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PREPARATION OF TRANSPARENT CONDUCTIVE ELECTRODES VIA
LAYER BY LAYER DEPOSITION OF FUNCTIONAL NANOMATERIALS

SUMMARY

Transparent conductive electrodes are the key element of the various optoelectronic
devices. Traditionally, indium tin oxide (ITO) has been utilized as transparent
conductive electrode in the optoelectronic devices. However, ITO has some
disadvantages. Because, limited supply of indium and increasing demand has
increased the ITO price drastically since the past decades. In addition, high vacuum
and temperature is needed for sputtering ITO on the substrate, which also increases
the cost. Besides, the brittle nature of ITO causes device failure upon bending when
it is used on flexible substrates. Therefore, there has been great research effort on
development of ITO free transparent conductive electrodes. Up to date, researchers
have utilized various materials such as conducting polymers, carbon nanotubes
(CNTs), graphene and metallic nanowires. These materials have been widely
utilized, owing to their promising and new technology. Meanwhile, they have
demonstrated remarkable mechanical, thermal, optical, electrochemical and electrical
properties, which allowed them to be utilized in many new applications. Thus,
various methods have been developed to prepare transparent conductive electrode
with nanomaterials; such as brush painting, spray coating, vacuum filtration and
rod/wire coating. The aforementioned methods are considered as the most simple and
flexible method, but the films obtained generally have sparse density, which led to
high sheet resistance and poor device performance. These methods have also
common drawbacks such as reproducibility, and poor adhesion of the nanomaterials
to the substrate. On the other hand, layer-by-layer (LBL) deposition consisting of
sequential immersion of a substrate into aqueous solutions of oppositely charged
materials is a very promising approach. This method can create versatile thin films
with highly tunable thickness, porosity, packing density and surface properties. In
addition, the adhesion of the multilayer film to the substrate is very good since the
multilayer is formed via covalent bonding or ionic interaction. Thus, it has been
widely utilized for using in various electronic and electrochemical applications.
Taking account of the unique advantages of LBL deposition, in this thesis, we
focused on the preparation of transparent conductive electrodes using functional
nanomaterials.

In the first part of the thesis, transparent conducting electrodes were prepared on
flexible polysulfone (PSU) film via multilayer transfer of multi-walled carbon
nanotubes (MWCNTS) and single-walled carbon nanotubes (SWCNTSs) coated on
glass substrates via LBL deposition. First, bare CNTs were functionalized with
carboxylic acid and amine moieties to obtain negatively and positively charged
nanotubes, respectively (Figure 1). Then, functionalized CNTs were coated
sequentially on glass substrate via LBL deposition, which was followed by
subjecting the multilayer to various chemical and thermal post-treatment processes to
improve the electrical conductivity. Next, the multilayer was transferred from the
glass substrate to polymer film by coating and detaching the PSU film. The highest
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figure of merit was found to be 2.52x10° Q' at 68% optical transmission and
1.14x10° Q' at 81% optical transmission for MWCNT and SWCNT films,
respectively. Finally, the use of transparent electrode was demonstrated in resistive
touch sensor.

? ?
, (I)—O (E—O S
r 1RET9T62828202820202028%80 ——>  9828282808000000000808058
Carboxylic acid
NHe' N
CHy  CHy

H,G HG
NH NH
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Bare CNT

= e e e

Figure 1 : Chemical functionalization of carbon nanotubes.

In the second part, highly transparent and conductive silver nanowire (AgNW)
electrodes on glass substrates were prepared via LBL deposition of functionalized
AgNWs (Figure 2). First, commercial AgNWs were functionalized with cysteamine
hydrochloride (CA) and 3-mercaptopropionic acid (MPA) to obtain positively and
negatively charged AgNWs, respectively. Then, oppositely charged AgNWSs were
coated sequentially on 3-aminopropyltriethoxysilane (APTES) modified glass
substrate via LBL deposition, which provided highly controllable thin films in terms
of optical transmittance and sheet resistance. Next, thermal annealing was performed
to improve the electrical conductivity of the nanowire films. Finally, AgNW
multilayer was characterized by UV-Vis spectrometer, field emission scanning
electron microscope (FE-SEM), optical microscope (OM) and sheet resistance
measurement by four-point probe method. The best result was achieved with 6-
bilayer film which provided a sheet resistance of 18.3 Q/o with an optical
transmittance of 83.8% at 550 nm, which is comparable to commercial ITO
electrode.
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Figure 2 : Preparation of transparent conductive AgNW films via LBL.

Finally, flexible transparent film heaters (f-TFH) were prepared on a PSU film with a
multilayer transfer of AgQNWs coated on glass substrates via LBL deposition (Figure
3). First, as-received AgNWs were functionalized with carboxylic acid (AgNW-
COOH) and amine (AgNW-NH,) moieties to obtain negatively and positively
charged nanowires, respectively. Second, functionalized AgNWSs were sequentially
coated on a glass substrate via the LBL deposition, which was followed by
subjecting the multilayer film to annealing at 125 °C for 30 min to improve the
electrical conductivity. Third, the multilayer was transferred from the glass substrate
to the polymer film by coating and detaching the PSU. The multilayer film provided
optical transmission of 84% and sheet resistance of 12 Q/o with 5 bilayer sample,
which is comparable to ITO film. The f-TFH reached maximum temperature of 128
°C at 7 V with a response time of 45 s. Moreover, it exhibited good defrosting
capability by applying 7 V for 20 s. Cyclic bending test results indicated that the
sheet resistance of the flexible multilayer film does not demonstrate any change until
300 cycles, while adhesion test 3-M tapes exhibited no sheet resistance change even
after 20 peel cycles showing the superior performance of the multilayer film. In
addition, the film showed stable heating performance at 128 °C for 5 h.
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Figure 3 : Preparation of flexible AgNW transparent film heaters.
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FONKSIYONEL NANOMALZEMELERIN KATMAN KATMAN
KAPLANMASI iLE SAYDAM ILETKEN ELEKTROTLARIN
HAZIRLANMASI

OZET

Saydam iletken elektrotlar, optoelektronik cihazlarin en 6nemli unsurlarindan biridir.
Indiyum kalay oksit geleneksel olarak optoelektronik cihazlarda en ¢ok kullanilan
malzemedir. Fakat bu malzeme bazi dezavantajlara sahiptir. Artan taleplere nazaran
indiyum kaynaklarinin gittikce azalmasi indiyum kalay oksitin son zamanlarda
fiyatinin olduk¢a yiikselmesine neden olmustur. indiyum kalay oksit {iretiminde
kullanilan yiliksek vakum ve sicaklik ekstra maliyet agisindan farkli bir olumsuz yonii
olarak bahsedilebilir. Tiim bunlara ek olarak, indiyum kalay oksitin kolay kirilabilir
olmasi onun esnek uygulamalarda kullanimini zorlastirir.

Bu yiizden, indiyum kalay oksitin alternatiflerini bulmak igin pek ¢ok arastirma
yapilmistir. Giiniimiize kadar, arastirmacilar iletken polimerler, karbon nanotiipler,
grafen ve metalik nanoteller gibi cesitli malzemeleri kullanmislardir. Arastirma
sonuclarina gore bu malzemeler ©6nemli derecede mekanik, 1sisal, optik,
elektrokimyasal ve elektriksel 6zellikler gdstermistir.

Bu malzemelerin kullanilmasiyla elde edilen saydam iletken elektrotlar genellikle
firga ile boyama, sprey kaplama, vakum siizme ve cubukla kaplama metotlar:
kullanilarak elde edilmistir. Bu metotlar olduk¢a basit ve kullanishi bir metod
olmasina ragmen, elde edilen filmler homojen olmamakla birlikte yiliksek tabaka
direncine ve kotli performansa sahip oldugu bulunmustur. Bu metotlarin diger
dezavantajlar1 ise tekrarlanabilirliginin zor olmasi ve malzeme ile altlik arasindaki
kotii yapismaya neden olmasidir.

Ote yandan, katman katman kaplama metodu zit yiiklii malzemelerin ardisik olarak
kaplanmasi sonucu elde edilen ¢ok umut verici bir yaklasimdir. Bu metod ile
kaplama kalinliklar1, gézenek kontrolii ve yiizey 6zellikleri kolayca ayarlanabilir. Ek
olarak, kaplanan malzemeyle altlik arasindaki kovalent veya iyonik etkilesimlerden
dolay1r elde edilen filmlerdeki malzeme adezyonu olduk¢a iyidir. Bu durum,
yaklagimin cesitli elektronik ve elektrokimyasal uygulamalarda kullanilabilecegini
gostermektedir.

Bu tezde, katman katman kaplama metodunun tiim bu avantajlar dikkate alinarak,
fonksiyonel nanomalzemeler katman katman kaplama metodu kullanilarak saydam
iletken elektrotlarin hazirlanmasi tizerine odaklanilmastir.

Bu kapsamda tezin ilk boliimiinde, saydam iletken elektrotlar; cam altlik iizerinde
katman katman kaplanan ¢ok duvarli ve tek duvarli karbon nanotiiplerin esnek
polisiilfon althk iizerine aktarilmasiyla hazirlanmistir. Once, karbon nanotiipler
negatif ve pozitif yiiklii karbon nanotiipler elde etmek igin karboksilik asit ve amin
gruplartyla fonksiyonlandirildi (Sekil 1). Sonra, fonksiyonlanan nanotiipler katman
katman kaplama metoduyla cam altlik iizerine kaplanip, sonrasinda elektriksel
iletkenliklerinin artmasi i¢in kimyasal ve 1sisal islemlere maruz birakilmistir. Elde
edilen filmler cam altlik lizerinden polisiilfon altlik {izerine aktarilmistir. Elde edilen
en yiiksek performans katsayisi ¢ok duvarli karbon nanotiip filmler i¢in % 68 optik
gecirgenlikte 2.52x10° Q', tek duvarli karbon nanotop filmler i¢in % 81 optik
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gecirgenlikte 1.14x10° Q' olarak bulunmustur. Son olarak elde edilen esnek
filmlerin dokunmatik sensdr uygulamalarinda kullanilabilecegi gosterilmistir.

? ?
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Sekil 1 : Karbon nanotiiplerin kimyasal olarak fonksiyonlandirilmasi.

