COPPER NANOWIRE NETWORK BASED TRANSPARENT THIN FILM
HEATERS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

DOGANCAN TiGAN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
METALLURGICAL AND MATERIALS ENGINEERING

SEPTEMBER 2018






Approval of the thesis

COPPER NANOWIRE NETWORK BASED TRANSPARENT THIN FILM

HEATERS

submitted by DOGANCAN TIGAN in partial fulfillment of the requirements for the
degree of Master of Science in Metallurgical and Materials Engineering

Department, Middle East Technical University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. C. Hakan Giir
Head of Department, Metallurgical and Mat. Eng. Dept.

Prof. Dr. H. Emrah Unalan
Supervisor, Metallurgical and Mat. Eng. Dept., METU

Assist. Prof. Dr. Bilge Imer
Co-Supervisor, Metallurgical and Mat. Eng. Dept., METU
Examining Committee Members:

Prof. Dr. Cevdet Kaynak
Metallurgical and Mat. Eng. Dept., METU

Prof. Dr. H. Emrah Unalan
Metallurgical and Mat. Eng. Dept., METU

Assist. Prof. Dr. Bilge Imer
Metallurgical and Mat. Eng. Dept., METU

Assoc. Prof. Dr. E. Gorkem Gtlinbas
Chemistry Dept., METU

Assoc. Prof. Dr. Jongee Park
Metallurgical and Mat. Eng. Dept., Atilim University

Date:

04.09.2018




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced

all material and results that are not original to this work.

Name, Last name: Dogancan Tigan

Signature:



ABSTRACT

COPPER NANOWIRE NETWORK BASED TRANSPARENT THIN FILM
HEATERS

Tigan, Dogancan
MSc, Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. H. Emrah Unalan
Co-Supervisor: Assist. Prof. Dr. Bilge Imer

September 2018, 103 pages

Metallic nanowire random networks are highly promising as transparent thin film
heaters (TTFHs) due to their significant optoelectronic performance and thermal
conductivity. Typically silver nanowires (Ag NWSs) are utilized as TTFHs but in
recent years, copper nanowires (Cu NWSs) started to replace them in many
applications as an economic alternative. The electrical conductivity of Cu is almost
equal to that of Ag and it is much cheaper than Ag at least in bulk form. However,
stability of Cu NWs is a lot poor compared to that of Ag NWs due to ease of
oxidation upon air exposure. The problem gets even worse at elevated temperatures
considering TTFH applications. Therefore, a protection layer to be deposited onto
Cu NW networks is necessary for their large scale utilization in TTFHSs. In this
study, aluminum oxide (Al,O3) and zinc oxide (ZnO) shells were deposited onto Cu
NW networks by atomic layer deposition (ALD) method. Cu NW networks with a
sheet resistance of 10 Q/sq failed only after attaining a temperature of 100 °C due to
oxidation. On the other hand, deposition of only 5 nm Al,O3 and ZnO shell layers
onto Cu NW networks (10 ©/sq sheet resistance at 80.8% transmittance and 15 €/sq
sheet resistance at 84.4% transmittance) increased the maximum attainable
temperatures to 153 °C and 139 °C, respectively. This was a clear indication of
oxidation protection by the deposition of the shell layer onto Cu NW networks.

Moreover, in order to further increase the protection level, the effect of oxide shell



thickness was investigated in sacrifice of network transmittance. Attained maximum
temperatures were increased up to 309 °C and 237 °C for 50 nm thick Al,O3 and
ZnO shell layers on Cu NW networks, respectively. Moreover, prominent heating
rates of 14 °C/s and 12 °C/s were obtained from these core shell networks with
Al;O3 and ZnO shells, respectively. Finally, an extensive parametric study on NW
density, type and thickness of metal oxide shells in comparison to optoelectronic
properties of networks and their thermal response is reported. The performance of
the networks reported herein lie among the highest achieved for Cu NW TTFHs. In
order to demonstrate the feasibility of these networks as TTFHs in a real life
application, they were utilized as defrosters.

Keywords: transparent thin film heaters, copper nanowires, atomic layer deposition.
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BAKIR NANOTEL AGLAR ESASLI SEFFAF iNCE FiLM ISITICILAR

Tigan, Dogancan
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yéneticisi: Prof. Dr. H. Emrah Unalan
Ortak Tez Yéneticisi: Yrd. Dog. Dr. Bilge imer

Eyliil 2018, 103 sayfa

Metalik nanotel rasgele aglar, dnemli optoelektronik performanslari ve termal
iletkenlikleri nedeniyle seffaf ince film 1siticilar olarak oldukga timit vericidir. Tipik
olarak giimiis nanoteller seffaf ince film 1sitict olarak kullanilmakta, ancak son
yillarda, bakir nanoteller ekonomik bir alternatif olarak seffaf ince film 1sitic1 olarak
giimilis nanotellerin yerini almistir. Bakirin  elektrik iletkenligi neredeyse
giimiigiinkine esittir ve giimiisten c¢ok daha ucuzdur. Bununla birlikte, bakir
nanotellerin stabilitesi, hava ile temasinda oksidasyon kolayligi nedeniyle giimiis
nanotellere kiyasla ¢ok zayiftir. Seffaf ince film 1siticilar goz oniine alindiginda bu
sorun yiiksek sicakliklarda daha da kotiilesir. Bu nedenle, bakir nanotel aglarina
biriktirilecek bir koruma katmani, seffaf ince film 1sitici olarak biiylik olgekli
kullanimlar i¢in gereklidir. Bu c¢alismada, aliiminyum oksit (Al,O3) ve ¢inko oksit
(ZnO) kabuklari, bakir nanotel aglarina atomik katman biriktirme yontemi ile
cokeltilmistir. 10 Q/sq'lik bir levha direncine sahip bakir nanotel aglari, oksidasyona
bagli olarak ancak 100 °C'lik bir sicakliga ulasildiktan sonra basarisiz olmustur.
Diger yandan, sadece 5 nm bakir nanotel aglar1 tizerine Al,03 ve ZnO kabuk tabaka
kaplamalari (10 Q/sq levha direnci %80.8 seffaflik ve 15 levha direnci %84.4
seffaflik) maksimum ulagilabilir sicakliklart siras1 ile 153 °C ve 139 °C’ye
cikarmigtir. Bu, kabuk katmaninin bakir nanotel aglarina ¢okeltilmesiyle oksidasyon
korumasinin agik bir gostergesidir. Ayrica, koruma seviyesini daha da artirmak igin,

oksit kabuk kalinhigmin etkisi, seffaflik ugrunda arastirilmistir. Elde edilen

vii



maksimum sicakliklar sirasiyla bakir nanotel aglarinda 50 nm kalinligindaki Al,O3
ve ZnO kabuk tabakalari i¢in 309 °C ve 237 °C’ye yiikselmistir. Ayrica, bu ¢ekirdek
kabuk aglarindan Al,O3 ve ZnO kabuk tabakalar1 i¢in sirasiyla 14 °C/s ve 12 °C/s
lik belirgin 1sitma orami elde edilmistir. Son olarak aglarin optoelektronik
ozelliklerine gore nanotel yogunlugu, metal oksit kabuklarmin tipi ve kalinligi
iizerine yapilan kapsamli bir parametrik ¢alisma ve bunlarin termal tepkisi rapor
edilmistir. Burada bildirilen aglarin performansi, bakir nanotel aglar esash seffaf
ince film 1siticilar i¢in elde edilen en yiiksek oranlar arasinda yer almaktadir. Gergek
bir yasam uygulamasinda bu aglarin seffaf ince film 1siticilar olarak

uygulanabilirligini géstermek icin, buz ¢o6ziicili olarak kullanilmustir.

Anahtar kelimeler: seffaf ince film isiticilar, bakir nanoteller, atomik katman

biriktirme.
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CHAPTER 1

INTRODUCTION

1.1. Transparent Conductors

Transparent conductors (TCs) are simply thin films with high electrical conductivity
and optical transparency. The terms used to define electrical conductivity and optical
transparency for TCs are sheet resistance (Rs with unit Q/sq) and percent
transmittance (T, %). Generally, thin films having Rs below 100 Q/sq and
transmittance (at a wavelength of 550 nm) above 80% are accepted as TCs. The
optical band gap of thin films must be above 3 eV to have optical transparency in
visible portion of the spectra. The combination of electrical conductivity with this
optical band gap criteria is hard to achieve in intrinsic stoichiometric oxides [1].
Therefore, non- stoichiometric oxides or doped oxides are used for TC applications
[2]. The conventional TC material is indium tin oxide (ITO), which is the most
widely used and commercialized transparent conductive oxide (TCO). Over the
years, due to insufficient properties of ITO, alternative TCO materials are
investigated extensively. Alternatives include other metal oxides such as fluorine
doped tin oxide (FTO), aluminum doped zinc oxide (AZO), gallium doped zinc
oxide (GZO) and antimony doped tin oxide (ATO) [3]. In addition to TCOs, TC
materials could be made of electrically conductive discontinuous nanomaterial
networks so that light can pass through the empty spaces between the networks. The
examples of these types of TCs are carbon nanotube (CNT) networks [4], graphene
[5] and metallic nanowire random networks [6]. The combination of electrical

conductivity and optical transparency is easily achievable in these types of TCs.

In recent years, TCs had drawn a lot of attention due to the advancements in the
optoelectronic industry. Excessive amount of applications and gadgets make use of

TCs. The application areas include but not limited to panel displays, light emitting



diodes (LEDSs) [7], solar cells, photodetectors [8], touch screens, electromagnetic
interference (EMI) shiels [9] and transparent heaters.

1.2. Transparent Thin Film Heaters

TTFHs are TCs that simply convert electrical energy to heat. TCs that can withstand
high temperatures can be utilized as TTFHs. Therefore, as stated before general
TTFH materials include metal oxides [10], CNT networks [11], graphene [12] and
metallic nanowire random networks [13]. The application areas primarily include
heating surfaces that require optical transmittance such as increasing the operating
temperatures of liquid crystal displays (LCDs) in incompatible environments [14],
defrosting and defogging of windows and displays [15]. The example photos of
single-walled carbon nanotube (SWCNT) based TTFH used for defrosting is
provided in Figure 1.1.

Figure 1. 1 Photographs of SWNT based TTFH (a) before frost formation, (b) after

frost formation and (c) defrosting application at an applied bias of 30V [16].



1.2.1. Working Principle of Transparent Thin Film Heaters

Optical transmittance of TTFHs must be above 80%. This criterion is ensured by
either an optical band gap of 3 eV or higher for metal oxides or letting light to pass
through free spaces between nanomaterial networks. Operating mechanism of
TTFHs simply relies on “’Joule Heating’’ principle, where electrical energy is
converted to heat. According to Joule heating, when voltage is applied to an
electrical conductor, electric field is created. As a result of that, electrons are
accelerated in the reverse direction of this electric field and create an electrical
current. These electrons have kinetic energy due to acceleration and when they
collide with the ions inside the electrical conductor, the particles are scattered
randomly. Thermal motion becomes dominant and electrical energy is converted to

heat consequently. The power of converted energy is calculated using Equation 1.1.
P=LV=_=IR (1.1)

,where P is power, V is voltage, | is the electrical current and R is the resistance of
the conductor [17].

The power should be as high as possible for higher heat dissipation. When P = I?R is
considered, for power to be maximum, | must be maximum and R must be minimum
because | and R are inversely proportional as dictated by Ohms Law. While the
converted energy is dissipated as radiation and convection from the heater material
and the substrate, the remaining energy is left for conduction to heat the TTFH [18].
Therefore, higher power and heat dissipation means higher energy for conduction to
heat the TTFH. At the same applied bias, TTFHSs reach higher temperatures at lower
resistances [19]. Since thin films are considered in this application, sheet resistance
(Rs) is more appropriate to use instead of resistance (R). The relationship between R
and Rs is given by Equation 1.2.



, Where L is the length and W is the width of the thin film if the thickness is

considered as unity.

Rs and R are directly proportional to each other thus in order the TTFH material to
attain higher temperatures, thin films with R; as low as possible are needed.
Therefore, TC materials can be used as TTFHs since both R and optical

transmittance values meet the requirements.

1.2.2. Transparent Thin Film Heater Materials

TTFHSs evolved over the years in terms of electrical, optical and thermal performance
thanks to vastly developing materials science field. Novel materials show promising
performance improvements in TTFHs. Most common TTFH materials that are
utilized by researchers over the years are provided in Figure 1.2. Detailed
optoelectronic and thermal behaviors of these materials will be given in the

following sections.
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Figure 1. 2 Classification of TTFH materials in chronological order [20].

1.2.2.1. Metal Oxides

Metal oxides that are used as TCOs have sufficient electrical conductivity and optical
transmittance. Electrical conductivity of TCOs can be explained by oxygen vacancy



or interstitial defects in their intrinsic forms or higher valence extrinsic dopants. The
dopant concentration and resistivity of TCOs lie around 10%° — 10** cm™ and 10™
Q.cm, respectively [21]. The first TCO was discovered more than 100 years ago
when cadmium (Cd) was oxidized thermally to cadmium oxide (CdO) [22]. CdO is
an n-type semiconductor with an intrinsic band gap of 2.28 eV. To use CdO as TCO,
doping with In (indium), Sn (tin) and F (fluorine) have been practiced which
increased its band gap to 3.35 eV [23]. As a result of that, optical transmittances of
85-90% were obtained [24]. However, due to high toxicity of Cd, CdO has never

been commercialized for TCO applications.

