte solutions containibiCl, NaSCN,or ZnCh.*® lonically bonded polyelectrolyte

films are especially prone to dissolution in ternary solvents featuring polar solvents and strong
electrolytes combined, such as,®DMF-LiCl, H,O-DMF-NaSCN or HO-DMF-ZnClI2
However, after the addition of DAR and its UWadiation crosslinking in ISAM films, the films

have been reported to be entirely insoluble and unaffected when immersed in ternary solvents,
including HO-DMF-ZnChL.3® Film stability can be additionally enhanced through the
development of covalent lingas between DAR and sulfonated functionalized silanes, grafted to
the substrate surface before ISAM growthStability has also been reported for ISAM films
containing DAR and nanoparticles functionalized with sulfonate or carboxylic acid drdups.
Furthermore, DAR/PSS ISAMs were reported to be grown directly onto polystyrene (PS) particles
in solutionto form nanocompositesAfter intentional dissolving of PS particles to leave hollow
DAR/PSS capsules, the capsules showed dramatic solvent and maiciabitity enhancements

after crosslinking by UV irradiation. However, to our knowledge, detailed NP encapsulation
analysis by DAR for improved ARC ISAM film stability has not been previously reported in the
literature.

Here,we demonstratmduced filmstability by the introduction of DARNcapsulated SKNPs
(modified SiQ NPs; MSNPs) into ISAM films. The crosslinking behavior of DAR was first
analyzed through the inspection of DAR/PSS ISAM films without .SKIPs. Next, the
concentration of DAR in pol yc apotentiahanddymiuic s ol u't

light scattering (DLS). To produce ARCEKSAM films were grown with alternating charged
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solutions of MSNPs angoly(styrene sulfonate) (P$n silylated glass substrate. The
MSNP/PSS ARCs were U¥radiated, and then characterized usingnning electron microscopy
(SEM) and U\vis-IR spectrometry. The solvent stability of the ARCs before and after UV
irradiation was thoroughly examineding U\tvis-IR spectrometryand atomic force microscopy

(AFM).

4.2 EXPERIMENTAL

4.2.1 Materials 4-Diazodiphenylamine/formaldehyde awensate hydrogen sulfate (DAR
a2,800) was graciously donated by Secant Chemicals. SNOWTE20EBiQ: NP solution was
purchased from Nissan Chemical, composed ©f Mn average diameter particles and a
concentration of 20 wt%. Poly(styrene sulfonic acid) (P&%;a 70,000) was pichased from
Polysciences IncThe aqueous solutions were developed and dilutigh ultrapure deonized
water (18 Mg c¢m r dysrockloric acid (HZI) ACES Rdagent)asuliiric acid
(H2SQs; ACS Reagent), acetic aci€Klz:COOH, Certified ACS), methanol (MeOH; Certified
ACS), N,N-dimethylformamide (DMF; Certified ACS), and sodium hydroxide (NaOH;
Pellets/Certified ACS) were purchased from Fisher Scientifidréen peroxide (HD2; 30 wt%),
95% (3mercaptopropyl)trimethoxysilane (M) solution and zinc chloride (ZnCl; powder;
Purity >= 98%) werg@urchased from Sigmaldrich.

4.2.2 Solution FormationThe SiQ NP solution was first diluted by a factor of 100 to reduce
the concentration from 3.76 to 0.0376 M. After diluti@nrange of DAR concentrations were
added to the SigNP solution and stirred for 12 h in the dafke solutions werstirred in darkness
for up to a week ansonicated for 8@nin before use. The encapsulated SiPsweredenoted as

modified silica nanoparticles (MSNPsSPSS solution was created by dissolving 10 mM PSS
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powder into DI water at a pH of.0. The pH of the PSS solutions was adjusted with the addition
of 1.0 M HCl and 1.0 NaOH solutions.

MPTS solution was added to MeOH at 7mM and stirred for 1 h before use. A ternary solvent
was formed by mixing DI water, DMF, and ZnCl togethes@Q:-DMF:Znd, 3:5:2, w/w/w) and
stirred overnight.

4.2.3 Sulfonated Silane Slide PreparationThe grafing of silane molecules onto glass
microscope slide substratasdtheir sulfonate group functionalization was performed according
to aprocedurefrom previous repas with slight modifications® Glass microscope slides were
first vigorously cleaned with IPA, air dried, and put into glass staining jars. The slides were then
submerged in a piranha solution280:H20, 7:3) and heated to RC for 30 min. Afterwards,
the slides were copiously washed with DI water, and then immersed into the MPTS in MeOH
mixture for 18 h. The slides were then washed thoroughly with MeOH, then submerged into an
acetic acid mixtureGHsCOOHH20- 5:1), and heated AT for 50 min. Finally, the slides were
washed with DI water, dried, and stored for ISAM use.