Ikinci kisimda ise, yiiksek saydamlik ve iletkenlie sahip olan elektrotlar cam altlik
tizerinde fonksiyonlandirilmis olan glimiis nanotellerin katman katman
kaplanmasiyla hazirlanmistir (Sekil 2). Once, giimiis nanoteller negatif ve pozitif
yiiklii nanoteller elde etmek icin karboksilik asit ve amin gruplariyla kimyasal olarak
fonksiyonlandirildi. Zit yiik ile yliklenmis olan bu giimiis nanoteller, aminopropil
trietoksisilan ile modifiye edilmis cam {izerine katman katman kaplanmistir. Bu
yontemle kontrollii bir optik gecirgenlik ve elektriksel iletkenlik elde edilmistir. Elde
edilen filmler 1sisal isleme tutulup elektriksel iletkenliklerinin artmasi saglanmistir.
Son olarak elde edilen glimiis nanotel ince filmlerin karakterizasyonlar1 yapilmistir.
En iyi film ozelliklerine sahip olan 6 katman kaplanan film % 83.8 optik
gecirgenlikte, 18.3 /o tabaka direnci gostermistir. Bu sonuclara gore elde edilen
giimiis nanotel filmlerin ticari olarak kullanilan indiyum kalay oksit filmlere
alternatif olabilecegi gosterilmistir.
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Sekil 2 : Katman katman kaplama metoduyla hazirlanan giimiis nanotellerde
hazirlanan saydam iletken elektrotlarin hazirlanmas:.

Son olarak, esnek saydam film 1siticilar cam altlik iizerinde katman katman kaplanan
giimiis nanotellerin esnek polisiilfon altlik {izerine aktarilmasiyla hazirlanmistir
(Sekil 3). Once, giimiis nanoteller negatif ve pozitif yiiklii nanoteller elde etmek igin
karboksilik asit ve amin gruplariyla fonksiyonlandirildi. Sonra, fonksiyonlanan
nanotlipler katman katman kaplama metoduyla cam altlik tizerine kaplanip,
sonrasinda elektriksel iletkenliklerinin artmasi i¢in 125 °C’de 30 dakika boyunca
tavlanmistir. Sonra, elde edilen filmler cam altlik {izerinden polisiilfon altlik tizerine
aktarilmistir. En 1y1 film 6zelliklerine sahip olan 5 katman kaplanan film % 84 optik
gecirgenlikte, 12 /0 tabaka direnci gostermistir. Elde edilen esnek filmlere 7 V’Iuk
gerilim uygulandiginda 128 °C’ye ulastig1 goriilmiistiir. Sicakligin sabit olana kadar
gecen siire ise 45 saniye olarak bulunmustur. Ayrica elde edilen filmlerin yiliksek
mekanik 6zelliklere sahip oldugu gézlemlenmistir.

AgNWs-COOH AgNWs-NH;
 — [

APTES modified
glass substrate

PSU

Flexible Transparent LBL assembled AgNWs
Film Heater on PSU substrate

Sekil 3 : Glimiis nanotelden hazirlanan esnek saydam film isiticilarinin hazirlanmasi.
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1. INTRODUCTION

Transparent conductive electrodes (TCEs), which transmit light and conduct
electrical current simultaneously, are important components for many electronic
devices, including liquid crystal displays (LCD), touch screens, plasma displays,
transparent film heaters, organic light emitting diodes (OLEDSs), organic photovoltaic
devices (OPVs) and solar cells (Figure 1.1). The combination of optical transparency
and electrical conductivity provides the possibility to extract electrical carriers while
transmitting light through the layer. Because of these properties, many scientific
researches have been performed to explore different possibilities for the fabrication
of TCEs exhibiting a good compromise between optical transparency and electrical
conductivity. Therefore, the two most important criteria for these electrodes are low

sheet resistance and high transmittance.

T unisT  urisT

Figure 1.1 : Examples of OLED, OPV and film heater applications.

Currently indium-tin-oxide (ITO) is mainly used as TCE, because of its low sheet
resistance and high optical transmission. ITO has demonstrated the optoelectronic
properties of 10-20 /1 with >80% optical transmittance in the visible range.

However, ITO has several disadvantages including high price in indium source,



fragile nature and high production costs. The fragile nature of ITO limits its use in
flexible applications, which are regarded as a new technology. Besides, post heating
processes are required to increase conductivity of ITO, resulting in additional cost.
Therefore, alternative solution processing materials are necessary to replace ITO for
solving these drawbacks. Various solution-processable materials, such as graphene,
conducting polymers (PEDOT:PSS), carbon nanotubes (CNTSs), silver nanowires
(AgNWs) and hybrid of these materials have been studied by many research groups
(Figure 1.2).

AgNWs
Hybrid
Materials pIvTS
TCE
MATERIALS
ITO PEDOT:PSS
Graphene

Figure 1.2 : Materials for transparent conductive electrodes.

Graphene has been widely used as an alternative material. It has great potential in
many applications because of its unique properties including large surface area, high
chemical resistance, high carrier mobility, high thermal and electrical conductivity,
ease of surface modification, and excellent electrocatalytic activity. Moreover, a
graphene oxide (GO) layer can prevent the oxidation of metalic nanowires in a
hybrid film due to the gas barrier characteristic of graphene. GO laminates the
metalic nanowires surface by filling empty space, resulting in a smooth surface. The
oxygen-containing functional groups on GO layer such as hydroxyl and carboxylic
acid lead to prevention of electron transfer, resulting in electrical insulator GO.
These functional groups gain a hydrophilic property for GO and provide highly
disperse solutions in aqua media. Solution processable property of GO allows
chemical functionalization of the GO to use in various applications.

PEDOT:PSS is another alternative to replace ITO. It is a widely used conducting

polymer. The polymer has interesting properties, such as low cost, easy processable



and good flexibility. Recently, the conductivity of PEDOT:PSS (100-1000 S.cm™)
has continuously performed by using different approaches. However, its high sheet
resistance with 10%-10° Q/( is significantly higher than ITO (10-20 /), which in
turn results in lower power conversion efficiencies (PCES) in organic photovoltaics
(OPVs). In addition, PEDOT:PSS shows poor stability in the presence of moisture,
because it degrades in air atmosphere in a short time.

CNTs are considered to be a promising candidate due to their unique optical and
electrical properties together with their superior mechanical flexibility and chemical
stability. To date, CNTs, including single-walled and multi-walled, have been
frequently used to fabricate TCEs for touch screens, OPV and OLED devices. The
typical sheet resistance of CNT network is reported in the range of 10%-10* Q/ ) with
~80% optical transmission at 550 nm.

Silver nanowires (Ag NWSs) have emerged as a promising candidate due to their low
inherent resistivity, high optical transmission and excellent flexibility. Since the
diameter of the Ag NWs is usually less than 100 nm and the aspect ratio is higher
than 100, percolation threshold could easily be formed. Moreover, highly mature
large-scale synthesis protocol is available for the Ag NWs. In addition, the as-
synthesized Ag NWs solution could be coated with any kind of solution processing
techniques both on rigid and flexible substrates. The typical reported sheet resistance
values are in the range of 1-100 /(] with optical transmission of 80-90%, which is
advantageous for OPV applications.

There are a variety of solution based coating methods to produce transparent
conductive film, including drop-casting, spray coating, brush painting, spin coating
and meyer-rod-coating. These solution processes are all cost competitive with
conventional vacuum deposition for ITO production and produce an electrode with
low sheet resistance and high transmittance. However, the difficulties in large area
coating and the challenges in obtaining uniform films are the significant
disadvantages of these techniques. In addition, large amounts of waste material after
coating and the problems in viscosity adjustments are other major drawbacks of
mentioned methods.

On the other hand, LBL is a promising method among the thin-film deposition
techniques (Figure 1.3). In fact, LBL method has mainly been utilized for preparation

of functional multilayers. More recently, gold and silver nanoparticle multilayers



have been fabricated via LBL deposition by different research groups for fabrication
of electrode, chemical sensors, biosensors, electrochemical, electronic and optical
devices. Major advantage of LBL deposition is that it allows one to control the
structure of the coatings with actual nanometer scale precision, which includes both
normal and lateral packing of the nanoscale building blocks. In other words, it is very
easy to control film thickness and morphology, and thus easy to fabricate 3-D
interconnected nanomaterial blocks. Generally, the adhesion of the multilayer film to
the substrate is very good since the multilayer is formed via covalent bonding or
ionic interaction. Therefore, nanomaterial multilayers via LBL deposition have been
widely studied for fabrication of sensors, biosensors, functional composite films,
electrochemical devices and transparent conductive electrode. In the case of
fabrication of transparent conductive electrode via LBL deposition, nanomaterials
with negatively and positively charged were deposited on the substrate alternatively.
The main disadvantage of this approach is the presence of surfactant and polymer in
the multilayer, which led to an increase in the sheet resistance, owing to their
insulating property. Recently, Hammond group demonstrated the LBL deposition of
multi-walled CNTs chemically functionalized with carboxylic acid and amine
moieties without using any surfactant and polymers. However, this approach has

never been utilized for fabrication of transparent conductive electrode.

NH, NH, COOH+} COCH NH, COOH1f COOH NH,-k NH,
1) G-COOH 1) G-NH,

NH, ——> NH, COOH4f COOH ——mm> NH, COOH{} COOH NH, ¢ NH;,
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NH; NH, COOH4{} COOH NH; COOH+f COOH NH, - NH,

1T

Figure 1.3 : Schematic illustration of LBL process.




1.1 Purpose of the Thesis

The objective of the thesis is to preparation of transparent conductive electrodes
alternative to ITO. Various novel nanomaterials have functionalized and coated on
rigid or flexible substrates by layer by layer deposition. During the thesis,
microscopic (AFM, SEM, Optical Microscope), electronic (Four point probe)
spectroscopic (UV, FT-IR, XRD, XPS, Zeta Potential) and thermographic (TGA,
DSC) analyses are performed for the characterization of functional nanomaterials.
Thesis is organized in such that each chapter has its own introduction, experimental,

results and discussion sections.

Chapter 2 represents a novel approach in terms of transfer of multilayered carbon
nanotubes from glass to flexible polymer substrate. This approach eliminates the use
of surfactants as well as the detrimental effects of chemical and thermal treatments
on the polymer substrate. Flexible transparent conducting electrodes were prepared
on a polymer substrate with a multilayer transfer of oppositely charged carbon

nanotubes coated on glass substrate via layer by layer deposition.

Chapter 3 shows the preparation of a highly transparent and conductive silver
nanowire films. In the approach, surface modification and layer by layer assembly
are unique aspects. Highly transparent and conductive electrodes demonstrated that

can be used in various applications alternative to ITO.

Chapter 4 describes the fabrication of flexible transparent film heaters using
functional silver nanowires. Optoelectronic, thermal, morphological and mechanical

performance of the layer by layer assembled films were extensively studied.