The most common TCO materials include indium oxide (In,O3), tin oxide (SnO,)
and zinc oxide (ZnO). The intrinsic band gaps of In,O3, SnO, and ZnO are 2.9, 3.62
and 3.4 eV, respectively [25] [26]. They are generally utilized with extrinsic dopants
to improve their electrical conductivity. In,O3 is generally doped with Sn and
germanium (Ge). SnO; is generally doped with F, antimony (Sb) and tantalum (Ta).
ZnO is generally doped with gallium (Ga) and aluminum (Al) [21]. In addition to
these, ternary compounds between two of these materials can also be utilized as
TCOs. The ternary TCO compounds are shown in a simple phase diagram provided
in Figure 1.3.

In,0,

L=}

Zn0 " Zn,Sn0, ZnSnO, o,

Figure 1. 3 The ternary TCO compounds between In Sn, Zn and O, [27].



Among the ternary compounds, intrinsic and extrinsic TCOs, the most widely
utilized and commercialized TCO materials are ITO, FTO, AZO and GZO.

1.2.2.1.1. Indium Tin Oxide

ITO is In,O3 rich ternary compound between In, Sn and O, even though there are
some reports that it is tin doped indium oxide. It is an n-type semiconductor with
low resistivity (2 — 4 x10™ Q.cm) and wide band gap around 3.5 — 4.3 eV. Moreover,
the carrier density of low resistivity ITO is around 10%° — 10 cm® and mobility is
around 25 - 32 cm? / V.s [28]. ITO can be deposited by several techniques such as
magnetron sputtering, chemical vapor deposition (CVD), physical vapor deposition

(PVD), spray pyrolysis and sol-gel [29].

The sheet resistance and transmittance of ITO are both dependent on the film
thickness. As the ITO thickness increase, both sheet resistance and transmittance
decreases. Low sheet resistance is a must for TTFHs in terms of Joule heating but
low transmittance is not desired at all. Therefore, the thickness of ITO should be
optimized to have low sheet resistance and high transmittance. The effect of ITO
thickness on sheet resistance and transmittance are provided in Figures 1.4 (a) and
(b), respectively. Decreases in both sheet resistance and optical transmittance are

evident in the figures.
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Figure 1. 4 The effect of ITO thin film thicknesses on (a) sheet resistance and (b)

optical transmittance spectra [30].



In literature, solution based ITO deposition was also investigated as an alternative to
vacuum deposition. The time dependent thermal response of solution deposited ITO
with a TTFH under different applied voltages is provided in Figure 1.5. This TTFH
with a transmittance and sheet resistance of 90% and 0.633 kQ/sq, respectively, was
heated to 163 °C under an applied bias of 20 V. This correspond to power value of 2
W [31]. Although the transmittance value of this TTFH was very promising due to
high sheet resistance value of TCO, high applied biases were required to reach a

temperature of only 163 °C for this application.
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Figure 1. 5 Time dependent thermal behavior of solution deposited ITO TTFH
under 3 different applied biases [31].

In another study, ITO nanoparticle based TTFHs with a transmittance and sheet
resistance of 89.5% and 319 Q/sq, respectively, are heated to 89 °C at a power
density of 0.21 W/cm?. For this work, a maximum attained temperature of 150 °C
was reported under an applied bias of 35 V [32]. Similar to the previous study [31],
thin films with a relatively high sheet resistance was used in this work. Thereby

again a high bias was required to attain high temperatures.



ITO TTFHs have sufficient electrical conductivity and optical transmittance.
However, ITO has significant drawbacks to be used as TTFHSs. High brittleness, high
deposition temperatures that are above 300 °C within vacuum and high cost due to In
scarcity are some of its drawbacks [33]. Therefore, research to find out alternatives to

ITO both as TC and TTFH material become a critical issue over the years.

1.2.2.1.2. Fluorine doped Tin Oxide

FTO is F doped SnO, which forms an n-type semiconductor with a wide band gap of
3.6 eV. Moreover, it has high carrier density, transmittance around 80% and
electrical resistivity around 10° Q.cm [34]. FTO thin films can be deposited with
several deposition techniques such as CVD, spray pyrolysis, sol-gel and pulsed-laser
deposition [11,36]. It is the most widely utilized TCO following ITO. It has higher
thermal stability compared to that of ITO. It was reported that the resistivity of FTO
remains stable up to 600 °C; but, resistivity of ITO started to increase severely above
400 °C [36]. Moreover, FTO has better chemical stability than ITO in hydrogen-rich
environments [21]. However, FTO has larger surface roughness values compared to
ITO which makes FTO thin films unsuitable for touch screens.

There are some reported TTFHs based on FTO. Hudaya et al. utilized FTO thin films
with 253 Q/sq sheet resistance and 85% transmittance. The time dependent thermal
behavior of these FTO thin films is provided in Figure 1.6. The 12 V bias was
applied to thin films with different carbon concentration (FTO-A, FTO-B and FTO-
C). The thin film having 253 Q/sq (FTO-B) was heated to 39 °C under an applied
bias of 12 V. The other ones were heated to around 39 °C at the same applied bias.
Long term stability of thin films was also studied and they were found to be stable
for at least 2 hours under an applied bias of 12 V [37]. Although transmittance values
were appropriate for TTFHSs, thin films with high sheet resistance values were used

in this work. Therefore, high biases were required to reach high temperatures.
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Figure 1. 6 Time dependent thermal behavior of FTO based TTFH under an applied
bias of 12 V for 120 minutes [37].

In another study, FTO based TTFH with an electrical conductivity and transmittance
of 383 S cm™ and 85%, respectively, was heated to 90 °C under an applied bias of 12
V. To increase the maximum attained temperature, nickel (Ni), chromium (Cr) and
nichrome (NiCr) nanorods were scattered onto the thin film. The maximum attained
temperatures showed improvements and reached 116 °C in this hybrid structure. To
sum up, the sheet resistance of FTO based TTFHs should be decreased to achieve

higher temperatures.

1.2.2.1.3. Aluminum doped Zinc Oxide / Gallium doped Zinc Oxide

AZO is Al doped and GZO is Ga doped ZnO both of which are n-type
semiconductors. The transmittance values of the thin films are superior to both that
of ITO and FTO. Transmittances above 90% were reported due to wide band gap of
ZnO [38]. Electrical resistivity of thin films lie around 8x10° Q.cm, which is highly
appropriate value for TC applications [39] [40]. Advantages of AZO and GZO thin
films over ITO and FTO thin films include low cost and non-toxicity [41]. Moreover,
they have better thermal stability than ITO. The resistivity of AZO starts to increase
only above 500 °C [42].



GZO based TTFHs were reported in literature. A TTFH with an electrical resistivity
and transmittance of 2.14x10™ Q.cm and 90%, respectively, was heated to 160 °C
under an applied bias of 20 V [43]. The time dependent heating characteristics of this
thin film under an applied bias of 12 V and the relation between temperature and
applied voltage are provided in Figure 1.7. As it can be deduced from the figure,
attained maximum temperature is increased due to Joule heating with an increase in

the applied voltage.
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Figure 1. 7 The time dependent thermal response of GZO based TTFHs under an
applied bias of 12 V and the relationship between temperature and applied voltage
[43].

AZO based TTFHs were also explored in literature. TTFH with an electrical
resistivity of 1.08x10 Q.cm and transmittance of 90% was heated to 102 °C under
an applied bias of 12 V [44]. There are some other AZO based TTFHs but they were
used in hybrid structures with other complementing materials [45]. AZO seems to be
the best possible candidate for ITO replacement in TCOs due to abundant resources
of materials. However, the properties of AZO is not stable under humid
environments and its mass production costs are high [46]. Therefore, different
materials that can be solution deposited were sought in literature to replace TCOs in
TTFHs.
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1.2.2.2. Carbon Nanotube Networks

Carbon nanotubes are nanostructures that are made up of rolled up graphene layers.
They are classified as one dimensional (1D) structures. Initially, SWCNTs in
ensemble form called as networks are utilized as TCs. Then, multi-walled carbon
nanotube (MWCNT) networks are started to be used as TCs since SWCNTSs are
expensive [47]. The flexibility of CNT networks is far more superior compared to
ITO. Although their optoelectronic performance is comparable to metal oxide based
TCs, there are some drawbacks associated with the CNT networks. Firstly, the
resistance across the junctions is higher than resistance through a CNT [48]. It
means that the CNT network resistance is high even though individual CNTs are
perfect conductors. Secondly, the phase purity of CNT networks is poor. There are
some carbonaceous impurities in both as synthesized SWCNTs and MWCNTS such

as amorphous carbon, nanographites and residual metal catalyst impurities [49].

The sheet resistance and optical transmittance of CNT networks depend on the
number of CNTs on the substrate. This can be controlled by the number of layers
deposited, where both sheet resistance and transmittance decrease with the number of
layers deposited. The change in sheet resistance with respect to optical transmittance
with the number of MWCNT layers is provided in Figure 1.8 (a). It is clear that
following the deposition of 5 layers, a sheet resistance and transmittance of 756 /sq
and 90%, respectively, was obtained. In this particular study, TTFH performance of
CNT networks was also investigated. A plot showing the change in maximum
attained temperatures with respect to applied voltages is provided in Figure 1.8 (b).
This heater was heated to 140 °C under an applied bias of 40 V [50].

11



100

= 1 layer |[~=—1-layer (756 </sq)|
901 | o 3layers 3 14091 o 3 jayer (342 (g A
80 |~ 5layers 4 5-layer (172 Q/sq)|
120 4 +
704 e
£ 6o 8 100 A .
B ¢
g ! 2 &0 !
g 40 : . 1
o £
2 304 g 604 L
20 3
404 - .
10 . "
= a
0 20

o
S

— T T T T T T T
0 100 200 300 400 500 600 700 800 Q00 20 20 40
Sheet resistance ((/sq) Voltage (V)

Figure 1. 8 The relationship between (a) optical transmittance and sheet resistance
with respect to number of layers. (b) Attained temperatures with respect to applied
voltages for MWCNT based TTFHs [50].

In another study, TTFHs were also fabricated using SWCNT networks. A network
with sheet resistance and optical transmittance of 93 Q/sq and 90%, respectively,
was heated to 140 °C under and applied bias of 7 V [11]. Although, electrical and
thermal performances were improved in recent years, CNT network based TTFHs

still need further developments particularly in terms of electrical conductivity.

1.2.2.3. Graphene

Graphene is a 2 dimensional (2D) structure that consists of a hexagonal lattice
formed of single layer carbon (C) atoms. It has high thermal conductivity around
5000 W/m.K and high flexibility along with high electrical conductivity and optical
transparency [51]. The high thermal conductivity of graphene provide homogeneous
temperature distributions over the substrate and shorter thermal response times,
which are highly critical parameters for TTFHs. Monolayer of graphene has
excellent optical transmittance around 97% but very poor sheet resistance around 10
kQ/sq [52]. The sheet resistance and transmittance decreases with increasing the
number of layers. To use graphene in TTFHs, 3 to 5 layers are necessary. The
transmittance and sheet resistance of these thin films lie around 80% and 100 Q/sq,

respectively [53]. The sheet resistance values of graphene are not extremely low due

12



to high contact resistance, defects and grain boundaries. However, new
advancements in CVD based growth methods allowed the synthesis of of defect free
graphene [54]. The thin films that were fabricated with this method had a
transmittance and sheet resistance of 90% and 30 Q/s, respectively, for 4 layers of
graphene. Moreover, doping can be performed to decrease the sheet resistance of the
graphene. For instance, the sheet resistance of 3 layers of graphene was decreased
from 403 to 66 Q/sq through doping with gold chloride (AuCls). This thin film had a
transmittance of 90% [12]. This AuCl; doped graphene thin film was also used as a
TTFH in a defogger. This thin film was heated to 110 °C under an applied bias of 12
V, corresponding to a power value of 0.14 W.

In another study, doping was performed on 4 layers of graphene synthesized by roll
to roll CVD method. Doping was practiced by AuCl; and nitric acid (HNO3). Thin
films with a transmittance as low as 89% and sheet resistance of 43 Q/sq were
obtained. Time dependent thermal response of these doped thin films in comparison
to ITO reference under an applied bias of 12 V is provided in Figure 1.9. The AuCl;
doped graphene was heated to 100 °C under an applied bias of 12 V [51].
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Figure 1. 9 The time dependent thermal response of AuCl; and HNO3 doped 4 layers
of graphene and ITO under an applied bias of 12 V [51].
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The optical transmittance of multilayered graphene thin films is suitable for TTFH
applications. However, high sheet resistance of these films necessitates higher
applied biases. Among all TCs, metal nanowire random networks with low sheet
resistances without sacrificing optical transmittance are highly promising for TTFH

applications.

1.2.2.4. Metal Nanowire Random Networks

The conductivity of metals, especially silver (Ag), copper (Cu) and gold (Au) are
higher than that of ITO. However, their continuous thin films are not very much
transparent. Instead, metal nanowire random network are demonstrated in literature.
Metal nanowire random networks are formed by overlapping metal nanowires that
generate junctions. Cost effective, solution based processes were used for the
synthesis of metal NWs [55]. Bulk Ag has the highest electrical conductivity among
metals so silver nanowires (Ag NWSs) are extensively investigated in literature as
TCs. Cu and Au have good electrical conductivities so for similar reasons copper

nanowires (Cu NWs) and gold nanowires (Au NWs) followed Ag NWs in literature.