4.2.4Film Fabrication. The ISAM films were processed with an programmable immersion
machine, which consisteaf eight solution positions (one solution at eveby)4The immersion
machinecan be programmed to spnbstratesn solutions at a range of freguocies (6068,000
rpm). For ISAM film growth, thesubstrates werg) immersed in the polycation MSNg$dlution
for ten minutesvhile spinningin the solution aB,000 rpm. Afterwards, the substrates wezg
rinsedin three buffer solutions (refilled with DI water after each bilayer)45 s eactwhile
spinning at 3,000 rpnAfter rinsing, the substrates weSkimmediatelydipped into the polyanion
PSS solution for threminuteswithout spinning Following the immersion into the PSS solution,

the substrates were 4) again rinsed in three buffer solutt@nghe ISAM film growth process,
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steps 1 to 4 represented one congpletayer.The substrate platformas kept full (four substrates)
during the atire growth to promote uniform curreflow as the substtas were spun in the
solutions. The fabrication process was maintained in complete darkness to avoid premature
decomposion of the DAR in the MSNP solutiotdpon termination of ISAM film fabrication, the

slides were dried by a stream of ¢das and then exposed to Wyadiation for fifteenminutes

4.3 RESULTS

4.3.1DAR/PSS Multilayers.An understanding of the crosslingimeaction between the DAR
diazonium (RN2") and PSS sulfonate (SP functional groups was established through
examination of pure DAR/PSS multilayers. $i8Ps were excluded from these preliminary
DAR/PSS films to distinguish the optical absorption cleafier crosslinking, without the SIO
NPs optical interference effects. The optical absorption spectra were meastinez toreight
bilayer DAR/PSSilms before and after exposure to Wvadiation(Figure 4.18. The absorption
at the wavel saggndiuresftre” 83 8 0 r a ms iDtdi&odmum groupand
the relative intensity is proportional to the multilayer film thickrfeBsfore exposure to UV, the
absorption intensity s = nf $1€reasedinearly with the number of bilayers of DAR/PSS,
which signified lineasgrowth of the multilayer filmEigure 4.1b). After the DAR/PSS multilayer
films were exposed to UV irradiation for fifteen mangcomplete flattening of thedosorptiorpeak
at o =indgE&@dithahasubstantial decomposition of the diazonium groagsurred. It was
expected that the decomposition of the diazonium groups facilitated the formation of covalent
linkages between the diazonium and sulfonate groups functional groups, due to their clos

proximity in the DAR/PSS filmsRigure 4.2.* °
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Figure 4.1 (a) Absorption spectraf five to eight bilayeDAR/PSS films before and after UV
irradiation.(b) The absorption intensity at = 3 [@i0r tolJ¥hexposurén relation to the

number ofDAR/PSS bilayers.

""K }Cﬂz—’"‘
NH
‘@fﬂz-“ ~~r—CHy;—CH—
+
NH . — N +NaHSO,
SOy
|
SO; Na*
NI HSO; @
e TRy
Diazo resin PSS PEC-N,

Figure 4.2.Chemical schematic of UV irradiation covalent crosslinking reaction between DAR
and PSSReprinted (adapted) with permission frovh X. Cao, S. J. Y., S. G. Cao, C. Zhao. Novel
Polyelectrolyte Complexes Based on Didgesirs. Macromol. Rapid Commuri997,18 983

9892 The work from this journal is licensatchder theCreative Commons Attribution License
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4.3.2Modified Silica Nanopatrticle Solution FormationTheencapsulationf the SiQ NPs by
the selfassembly of DAR in solution to make modified silica nanoparticles (MSNPs) satigGed
conditions First, the anionic Si@ NPs were converted tcationic which allowed for ISAM
growth of the MSNPs and the polyanionic PSS. Second, cavatesslinking was made possible
between the DAR functional groups on MSNPs and the sulfonic functional groupSSand
grafted silanes on the substratEgygre 4.3. The abundance of covalent bonds within the film

and to the substrate would potentidéigd to significant stability enhancements.

Figure 4.3 Schematic of MSNP solution formatiom) diluted SiQ NP solution (0.0376 M) k)

deposition of the diazeesininto the diluted Si@QNP solution (c) encapsulation of the SiOI P 6 s
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by the DAR tanake MSNPs. Schematic of ISAM film formatiod) Gilylation of glass substrates,

(e) growth of the first MSNP polycation layef) @ssembly of the second layer, PSS.

Despite the relatively low molecular weight of the DARW = 2,80Q chains, their depdson
into an undiluted solution of SKNPs (3.76 M)resulted in individual chains bridging multiple
NPs together and the formationlafge agglomerated particles in the solutidfter the growth
of MSNP/PSS ISAM films, the presence of the agglomerpteticles on the film surface was
clear in SEM imagesHgure 4.4). Since the agglomerated particle size was comparable to the
wavelength of light (>1 um), the antflectionof the films deteriorated substantially as a result

of significant Mie light sctiering.

Figure 4.4 SEM characterization of a MSNP/PSS film produced from a solution with large

agglomerates. A particularly large agglomerate is circled in the figure.

Dilution of the original SIQNP solution concentration by a factor of 100 to 0.0376 M decreased
particle proximity in the colloidal suspensioand thus lowered the probability of particle

agglomeration by the encapsulating DAR chains. A complete conversion of theNBgto
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