2. PREPARATION OF TRANSPARENT CONDUCTING ELECTRODE ON
POLYSULFONE FILM VIA MULTILAYER TRANSFER OF LAYER-BY-
LAYER ASSEMBLED CARBON NANOTUBES"

Owing to their lightness and bendability, transparent conductive electrodes (TCEs)
coated on a flexible substrate has attracted considerable attention for next-generation
optoelectronic devices, such as displays, touch screen panels, organic photovoltaics
(OPV) and organic light emitting diodes (OLED) [1-3]. Indium tin oxide (ITO) has
been the most widely utilized TCE material due to its high optical transmittance and
low sheet resistance. However, ITO's inherent brittleness makes it unfavorable for
possible future flexible optoelectronic applications [4,5].

Therefore, significant research effort has been devoted to identifying
alternativematerials to replace ITO, including carbon nanotubes (CNTS), graphene,
conducting polymers and silver nanowires [6-9]. Among these materials, CNTs are
considered to be a potential candidate due to their unique optical and electrical
properties together with their superior mechanical flexibility and chemical stability
[10]. To date, CNTs, including single-walled and multi-walled, have been frequently
used to fabricate TCEs for touch screens [11], OPV [12-14] and OLED devices [15].
Typically, air-spray coating [16-18], dip coating [19,20], electrophoretic coating
[21,22], ultrasonic spraying [23], rod coating [24,25], transfer printing [26] and brush
painting [14] have been utilized for preparation of CNT-based TCEs. Prior to coating
in these approaches, the CNTs were dispersed in water using surfactants followed by
treatmentwith an ultrasonic probe to obtain a stable solution. However, surfactants
are known to be insulators, which lead to an additional, labor intensive removal step
after coating. In addition, the films possess irregular morphologies and significant
roughness, which may result in shortcircuits and poor reproducibility during device
fabrication. In addition, chemical and/or thermal treatment is frequently necessary to
increase the conductivity of the CNT films, which may be detrimental to the flexible

polymer substrate.

! This chapter is based on the paper  Oytun F., Dizman C., Karatepe N., Alpturk O., and Basarir F.,
Preparation of transparent conducting electrode on polysulfone film via multilayer transfer of layer-
by-layer assembled carbon nanotubes. Thin Solid Films, 2017, 625, 168-176.”
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Multilayer transfer printing (MTP) is an exciting technique where a multilayer
polyelectrolyte film is assembled on a polydimethylsiloxane (PDMS) stamp and
transferred to another substrate via electrostatic interactions [27]. The Hammond
group introduced the MTP technique to prepare thickness controlled polyelectrolyte
multilayer patterns. This approach has subsequently been extended to obtain
electrically conductive [28] and electroactive films [29].

In this study, flexible TCEs are prepared using a novel approach, called the
multilayer transfer, that is very similar to the MTP is presented. This technique
depends on the layer-by-layer (LBL) assembly of oppositely charged CNTs on a
glass substrate, followed by transferring the CNT film to a transparent, flexible
polymer substrate by means of various chemical interactions. This approach
eliminates the use of surfactants as well as the detrimental effects of chemical and
thermal treatments on the polymer substrate. First, the CNTs were functionalized to
obtain negatively and positively charged samples. Second, the multilayered CNT
electrodes were fabricated via LBL assembly onto glass substrates and subjected to
chemical and thermal processes to improve the electrical properties. Next, the CNT
multilayer films were transferred to the PSU substrate to obtain a flexible TCE.
Finally, the transparent electrode was demonstrated to be a resistive touch sensor.

2.1 Experimental

2.1.1 Materials

Pristine single-walled carbon nanotubes (SWCNTSs) were provided by OCSIAl
(www.ocsial.com). Iron (II1) nitrate nonahydrate (Fe(NOs)s;-9H,0), magnesium
oxide (MgO), sodium hydroxide (NaOH), dichloromethane (CH,Cl,, >99.8%),
hydrochloric acid (HCI, 37%), perchloric acid (HCIO4, 60%), sulfuric acid (H2SO,,
95-98%), nitric acid (HNOs, 60%) and ethylenediamine (EDA, >99%) were
purchased from Merck. N,N’-dicyclohexylcarbodiimide (DCC, 99%) and 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium1- oxide
hexafluorophosphate (HATU, 99%) was obtained from Alfa Aesar while commercial
polysulfone (PSU, Mw: 29,000 g/mol) was provided from Solvay Advanced
Polymers. Microscope slides (ISOLAB) with dimensions of 76 x 26 x 1 mm were
used as the glass substrate. All aqueous solutions were prepared with deionized water
(DI, 18.2MQ) with a Millipore-Q system.



2.1.2 Synthesis and functionalization of CNTs

MWCNTSs were synthesized according to our reported procedure by chemical vapor
deposition (CVD) method with acetylene (C,H;) as the carbon source [30].
Carboxylic acid functionalized MWCNTs (MWCNT-COOH) were prepared based
on a reported protocol [31]. Briefly, 1 g of MWCNTSs were treated with 100 ml of
concentrated H,SO4/HNO; (3/1, v/v) at 70 °C for 6 h. The productwas subsequently
diluted with 100 ml of DI water followed by filtering through a 0.45 pm
polytetrafluoroethylene (PTFE) membrane and drying in a vacuum-oven at 80 °C for
12 h. Amine-functionalized MWCNTs (MWCNT-NH,) were prepared based on a
procedure in the literature [32]. The dried MWCNT-COOH was sonicated and
suspended in 20 ml of EDA under stirring and heating. After 5 min, 0.625 g of DCC
was added into the suspension and mixed at 100 °C for 96 h. The product was
filtered through a PTFE membrane filter, washed with ethanol and dried in a
vacuum-oven at 80 °C for 12 h. Carboxylic acid (SWCNTs-COOH) and amine
functionalized SWCNTs (SWCNTs-NH,) were prepared according to the procedure
performed by Brinson et al. [33]. To obtain carboxylic acid functionalized SWCNTSs
(SWCNTs-COOH), 30 mg of purified SWCNTSs were added to 30 ml of concentrated
H.SO4/HNO;3 (3/1, v/v) and sonicated for 3 h at 40 °C in an ultrasonic bath. The
resulting mixture was diluted with 100 ml deionized water and then filtered through a
0.45 pm PTFE membrane. The product was dried in vacuum-oven at 80 °C for 12 h.
For the amine-functionalized SWCNTs (SWCNTs-NH,), 10 mg of dried SWCNTs-
COOH were dispersed in 5 ml of EDA and 0.5 mg of HATU was added to the
mixture. The resulting mixture was sonicated for 4 h in an ultrasonic bath. The
product was diluted with 100 ml methanol and filtered through a 0.45-um PTFE
membrane. The final product was then dried in a vacuum-oven at 80 °C for 12 h.
Finally, all functionalized CNTs were sonicated in DI water to form a stable
dispersion with a concentration of 0.1 mg/ml. The pH was adjusted to 2.5 for
MWCNTs-NH, and SWCNTs-NH, solutions and 3.5 for MWCNTs-COOH and
SWCNTs-COOH using 0.1 M HCl or 0.1 M NaOH.

2.1.3 Preparation of CNT multilayer films

Prior to the coating, the glass substrates were ultrasonically cleaned in acetone and

ethanol for 10 min and dried with pure N,. Next, the substrates were treated with O,



plasma for improved wettability (30 W, 30 s) [34]. The CNT multilayer electrode
(MWCNT and SWCNT) on glass substrates was obtained via LBL deposition of
oppositely charged CNT-NH; and CNT-COOH in an automatic slide stainer (Sakura
DRS-2000). Briefly, the substrates were first immersed into the CNT-NH; solution
for 15 min, followed by washing with DI water. Next, the substrates were dipped into
the CNT-COOH solution for 15 min and were then washed with DI water. This
process was repeated up to 20 times. Schematic representation of the LBL process is

shown in Figure 2.1a.

2.1.4 Post treatment of CNT multilayer

To reduce the sheet resistance, the CNT multilayer electrodes were subjected to
chemical and thermal post treatments. For the chemical treatment, the as-prepared
films were immersed into various acidic solutions, including nitric acid, sulfuric acid,
hydrochloric acid and perchloric acid, and the immersion time was varied from 30
min to 5 days. The acid treated films were then vigorously rinsed with DI water to
remove residues and dried under N, flow. For thermal treatments, the films were
annealed under air, hydrogen or vacuum. The thermal treatment temperature was
varied from 200 °C to 400 °C whereas the treatment time was changed from 30 to

300 min. All post-treatments were performed with 12-bilayer CNT films.

2.1.5 Multilayer transfer

The PSU solution was prepared by first dissolving the PSU in dichloromethane (b.p.
40 °C) with a concentration of 50 mg/ml. 100 pul of the PSU solution was dispersed
on the CNT multilayer coated glass substrate and allowed to dry at RT for 5 min.
Then, the PSU film was easily peeled off from the glass substrate, which resulted in
full transfer of the CNT multilayer to the PSU film. A schematic representation of

the multilayer transfer process is demonstrated in Figure 2.1b.
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Figure 2.1 : Schematic illustration of (a) LBL and (b) multilayer transfer processes.
2.1.6 Characterization

Zeta potential (Nano ZS, Malvern Instruments, UK) measurements was carried out to
determine the surface charge of CNTs. The optical transmittance of the films was
measured with a UV-Vis spectrophotometer (Lambda 750, Perkin-Elmer, USA) and
the sheet resistance of the films was measured using the four-point probe method
(Jandel RM3000). The morphology of the CNT films was studied by field emission
scanning electron microscopy (FE-SEM, JEOL 63335F JSM) and atomic force
microscopy (AFM, Bruker Dimension Icon). Touch sensor properties of the flexible
TCE film was evaluated by placing the film on a printed circuit board with an
electrode distance of 5 mm. Current passing through the film was measured with a

digital multimeter, which was connected to an LED.

2.2 Results and Discussion

Figure 2.2 shows the zeta potentials of functionalized CNTSs as a function of pH with
a concentration of 0.1 mg/ml. The MWCNTs-COOH and SWCNTs-COOH possess
negative surface charges over the pH range from 2 to 8. In addition, the surface
charge of the MWCNT-COOH and SWCNTs-COOH decreased with the decreasing
pH, which could be attributed to the protonation of the carboxyl groups in agreement
with Hammond's work [31]. On the other hand, the MWCNTs-NH; and SWCNTs-
NH, have positive surface charges in the same pH range. The surface charges of the
MWCNT-NH, and SWCNTSs-NH; increased with the decreasing pH, which could be
explained by the changes in the ionization degree of the amine groups [31].
Generally, particles with a zeta potential in the range of =30 mV to +30 mV were
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reported to be stable due to strong electrostatic repulsion [35]. Therefore, the pH of
the CNTs-COOH and CNTs-NH, solutions were adjusted to 3.5 and 2.5,

respectively.
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Figure 2.2 : Zeta potential of all functionalized CNT solutions.