Once the NWs are synthesized, metal NW random networks can be fabricated using
various solution based methods such as drop casting, vacuum filtration, spin coating,
spray coating and Meyer rod coating. Drop casting is practiced simply by dropping
NW solution onto a substrate, which was followed by drying of the solvent.
However, uniform NW networks cannot be deposited by this method due to drying
marks that occur around the droplets [56]. Vacuum filtration includes formation of
NW networks on a filter membrane, which were then transferred to a target substrate.
However, transferring NW networks to a substrate is not an efficient and scalable
method [57]. Spin coating includes dropping NW solution to a substrate and
obtaining a uniform NW network with the help of centrifugal force. However, this
method necessitates the use of excessive amount of NW solution and thus is not
scalable [58]. Spray deposition includes spraying NW solution to a substrate with the

help of an airbrush. Substrates are preferentially placed onto a hot plate during
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deposition for the instant evaporation of the solvent. This method is cost effective,
easy and very scalable. Moreover, it has a rich parameter space to adjust the
optoelectronic properties of NW random networks [59]. Meyer rod coating method
simply works by rolling a stainless steel rod over the substrate which eliminates the
excess NW solution. This method is simple and scalable, provided that substrate size
rods can be found. However, due to the homogeneity, scalability and cost
effectiveness, spray coating is the most widely utilized fabrication method for the
formation of NW networks [60]. A table comparing aforementioned deposition

methods for NW networks is provided in Table 1.1.

Table 1. 1 The comparison of five common production methods for metal NW

networks. The number of plus signs indicate the suitability of the process.[60]

Method Homogeneity Scalability Cost

Spin Coating + + 4+
Spray Coating +++ +++ ++
Vacuum Filtration +++ + +
Drop Casting + + +
Meyer Rod ++ +++ ++

The electrical conductivity and optical transparency of the metal NW random
networks are among the highest for TCs. For instance, at a transmittance of 95%
sheet resistances of 20 Q/sq and 100 Q/sq were achieved for Ag NWs [61] and Cu
NWs [62], respectively. The electrical conductivity of metal NW networks is
governed by the percolation theory. According to this theory, to have an electrical
conduction between two points, a continuous path among NWs must be formed. At a
critical nanowire density (Nc, percolation threshold), this path is formed and further
increase in the NW density results in a decrease in sheet resistance of the networks
[63]. Moreover, percolation threshold strongly depends on the ratio between NW
lengths and diameters (L/D) since this ratio is directly related to the number of

pathways in the network. Provided that the L/D ratio is high, Nc becomes lower. In
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addition, sheet resistance and optical transmittance do depend on each other and both
must be optimized to use metal NW networks in TTFHs [64]. The relationship
between sheet resistance and NW density, which is given as the area fraction of NWs
in this study and the relation between sheet resistance and transmittance for different
L/D ratios of Ag NW network are provided in Figures 1. 10 (a) and (b), respectively.
The percolation threshold, which is expressed by a critical area fraction in this study
decreases with increasing the L/D ratio. Moreover, sheet resistance shows a

decreasing behavior with increasing L/D ratio under the same transmittance [64].
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Figure 1. 10 Graphs showing the relationship between (a) sheet resistance and area
fraction, (b) transmittance and sheet resistance for different L/D ratios [64].

Metal NW random networks also have excellent flexibility along with promising
optoelectronic performance. One of the main uses of Ag NW networks is in TTFHs.
Cu NW TTFHs are relatively novel compared to Ag NW TTFHs and only a few
reports can be found in the literature [65].
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1.2.2.4.1. Silver Nanowire Random Networks

Ag NWs are generally synthesized by solution based polyol method. All solution
based NW syntheses make use of a metal source, a reducing agent and a capping
agent to ensure directional growth and sometimes a solvent for dissolution of all the
chemicals. In polyol synthesis, three chemicals were used in general, which are silver
nitrate (AgNO3) as the metal source, polyvinylpyrrolidone (PVP) as the capping
agent and ethylene glycol (EG) as both the reducing agent and solvent. The reaction
takes place above 150 °C since EG is transformed into glycolaldehyde at those
temperatures [66]. Glycolaldehyde reduces Ag ions to Ag [67]. Therefore, 2
important reactions that govern Ag NW synthesis during polyol method are [68];

2HOCH,-CH,0H+0, =——> 2HOCH,CHO+2H,0 1)

2CH3;CHO+2Ag+ —> 2Ag+2H++CH3COCOCH; @)

Generally, seeds that have decahedron structure were formed and build up in
nanowire form. Polyol synthesized Ag NWs have face centered cubic structure
(FCC) and a penta-twinned special geometry. The penta twinned structure have five
{100} planes at the sides and five {111} planes at the tips. This results in a

pentagonal cross section and a growth direction of <110> [69].

Ag NWs with an average length around 10 um, diameter around 40 nm and L/D
around 100 are synthesized using polyol synthesis [70]. These dimensions are highly
suitable for the fabrication of high performance TCs. However, contact resistance
between the NWs in as deposited networks can be high due to silver oxide formation
around the NWs and the residual polymer layers. There are several ways to decrease
the contact resistance. Firstly, contact resistance can be decreased by annealing the
Ag NW networks at temperatures that are high enough to burn the surfactant or
residual polymer layers. This eliminates the spaces between overlapping Ag NWs

and fuse Ag NWs together at contact points. Therefore, dramatic decreases in sheet
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resistance of the networks can be observed. For example, Lee et al. reported a
decrease in sheet resistance from 1 kQ/sq to 100 Q/sq upon annealing at at 200 °C
for 20 minutes [71]. It should also be mentioned that following the achievement of
optimum sheet resistance, further annealing must be avoided. This is because the
sheet resistance of the networks increase back again with further annealing. This is
due to fragmentation and spherodization of NWs which is called as Rayleigh
instability [72]. This problem is equally important for TTFHs and the details of this
phenomenon will be discussed in the following sections. Secondly, mechanical
pressing can be performed on Ag NW networks following deposition to reduce the
contact resistance. This method decreases the overall sheet resistance of the networks
as well as their roughness. For example , the sheet resistance of Ag NW networks

was found to decrease from 100 Q/sq to 10 ©/sg simply by mechanical pressing [73].

Ag NW based TTFHs were extensively explored over the years due to possession of
excellent electrical conductivity combined with optical transparency. Ag NW
networks with a sheet resistance and transmittance of 6.5 Q/sq and 91%,
respectively, were reported in literature. Moreover, Ag NW networks have good
thermal conductivity reported due to high thermal conductivity of bulk Ag, which is
also an important parameter for TTFHs to have a homogeneous temperature
distribution. In a Ag NW based TTFH study, networks with sheet resistances of 4.3,
25 and 30 Q/sq at corresponding transmittance values of 86.3, 88.3 and 89.6%,
respectively, were used and heated under applied biases. The time dependent thermal
response of these networks under various biases are provided in Figure 1.11.
Reasonably high temperatures were attained at low applied biases (200 °C under 4
V) due to excellent electrical conductivity (4.3 Q/sq). Moreover, Ag NW based
TTFHs were found to have long term stability and handle repetitive heating cooling
cycles. In addition, highly uniform temperature distribution was obtained using an IR
camera from these materials with parallel contacts. Ag NW based TTFH was
endured heating at 126 °C for 22 hours and survived at least 5 repetitive heating and
cooling cycles. Maximum attained temperature was 275 °C for this study and
degradation mechanism of Ag NWs (Rayleigh Instability) was also discussed [74].
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Figure 1. 11 Thermal response of (a) thin films with 3 different sheet resistances
under an applied bias of 4 V. Thermal response of Ag NW networks with sheet

resistances of (b) 4.3, (c) 25 and (d) 30 Q/sq [74].

There are some Ag NW based TTFHs that are used in hybrid form combined with
other materials to prevent the drawbacks associated with bare Ag NW networks.

These TTFHs will be discussed in the following sections.

1.2.2.4.2. Copper Nanowire Random Networks

In the last few years, the use of Cu NW random networks as an alternative to Ag
NWs were also demonstrated as TCs. Cu is almost equally conductive and much
cheaper than Ag in bulk form. Moreover, its thermal conductivity is also similar to

that of Ag, which is an important parameter for TTFHs. Therefore, various synthesis
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methods were explored for Cu NWSs. Synthesis methods of Cu NWs can be divided
into two groups, namely ethylenediamine (EDA, C,HgN,) and alkylamine assisted
syntheses. Initially, EDA assisted synthesis was utilized for the synthesis. In this
method, hydrazine (N,H,4) was used as the reducing agent, which reduces Cu?* ions
to Cu and EDA was used as the capping agent in basic conditions with the help of
sodium hydroxide (NaOH) at low temperatures (around 25 - 100 °C) [75]. The

reduction reaction is provided below;

2Cu** + NoHs + 40HF  ——>  2Cu + N, + 4H,0 (3)

Cu NWs with average lengths around 40 pum, diameters around 100 nm and L/D ratio
around 400 were synthesized with the EDA assisted method. However, the use of
N2H4 is highly dangerous due to its toxicity. Therefore, Cu NW synthesis methods

were evolved to replace N,H,4 with more environmentally friendly reducing agents.

In alkylamine assisted synthesis, relatively higher temperatures are used in neutral
conditions. There are several methods to replace N>H, in literature. For instance,
octadecylamine (ODA, CigH3N) was used as both the reducing and capping agent at
a reaction temperature of 120-180 °C [76]. Oleylamine (OLA, CigH37N) was used
with nickel (11) acetylacetonate (Ni(acac),) as a catalyst for the reduction reaction at
175 °C [77]. Finally, glucose and hexadecylamine (HDA) were used as reducing and
capping agents, respectively, at a reaction temperature of 100 °C [78]. The major
advantage of last synthesis is the lower reaction temperature due to glucose. Average
diameters of 25 nm and lengths of 50 um were obtained with the synthesis method
that utilizes glucose and hexadecylamine (HDA). The reduction reaction of
alkylamine assisted synthesis is more complex than EDA assisted counterpart. The
illustration of oxidation reaction of glucose is provided in Figure 1.12. RNH, is HDA
for this illustration and R is [-(CH;)15CHg3] for HDA. According to this study, at
temperatures above 100 °C, Maillard reaction takes place between glucose and HDA,
which then leads to the formation of glucoseamine. This glucoseamine is converted

to amadori products and then subsequently to Maillard reaction products. These
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Maillard reaction products react with amine and then forms melanoid. Maillard
reaction products and melanoids are responsible for the reduction of Cu®* ions to Cu.
According to this study, HDA act as both the capping agent and assistant to reduction
reaction of Cu [79].

AMADORI PRODUCT
GLUCOSE (N-substituted 1-amino-2-deoxy-2-ketose)
H O H NHR
Maillard Reaction
H—| OH L on Products (MRPs)
OH—F+——H - l\’l b OH——H « Reductones +RNH, MELANOIDINS
<= —> . Aldols e all (brown nitrogeneous poly-
H——OH g H——OH v Aldeiydes es, mers and copolymers)
H——OH 2 H——OH
CH,OH CH,OH

Figure 1. 12 The general oxidation reaction of glucose with the help of HDA [79].

The Cu NWs synthesized with glucose and HDA has penta-twinned structure, just
like polyol synthesized Ag NWs. Cu also has FCC structure and decahedral seeds are
initially formed in the synthesis. These seeds are build up to form penta-twinned NW
structure, which has five {100} planes at the sides and five {111} planes at the tips

and grows in <110> direction [80].

The major disadvantage of Cu NWs compared to Ag NWs is the ease of oxidation of
Cu NWs upon reacting with air even at room temperature. Three compounds can be
formed by the oxidation of Cu NWSs namely, cuprous oxide (Cu,O), copper
hydroxide (Cu(OH),) and cupric oxide (CuO). The first oxide formed by oxidation is
generally Cu,0. Cu,0 forms very rapidly at a thickness of 2.8 nm and then reaction
slows down. Then metastable Cu(OH), is formed and eventually turns into CuO [81].

The formation reactions ofthese oxides are provided below;
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4Cu* + O, —_— 2Cu,0 4)

Cu* + 2(OHY’ —_ Cu(OH), (5)

Cu(OH), + 2(OHY ~ =——>  CuO + 2(OH) + H,0 (6)

The oxidation of Cu NWs takes place upon reacting with air. Some studies reported
that Cu NWs start to get oxidized even in the synthesis step upon reacting with water
[82]. In the network form, the surface oxides increase the sheet resistance of the
networks. Moreover, as discussed for Ag NWs, the residual polymer layers or
surfactants increase the contact resistance between Cu NWs. Similarly, mechanical
pressing or thermal annealing can be used to decrease the sheet resistance of the Cu
NW networks. In addition, weak acid treatments are demonstrated to get rid of the
surface oxide so to decrease the sheet resistance [82] [83]. In literature, glacial acetic
acid (GAA) and lactic acid treatments are used for this purpose. In GAA treatment,
GAA is mixed with Cu NW solution prior to the fabrication of electrodes and then
removed with isopropanol. The Cu NW networks with an optical transmittance of
94% showed sheet resistances of 10° and 15 Q/sq before and after the GAA
treatment, respectively [83]. In lactic acid treatment, lactic acid was mixed with Cu
NWs and then removed by ethanol before network fabrication. Networks with a sheet
resistance and optical transmittance of 19.8 Q/sq at 88.7, respectively, was obtained
by this method [82]. However, the use of weak acids for the removal of organic
residues and surface oxides is only a temporary solution since Cu NWs will be
oxidized again upon reacting with air. Therefore, protection layers should be utilized

to increase the stability of Cu NWs.

1.2.2.4.2.1. Protection Layers of Copper Nanowires

A protection layer is necessary for the long-term use of Cu NW networks. There are
some attempts to increase the stability of Cu NWSs. Since Cu NW networks are

usually utilized as TCs, the effects of a protection layer on the total transmittance are
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investigated in parallel to the oxidation stability. In a study by Rathmell et al., Ni was
used as a protection layer on Cu NWs. This was simply practiced by the reduction of
Ni onto Cu NWs in solution. Cupronickel NWs with a core / shell structure were
obtained in this process. Then, transparent networks were prepared with these
cupronickel NWs using Meyer rod coating. To compare the transmittance and
oxidation resistance, networks with the same sheet resistance (60 Q/sq) were
prepared with Cu and cupronickel NWs. It was stated that the cupronickel NW
networks are 1000 times more resistant to oxidation; but, a 10% sacrifice in

transmittance (from 94.4% to 84.3%) was observed [84].

Noble metals that are resistant to oxidation such as Ag, Au and Pt were also used as
the protection layer. They were prepared by reducing noble metal ions onto Cu NWs
in solution state. Stewart el al. used ascorbic acid to remove the native oxide layer on
Cu NWs and to help reducing noble metal ions without galvanic replacement. Core
shell structure of Cu - Ag, Cu - Au and Cu - Pt were observed. The networks were
fabricated by Meyer rod coating following the deposition of a protection layer. The
oxidation resistance tests of these networks were carried out at 160 °C in open
atmosphere. The sheet resistance of bare Cu NW networks was increased from 39 to
80 Q/sq in 30 minutes. On the other hand, the sheet resistance of 15 nm Ag coated
Cu NW networks were only increased slightly from 26 to 49 Q/sq in 24 hours. The
oxidation resistance of Cu NWs with noble metal coating is certainly much better
than that of bare Cu NWSs. Moreover, at the same sheet resistance (45 Q/sq), 15 nm
Ag coated Cu NW thin films showed a transmittance loss of 5%. The transmittance

loss was worse for Cu - Au and Cu - Pt core shell structure networks [85].

Graphene and graphene oxide were also utilized as protection layers on Cu NWs.
Graphene was deposited onto Cu NW networks that were prepared by vacuum
filtration method. A transmittance loss of 2.4% (from 78.1% to 75.7%) and a sheet
resistance increase (from 11 Q/sq to 14 Q/sq) were observed upon deposition of
single layer graphene. The oxidation resistance tests were carried out at 60 °C in

terms of R/Ry, where R was the instantaneous resistance and Ry was the initial
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resistance. It was reported that R/R, increased to 2 after 4 days for bare Cu NW
networks. On the other hand, R/Ry was increased only to 1.48 for graphene coated
Cu NW networks after 35 days. Graphene coating certainly provided oxidation
resistance to Cu NWs [86]. In another study, graphene oxide (GO) nanosheets were
wrapped onto Cu NWs in solution through ultrasonication using core / shell GO / Cu
NWs. The networks were then prepared via vacuum filtration. Then, thermal
annealing was performed to reduce the GO. The networks with a sheet resistance and
a transmittance of 28 Q/sq and 90%, respectively, were prepared by this method. The
oxidation resistance was monitored at 80 °C. While the sheet resistance of bare Cu
NW networks was increased in a few hours, that of reduced GO / Cu NW networks

was only increased from 40 to 80 Q/sq in 2 days [87].

Common TCO materials such as In,03, SnO, and ZnO were also utilized as a
protection layer onto Cu NWs due to their excellent optical transmittance. Cu NW
networks were prepared by Meyer rod coating. Then, In, Sn or Zn was electroplated
onto these networks. Oxidation of these metals was performed using hydrogen
peroxide (H,0,). At the end, core / shell In,03 / Cu NW, SnO, / Cu NW and ZnO /
Cu NW networks were obtained. The thicknesses of the oxides were recorded as 3-5
nm. Sheet resistance of the networks remained the same through the processes and
only 1% transmittance loss (from 85% to 84.3%) was recorded. The oxidation
resistance of the networks was monitored at 160 °C. The sheet resistance of bare Cu
NW networks was increased very fast and they became insulating after 12 hours. On
the other hand, only 15% sheet resistance increase was recorded for ZnO / Cu NW
networks after 18 hours. To sum up, core / shell structure achieved with TCOs in
network form showed a small transmittance loss with improved oxidation stability
even at 160 °C [88].

Hsu et al. reported the use of AZO and Al,O3; as protection layers for copper

nanofibers (Cu NFs). Electrospun nanostructures with average diameters of 100 nm
were termed as NFs. 25 nm AZO and 1 nm Al,O3; were deposited onto Cu NFs using
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atomic layer deposition (ALD) method [89]. ALD is a special deposition technique
that is classified as a subgroup of CVD. There are 2 chemical precursors in ALD and
thin film is formed by sequential introduction of precursors onto a substrate. In every
pulse, half reaction takes place on the substrate surface and with 2nd precursors
pulse, the reaction is completed. In between every pulse, byproducts are carried away
with an inert gas such as argon (Ar) or nitrogen (N). The pulse times are around 10
miliseconds and at each reaction cycle 1 layer is deposited onto the substrate. The
thickness of the thin films is adjusted by the number of cycles. Schematic illustration

of ALD process is provided in Figure 1.13.

a) 1% Half-Cycle b) Purge
Precursor 080 s Reaction
\ products

c) 2m Half-Cycle Purge

Co-Reactant Reaction i
C’O products

ﬁf&&é

Figure 1. 13 Schematic illustration of ALD process cycle, which consists of (a) first

half reaction, (b) purging of by-products, (c) second half reaction and (d) purging of
by-products [90].

The ALD process takes place under vacuum at temperatures below 350 °C. There are
a lot of advantages of ALD over common deposition techniques such as CVD and
PVD. These include conformal deposition on high aspect ratio and 3 dimensional
(3D) structures, uniform thin film growth, good compositional control for doped

metal oxides and precise thickness control even at angstrom levels. The slow
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deposition rate around 100-300 nm/h is the main drawback of ALD; but, uniformity
of the grown thin films is strongly related with that [91]. Therefore, protection layers
that are deposited using ALD are ideal for metallic NW networks. For AZO / Al,O3
deposited Cu NFs, the sheet resistance (47 €/sq) remained the same after the
deposition and transmittance loss was reported as 1%. The oxidation resistance was
monitored at 160 °C. The sheet resistance of bare Cu NF networks was found to
increase rapidly to 10 M Q/sq after 20 minutes. On the other hand, the sheet
resistance of AZO / Al,O3 deposited Cu NF networks was found to increase by only
10% after 8 hours [89]. The thickness of ALD deposited layers can be increased to
further improve the temperature stability in sacrifice of network transmittance.
Schematic illustration of the oxidation behavior of bare Cu NFs and AZO / Al,O4
deposited Cu NFs are provided in Figure 1.14.

Cu NF Cu,O NF

0,

ALD sy H:0—X > ' 4 "

Cu NF Cu@AZO/Al,0; NF Cu@AZO/Al,0, NF

Figure 1. 14 Schematics showing oxidation behavior of bare Cu NFs and AZO /
Al,O3 deposited Cu NFs [89].

There are no reports on the use of bare Cu NW networks as TTFHs in literature due
to ease of oxidation of Cu at elevated temperatures. There are only a few reports on
the use of a protection layer to improve the TTFH performance of Cu NWs and these

are classified as hybrid heaters and will be discussed in the following sections.
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1.2.2.4.3. Failure Mechanism of Metallic Nanowire Random Networks at

Elevated Temperatures

Current passes through metallic NW networks and the temperature of NWs increase
due to Joule heating upon application of bias. Ag and Cu have high melting points of
961.8 °C and 1085 °C, respectively. However, metallic NW random network based
TTFHSs fail at temperatures much below than their melting points due to Rayleigh
instability [72]. Rayleigh instability states that as the temperature increases, NWs
start to melt at the junction points. As a result of that metal accumulates at the
junction points due to surface diffusion and metal NWs get thinner and even break
away at some points. Therefore, sheet resistance increases due to a decrease in the
number of current carrying pathways. At the end, NWs break off as spherical
fragments and consecutively networks become insulating due to loss of pathways for
electron transport [74]. It is reported that NW density is strongly related with the
temperature in which Rayleigh instability occurs [92]. Lower NW density networks
fail more quickly compared to higher NW density networks. Since there are lower
number of NWs and pathways at lower NW density networks, the current density in
junctions and individual NWs are higher.

Thermal annealing of metallic NW networks is performed to decrease their sheet
resistance. Rayleigh instability is also observed in thermal annealing. The sheet
resistance decreases with increasing annealing temperature until a critical
temperature is reached. After that point, melting and accumulation at junctions and
then thinning and fragmentation of NWSs are observed. Rayleigh instability is
strongly related with the NW diameter. It is reported that, the temperature in which
Rayleigh instability occurs increase with NW diameter. However, it should be noted
that NW diameter is also related with the optical transmittance of the network. It is
reported that, Rayleigh instability occurs at around 300°C for both Ag and Cu NWs
[72] [93]. Moreover, passivation layer around metallic NWs can increase the
temperature in which Rayleigh instability occurs compared to bare metallic NW
networks. SEM micrographs of Ag NW networks annealed for 30 minutes at
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different temperatures are provided in Figures 1.15 (a) - (f). The Rayleigh instability
occurred around 300 °C and fragmentation was found to increase with annealing

temperature.

Figure 1. 15 SEM micrographs of Ag NW networks (a) that are as deposited,
annealed at (b) 100, (c) 200, (d) 300, (e) 400 and (f) 500 °C [7].

1.2.2.5. Hybrid Materials

Metal oxides, CNT networks and graphene are used in TTFHs due to their good
environmental stability and homogeneous temperature distribution. However, their
sheet resistance is still considered high at high transmittance values. Thus, high
operating voltages are needed to attain high temperatures. In contrast, metallic NW
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networks have low sheet resistances at high transmittances. However, their

environmental stability is not as good as CNT networks and graphene. Ag NWs are

prone to sulfidization [94], where Cu NWs are prone to oxidation [84] at atmospheric

conditions. To overcome the disadvantages of all TTFH materials, hybrid materials

are started to be used as TTFHs. There are two ways to fabricate hybrid TTFHSs,

combining metal oxides, CNT networks, graphene and insulating polymers with

metal NW networks either by depositing protective layers onto NW networks or by

embedding NW networks in them. Examples of some of the hybrid TTFHs with their

performances are provided in Table 1.2.

Table 1. 2 Properties of hybrid TTFHs (PEDOT:PSS: poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate, HRP: Heat Resistant Polymer, PVA:

poly(vinyl alcohol), PMMA: poly(methyl methacrylate)).

) Applied
Attained
Sheet ) ) Voltage at
) ) Transmittance Maximum )
Material Resistance Maximum Reference
at 550 nm (%) | Temperature
(Q/sq) ©C) Temperature
V)
Ag NW —
Graphene 27 80 230 15 [95]
Sheets
Ag NW-
4 70 120 6 [96]
PEDOT:PSS
Ag NW —
10 79 230 13 [13]
HRP
Ag NW —
) 6 81 100 3 [97]
PVA Film
Cu NW -
6.1 77 150 8 [98]
PMMA
CuNW — .
Resistance: 19 Q Not specified 200 7 [99]
Al,Os

29




In Cu NW — PMMA study, Cu NWs were synthesized via solution based method and
deposited onto glass and polyethylene terephthalate (PET) substrates by spray
coating. Various networks that have different NW densities were prepared. Then,
hydrophobic polymers such as PMMA, polyacrylate (PA) and polydimethylsiloxane
(PDMS) were deposited onto Cu NW networks via spin coating. It is reported that,
under the same applied bias, higher NW density networks reached to higher
temperatures compared to lower NW density networks. The PMMA protected Cu
NW network with a sheet resistance and transmittance of 6.1 Q/sq and 77%,
respectively, was heated to 150 °C under an applied bias of 8 V. A heating rate of 14
°C/s was reported [98]. Thermal response of networks with 2 different NW densities

under various applied voltages are provided in Figures 1.16 (a) and (b).
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Figure 1. 16 Thermal response of networks with (a) 6.1 Q/sq and (b) 17 Q/sq sheet

resistance, under various applied voltages [98].

In another Cu NW based TTFH study, Cu NWs were synthesized via solution based
method and deposited onto glass substrates by spray deposition. Then, Al,O3 was
deposited onto Cu NW networks via atmospheric pressure spatial atomic layer
deposition (AP-SALD). The conformal Al,O3 thickness was reported to be about 50
nm. Although networks with high electrical conductivity and optical transmittance
were studied for stability tests, the sheet resistance and transmittance of Cu NW

based TTFH was not specified. Only the resistance of the network was reported as 19

30



Q. Optical transmittance of the networks both before and after Al,O3 deposition were
not disclosed. These Cu NW networks with a 50 nm Al,O5 protection layer was
heated to 200 °C under an applied bias of 7 V. Moreover, Cu NW based TTFHs were
heated to 50 °C for 2.5 hours and 10 repetitive heating and cooling cycles were

practiced in order to demonstrate their long term stability [99].