Optical images of the LBL assembled MWCNT and SWCNT films on glass
substrates are shown in Figure 2.3. As the number of layers was increased, the film
color became darker. The increase in thickness is same for each deposition step

demonstrating the equal amount CNTSs deposited.
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Figure 2.3 : Optical images of (a) as-prepared MWCNT films (b) as-prepared
SWCNT films with different bilayer numbers on the glass substrates.

In association with the optical images, the transmittance of the LBL assembled
MWCNT and SWCNT at 550 nm was found to decrease linearly with the increasing
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number of bilayers (Figure 2.4), demonstrating the successful sequential deposition
of oppositely charged CNTs. In addition, the successful LBL deposition of
functionalized CNTs was also demonstrated with the decrease in sheet resistance as
the number of layers increased (Figure 2.4), which in turn led to more continuous
pathways for electron transport. For instance, the 12-bilayer MWCNT film provided
transparency and sheet resistance of 68% and 43 kQ/o, while the 12-bilayer film of
SWCNT film provided a transparency and sheet resistance of 81% and 400 Q/o,
respectively. The measured sheet resistances are well above the requirements of
modern optoelectronic devices. Therefore, as-prepared films were subjected to
various post treatment processes to improve the electrical conductivity without

deteriorating the optical transmission.
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Figure 2.4 : Sheet resistance and transmittance of as-prepared films as a function of
the number of bilayers on a glass substrate for (a) MWCNT films and (b) SWCNT
films.

First, the effect of immersion time in various acids on the sheet resistance of the 12-
bilayer MWCNT film was investigated, as illustrated in Figure 2.5a. It is worthy to
note that the sulfuric acid has the strongest effect on the sheet resistance. This effect
is likely attributable to the high p-doping effect of sulfuric acid in comparison with
other acids [36]. HNO; is another effective acid to reduce the sheet resistance.
Graupner et al. showed by XPS analysis that H,SO4 and HNOj3 caused p-doping in
CNT films. In addition, it was claimed that the most stable doping and lowest sheet
resistance were obtained using H,SO, [37]. Typically, the sheet resistance decreased
remarkably with a dipping time up to 1 h and leveled off after 2 h. In contrast, the
longer treatment time caused a slight increase in the sheet resistance. This might be
explained by the defects formed on the nanotube walls [38]. The lowest sheet
resistance (13 kQ/o) was obtained with the sample treated in H,SO4 for 2 h.
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Meanwhile, the influence of the thermal treatment on the sheet resistance of the
MWCNT films was also explored with respect to the treatment time, temperature and
atmosphere (Figure 2.5b). It is noted that all the thermal treatment methods resulted
in reduced sheet resistances. There is a significant decrease in the sheet resistance by
increasing the treatment temperature from 200 °C to 400 °C in air. The increased
temperature from 200 to 400 °C for a 30-min treatment resulted in an improved sheet
resistance. However, it is interesting to note that when treatment at 400 °C was
performed >30 min, no electrical conductivity could bemeasured, indicating the
decomposition of the CNT network. This was affirmed by TGA and FE-SEM
analysis (not shown here). In addition, treatment at 150 °C under vacuum provided
sheet resistance values comparable to treatment at 200 °C in air. However, thermal
treatment at 300 °C under H, atmosphere provided the lowest sheet resistance (8.4
kQ/o), which might be explained by the burning off of oxygen-containing functional
groups on the MWCNTSs. The same post treatment processes were also used for the
12 bilayer SWCNT film. Similar trends were seen in the post treatment processes of
the SWCNT film, as shown in Figure 2.5¢ and d. When the film was treated in
H,SO, for 2 h, the sheet resistance decreased from 400 Q/o to 107 Q/o. In the case
of thermal treatment performed at 300 °C under H, atmosphere for 2 h, the sheet

resistance was measured as 130 Q/o.
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Figure 2.5 : Change in the sheet resistance for the 12 bilayer MWCNT film as a
function of (a) acid treatment time and (b) thermal treatment time. The change in the
sheet resistance for the 12 bilayer SWCNT film as a function of (c) acid treatment
time and (d) thermal treatment time.

Morphology of the as-prepared and acid-treated (H,SO,4 for 2 h) MWCNT films with
12-bilayers were examined with an FE-SEM (Figure 2.6a,b). Several impurities
(shown by arrows) embedded within the CNT network were observed in the as-
prepared film (Figure 2.6a). These impurities are believed to hinder charge transport,
which led to a higher sheet resistance. After the acid treatment, impurities were
removed from the MWCNT network, and the conductivity of the film was increased.
Moreover, the SEM images of as-prepared and acid treated (H,SO,4 for 2 h) SWCNT
films with 12-bilayers are shown in Figure 2.6¢c and d. The images show that
impurities on the surface were also removed from the SWCNT network after the acid
treatment, demonstrating the similar morphology with that of the MWCNT film.
Similarly, thermal treatment also eliminated the impurities in the film, which
explains the decrease in the sheet resistance for both MWCNT and SWCNT films

(not shown here).

The surface roughness of these films was investigated by AFM. While the surface
roughness of the as-prepared film was ~31 nm, the surface roughness of the acid-
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treated and thermal-treated films was approximately 25 and 22 nm, respectively. The
samples with the smoother surface resulted in lower sheet resistance, which agrees

with previous results [39].

e

Figure 2.6 : SEM images of the 12-bilayer MWCNT film on a glass substrate (a) as-
prepared and (b) acid-treated. SEM images of the 12-bilayer SWCNT film on a glass
substrate (c) as-prepared and (d) acid-treated.

The PSU solution was dropped on a multilayer CNT film coated on a glass substrate
and waited for a certain time when the solvent completely evaporated. The PSU film
was peeled off from the substrate and is shown in Figure 2.7a and b. The entire CNT
film was transferred from the glass to the PSU substrate leaving no residue on the
glass substrate. To successfully transfer the multilayer film from the glass to the PSU
substrate, the interaction between the glass and CNT-NH, (base layer of CNT film)
should be weaker than the interaction between PSU and the top layer of the CNT
(CNT-COOH) film. The successful transfer can be associated with hydrogen bonding
between the sulfonic groups of the PSU and the carboxylic group of the CNT-COOH

as well as m-m interactions between aromatic rings of the PSU and CNTs [40,41].
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Figure 2.7 : Optical image of the (&) MWCNT film and the (b) SWCNT film
transferred to the PSU substrate.

The CNT multilayer films on the PSU substrate demonstrated excellent flexibility
without losing conductivity after bending 100 times, as shown in Figure 2.8a and b.
The change in sheet resistance is represented by Rsn)/Rs) in Figure 2.8c, where Rsp)
is the sheet resistance after n bending cycles. The sheet resistances of the flexible

CNT films remained nearly unchanged after 100 bending cycles.

(C) —=— MWCNT film
—e— SWCNT film

1,05+
1'00- .M

0,95+

0,90

20 40 60 80 100
Bending Cycles

o -

Figure 2.8 : Flexibility of the (a) MWCNT film and the (b) SWCNT film transferred
to the PSU substrate. (c) The change in sheet resistance of CNT films after 100
bending cycles.
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The electrical and optical properties of the transferred multilayer films are presented
in Figure 2.9. After the multilayer transfer process there were no observed significant
changes in the sheet resistance of all CNT multilayer film. Moreover, the sheet
resistance of the films decreased with the increase in the bilayer number, which is
consistent with the as-prepared films [42]. For the 12-bilayer film, the sheet
resistance of the thermally treated MWCNT film decreased from 43 kQ/o to 8.4
kQ/o, while the sheet resistance of the acid-treated MWCNT film decreased from 43
kQ/o to 13 kQ/o. Conversely, the optical transmittance of the thermally treated
MWCNT films on the PSU is shown in Figure 2.9b. As the number of layers is
increased, the transmittance was observed to decrease. The obtained sheet resistance
values are similar with previous works as reported by Lee et al. [31]. Figure 2.9c
showed that the sheet resistance of the acid-treated SWCNT film decreased from 400
Q/o to 107 Q/o while the sheet resistance of the thermally treated SWCNT film
decreased from 400 Q/o to 130 Q/o. Similar trends with that of the MWCNT films
on the PSU were observed in the optical transmittance of the acid-treated SWCNT

films on the PSU, as shown in Figure 2.9d.
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Figure 2.9 : Sheet resistances for the MWCNT films on PSU, (b) optical
transmittance of the MWCNT films on PSU, (c) sheet resistance for the SWCNT
films on PSU, and (d) optical transmittance of the SWCNT films on PSU.
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AFM was used to characterize the surface topographic features of the MWCNT
films. Table 2.1 shows the surface roughness values of the as-prepared, acid-treated
and thermally treated films on PSU. The surface roughness of the films increased
with the number of layers, as shown in Table 2.1. The as-prepared films presented
the highest surface roughness compared to the films subjected to the posttreatment. It
can be deduced that the post-treatment increased the density of the nanotubes, which

led to the improved sheet resistance.

Table 2.1: Surface roughness of the MWCNT films on PSU with different numbers

of bilayers.
Number of bilayers Rq® (nm) qu (nm) Rq° (nm)
4 23 18 16
12 33 27 24
20 36 29 27

a, b and c are defined as as-prepared film, acid-treated film and thermally treated film.

The performance of the transparent conducting films can be evaluated by the figure
of merit (FOM) (¢) that depends on the sheet resistance and optical transmittance of
the films. The figure of merit values were calculated using the equation defined by
Haacke [43]:

Dre= TR,

where T is the optical transmittance at 550 nm and R; is the sheet resistance. The
FOM values are compared in Tables 2.2 and 2.3. The higher FOM values represent
an improved performance for the transparent conducting film. While the highest
figure of merit was found to be 2.52 x 10°° Q' for the MWCNT films with 12-
bilayers, the figure of merit was found to be 1.14 x 10~ Q' for the SWCNT films
with 12- bilayers.

Table 2.2 : FOM values for the thermally treated MWCNT films on PSU.

Number of bilayers T (%) Rs (KQ/O) Orc Q)
2 92 240 1.81x10°
4 85 86 2.29x10°®
8 76 26 2.47x107°
12 68 8.4 2.52x10°
16 59 6.8 0.75x107°
20 51 3.9 0.30x10°®
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Table 2.3 : FOM values for the acid-treated SWCNT films on PSU.