1.2.2.6. Metal Mesh

Metal mesh electrodes are metal wires formed on a substrate with a mesh geometry.
Metallic wires can be formed on a substrate either in a symmetrical and uniform
geometry or in a random geometry. Uniform and symmetrical metal mesh electrodes
are produced by photolithography, laser printing and electron beam lithography.
Random metal mesh electrodes, on the other hand are produced by inkjet printing,
electrospinning and crackle lithography [100]. Metal mesh electrodes can be
produced with various metal thicknesses and widths. Although the transmittance of
electrodes are larger than 80% they are not regarded as transparent since metal
meshes are visible with pattern widths above tens of microns. To have transparent
metal mesh electrodes, the wire width must be below 5 um. The major disadvantage
of metal mesh electrodes is the high cost of fabrication since the metallic patterns are
not easy to prepare. The fabrication cost increase with decreasing metal thickness.
Recently introduced crackle lithography offers a solution to the formation of random
metal mesh electrodes. Metal mesh electrodes with low metal mesh thicknesses can
be produced by this method. Although, crackle lithography lowers the cost of metal
mesh geometry formation, physical deposition of metals require expensive high
vacuum based processes. Metal mesh electrodes offer high mechanical flexibility and
environmental stability over metal NW networks since the wire thickness is higher
[101]. The optical transmittance and sheet resistance of metal mesh electrodes
depend on the type of material, mesh geometry, metal width and thicknesses. Upon
optimization high performance transparent metal mesh electrodes with sheet
resistance and optical transmittance of 7 Q/sq and 86 were produced, respectively
[102].
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Metal mesh based TTFHs were investigated in the literature using Ag, Cu and Au
meshes. Ag mesh based TTFH was produced by crackle lithography method on PET
substrates. The thickness and width of Ag layers were within 75 - 150 nm and 5.4
um, respectively. Ag metal mesh based TTFHs with a sheet resistance and optical
transmittance of 8.9 Q/sq and 75%, respectively, were heated to 95 °C under an
applied bias of 6 V. Moreover, successful deicing tests were performed with these
metal meshes [100]. In another study by Khan et al., Cu mesh based TTFH was
produced using photolithography on glass substrates. The thickness and width of Cu
layers were around 1.8 um and 4 um, respectively. High performance meshes with
very low sheet resistance (0.3 Q/sq) at reasonable transmittance (78%) was produced
with this method. This mesh was heated to 80 °C under an applied bias of 0.21 V.
The low sheet resistance of Cu mesh based TTFH enabled energy efficient
temperature increase even at low applied biases. The time dependent thermal
behavior of this mesh under different applied biases is provided in Figure 1.17 [103].
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Figure 1. 17 Time dependent thermal behavior of Cu mesh based TTFH under
different applied voltages [103].

Au mesh based TTFH was also studied in literature by Rao et al. Au mesh based
TTFH was fabricated by crackle lithography method on quartz substrates. The
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thickness and width of Au layers were 220 nm and 2 um, respectively. High
performance meshes with a sheet resistance and optical transmittance of 5.4 Q/sq and
87%, respectively, were produced in this study. This mesh was heated to 600 °C
under an applied bias of 15 V. This is the highest temperature obtained for TTFHs in
the literature and this result has not been reproduced by any other research group
either with gold mesh or with other materials. The highest achieved temperatures lie
around 300 °C in literature disregarding this particular work [65]. In addition,

Rayleigh instability did not occur and was not mentioned it this work.

1.3. Motivation for This Thesis

In recent years, transparent heaters gained attention due to demand of applications
such as defogging and deicing of optical displays and windows and extending
operation temperature of LCDs. Conventional transparent heater material is 1TO.
However, as discussed earlier, ITO has a lot of disadvantages so studies mainly
focused on replacing ITO with more advantageous TC materials. Mainly, TTFHs are
made of metal oxides such as FTO, AZO and GZO, CNT network, graphene, metal
NW networks (such as Ag and Cu), hybrid materials and metal meshes (such as Ag,
Cu and Au). There are some advantages and disadvantages of all these materials as
disclosed before. The important parameters for TTFHs are sheet resistance,
transmittance and process cost. The sheet resistance should be as low as possible due
to Joule heating principle. The transmittance should be as high as possible. Low
process cost is favorable for the large scale utilization of these heaters. All these,
TTFH materials utilized in literature are compared in terms of overall sheet

resistance, transmittance and process cost in Table 1.3.
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Table 1. 3 Comparison chart for different TTFH materials [20].

Plus signs indicate better values.

Metal ) Metal
Paramaters ] CNTs Graphene | Metal NW Hybrid
Oxides Mesh
Sheet
] ++++ +++ +++ ++ + +
Resistance
Transmittance +++ +++ +H++ ++++ ++++ +++
Process Cost ++ ++ +++ + ++ ++

Metal NW networks, hybrid materials and metal meshes are apparently the best
materials for TTFHs according to Table 1.3. In general, for metal NW networks, Ag
NWs are used due to their high optoelectronic performance. In recent years, Cu NWs
are started to be used and started to replace Ag NWs in some of the applications.
This is because Cu is almost equally conductive and much cheaper than Ag in bulk
form. There is only limited amount of research on Cu NW based TTFHs and all of
them utilized a protection layer in hybrid form on Cu NWs to prevent oxidation of

Cu NWs at elevated temperatures.

In this thesis, TTFH performance of Cu NW networks with ALD deposited shells
were investigated in detail. Two different oxides were utilized in these investigations
namely Al,O3 and ZnO. The latter oxide was used for the first time as protection
layer on Cu NW networks for TTFHs. 4 different oxide thicknesses were
investigated. The aim of this thesis is to provide a detailed parametric analysis on
optoelectronic performance and thermal behavior of Cu NW / metal oxide core /

shell hybrid structures.
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CHAPTER 2

EXPERIMENTAL DETAILS

2.1. Synthesis of Copper Nanowires

For the synthesis of Cu NWs, a slightly modified recipe of solution based method
was used [78]. Copper (I) chloride dihydrate (CuCl,) (> 99.0 %), D-(+) - glucose
monohydrate (anhydrous, 97.5-102.0%), hexadecylamine (HDA) (> 94.0 % (a/a))
and deionized water (18.3 MQ) were used in this route. All chemicals were
purchased from Sigma-Aldrich. CuCl,, glucose and HDA were used as the copper
source, reducing agent and capping agent, respectively. 147 mg CuCl,, 350 mg
glucose and 1260 mg HDA were dissolved in 70 mL distilled water and left for
stirring for 12 hours at room temperature. After 12 hours, homogeneous mixture with
whitish blue color was obtained. Then, this mixture was placed in a 100 mL capacity
Teflon lined autoclave. The autoclave temperature was increased to 100 °C with the
help of a laboratory oven and left at this temperature for 12 hours under autogenous
pressure. Afterwards, autoclave was taken out from the oven and allowed to cool to
room temperature. The color of the final mixture was brownish red which included
Cu NWs, Cu byproducts and supernatant. Photos showing the solutions both before

and after the synthesis are provided in Figure 2.1.
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Figure 2. 1 Photographs of Cu NW solutions before and after the synthesis with
Teflon lined autoclave.

Following synthesis, NWs were purified through two times washing with deionized
water via centrifugation (at 7000 rpm for 10 minutes). Afterwards, byproducts such
as nanoparticles, nanospheres and nanopyramids were eliminated from the NWs via
multiphase separation. Supernatant free Cu NW solution was suspended in DI water
and chloroform (hydrophobic organic solvent). The solution was stirred via a
magnetic stirrer for 5 minutes. After that, DI water and chloroform were immediately
separated from each other and formed a clear interface. Due to the surface tension,
NWs were gathered in chloroform and byproducts sink to the bottom of water. Then,
chloroform solution with Cu NWs were separated from the DI water and centrifuged
at 7000 rpm for 10 minutes to get rid of chloroform [104]. To obtain a dispersed
NW solution for further operations, 2 wt% polyvinylpyrrolidone (PVP) (MW =
55000, monomer-based calculation) - ethanol solution was prepared. The NWs were
centrifuged with this solution twice at 7000 rpm for 10 minutes. Finally, to get rid of

excess PVP, NWs were washed with ethanol twice at 7000 rpm for 10 minutes [105].
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2.2. Fabrication of Copper Nanowire Networks

Dispersed and byproduct free Cu NWs were mixed with ethanol. Quartz was utilized
as a substrate due to lower thermal expansion coefficient compared to silica glass.
2.54 x 254 cm and 1 mm thick quartz substrates were cleaned before network
deposition with the help of acetone (> 99.9 %), ethanol (> 99.9 %) and deionized
water (18.3 MQ) through ultrasonication. Cu NWs were deposited onto quartz
substrates with N, fed air brush through spray deposition. Quartz substrates were
placed onto a hot plate at 100 °C to instantly remove ethanol. In spray deposition, N
pressure and the distance between the air brush and the substrates are important
parameters for the performance of networks. The distance and N, pressure was 15
cm and 1.5 atm during spray deposition, respectively. A photograph taken during
spray coating of Cu NW - ethanol solution onto quartz substrates is shown in Figure
2.2.

Figure 2. 2 Spray deposition of Cu NWs onto quartz substrates.
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Following deposition, resistance of Cu NW networks were measured around MQ.
This is because of the residual organics, PVP and high contact resistance of the
junctions. Therefore, Cu NW networks were annealed under inert atmosphere to get
rid of excess synthesis organics, PVP and to fuse Cu NWs at junctions. Annealing
was performed under vacuum at 200 °C with the help of Aixtron — Nano-instruments
Black Magic Il plasma enhanced chemical vapor deposition (PECVD) system.

2.3. Contact Formation with Physical Vapor Deposition

The contacts were deposited onto Cu NW networks for biasing and resistance
measurements. Contacts were deposited using a shadow mask. The shadow mask
geometry was two parallel 3 mm wide lines that are 12 mm away from each other.
100 nm thick Ag contacts were deposited onto Cu NW networks at a rate of 1.2 A/s
through thermal evaporation at a base pressure of 2.4 x 10°® atm. A photograph of Cu

NW network on quartz with Ag contacts is provided in Figure 2.3.

() METu

Figure 2. 3 Parallel Ag thin film contacts deposited onto Cu NW network.
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2.4. Atomic Layer Deposition onto Copper Nanowire Networks

Cu NW networks with parallel contacts were placed into the ALD chamber. In ALD,
thin films were deposited onto substrates cycle by cycle until the desired thickness is
obtained. In Al,O3; deposition onto Cu NW networks, the precursors and carrier gas
were trimethylaluminum (TMA - AI(CHj3)3), water (H,O) and N,, respectively. The
consecutive 15ms/10s/15ms/10s (under 20 sccm carrier N, gas) injections of
TMA/N2/H,O/N, were applied onto Cu NW networks, respectively. The overall
reaction for 1 cycle ALD of Al,O3 is provided in following reaction;

2 Al(CHj3)3 + 3H,0 Al,O3+ 6 CH,4 1)

The ALD count of cycles was optimized prior to the deposition for the deposition of
metal oxides with desired thickness. ALD of Al,O3; was operated under 3.5x10? torr
and 200 °C for 40, 120, 200 and 400 cycles to obtain Al,O3 thicknesses of 5, 15, 25

and 50 nm, respectively.

For ZnO deposition onto Cu NW networks, the precursors and carrier gas were
diethyl zinc (DEZ — Zn(C;Hs);), H,O and N, respectively. The consecutive
50ms/10s/50ms/10s (under 20 sccm carrier Ny gas) injections of DEZ/N,/H,O/N,
were applied onto Cu NW networks, respectively. The overall reaction for 1 cycle

ALD of ZnO is provided in following reaction;

Zn(C2H5 )2 + H,O — ZnO + 2 CoHg (2)

The ALD count of cycles was optimized prior to the deposition to achieve desired
thickness. ALD of ZnO was operated under 5.2x10™ torr and 175 °C for 25, 75, 125
and 250 cycles to obtain ZnO thicknesses of 5, 15, 25 and 50 nm, respectively.
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2.5. Characterization Methods

2.5.1. Scanning Electron Microscopy (SEM)

The morphology of as synthesized Cu NWs, bare and Al,O3; and ZnO deposited Cu
NW networks were examined using scanning electron microscopy (SEM). SEM
studies were performed on FEI NOVA NANO SEM 430 at an operating voltage of
10 kV. SEM samples of as synthesized Cu NWs were prepared by dropping Cu NW
solution onto single crystal silicon (Si) wafers and then evaporating the solvent
(ethanol or chloroform) via a hot plate. Si wafers were cleaned before dropping Cu
NW solution with the help of acetone, ethanol and deionized water through
ultrasonication. Since bare and Al,O3 and ZnO deposited Cu NW networks were

electrically conductive no extra gold / carbon was used for SEM analysis.

2.5.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to further characterize the
morphology of as synthesized Cu NWs and Al,O; and ZnO deposited Cu NW
networks. TEM studies were performed on JEOL TEM 2100F at an operating
voltage of 200 kV. To observe cross section of Cu NWs, single Cu NW placed on Si
substrates was cut by Focused lon Beam (FIB) and TEM sample was prepared by it
(courtesy of Meltem Sezen from Sabanci University). For TEM analysis of Al,O;
and ZnO deposited Cu NW networks, networks were scraped off from the substrates,

sonicated with ethanol and drop casted onto carbon coated Cu mesh TEM grids.

2.5.3. Sheet Resistance Measurements

The sheet resistance measurements were carried out using a Keithley 2400

sourcemeter. To measure the sheet resistance of bare and Al,O; and ZnO deposited
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Cu NW networks, a homemade 2 probe measurement setup was used. Eutectic
gallium-indium (Ga-In) alloy was used as the contacts. Eutectic Ga-In was in liquid
form at room temperature, which enables easier contact formation with NWs during
measurements. Probes had a diameter (D) of 1.5 mm and their separation (L) was 3
mm. The resistance of the networks was measured through a +/-1V scan at a scan
speed of 100 mV/s. Sheet resistance of the networks was then calculated by Equation
2.1.

R =R,

O

(2.1)

, Where R is resistance (Q2), Rs is sheet resistance (©/sq), L is length (3 mm) and D is
diameter of the contacts (1.5 mm).

2.5.4. Transparency Measurements

The transparency measurements were carried out on Agilent 8453 UV-VIS
spectrometer. Bare and Al,O3 and ZnO deposited Cu NW networks were used for the
measurements. The measurements were taken in the visible range (390 to 700 nm).

2.5.5. Areal Mass Density Calculations

The optoelectronic properties of Cu NW networks strongly depend on the NW
density. Areal mass density (amd) was used to define the NW density within the
networks. Amd is simply the mass of NWs over total area in the network. Image J
program with Geom-Density-Macro plugin was used to calculate amds of the
fabricated networks. To calculate amds, SEM images of the networks converted to
gray scale images and calculation was performed by Geom-Density-Macro plugin.
This plugin calculates the geometrical density of the networks. The formula of
geometrical density is provided in Equation 2.2.
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Geometrical density = ;—T (2.2)
T

, Where It is total length of NWs in the SEM image and A is total area of the image.

Volume of NWs in the image was calculated through Equation 2.3.

Volume = Number of wires x volume of single NW

_ Ir 2
Volume = Tl averagelaverage

average

Volume = Iy ferqge (2.3)
,where layerage@Nd raverageare average length and radius of Cu NWs, respectively.
Mass of the NWs in the image was calculated through Equation 2.4.
Mass = Volume of NWs x density of Cu
(2.4)

— 2
Mass = lanaverage p

, Where p is density of copper.

Finally, amd of Cu NW networks in the image was calculated through Equation 2.5.

amd= Mass of NWs / Total Area

2
lTﬂraverage p

amd =
At

amd = Geometrical Density T72erqge P (2.5)
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2.5.6. X-Ray Diffraction (XRD) Analysis

X-Ray Diffraction (XRD) analysis was carried out on as synthesized Cu NWs to
examine the phases present and the crystal structure of Cu NWs. As synthesized Cu
NW foils were produced by vacuum filtration method to prevent any substrate
related diffractions. A Rigaku D Max — 2000 PC diffractometer at a scan rate of
2°/min with Cu Ka radiation at an operating voltage of 40 kV was used for XRD

analysis. The 20 angle varied from 10 to 90 °.

Crystalline structure of bare Al,O3 and ZnO thin films were determined by grazing
incidence X-ray diffraction (GIXD) method. Al,O3 and ZnO deposited quartz
substrates were used for these measurements. A Rigaku Ultima IV diffractometer at a
scan rate of 2 °/min with Cu Ka radiation at an operating voltage of 40 kV and an
incident angle of 0.4° was used for GIXD analysis. The 20 angle varied from 30 to
70 °.

2.5.7. X-Ray Photoelectron Spectroscopy (XPS) Analysis

X-Ray photoelectron spectroscopy (XPS) analysis was carried out on Al,O3 and ZnO
deposited Cu NW networks before and after thermal measurements to examine the
chemical changes in the networks. XPS was collected by PHI 5000 Versa Probe

Spectrometer (284.8 eV was set as C1s reference).

2.5.8. Atomic Force Microscopy (AFM)

The topography of bare Al,O3; and ZnO thin films were analyzed using atomic force
microscopy (AFM). AFM studies were performed on Veeco Multimode V

instrument under tapping mode. Roughness values of the thin films were obtained
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from an area of 2 um x 2 um. ALD deposited bare Al,O3 and ZnO thin films on
quartz substrates were used for AFM measurements.

2.5.9. Ellipsometry Measurements

Spectroscopic ellipsometry (SE) measurements were performed on bare Al,O3 and
ZnO thin films on quartz substrates by vertical variable angle spectroscopic
ellipsometry (V-VASE) within the wavelength region of 400 to 1000 nm with angles
of 60, 65 and 70°. The measured data were analyzed with WVASE32 software.
Ellipsometry measures two quantities; namely amplitude ratio (¥) and phase
difference (A). These quantities were fitted into an equation with multiple angles of
incidence to calculate the refractive index (n) of bare Al,O3 and ZnO thin films.

2.5.10. Thermal Measurements

Copper wires were attached to the networks on top of previously deposited 100 nm
thick Ag contacts via Ag paste. This protected both the networks and contacts from
the damage that might occur with crocodile clips. A special setup was built for
thermal measurements including a power supply, thermocouples and a computer.

This thermal measurement setup is schematized in Figure 2.4.

44



Computer

[—‘__‘, — T
i

Data Acquisition for
Temperature Measurements

R 13

Cu NW based
Transparent Thin Film Heater

Figure 2. 4 Illustration of the thermal measurement setup used in this work.

A DC Power Supply (RXN-305D-11) was connected to the Cu NW network for
biasing. 4 T type copper - constantan thermocouples were attached to the backside
of the substrates carrying Cu NW networks and the data was collected by an Applent
AT4508 Multi-Channel Temperature Meter using a computer and AT45X software.

For defrosting application, substrates with Cu NW networks were placed into the
freezer part of refrigerator for 1 hour for frost formation. Then, constant bias was

applied to these substrates until complete defrosting.
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2.5.11. Thermal Camera Imaging

To determine the thermal homogeneity of the heated networks under voltage, a
thermal camera (Optris Pl 400 Infrared Camera) was used. Copper wire attached
networks that were used for thermal measurements were also utilized for thermal
camera imaging. The samples were placed onto an aluminium plate ( 1 mm thick)
that was held at 60 °C on a hot plate to provide thermal contrast from the

background. Data were collected using a computer and Optris Pl Connect software.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of Cu NWs

Morphological analysis of Cu NWs that were synthesized by solution based method
in this work was performed by SEM. An SEM image of by-products eliminated and
dispersed Cu NW network on Si wafer is provided in Figure 3.1. Homogeneously
distributed Cu NWs in network form with a very few Cu nanoparticles are visible in

the figure.

Figure 3. 1 A SEM image of Cu NW network on Si wafer substrate.

Diameter and length distribution of synthesized Cu NWs were obtained with the help
of high resolution SEM images. 100 Cu NWs were randomly selected and their
diameter and lengths were measured. The diameter and length distribution of Cu
NWs are provided in Figures 3.2 (a) and (b), respectively. According to these
analyses, Cu NWs with diameters in the range of 30 and 100 nm and lengths up to
0.1 mm were synthesized in this work. Mean diameter and length of NWs were

calculated as 50 nm and 25 um, respectively.
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Figure 3. 2 (a) Diameter and (b) length distributions of synthesized Cu NWs in this

work.

The further morphological analysis of the as synthesized Cu NWs was performed by
TEM with the help of FIB (courtesy of Meltem Sezen from Sabanci University).
Cross sectional TEM image of a Cu NW is provided in Figure 3.3 (a). In the image
five {111} planes of crystallline Cu are visible. Moreover, XRD analysis was
performed to monitor the phase purity. The XRD pattern for as synthesized Cu NWs
is provided in Figure 3.3 (b). The 20 peaks corresponds to (111), (200) and (220)
planes of FCC Cu without any CuO and Cu,O peaks within the detection limit of
XRD apparatus (JCPDS 03-1018) [80].
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Figure 3. 3 (a) Cross sectional TEM image of an individual Cu NW and (b) XRD

pattern for as synthesized Cu NWs.
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3.2. Effect of Nanowire Density on Optoelectronic Properties

The two important parameters for TTFHs are sheet resistance and optical
transmittance both of which depend on the NW density within the networks. To
investigate the effects of NW density on the performance of networks, Cu NW
networks with 10 different NW densities were prepared. The difference in NW
density was simply adjusted by increasing the number of spray deposition cycles.
Then, sheet resistance, transmittance at a wavelength of 550 nm and amd of these
networks were measured. Plot showing the sheet resistance with respect to amd of
networks is provided in Figure 3.4 (a). As it is discussed in Chapter 1, after critical
NW density (Nc, percolation threshold), increasing NW density results in a decrease
of sheet resistance of the networks. This is due to the increase in the number of
pathways for charge transport. It should be noted that power law decrease in sheet
resistance was observed with the increase in amd since number of pathways did not
increase linearly with spray deposition cycles. Plot showing changes in optical
transmittance with respect to amd is provided in Figure 3.4 (b). The increase in amd
resulted in a decrease in transmittance since area coverage of NWs was increased. It
means less light was transmitted through the networks and scattering increased with
the NW density in the networks. The relationship between transmittance and amd

was almost inversely linear.

a) 10°

=y =Y
o o
ey N
T T
[]

N’
~ =2} @0 -]
o (3,] o (3]

T T T

~
o
T

Sheet Resistance ( /sq)
Transmittance (%)
s

10°
0

[=2]
[

Sh 1 [I)O 150 0 5I0 1 60 150
amd (mg/m?) amd (mg/m?)

Figure 3. 4 (a) Sheet resistance and (b) optical transmittance with respect to amd

within the Cu NW networks fabricated in this work.
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The relationship between transmittance and sheet resistance was determined with
respect to amd of Cu NW networks. To determine the standard deviation between
them, Cu NW networks with 40 different NW densities were prepared. The optical
transmittance with respect to sheet resistance with standard deviation is provided in
Figure 3.5. It is obvious that deviation in sheet resistance is higher in networks with
lower amds. Both sheet resistance and optical transmittance of the networks should

be high for optimum TTFHs performance.
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Figure 3. 5 Transmittance versus sheet resistance graph for Cu NW networks
fabricated in this work.

3.3. Bare Copper Nanowire Networks

To investigate the effect of NW density on thermal response, Cu NW networks with
3 different NW densities were prepared on quartz substrates for both separate Al,O3
and ZnO depositions. The SEM images of Cu NW networks with 68.8, 101.2 and
142.0 mg/m? amds that were prepared for Al,O5 deposition are provided in Figures
3.6 (a) - (c), respectively. As it is discussed in earlier sections, number of pathways
for charge transfer was increased with the amd. Therefore, this resulted in a decrease
in sheet resistance. The sheet resistances of Cu NW networks with amds of 68.8,
101.2 and 142.0 mg/m? were 10, 5 and 3.5 Q/sq, respectively.
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Figure 3. 6 SEM images of Cu NW networks with amds of (a) 68.8, (b) 101.2 and

(c) 142.0 mg/m?. All scales are the same.

Transmittance of these networks within the visible portion of the spectrum is
provided in Figure 3.7. As it is discussed in earlier sections, number of NWs increase
with the amd of networks. Therefore, these NWs result in more blockage of light and
thus an overall decrease in transmittance is observed. The optical transmittances (at a
wavelength of 550 nm) of Cu NW networks with amds of 68.8, 101.2 and 142.0

mg/m? were measured as 82.6, 75.3 and 68.2 %, respectively.
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Figure 3. 7 Spectral transmittance of Cu NW networks with amds of 68.8, 101.2 and
142.0 mg/m? used in this work for Al,O3 deposition.
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The SEM images of Cu NW networks with amds of 40.7, 73.1 and 101.6 mg/m? that
were prepared for ZnO deposition are provided in Figures 3.8 (a) - (c), respectively.
Similar to previous set for Al,O3 deposition, sheet resistance of these networks were
decreased with increased amds. The sheet resistances of Cu NW networks with amds
of 40.7, 73.1 and 101.6 mg/m® were 15, 8 and 4.8 Q/sq, respectively.

Figure 3. 8 SEM images of Cu NW networks with amds of (a) 40.7, (b) 73.1 and (c)

101.6 mg/m?. All scales are the same.

Spectral transmittance of these networks within the visible portion of the spectrum is
provided in Figure 3.9. Optical transmittances of networks were decreased with
increased amds. The transmittances (at a wavelength of 550 nm) of Cu NW networks
with amds of 40.7, 73.1 and 101.6 mg/m? were 86.4, 80.2 and 75.2 %, respectively.
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Figure 3. 9 Spectral transmittance of Cu NW networks with amds of 40.7, 73.1 and
101.6 mg/m? used in this work for ZnO thin film deposition.

3.3.1. Thermal Measurements

To investigate the effect of NW density on thermal response, thermal measurements
of bare Cu NW networks were performed under constant applied biases. Applied bias
was increased with 1 V intervals until the networks fail. Failure is defined as the
moment where the attained temperature drops gradually corresponding to an increase
in sheet resistance. The bias was applied for 20 minutes and then networks were
allowed to cool down to room temperature for 10 minutes. Time dependent thermal
response of Cu NW networks with different amds are provided in Figures 3.10 (a) —

().

53



).,

3 40.7 mg/m?
4V, 0.25A

3V, 0.20A

ﬂ 0.14A
1V, 0.07A

50

Temperature (°C)

D 1 1 1 1 1
0 5 10 15 20 25 30
time (min)
c)
100} 3y g33a 73.1mg/m?
O
o
@
™
5 2V, 0.23A
wd
S 50
-4 1V, 0.12A
£
@
-
0 1 1 1 I 1
0 5 10 15 20 25 30
time (min)
e) 3V, 0.53A
2 100 101.6 mg/m?
O
o 2V, 0.39A
o
™
S
el
S 50
@
4 1V, 0.22A
£
o
-
0 1 1 1 1 1

time (min)

Temperature (°C) &,

Temperature (°C)

Temperature (°C) /=5

S

100

50

50

4V, 0.37A 68.8 mg/m?

3V, 0.30A

2V, 0.21A

1V, 0.11A

time (min)

3V, 0.52A

101.2 mg/m?

time (min)

100 -

50

0.64A
142.0 mg/m?

1V, 0.28A

time (min)

Figure 3. 10 Time dependent thermal responses of Cu NW networks with different
amds of (a) 40.7, (b) 68.8, (c) 73.1, (d) 101.2, (e) 101.6 and (f) 142.0 mg/m? under

various applied voltages.
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It is clear from Figure 3.10 that the attained temperatures without failure increases
with the amd of Cu NW networks. This is in accordance to Joule heating principle.
According to Joule heating, for maximum heat dissipation, maximum power is
needed. At a constant applied bias, maximum power can be achieved by decreasing
the sheet resistance and thus by increasing the amd of the networks. Cu NW
networks with an amd of 40.7 and 68.8 mg/ m? were found to fail at an applied bias
of 4V, where that the other amds were 3V. The failure results in a gradual decrease
in the attained temperatures due to an increase in sheet resistance of the networks.
Apart from the network with an amd of 40.7 mg/m?, Cu NW networks failed around
100 °C. This was due to oxidation of Cu NWs at elevated temperatures.