Number of bilayers T (%) Rs (Q/0) Orc QY
2 97 812 0.91x107
4 92 420 1.03x107®
8 86 201 1.10x107®
12 81 107 1.14x1073
16 72 94 0.40x1073
20 63 82 0.12x107

Finally, the transparent conductive film was applied in a resistive touch sensor.
When the film was attached on a printed circuit board, there was no current passing
through as shown in Figure 2.10a. However, when a force is applied on the film by
pressing with a finger, a current and LED lightning was observed (Figure 2.10b).
Long term stability of flexible CNT films was investigated in Figure 2.10c. Even
after 300 touch cycles, the sheet resistance of the flexible CNT films remained nearly

unchanged, which strictly demonstrates that the CNT multilayer perfectly adheres

onto the PSU.
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Figure 2.10 : Photograph showing the resistive touch sensor system (a) untouched
state, (b) touched state with a finger and (c) stability of CNT films over 300 touch

] v L} L] L] L ] v L] ¥ L] b T
50 100 150 200 250 300
Touch number

cycles.




2.3 Conclusion

Preparation of a flexible TCE based on MWCNTs and SWCNTs was successfully
achieved in this work. Carboxylic acid and amine moieties were introduced on
MWCNTs and SWCNTs, leading to successful LBL assembly on a glass substrate
via ionic interactions. Multilayer transfer of the MWCNT and SWCNT electrodes to
a PSU substrate was achieved without leaving a residue on the glass. Multilayer
transfer eliminated the need of surfactants as well as the detrimental effects of
chemical and thermal treatments on the polymer substrate. The highest FOM was
found to be 2.52 x 10° Q' at a 68% optical transmission and 1.14 x 10 Q" at an
81% optical transmission for the 12-bilayer MWCNT and SWCNT, respectively.
Finally, the flexible transparent conductive film was successfully demonstrated in

resistive touch sensor application.
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3. FABRICATION OF SOLUTION-PROCESSABLE, HIGHLY
TRANSPARENT AND CONDUCTIVE ELECTRODES VIA LAYER-BY-
LAYER ASSEMBLY OF FUNCTIONAL SILVER NANOWIRES*

Transparent conductive electrode (TCE) is a significant component of modern
optoelectronic devices, including organic solar cells [44], touch screens [22] and
organic light emitting diodes [2]. Indium tin oxide (ITO) is the common choice of the
industry, owing to its low sheet resistance and high optical transmittance [45].
However, the brittle nature of ITO avoids its future use in next-generation flexible
optoelectronic devices [4].

Therefore, in the past decade, considerable research has been conducted on
alternative solution-processable materials to replace ITO. Various materials, such as
silver nanowires (AgNWSs) [46], copper nanowires [47], graphene [7], carbon
nanotubes [48] and conducting polymers [49] have been evaluated in the
literature,with AgQNWSs considered to be the most promising material due to their low
inherent resistivity, high optical transmittance, resistance to oxidation and excellent
flexibility [50,51].

For fabrication of TCEwith AgNWs, solution based coatingsmethods, such as
vacuum filtration [52,53], rod coating [9], drop coating [54,55], spray coating [56],
brush painting [57] and spin coating [58] techniques have been utilized hitherto.
Even though, the mentioned methods provided relatively low sheet resistance and
high optical transmittance values, there are several obstacles to overcome. The
difficulties in large area coating and the challenges in obtaining uniform films are the
significant disadvantages of vacuum filtration and drop coating techniques [59].

On the other hand, the high amount of residual solvent and the problems in viscosity
adjustments are the major drawbacks of rod coating, brush painting and spray coating
methods. On the other hand, layer-by-layer (LBL) deposition consisting of sequential
immersion of a substrate into aqueous solutions of oppositely charged materials is a
very promising approach. This method can create versatile thin filmswith highly

tunable thickness, porosity, packing density and surface properties [60]. In addition,

! This chapter is based on the paper “ Oytun F., Kara V., Alpturk O. and Basarir F., Fabrication of
solution-processable, highly transparent and conductive electrodes via layer-by-layer assembly of
functional silver nanowires. Thin Solid Films, 2017, 636, 40-47.”
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the multilayer film has excellent adhesion to the substrate since the multilayer is
formed via covalent bonding or ionic interaction [61]. Thus, it has been widely
utilized for fabrication of polymer [62], carbon nanotube [31], graphene [63], gold
nanoparticle [64] or silver nanoparticle [65] multilayer films for various electronic
and electrochemical applications. But the method has yet to be utilized for the
assembly of AgNWs.

In this study, therefore, it was attempted to fabricate TCE via LBL assembly of
AgNWs. The uniqueness of the presentedwork lies on the surface modification and
LBL assembly of the AgNWs. First, commercial nanowires were functionalized with
cysteamine hydrochloride (CA) and 3-mercaptopropionic acid (MPA) to obtain
positively and negatively charged AgNWs, respectively. Then, oppositely charged
AgNWs were sequentially coated on a 3-aminopropyltriethoxysilane (APTES)
modified glass substrate via LBL deposition. Next, thermal annealing was carried out
to enhance the electrical conductivity of the nanowire multilayer films. Finally, the
AgNW multilayer film was characterized by UV-Vis spectrometer, field emission
scanning electron microscope (FE-SEM), optical microscope (OM) and sheet

resistance measurement by four-point probe method.

3.1 Experimental

3.1.1 Materials

Silver nanowires (AgNWSs) were purchased from ACS Materials (USA) as
suspension in isopropylalcohol (IPA) with a concentration of 20 mg/ml. The average
length and diameter of the AgNWs were 20-30 um and 60 nm, respectively.
Cysteamine hydrochloride (CA) (BioXtra), 3-mercaptopropionic acid (MPA) (99%),
3-aminopropyltriethoxysilane (APTES) and N,N-Dimethylformamide (DMF, 99.8%)
were obtained from Sigma-Aldrich. Sulfuric acid (H,SO,4, 95-98%) and hydrogen
peroxide (H,O,, 30%) were provided by Merck. Microscope slides (ISOLAB) were
carefully cut into 76 x 13 mm?% All aqueous solutions were prepared with the
deionized water (DI, 18.2 MQ) with a Millipore-Q system.

3.1.2 Functionalization of AgNWs

Amine-functionalized AgNWs (AgNW-NH,) were prepared as reported earlier [66].
Briefly, CA (150 mg, 0.026 M) in DMF was added to AgNW solution (50 mg, 1
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mg/ml). The reaction vessel was covered with aluminum foil and the solution was
slowly stirred for 24 h at room temperature (RT). Then, the solution was centrifuged
to remove the unreacted CA, followed by washing with DMF and DI water
sequentially, and the final concentration was adjusted to 1 mg/ml by re-dispersing in
DI water. Same procedure was implemented to obtain carboxylic acid-functionalized
AgNWs (AgNW-COOH) except using MPA instead of CA. The concentration of
AgNW-COOH was also adjusted to 1 mg/ml by re-dispersing in DI water. The
functionalized AgNWs were kept in the dark for future use.

3.1.3 Fabrication of transparent conductive electrode

Prior to layer-by-layer (LBL) deposition, the glass substrates were cleaned by
immersing into piranha solution (98% H,SO4 and 30% H,0O, with a volume ratio of
3:1) at 90 °C for 1 h, followed by rinsing with a large amount of DI water and drying
with N, gas. Caution: Piranha solution reacts violently with organic material and
should be handled carefully. Then, the glass substrates were dipped into 3% (v/v)
APTES solution in ethanol for 2 h [67]. Next, the substrates were rinsed 3 times
vigorously with ethanol and annealed in an oven at 120 °C for 1 h. Silver nanowire
multilayer films were formed by LBL deposition of AgNW-NH, and AgNW-COOH
using an automatic slide stainer (Sakura DRS-2000). First, the APTES modified
glass substrates were immersed into AGNW-COOH for 15 min, followed by rinsing
with DI water and blow-drying with hot air. Then, the substrates were immediately
immersed into AgNWs-NH; for 15 min. The substrates were again rinsed with DI
water and dried with hot air. The multilayer films were achieved by repeating these
processes until the desired number of bilayers was reached. All coating processes
were carried out at RT (~23 °C) and ~30% humidity. The multilayer films were
subjected annealing to increase the electrical conductivity by varying the temperature
(100200 °C) and treatment time (15-120 min) in a tube furnace under air

atmosphere.

3.1.4 Characterization

X-ray Photoelectron Spectrometer (XPS, Thermo K-Alpha) and Fourier Transform
Infrared Spectrometer (FT-IR, Perkin Elmer-Spectrum Two) was utilized to
characterize the chemical composition of the as-received and functionalized AgNWs.

Surface charge of the AgNWs was characterized by Zetasizer (Nano ZS, Malvern
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Instruments). The sheet resistance measurements of the films were performed by
using 4- point probe method (Jandel RM3000) while the optical transmittance was
measured with UV—Vis Spectrometer (Lambda 750, Perkin Elmer). The optical
transmittance and sheet resistance measurements were carried out at RT and the
average of 5 measurements were reported. Field Emission Scanning Electron
Microscope (FE-SEM, JEOL JSM- 6500F) and optical microscope (Axio Scope Al,
Zeiss) were used to investigate the surface topology of the multilayer films. To
demonstrate the electrical conductivity of the films, a conductive path was formed on
a printed circuit board. Copper wire was affixed to the end of electrodes of the
printed circuit board and the contact between the AgNW multilayer film and the
copper wire was obtained by silver paste. LED light was observed after applying
voltage through the printed circuit board.