To investigate the power requirements of these networks, input power densities were

calculated using Equation 3.1.
Power density = ; = — (3.1)

, Where P is input power, A is the effective sample area that NW networks occupy, |

is the current passing through network and V is the applied bias.

Although maximum attained temperatures for most of the networks were around 100
°C, in power density calculations, maximum reproducible and stable temperatures
(Tmax) before failure were taken into account. Moreover, effective sample area was
taken as 3.24 cm? with regard to a network size of 1.8 cm x 1.8 cm. The sheet
resistance, transmittance (at 550 nm), Tmax and input power density values of bare Cu
NW networks with different amds are provided in Table 3.1. It is observed from the
table that input power density increases with increasing Tmax regardless of NW

density within the networks.
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Table 3. 1 Optoelectronic properties and thermal response characteristics of bare Cu

NW networks with different amds used in this work.

. . Input
Sheet Transmittance Bias at Current at

amd . Power
, Resistance (%) Tmax (°C) Trnax T max ]

(mg/m°) @ /sq) (at 550 nm) Density

S a nm \Y A

40.7 15 86.4 64 3 0.2 0.19
68.8 10 82.6 79 3 0.3 0.28
73.1 8 80.2 60 2 0.23 0.14
101.2 5 75.3 71 2 0.38 0.23
101.6 4.8 75.2 76 2 0.39 0.24
142.0 3.5 68.2 90 2 0.51 0.31

3.4. Aluminum Oxide Deposited Copper Nanowire Networks

To investigate the Al,O3 thickness on the protection level of Cu NWs and thermal
response, Cu NW networks with 4 different Al,O3 thicknesses (5, 15, 25 and 50 nm)
were prepared. The SEM and TEM images of an individual 50 nm Al,O3 deposited

Cu NW are provided in Figures 3.11 (a) and (b), respectively.

Figure 3. 11 (a) SEM and (b) TEM images of an individual 50 nm Al,O; deposited
Cu NW.
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The core-shell structure with definite boundaries and smooth surface was observed in
Figure 3.11. ALD deposited Al,O3 conformally covered the whole NW network with
uniform thickness. The sheet resistance of Cu NW networks remain unchanged
following ALD deposition. This is because oxide shells were deposited onto already
percolating and annealed network. On the other hand, overall optical transmittance
values of the networks with different Al,O5 thicknesses were found to get strongly
affected because of an overall increase in the diameter of NWs and the change in
effective refractive index of the medium. The optical transmittance (at 550 nm)
values were found to decrease with Al,O3 thickness. Spectral transmittance for
networks with an amd of 68.8 mg/m? and different Al,O5 thicknesses within the

visible portion of the spectrum is provided in Figure 3.12.
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Figure 3. 12 Spectral transmittance of Cu NW networks with an amd of 68.8 mg/m?
and different Al,O3 thicknesses of 5, 15, 25 and 50 nm.

The XPS analysis was performed for detailed chemical analysis of the Al,O3
deposited networks. XPS spectra of 5 nm Al,O3; deposited Cu NW network are
provided in Figure 3.13. All the XPS peaks were interpreted according to 284.8 eV

for C1s reference.
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Figure 3. 13 XPS spectra of (a) Cu2pi, and Cu2pssz, (b) Cu LMM Auger and (c)
Cu3p and Al2p for 5 nm Al,O3 deposited Cu NW network.

As it is observed from Figure 3.13 (a), the binding energy difference (19.7 eV)
between Cu2py, (953.1 eV) and Cu2ps;, (933.4 eV) peaks is lower than 19.8 eV. It
means that these peaks do belong to either metallic Cu or Cu,O [106]. Cu2p,/,; and
Cu2ps, peak positions are very similar for Cu and Cu,O, so that they cannot be
differentiated using these peaks [107]. To differentiate chemical state of Cu, utilizing
Cu LMM Auger spectra is more appropriate since this spectra has higher sensitivity
to the surface oxides. The corresponding Cu LMM characteristic peaks for Cu,O
(570.1 eV), CuO (568.9 eV) and Cu (568.3 eV) are positioned on the Auger spectra
[81]. Cu LMM Auger spectra (Figure 3.13 (b)) signifies presence of Cu,O rather than
Cu. However, high electrical conductivity of networks and XRD analysis of as
synthesized Cu NWs that is free from Cu,0 or CuO peaks state that Cu NWs did not
get oxidized entirely. This is because of surface oxidation of Cu NWs upon reacting

with oxygen so we believe thin layer of Cu,O forms on Cu NWs in the first cycles of
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ALD due to H,O precursor [108]. In Figure 3.13 (c), Cu3p and Al2p are present in
the XPS spectra of Al. The Cu3p and Al2p peaks overlap with each other in the
presence of Cu in Al media. Al2p peak (74.6 eV) signifies the oxidation state of the
Al compound as Al,O3 [109].

3.4.1. Thermal Measurements

Thermal response of Al,O3 deposited Cu NW networks were monitored under
constant applied biases. Applied bias was increased with 1 V intervals until the
networks fail which was indicated by an increase in sheet resistance. Similar to bare
networks, the bias was applied for 20 minutes and then networks were allowed to
cool down to room temperature for 10 minutes. Time dependent thermal response of
Cu NW networks with an amd of 68.8 mg/m? with different Al,O5 thicknesses are
provided in Figures 3.14 (a) — (d).
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Figure 3. 14 Time dependent thermal response of Al,O3 deposited Cu NW networks
with an amd of 68.8 mg/m? and different Al,Oj3 thicknesses of (a) 5, (b) 15, (c) 25

and (d) 50 nm.

As it can be deduced from Figure 3.14, with an increase in Al,Oj3 thickness, the
networks endured higher applied biases without any change in their sheet resistances.
To test the limits of these networks, applied bias was increased until failure of the
networks. The failure results in a gradual decrease in attained temperatures due to
sheet resistance increase of the networks. As discussed before, the fundamental
problem of Cu NW heaters is the oxidation at elevated temperatures because of the
free oxygen in air. The Al,Os shell layer on Cu NWs cut the interface between NWs
and air. Upon the deposition of only 5 nm Al,O3 onto Cu NW networks, TTFHs
successfully reached to 153 °C. Increase in the thickness of Al,Oz provided even

better protection for the Cu NW heaters. As a result of that, T was found to
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increase with Al,O3 thickness. A maximum temperature of 280 °C was attained upon
deposition of 50 nm Al,O3; onto Cu NW networks.

To investigate the effect of NW density on thermal response in Al,O3; protected
networks, thermal measurements of Cu NW networks with amds of 101.2 and 142.0
mg/m? were also performed under constant applied bias. Time dependent thermal
response of 50 nm Al,O3 deposited Cu NW networks with amds of 101.2 and 142.0
mg/m? are provided in Figures 3.15 (a) and (b), respectively.
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Figure 3. 15 Time dependent thermal response of 50 nm Al,O3 deposited Cu NW
networks with different amds of (a) 101.2 and (b) 142.0 mg/m?.

It is evident from Figure 3.14 (d) and Figure 3.15 that the networks with higher NW
densities can reach higher temperatures under the same applied bias, maximum
power can be achieved by increasing the NW density within the networks. Moreover,
Tmax Was increased slightly with increasing the NW density. There are higher
numbers of alternative pathways for charge transport. Therefore, even though NWs
were disconnected at some points, charge transport can still take place through other
alternative pathways without changing the sheet resistance of the networks. As a
result of that, networks with higher NW densities endure slightly higher temperatures

compared to the others with lower NW densities. Maximum temperatures of 292 °C
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and 309 °C were attained through deposition of 50 nm Al,O3 onto Cu NW networks
with amds of 101.2 and 142.0 mg/m?, respectively.

The heating and cooling rates of Al,O3; deposited Cu NW networks were calculated
by differentiating the thermal response. The calculations were performed on highest
applied biases for the networks. The heating and cooling rate of the networks slightly
varies with applied voltages and amds of networks. For instance, the heating and
cooling rates of Cu NW network with an amd of 68.8 mg/m?® with 50 nm Al,O3
thickness were found to be 15 °C/s and — 5 °C/s, respectively, under an applied bias
of 11 V (0.68 A) corresponding to a temperature of 280 °C. Heating and cooling rate
as a function of time for this network is provided in Figure 3.16. In average, heating
and cooling rates of Al,O3 deposited Cu NW networks were found to be 14 °C/s and
— 5 °Cl/s, respectively. The heating rates of metal NW based hybrid TTFHs were
reported between 1 and 18 °C/s [19] [74] [110] and heating rates obtained in this

work were considered as high [98].
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Figure 3. 16 Heating and cooling rate as a function of time for Cu NW network with

an amd of 68.8 mg/m? and Al,Oj3 thickness of 50 nm under an applied bias of 11 V.
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To investigate the power requirements of these networks, input power densities were
calculated. It should be noted that Tax Stands for maximum reproducible and stable
temperature and 3.24 cm? (1.8 cm x 1.8 cm) was taken as the effective sample area.
The sheet resistance, transmittance (at 550nm), Tmax and input power density values
of the Al,O3 deposited Cu NW networks with different amds and different oxide
thicknesses are tabulated and provided in Table 3.2.

Table 3. 2 Optoelectronic properties and thermal response characteristics of Al,O3

deposited Cu NW networks with different amds and different Al,O3 thicknesses.

. Input
Sheet AlL,O; | Transmittance Biasat | Current P
amd ) ) T nax Power
Resistance | Thickness (%) Tmax | at Tmax )
2
(mg/m°) @ Isq) () (at 550nm) °C) Density
S nm a nm vV A
5 80.8 127 5 0.43 0.66
15 77.5 178 7 0.53 1.14
68.8 10
25 75.1 205 8 0.56 1.38
50 70.7 260 10 0.66 2.04
5 73.5 146 4 0.62 0.76
15 70.2 171 5 0.71 1.10
101.2 5
25 67.9 202 6 0.79 1.46
50 63.4 263 8 0.91 2.25
5 66.5 133 3 0.52 0.48
15 63.2 175 4 0.83 1.02
142.0 3.5
25 60.8 210 5 0.94 1.45
50 58.0 273 7 1.12 2.42

It is observed from Table 3.2 that at the same applied bias, input power density of Cu
NW networks with higher amds was higher since current passes through them was
higher than networks with lower amds. As a result of that higher temperatures were
attained by Cu NW networks with higher amds. For similar attained temperatures,

input power density of some Cu NW networks were close to each other regardless of
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the NW density. For instance, input power densities of 1.46 and 1.45 W/cm? were
required to increase the temperature of the networks around 205 °C (Cu NW
networks with 25 nm Al,O5 thickness with amds of 101.2 and 142.0 mg/m?).
However, for Cu NW network with 25 nm Al,O;3 thickness with an amd of 68.8
mg/m?, an input power density of 1.38 mg/m? was required to increase the
temperature of the network to the same temperature. Therefore, there is no strong
correlation between input power densities and attained temperatures of the networks

in terms of NW density.

3.4.2. Repetitive Heating and Cooling Cycles

To investigate the reproducibility of thermal response of Al,O3 protected Cu NW
networks, repetitive heating and cooling cycles were practiced. Thermal response of
25 nm Al,O; deposited network with an amd of 68.8 mg/m? is provided in Figure
3.17 under repetitive heating and cooling cycles with an applied bias of 7 V. The
procedure is the same; bias was applied for 20 minutes and networks were allowed to

cool to room temperature for 10 minutes. The procedure was repeated for 10 times.
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Figure 3. 17 Thermal response of 25 nm Al,O3 deposited Cu NW network with an
amd of 68.8 mg/m? under repetitive heating and cooling cycles with an applied bias
of 7 V.
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It was observed from Figure 3.17 that the thermal performance of the network was
almost identical for each cycle and not affected by repetitive heating and cooling
cycles. In all the cycles, temperature was increased to around 175 °C. After the 10"
cycle, the sheet resistance of the network was measured, where no change was
observed. This showed that Cu NW networks can be used in applications that require
successive heating and cooling cycles.

3.4.3. Long Term Stability

To investigate the long term stability of Al,O3 protected Cu NW networks, thermal
response of the networks were monitored for 24 hours under an applied bias.
Thermal response of 25 nm Al,O; deposited network with an amd of 68.8 mg/m?
under an applied bias of 6 V is provided in Figure 3.18. Ambient temperature was
also monitored with another thermocouple as a reference, which is also provided in

the figure.
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Figure 3. 18 Long term thermal response of 25 nm Al,O3 deposited Cu NW network

with an amd of 68.8 mg/m? under an applied bias of 6 V.
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It was observed from the figure that the temperature was highly stable for 24 hours.
The temperature was found to increase to 150 °C upon the application of 6 V bias. At
the end of the process, sheet resistance of the network was measured and no
alteration was observed. This showed that Cu NW network TTFHs have long-term

stability at the target temperatures for at least 24 h.