3.2 Results and Discussion

As-received AgNWs contain Polyvinylpyrrolidone (PVP) as capping agent, which is
necessary during their synthesis. Therefore, ligand exchange process was used to
introduce functional groups on the AgNWs, as demonstrated in Figure 3.1. The —SH
groups of CA and MPA react with the silver atoms on the AgNW surface, which led
to Ag—S covalent bonds. Thiol is known to have the highest binding affinity to noble
metal surfaces (approx. 200 kJ/mol) [68].
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Figure 3.1 : Functionalization of AgNWs with CA and MPA.
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After the ligand exchange process, XPS analysis was utilized for monitoring the
surface composition of the AgNWs. The survey spectrum of AgNW-NH, and
AgNW-COOH exhibits the expected peaks (S2p, Cls, Ag3d, N1s, Ols and Ag3p), as
shown in Figure 3.2a and b. The enlarged XPS S2p core level spectrums of AgNWs-
NH; and AgNW-COOH were shown in Figure 3.2c. The spectrums for AgNWs-NH;
(161.9 eV) and AgNW-COOH (162.1 eV) proves the formation of S—Ag bond,which
is consistent with the previous work [69]. The enlarged view of Cls spectrums were
displayed in Figure 3.2d. The peaks at 284.5 and 287.6 eV could be attributed to the
aliphatic carbon-carbon bond and carboxylic carbon (O—C=0), respectively [70]. In
addition, there is a strong nitrogen signal at 399.2 eV in the Nls spectra of the
AgNWs-NH,, whereas no signal was observed in AgNWs-COOH (Figure 3.2d). The
results confirmed the successful ligand exchange and surface modification of

AgNWs with CA and MPA.
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Figure 3.2 : XPS survey spectra of (a) AgNWs-NH, and (b) AgNWs-COOH, and (c)
S2p, (d) Cls, and (e) N1s spectra of AgNWs-NH, and AgNWs-COOH.
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On the other hand, FT-IR spectroscopy was also used to better understand the surface
chemistry of the functionalized AgNWs (Figure 3.3a and b). The peaks detected at
2510 cm ' in the spectrum of both CA and MPA could attributed to —SH stretching
[71]. However, the loss of the —SH peaks confirms the binding of thiol groups to the
nanowire surface [72]. The peak at 1446 cm ' and small bands at 923 and 883 cm
in FT-IR spectra of AgNW-NH; could be explained by C—N stretching and NH,
bending of amine moiety of CA, respectively (Figure 3.3a) [73,74]. Moreover, the
characteristic peak at 1710 cm™' of AgNW-COOH was assigned to C—O group of
carboxylic acid in MPA (Figure 3.3b) [75]. These results again indicate the

successful surface modification of AgNWs.
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Figure 3.3 : FT-IR spectra of (a) AQNW-NH, and (b) AgNWs-COOH.
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Surface charge of themodified AgNWs was evaluated by measuring the zeta
potential of the nanowire dispersions in aqueousmedia (Figure 3.4). As expected, the
AgNWs-NH, exhibited a positive zeta potential (+32.4 mV), while the AgNWs-
COOH showed a negative value (—31.3mV). These positive and negative charges
resulted from protonation of —NH, groups to -NH;" and deprotonation of -COOH
moieties to —COO , respectively [76,77]. Particles with highly negative or positive
zeta potentials (+30 mV or less than —30 mV) are considered to provide sufficient
mutual repulsion to ensure a stable dispersion [78], which indicates that

functionalized AgNWs possessed sufficient surface charge for the stability of the

dispersions.
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Figure 3.4 : Zeta Potential of (a) AQNW-NH, and (b) AgNWs-COOH dispersions.

Multilayer assembly of the silver nanowires was simply performed via electrostatic
interaction between the AgNWs-NH, and AgNWs-COOH, as schematically
demonstrated in Figure 3.5. This approach provided highly controllable nanowire

thin films in terms of topology, optical transmittance and sheet resistance.
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Figure 3.5 : Schematic illustration of LBL assembly of oppositely charged AgNWs.

The topology of the AgNW films was strongly influenced by the layer numbers.
Optical microscope images of the said films were depicted in Figure 3.6. Increasing
the layer number results in increased number of nanowires and decreased void size,

which demonstrates the successful LBL deposition.

Figure 3.6 : Optical microscope images of AgNW films; (a) 2 bilayer, (b) 4 bilayer
and (c) 6 bilayer.
Macro images of the LBL assembled AgNW films are shown in Figure 3.7a.
Increasing the layer number provided deeper yellowish color due to the increase in
the number of AgNWs, which again indicates the successful LBL deposition. It is
worthy to note that the sample is still very transparent after 6 bilayer deposition. The

optical transmittance analysis results are consistent with the macro and optical
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images. As the number of layers increased, the optical transmittance decreased
(Figure 3.7b), since the increased number of AgNW layers inhibit light
transmittance, which was measured as 97.8% (@550 nm) for one bilayer and
decreased gradually to 83.8%, with 6 bilayers (Figure 3.7c). There is almost a linear
drop of the optical transmittance at 550 nm with indicates the deposition of same
amount of material for each layer. It is worthy to note that the optical transmittance
of the 6-bilayer (83.8%) sample can be compared with the commercial ITO
electrodes (T=79.5%) [79].
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Figure 3.7 : (a) Macro images, (b) Optical transmittance and (c) Optical
transmittance at 550 nm as a function of number of bilayer for LBL assembled
AgNW films.

Regardless of the layer number, the as-deposited AgNW films possessed high sheet
resistance (~2M€)/0) possibly due to the organic capping molecules (CA and MPA)
and thus, the films were subjected to thermal annealing. Annealing has two functions
on the AgNW films; 1) removal of the insulating capping molecules from the
nanowire surface and 2) surface melting of the nanowires which makes them fuse
into each other [80]. Hence, annealing leads to the formation of efficient conduction
pathways through the AgNW network. The annealing conditions such as temperature

and time were optimized by measuring the sheet resistance of the 6 bilayer AgNW
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film, as illustrated in Figure 3.8a. As the annealing temperature increased, sheet
resistance decreased from ~2 MQ/o (as-deposited) to 65 Q/a (100 °C) and 32 Q/o
(125 °C), and then increased to 61 Q/o (150 °C) and 400 Q/o (200 °C) at the
annealing time of 15 min. However, samples demonstrated different behaviors upon
increasing the annealing time to 30, 60 and 120 min. Upon increasing the time to 30
min, the sheet resistance of the films annealed at 100 and 125 °C decreased to 53
Q/o and 18.3 Q/o, respectively and then leveled off. On the other hand, the sheet
resistance of the sample annealed at 150 °C increased progressively with the
annealing time. However, the sheet resistance of the sample annealed at 200 °C
increased sharply upon increasing the time to 30 min and henceforth no
measurements could be taken.

The topology of the annealed 6 bilayer AgNW samples was investigated by FE-SEM
to obtain a better understanding on the change of sheet resistance upon thermal
treatment. It can be deduced that the CA and MPA were fully removed from the
nanowire surface and the AgNWs fused into each other at the junctions by annealing
at 125 °C (Figure 3.8b). The successful removal of the capping agents was proven by
XPS characterization (not shown here). The higher sheet resistance at 100 and 150
°C could be explained by the partial removal of the capping agents and slightly over
melting of the AgNWs, respectively. However, annealing at 200 °C provided large
island-type particles and shorter nanowires (Figure 3.8c) due to the over melting of
the AgNWs and high surface tension of melted silver. Hence, the optimum annealing
condition was found as 125 °C and 30 min, which provided sheet resistance of 18.3

Q/o that i1s comparable to commercial ITO electrode (Rs = 15.3 Q/o) [79].
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Figure 3.8 : (a) Sheet resistance vs. annealing time behaviors of 6-bilayer AQNW
film for different temperatures between 100 and 200 °C in air. Tilted SEM images of
6-bilayer AQNW film annealed (b) at 125 °C for 30 min and (c) at 200 °C for 30 min.

Unlike the typical annealing at 200-250 °C of PVP capped AgNWs in the literature
[81,82], LBL assembled filmrequired annealing temperature of 125 °C. This could be
attributed to the low molecular weight of CA (113.61 g/mol) and MPA (106.14
g/mol) which in turn led to low temperature decomposition when compared to PVP
(~55.000 g/mol). In addition, the sheet resistance was investigated as a function of
layer number asdepicted in Figure 3.9. One and two bilayer samples provided very
high sheet resistance (~10°-10° €/o), which could be explained by incomplete
electrically conductive network formation (Figure 3.6a). However, increasing the
layer number to five bilayers resulted in a linear decrease of the sheet resistance,
demonstrating the successful insulator-conductor transition. This could be attributed
to the increased number of nanowires and formation of new conductive pathways
(Figure 3.6b, c). In addition, extending the layer number (N5) does not have

significant effect on the sheet resistance.
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Figure 3.9 : Sheet resistance of LBL assembled AgNW films as a function of
number of bilayer.

Moreover, the sheet resistance and optical transmittance at 550 nm values were
utilized to evaluate the performance of AgNW films by calculating the figure of

merit (Orc) via Haacke equation [43];
Dre= TR

where T is the optical transmittance at 550 nm and Rs is the sheet resistance (Table
3.1). The higher is the value of the figure of merit, the better is the performance of a
TCE. In this work, best performance was obtained with 6-bilayer film (9.33 x 10
Q"), which is even higher than that of the sputtered ITO film (6.6 x 107 Q")
indicating the possible use of LBL assembled AgNWs as an alternative for ITO
(T=79.5%, Rs=15.3 /o) [79].

Table 3.1 : The optical transmittance, sheet resistance and figure of merit values of
LBL assembled AgNWs films.

Number of bilayers T (%) Rs (Q/0) {rc (103 QY
1 97.8 284x10° 0.0028
2 95.9 126x10° 0.0052
3 93.8 9.4x10° 0.056
4 90.1 261 1.35
5 85.9 27.7 7.90
6 83.8 18.3 9.33
7 80.6 18.4 6.28
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Consequently, 6-bilayer AgNW film performance was compared with the previous
works in Figure 3.10. The comparison reveals that our work provided better
performance than films fabricated by rod coating, spray coating and spin coating.
This could be attributed to the difficulties in obtaining uniform films and loose
packing density of the nanowires with those methods. Conversely, vacuum filtration
and drop coating methods provided higher figure of merit values (22.27 x 107 Q")
than our work, which may be explained by the higher packing density of AgNWs due
to the applied vacuum (in vacuum filtration) or slow drying of the solvent (in drop
coating). Nevertheless, these two methods are not scalable and it is a real challenge

to coat large area samples.
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Figure 3.10 : Comparison of the sheet resistance and optical transmittance values of
the present study with the references.

Moreover, the films obtained by the above-mentioned methods have weak adhesion,
because there is no interaction between the substrate and the AgNWs. Adhesion of
the AgNWs to the substrate is a critical problem, because it influences the long-term
utilization of the electrode in the optoelectronic devices. Typically, the AgNW
multilayer films in this work easily passed adhesion test with 3-M tapes without any
change in sheet resistance and topology (not shown here). This could be explained by
the presence of APTES molecules (b.p. 217 °C) on the substrate even after annealing
process. The amine groups are well known to have strong affinity to silver atoms,

which enhances the adhesion of AgNWs to the substrate.
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Finally, conductivity of the 6-bilayer film was also visually demonstrated in Figure
3.11. The sample was connected to the electrodes of a printed circuit board to which
a voltage (~3 V) is applied. 30mA current passed through the AgNW film, which lid
the LED successfully.

oI r 7

0290855, -
00302,

TR TOUPE emead 1 Output

CumRange: 5A LimMode: Umt  Frowt
PowOnSetup:  RST RelayControl:  Zero

OVP. 0f RecalSehy: - &

: =

T — —___

Figure 3.11 : Passing current through 6-bilayer AQNW coated glass substrate to
power a LED (Inset demonstrates the voltage and current of the system).

3.3 Conclusion

In summary, high performance TCE was successfully prepared via LBL assembly of
AgNWs in this work. Carboxylic acid and amine moieties were introduced on the
nanowires via ligand exchange process. LBL assembly was successfully
implemented with the negatively and positively charged AgNWs as confirmed by the
decreased optical transmittance and sheet resistance. Optimum annealing conditions
was found as 125 °C and 30min which was evaluated by sheet resistance
measurement. The highest figure of meritwas evaluated as 9.33x 10 Q' at 83.8%
optical transmittance for 6-bilayer film, which powered the LED upon applying

voltage.
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4. COUPLING LAYER-BY-LAYER ASSEMBLY AND MULTILAYER
TRANSFER TO FABRICATE FLEXIBLE TRANSPARENT FILM HEATER!

Recently, flexible transparent film heaters (f-TFHs) have attracted considerable
attention in various applications, including defrosters, displays, solar panels, touch
screens, wearable devices and sensors [83]. The principle of f-TFHs is based on
Joule heating, which converts electricity to heat [84]. Thermal response time, steady-
state temperature, temperature uniformity and stability are the essential issues for f-
TFHs. High optical transmittance and low sheet resistance are the other most crucial
parameters to determine the performance of f-TFHs.

Transparent conductive electrode (TCE) with high conductivity and transparency is
the key component for f-TFHs [85-87]. High optical transmittance makes the
transparent heaters suitable for various applications where clear visibility is required,
such as vehicle window, while low sheet resistance is required not only for rapid
heating but also for maintaining high saturated temperature under low input power
[88]. Therefore, both optical transmittance and sheet resistance have to compromise
with each other.

Indium tin oxide (ITO) has been widely used to fabricate f-TFHs in industry [89],
due to its excellent optoelectronic properties [90,91]. However, it has many
drawbacks such as the increasing price of indium source, brittleness, instability in
acid or basic mediums, lack of flexibility and high production costs [92,93]. Many
alternative conductive materials have been offered to fabricate f-TFHs such as hybrid
materials, silver nanowires (AgNWSs), copper nanowires, carbon nanotubes and
graphene [89,94-100]. Among them, AgNWSs have been considered the best
candidate due to their excellent optoelectrical properties and high flexibility
[101,102]. Up to date, f-TFHs have been generally fabricated on polyethylene
terephthalate (PET) substrate because PET has many advantages such as high

flexibility, transparency and low cost. However, the relatively low glass transition

! This chapter is based on the paper « Oytun F., Alpturk O., and Basarir F., Coupling layer-by-layer
assembly and multilayer transfer to fabricate flexible transparent film heater. Materials Research
Bulletin, 2019, 112, 53-60.”
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temperature of PET (T4: 67-81 °C) limits the maximum temperature that the AgNW-
based f-TFHSs can reach [103].

Variety of solution based coating methods were offered in the literature to prepare
flexible AgNW films, such as drop-casting, spray coating, brush painting, spin
coating and meyer-rod-coating [9,84,104-106]. The mentioned methods are low-cost
techniques compared with the conventional vacuum deposition for ITO production
[107]. In addition, they provide TCEs with low sheet resistance and high optical
transmittance. However, the difficulties in large area coating and the challenges in
obtaining uniform films are the significant disadvantages of these techniques [59].
Moreover, large amounts of waste material after coating and the problems in
viscosity adjustments are other major drawbacks of mentioned methods.

On the other hand, layer-by-layer (LBL) deposition is a very promising approach
consisting of sequential immersion of a substrate into aqueous solutions of oppositely
charged materials [108-111]. This method can create versatile thin films with highly
tunable thickness, porosity, packing density and surface properties [60]. Furthermore,
the multilayer film has excellent adhesion to the substrate since the multilayer is
formed via covalent bonding or ionic interaction [61]. Thus, it has been widely
utilized for fabrication of solution processed polymer and nanomaterial multilayer
films for various applications [112-116].

Therefore, to address this issue, in this study, we fabricated flexible, transparent and
conductive AgNW films on highly thermal stable polysulfone (PSU) film via layer-
by-layer assembly (LBL) of functional AgNWs for use in f-TFHs application. First,
amine and carboxylic acid groups were grafted on AgNWs to obtain positively and
negatively charged AgNWs, respectively. Then, LBL deposition of oppositely
charged AgNWs was achieved on glass substrates via ionic interaction between
amine and carboxylic acid groups, resulting in uniform network. Next, thermal
annealing was applied to increase the conductivity of films, followed by drop casting
PSU solution over LBL assembled AgNW film on glass substrate and waited for
solvent evaporation. The resulting film was peeled off on the glass substrate. Finally,
optoelectronic, thermal, morphological and mechanical performance of the films

were evaluated.
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4.1 Experimental

4.1.1 Materials

Silver nanowires (AgNWSs) were purchased from ACS Materials (USA) as
suspension in isopropyl alcohol (IPA) with a concentration of 20 mg/ml. The average
length and diameter of the AgNWs were 20-30 um and 60 nm, respectively.
Cysteamine hydrochloride (CA, BioXtra), 3-mercaptopropionic acid (MPA, 99%), 3-
aminopropyltriethoxysilane (APTES, 99%), N,N-dimethylformamide (DMF, 99.8%)
and dichloromethane (DCM, > 99.8%, b.p.: 40 °C) were obtained from Sigma-—
Aldrich. Polysulfone (PSU, MW: 29,000 g/mol) was provided by Solvay Advanced
Polymers. Microscope slides (ISOLAB) with dimensions of 76x26x1 mm were used
as glass substrate. All aqueous solutions were prepared with the deionized water (DI,
18.2 MQ) with a Millipore-Q system.

4.1.2 Methods

Amine (AgNW-NH,) and carboxylic acid (AgNW-COOH) functionalized silver
nanowires were prepared based on our previous report [101]. Prior to the coating, the
glass substrates were ultrasonically cleaned in acetone and ethanol for 10 min and
dried with pure N flow. Then, they were treated with O, plasma for 60 s at 50 W to
generate hydroxyl groups on the surface. Afterwards, the substrates were dipped in
3% (v/v) APTES solution in ethanol for 2 h to create amine groups on the surface,
followed by rinsing vigorously with ethanol and annealing in an oven at 120°C for 1
h.

The layer-by-layer (LBL) coatings were performed by using an automatic slide
stainer (Sakura DRS-2000) on APTES modified glass substrates. First, the substrates
were immersed into negatively charged AgQNW-COOH solution for 15 min, followed
by rinsing with DI water and blow-drying with hot air. Then, the substrates were
immediately immersed into positively charged AgNW-NHj; solution for 15 min. The
substrates were again rinsed with DI water and blow-dried with hot air. The
multilayer films were simply prepared by repeating these processes. The films were
subsequently annealed at 125 °C for 30 min in a tube furnace under air atmosphere to
increase the electrical conductivity.

To obtain flexible thin film heater (f-TFH), PSU (50 mg/ml) dissolved in DCM was

dropped over the AgNW multilayer film and waited until the solvent was evaporated.

37



Consequently, the PSU film was peeled off from the glass substrate which led to full
transfer of AQNW multilayer to the PSU film.

4.1.3 Characterization

The sheet resistance measurements were performed by using 4-point probe
(Everbeing SR-4) whereas the optical transmission was measured with UV-Vis
spectrometer (Lambda 750, Perkin Elmer). Field emission scanning electron
microscope (FE-SEM, JEOL JSM-6500F) and optical microscope (Axio Scope Al,
Zeiss) were used to investigate the surface morphology of the films.

The performance of the f-TFH was evaluated by using an infrared thermal imager
(Flir SC4000). In order to heat the film, DC voltage was applied through silver
contacts at the edges using a power supplier (GW Instek PPH 1503). The bending
test was performed by directly bending the film to 90° manually by hand. For the
defrosting tests, f-TFH was placed into a fridge for 30 min to form frost on the entire
film, followed by applying voltage (3~7 V) to the film. The adhesion test was carried
out by 3M scotch tape. The tape was fully adhered on the AgNW films and then
detached after 30 s. The process was repeated up to 20 detachments and the sheet

resistance of film was recorded after each 5 detachments.

4.2 Results and Discussion

Fabrication of f-TFH was schematically illustrated in Figure 4.1. First, LBL
assembly was performed via electrostatic interaction between the AgNW-NH, and
AgNW-COOH on glass substrates. Then, the PSU solution was drop-cast onto the
LBL assembled AgNW film and waited for solvent evaporation. Then, the resulting
film was easily peeled off from the glass substrate. The entire AgNW film was fully
transferred from the glass to the PSU substrate leaving no residue on the glass

substrate.
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Figure 4.1 : Schematic illustration of LBL assembly and fabrication of AgNW films
on PSU.

Figure 4.2 shows the optical microscope images of AgNW films with different
bilayer numbers. It is clear that the AgNW coverage increases stepwise with the
increase of the bilayer number, demonstrating the successful LBL deposition. 5
bilayer sample demonstrates dense and uniform AgNW network on the surface,
which provides electrical pathways throughout the entire network and effective
percolative network. In addition, low roughness and smoother surface may also be
required for various practical applications. It is worthy to note that cold pressing can
help to obtain smoother surface after multilayer transfer of AgNWs onto flexible
substrate. Therefore, cold pressing was applied to the AgNW film at 20 MPa for 15
s. The AFM results (not shown here) reveals that the RMS roughness decreased from
58 nm to 42 nm upon cold pressing. The similar phenomenon was observed by Lan
et.al [84].

Figure 4.2 : Optical microscope images of AgNW films on PSU; (a) 1 bilayer, (b) 3
bilayer and (c) 5 bilayer
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Figure 4.3a shows the optical transmittance of films in the visible region. The optical
transmittance decreases with the number of bilayers, which again indicates the
successful LBL deposition. The transmittances at 550 nm were measured as 95, 89
and 84% for 1, 3 and 5 bilayer, respectively. On the other hand, the sheet resistances
of films decreased with increasing bilayer number, as shown in Figure 4.3b. The
sheet resistances were found as ~5000, 90 and 12 Q/o for 1, 3 and 5 bilayer,
respectively. Figure 4.3c shows the macro images of films, which displays their
transparency. It is clearly shown that the film is still very transparent even after 5
bilayer deposition. The results reveal that the 5 bilayer film can be an alternative for
ITO (T: 80%, Rs: 15 Q/o) [101].
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Figure 4.3 : (a) Optical transmittance, (b) Sheet resistance and (c) macro images of
AgNW multilayer films on PSU.

The adhesion between AgNWs and PSU was investigated by 3M Scotch tape tests,
which was applied on the surface of films simply by hand. Figure 4.4a gives the
sheet resistance change of AgNW film with peeling by tape. Significant change was
not observed in the sheet resistance of 5-bilayer film even after 20 peeling cycle,
indicating the strong interaction between AgNW network and PSU film. This
interaction may be attributed to the strong hydrogen bonding between the sulfonic
groups of PSU and amine groups of AgNW-NH,, as shown in Figure 4.4b [40].
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Besides, the film demonstrated excellent flexibility without losing conductivity even
after 300 times bending (Figure 4.4c).
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Figure 4.4 : (a) Sheet resistance changes of AgNW film after repeated adhesion and
peeling cycles, (b) Possible hydrogen bonding between the sulfonic groups of PSU
and amine groups of AgQNW-NH, and (c) Sheet resistance values of AQNW film with
the bending cycles.

Schematic illustration of fabricated f-TFHs was shown in Figure 4.5a. The DC
voltage was applied to film heaters through silver contact at the film edges and the
temperature of the film was monitored using an IR thermal imager. Figure 4.5b
displays the change in temperature of the film heaters with different bilayer numbers
at 6 V constant voltage for 150 s. Upon turning on the DC voltage supplier, the
temperature rapidly increased and then saturated after a while for all films, whereas
sudden decreases of the temperature were observed after switching off. The films
with 1, 3 and 5 bilayer reached to the highest temperature about 24, 74 and 95 °C,
respectively. The response time, which is defined as the time required to reach
saturation temperature, is one of important parameters for evaluating the
performance of film heaters [117]. The response times were observed as 10, 20 and

35 s, respectively. This trend is accordance with a study published by Li et al [103].
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Figure 4.5¢ shows the temperature profiles of the 5 bilayer sample with respect to the
applied voltages. DC voltages of 3, 4, 5, 6 and 7 V were sequentially applied to the f-
TFH. The generated temperature of the film heater increased with increasing the
voltage and the temperature was measured as 128 °C with 7 V. On the other hand,
the response time was found as 45 s, demonstrating the fast response of the device.
These results strongly suggest that AgNW film with 5 bilayer is suitable for

transparent heaters such as window defrosters in cars or buildings [118].
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Figure 4.5 : (a) A schematic illustration of film heater. (b) The temperatures of films
at 6V constant voltage and (c) Measured temperatures for film with 5 bilayer at
different voltages.

Figure 4.6 presents the infrared thermal images of fabricated AgNW films. The all
images clearly show that the temperature distributions are quite uniform over the
entire film. Figure 4.6a-c displays thermal images of films with different bilayers at 6
V. At the same input voltage, the maximum temperature increases as the bilayer
number of the films increases. The temperature increased to 95 °C for 5 bilayer,
whereas it reached to 24 °C for 1 bilayer when constant voltage of 6 V was applied
(R.T: 19°C). The increase in temperature is due to the efficient transduction of
electrical energy into Joule heating, which may be attributed to the improved

conductivity of the AgNW film [95].
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On the other hand, the effect of voltages on temperature distribution of 5 bilayer film
was investigated in Figure 4.6d-f. By increasing the voltage from 3 to 7 V, the
thermal images became more orange, indicating the increase of temperature. The
temperature reached to 128 °C when 7 V was applied, while it was 32 °C at 3 V.
Therefore, the same film heater could be used to meet different temperature
requirements by simply applying an appropriate voltage. These results show that the
AgNW films are promising candidates for transparent film heater that require

uniform heating temperature.

Figure 4.6 : Infrared (IR) thermal images of AgNW films with (a) 1 bilayer, (b) 3
bilayer, (c) 5 bilayer film at 6 V constant voltage and IR thermal images of 5 bilayer
filmat (d) 3V, (e)5Vand(f) 7 V.

Long-term working stability of f-TFH is the one of most important factors in
practical applications [103]. Figure 4.7 shows output temperature when 7 V was
applied continuously for 5 h to the 5 bilayer film. The generated temperature slightly
decreased from 128 °C to 125 °C at the end of 5 hours period, which can be
explained by little structure degradation of AgNW network. Except for these
changes, Fig. 7 confirms that the film shows a stable heating performance for a long
heating time. In addition, the transmittance of film remained unchanged after this

long heating process.
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Figure 4.7 : Working stability of 5 bilayer film by applying 7 V for 5 h.

Figure 4.8 shows the SEM images of AgNW film with 5 bilayer before and after
applying different voltages for 5 hours. As can be seen from Figure 4.8a and 4.8b,
the AgNW network remained undisrupted when 7 V was applied for 5 h. However,
by increasing the voltage to 8 V, the film heater reached quickly a temperature of
175 °C and the temperature decreased suddenly up to initial temperature after a short
time. The decrease in temperature is due to the electrical breakdown, resulting in
disruption of AgNW network, as shown in Figure 4.8c. A similar phenomenon was
observed by Cheong et al [119].

Figure 4.8 : SEM images of AgNW films with 5 bilayer (a) before, (b) after
applying voltage of 7 V and (c) 8 V for 5 h.

Transparent film heaters fabricated on PET have been reported previously to obtain
flexible film heaters. The relatively low glass transition temperature of PET prevents
reaching high temperature values. However, PSU with high thermal resistance due to
its high glass transition temperature overcomes this problem [92]. The maximum

temperature evaluated (128 °C) in this work is higher than the ones in the literature
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as shown in Table 4.1. This can be explained by the higher heat resistance of PSU.
However, the AgNW network in our study begins to deteriorate when the
temperature is higher than 128 °C. Normally, typical PVP capped AgNWs are
thermally stable up to 200-250 °C. The thermal stability of CA and MPA capped
AgNWs decreased after the ligand exchange of AgNWs with CA and MPA. As
emphasized in our previous work [101], the reduced thermal stability could be
attributed to the low molecular weight of CA (113.61 g/mole) and MPA (106.14
g/mole) which led to low thermal decomposition when compared to PVP (~55.000

g/mole).

Table 4.1 : Properties of transparent film heaters fabricated in the literature

Materials Rs T% Tmax  Vinput Ref.
(/o) ) V)
Current Material (ITO) 392 95.6 31.4 12 89
CNT/AgNW 30 95 110 15 89
AgNW 10 90 105 7 94
AgNW 15 61 48 - 95
AgNW/PEDOT:PSS 3 83 86 3 96
CuNw 17-96 84-91 120 5 97
SWCNT 580 79 95 12 98
MWCNT 349 72 65 12 99
Doped graphene 43 80 97 12 100

On the other hand, the f-TFH was tested to demonstrate its potential as an efficient
defroster (Figure 4.9). The film was initially put in a refrigerator for 30 min to
generate frost on the film surface. The transparency of the PSU disappeared due to
the formation of frost on the film, as shown in Figure 4.9b. The frost was completely

removed on the film surface when 7 V was applied for 20 s and original visibility

was recovered (Figure 4.9c).

i!

oraphs of the film heater with 5 bilayer; (a) before
(b) frosted film heater and (c) the film heater after applying voltage of 7 V for 20 s.
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4.3 Conclusion

In this study, an efficient flexible transparent conductive AgNW films on PSU was
fabricated via layer by layer assembly of functional AgNWs. 5 bilayer films showed
superior optoelectronic properties in terms of transparency and sheet resistance. In
addition, adhesion and bending tests showed that AGQNW film had strong bonding
force between AgNWs and PSU and high mechanical flexibility, respectively. In
addition, the film heater exhibited rapid thermal response time (45 s) and thermal
stability for 5 h at 128 °C. We believe that the AgNW films on PSU film is not
limited to f-TFH and can be used in various applications requiring good

optoelectronic, high mechanical flexibility and thermal properties.
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5. CONCLUSIONS

Although ITO with good optoelectronic properties has dominated the TCE market,
which is a widely used in OLED, OPVs, film heaters, touch screen applications, it
has several drawbacks such as high costs and brittle nature. Therefore, there is a
growing need to alternative materials instead of 1TO. For this purpose, in this thesis,
transparent conductive electrodes as an alternative to ITO have fabricated on glass or
flexible substrate via layer by layer method using functional nanomaterials such as
different types of carbon nanotubes and silver nanowires. Higly transparent and
conductive electrodes have exhibited good optoelectronic properties and film
thicknesses can be easily tuned by low cost layer by layer method. In addition, the
electrodes fabricated in this thesis have founded compatible with flexible
applications, which is restricted by ITO.

In the first part of this thesis, flexible transparent conductive CNT films prepared by
LBL method were successfully transferred on flexible polymer substrate. The LBL
method provided us desired optical transmittance values for CNT films. The sheet
resistances of films were improved using chemical and thermal post treatments.
Flexible films were obtained by solvent casting of PSU solution, followed by peeling
off from glass substrate. The multilayered flexible films were demonstrated the
unchanged transmittance and conductivity. Especially, flexible SWCNT films
exhibited reasonable optoelectronic properties compared with commercial ITO. The
films were finally tested in resistive touch sensor application.

The second part of this thesis describes the fabrication of highly transparent and
conductive AgNW electrodes on glass substrate via LBL deposition. LBL assembled
AgNW films were prepared for the first time using our approach. In the novel
method, AgNWs were functionalized with some functional groups carrying negative
and positive charge. The opposite charges on the AgQNW surface provided good ionic
interaction in the coating process. The films were exhibited excellent optoelectronic
properties. Finally, the conductivity of multilayered film was demonstrated in an
application, which powered the LED upon applying a voltage.

The last part in this thesis describes fabrication of flexible transparent AgNW films
and its application in film heater. Optoelectronic properties of flexible films were
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better than that of commercial ITO. The films were prepared as a flexible transparent
film heater and its thermal properties were extensively characterized. The film heater
showed superior mechanical and thermal properties. Even after 300 bending cycles,
the films protected its optoelectronic and thermal properties. The f-TFH reached
maximum temperature of 128 °C and showed stable heating for 5 h.

It is believed that the concepts presented here will open new pathways to further
developments of transparent conductive electrodes for various optoelectronic

applications.
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