3.4.4. Failure Mechanism

The Al,O3 protected networks were found to fail at their highest applied biases. The
sheet resistances of these networks were increased and color changes were observed
at some points (red brown to black) visible with the naked eye. These color changes
indicate the oxidation of Cu NWs to CuO since CuO is black in color. In order to
further investigate the chemical changes, XPS analysis was performed on failed
networks. XPS spectra of 5 nm Al,O3 deposited Cu NW network at failed points are
provided in Figure 3.19. All the XPS peaks were interpreted according to 284.8 eV

for C1s reference.
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Figure 3. 19 XPS spectra of (a) Cu2p1, and Cu2psz, (b) Cu LMM Auger, and (c)
Cu3p and Al2p of 5 nm Al,O3 deposited Cu NW network at failed points.

As it is observed from Figure 3.19 (a), the binding energy difference (20.1 eV)
between Cu2py, (953.7 eV) and Cu2ps, (933.6 eV) peaks was higher than 20.0 eV.
It means that these peaks do belong to CuO [106]. Moreover, strong satellite Cu®*
peaks and Cu LMM Auger spectra (Figure 3.19 (b)) also supported this fact [107].
Therefore, at some points, Cu NWs were failed and oxidized to CuO. Since electrical
conductivity of CuO is much lower than Cu, this failure caused an abrupt increase in
the sheet resistance of the networks. Al2p peak (74.6 eV ) in Figure 3.19 (c) signifies
oxidation state of the Al compound as Al,O3 [109]. Therefore, the chemical form of

the deposited Al,O3 was found unchanged at the failure points.
The morphological analysis of failed points was performed by SEM. Since the

attained maximum temperatures increased with increasing Al,Os thickness, SEM

analysis was conducted for all Al,O3 thicknesses at failed points. SEM images of Cu
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NW networks with an amd of 68.8 mg/m? and different Al,Os thicknesses at failed
points are provided in Figures 3.20 (a) — (d).

Figure 3. 20 SEM images of failed Cu NW networks with an amd of 68.8 mg/m?
with different Al,Oj3 thicknesses of (a) 5, (b) 15, (c) 25 and (d) 50 nm.

It is observed from Figure 3.19 and 3.20 that the failure mechanism of Al,O;
protected Cu NW networks was both Rayleigh instability and oxidation of Cu NWs.
Cu was accumulated at the junction points of NWs at elevated temperatures due to
Rayleigh instability [74]. As a result of that Cu NWs got thinner. For low Al,O3
thicknesses of 5 and 15 nm, thinning of NWs caused structural deformation on Al,O3
layer so NWs were separated from the oxide shell and oxidized. The thinning and
stripping of NWs from structurally deformed Al,O3 shell were marked with red
circles and provided in Figures 3.20 (a) and (b). Higher temperatures were attained
for higher Al,O3 thicknesses of 25 and 50 nm and thus further accumulation of Cu
was observed on the junction points. However, the structural form of Al,O3 did not
change this time. The Cu NWSs were broken into pieces inside of oxide shell [93].

Moreover, accumulated Cu on the junction points was separated from the oxide shell
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and get oxidized. The sheet resistance of the networks was increased due to
discontinuity between NWs and oxidation of NWs [111]. The discontinuous parts

between NWs were marked with red circles and provided in Figures 3.20 (c) and (d).

3.4.5. Thermal Imaging

Thermal camera images of Al,O3 protected Cu NW networks were taken to examine
the thermal homogeneity of networks. Thermal camera images for 50 nm Al,O3
deposited Cu NW network with an amd of 68.8 mg/m? before and after failure are
provided in Figures 3.21 (a) and (b), respectively. Before the failure, the network
reached to 260 °C under an applied bias of 10 V. A homogeneous thermal
distribution (Figure 3.21 (a)) was obtained for this network. This network was failed
under an applied bias of 11 V so that its sheet resistance was increased. Following
failure, the network only reached 250 °C under an applied bias of 11 V. The thermal
image of this network (Figure 3.21 (b)) revealed presence of hot spots on the sample

and showed that the temperature distribution is not uniform.

250°C
a) b)

137.5°C

25°C

Figure 3. 21 Thermal camera images of the Cu NW network with an amd of 68.8
mg/m? and 50 nm Al,Oj thickness (a) before (10 V applied bias) and (b) after (11 VV

applied bias) failure.
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3.4.6. Defrosting Application

In order to demonstrate real life applicability of Al,O3; protected Cu NW network
heaters, they were utilized in defrosting applications. High heating rates (14 °C/s)
and significant optoelectronic performance of the networks made them suitable for
this application. Photographs of the 5 nm Al,O3 deposited Cu NW network with an
amd of 68.8 mg/m?® both before and after defrosting application are provided in
Figures 3.22 (a) and (b), respectively. The METU logo printed on a piece of paper
behind the network was invisible due to the frost formation on the network as shown
in Figure 3.22 (a). The frost on the network was completely removed after 28 s under
an applied bias of 3 V corresponding to a temperature of 80 °C. After defrosting
application, original transparency of the network was recovered and the METU logo
on the background was clearly visible again. Rapid defrosting application was

successfully demonstrated with the Al,O3 protective layer.

Figure 3. 22 Photos of the 5 nm Al,O3 deposited Cu NW network with an amd of
68.8 mg/m? (a) before and (b) after defrosting application.

70



3.5. Zinc Oxide Deposited Copper Nanowire Networks

ZnO deposition was also investigated onto Cu NW networks. Similar to Al,O3 case
ZnO thin films were conformally deposited using ALD method. The use of ZnO on
Cu NWs is highly promising not only for TTFHs but also for optoelectronics since
ZnO is a semiconductor. Therefore, in the forthcoming layers in an optoelectronic
device charge injection and transfer will not be problematic. On the other hand, ZnO
deposited Cu NWs have not been used as TTFHs to the best of our knowledge.

Cu NW networks with 4 different ZnO thicknesses (5, 15, 25 and 50 nm) were
prepared to investigate the effect of ZnO thickness on the protection level and
thermal response of Cu NWs. The SEM and TEM images of an individual 50 nm
ZnO deposited Cu NW are provided in Figures 3.23 (a) and (b), respectively.

Figure 3. 23 (a) SEM and (b) TEM images of an individual 50 nm ZnO deposited Cu
NW.

It was observed from Figure 3.23 that the surface of the Cu NWSs upon ZnO
deposition was a lot rougher compared to Al,O3; deposited ones (Figure 3.11).
Although, definite boundaries of Cu NW and ZnO was not revealed by the SEM
image (Figure 3.23 (a)), the core shell structure was cleary observed from the TEM

image (Figure 3.23 (b)). To compare the roughness of the oxide deposited networks,
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AFM analysis was conducted on bare Al,O; and ZnO thin films with different
thicknesses of 5, 15, 25 and 50 nm. Topographical 3D and 2D AFM images of Al,O3
and ZnO thin films with 50 nm thicknessses are provided in Figures 3.24 (a) — (d).
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Figure 3. 24 (a) 3D and (b) 2D topographical AFM images of Al,O3 thin film. (c)
3D and (d) 2D topographical AFM images of ZnO thin film.

It is evident from Figure 3.24 that the surface of Al,O; thin film was a lot smoother
than the ZnO thin film. In agreement with the SEM and TEM images, surface of ZnO
thin film is rougher (Figure 3.24). R, (average roughness) and RMS (root mean
square roughness) values of 50 nm Al,O3 thin films were 0.385 and 0.504 nm,
respectively. On the other hand, R, and RMS values of 50 nm ZnO thin films were
0.719 and 0.917 nm, respectively. Both surface roughness values (R, and RMS) of

ZnO thin films were higher than those for Al,O3 thin films. This phenomenon was
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found to be valid for all oxide thicknesses. R, and RMS values of Al,O; and ZnO

thin films with different oxide thicknesses are tabulated and provided in Table 3.3.

Table 3. 3 R, and RMS values of Al,O5; and ZnO thin films with different

thicknesses.

Oxide Type
Al,O3 Zn0O
Oxide
Thickness Ra (nm) RMS (nm) Ra (nm) RMS (nm)
(nm)
5 0.672 0.987 1.04 1.42
15 0.460 0.611 0.506 0.659
25 0.309 0.398 0.638 0.826
50 0.385 0.504 0.719 0.917

It is observed from Table 3.3 that for all oxide thicknesses, R, and RMS values of
ZnO thin films were higher than that of Al,O3 thin films. The roughness of Al,O3
thin films were found to decrease up to 25 nm thickness and then increased for
higher thicknesses. On the other hand, the roughness of ZnO thin films were
decreased down to 15 nm thickness and then increased for higher thicknesses. A
linear relationship could not be obtained between the thin film roughness and
thickness. To decrease the surface roughness of ZnO thin films, the effect of different
deposition parameters were investigated. Lower surface roughnesses were achieved

by tuning the pulsing times of the precursors. The lowest surface roughness value
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was achived for 15 ms injections of both DEZ and H,O precursors. However, only
50 ms injections of both DEZ and H,O precursors were utilized in this work.

Similar results (to Al,O3; deposited Cu NW networks) were obtained in the sheet
resistance and optical transmittance of ZnO deposited Cu NW networks. The sheet
resistance of the networks remained the same upon ZnO deposition, since ZnO was
deposited conformally on already percolating and annealed networks. The
transmittance (at 550 nm) of the networks decreased with increasing ZnO thickness
due to an overall increase in the diameter of the NWs and the change in effective
refractive index. Visible spectral transmittance for the networks with an amd of 40.7
mg/m? with different ZnO thicknesses is provided in Figure 3.25. It was observed
from Figure 3.12 and Figure 3.25 that, even though the surface smoothness and
refractive indexes of Al,O; and ZnO thin films were different, decreases in

transmittance at a wavelength of 550 nm were similar.
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Figure 3. 25 Spectral transmittance of Cu NW networks with an amd of 40.7 mg/m?
and different ZnO thicknesses of 5, 15, 25 and 50 nm.
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Refractive index (n) as another important optical parameter was calculated for the
oxide thin films. Al,O3 and ZnO thin films on quartz substrates were used for these
calculations. The refractive index (n) of Al,O3 and ZnO thin films as a function of
wavelength with 80 nm oxide thicknesses are provided in Figures 3.26 (a) and (b),

respectively.
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Figure 3. 26 Refractive index (n) as a function of the wavelength for (a) Al,O3 and
(b) ZnO thin films.

It is observed from Figure 3.26 that the refractive index (n) of both oxides shows a
decreasing trend with increasing wavelength. The refractive index (n) of ZnO thin
film was higher than that of Al,Oj3 thin film for all wavelengths. These values were
in agreement with the ones reported in literature [112] [113]. The refractive index (n)
of Al,O3 and ZnO thin films at 550 nm are 1.66 and 2.01, respectively. This means
that the refraction of light is more pronounced when it is incident onto ZnO

deposited Cu NW networks compared to the Al,O3 deposited counterparts.

XRD analysis of the oxides was performed to determine their crystal structure. The
GIXD patterns for bare Al,O3 and ZnO thin films with 100 nm oxide thicknesses are
provided in Figures 3.27 (a) and (b), respectively.
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Figure 3. 27 GIXD patterns for bare (a) Al,O3 and (b) ZnO thin films on quartz

substrates.

It is evident from Figure 3.27 (a) that the degree of crystallinity for Al,O3 thin films
were remarkably low since there are no distinct and high intensity peaks in the GIXD
pattern. On the other hand, ZnO thin films were highly crystalline (Figure 3.27 (b)).
The 26 peaks corresponds to (100), (002), (101), (102), (110), (103) and (112) planes
of polycrystalline wurtzite structure of ZnO (JCPDS 36-1451) [114].

The chemical analysis of ZnO deposited Cu NW networks were performed by XPS.
XPS spectra of 5 nm ZnO deposited Cu NW network are provided in Figure 3.28.
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Figure 3. 28 XPS spectra of (a) Cu2p1, and Cu2psz, (b) Cu LMM Auger, and (c)
Znpy/, and Znps;, of 5 nm ZnO deposited Cu NW network.

As it is shown in Figure 3.28 (a), Cu2pi, and Cu2ps, peaks belong to either metallic
Cu or Cu,0 since the binding energy difference (19.7 eV) between them is lower
than 19.8 eV [106]. To differentiate chemical state of Cu, Cu LMM Auger spectra
(Figure 3.28 (b)) was used. Cu LMM Auger spectra signifies the presence of Cu,0O
rather than metallic Cu [107]. XRD analysis of the as synthesized Cu NWs and high
electrical conductivity of the networks indicate that the oxidation of Cu NWs is not
throughout the whole network. The thin layer of Cu,O on Cu NWs were developed
in the first cycles of ALD due to the use of H,O precursor. Moreover, the positions
of Znpy;, (1045.3 eV) and Znps, (1022.3 eV) peaks in Figure 3.28 (c) signifies the

oxidation state of Zn compound as ZnO [115].
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3.5.1. Thermal Measurements

To investigate the effect of ZnO thickness, thermal response of Cu NW networks
with different ZnO thicknesses were monitored under a constant applied bias.
Applied bias was increased with 1 V intervals until the failure of the networks, which
was indicated by an increase in the sheet resistance. Similar to before, the bias was
applied for 20 minutes and then the networks were allowed to cool to room
temperature for 10 minutes. Time dependent thermal response of Cu NW networks
with an amd of 40.7 mg/m? with different ZnO thicknesses are provided in Figures
3.29 (a) — (d).
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Figure 3. 29 Time dependent thermal response of ZnO deposited Cu NW networks
with an amd of 40.7 mg/m? and different ZnO thicknesses of (a) 5, (b) 15, (c) 25 and
(d) 50 nm.
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It was observed from Figure 3.29 that the networks attained higher temperatures with
an increase in ZnO thickness. This was certainly because thicker ZnO layers provide
better protection. To investigate the highest achievable temperatures by Cu NW
networks, applied bias was increased until failure of the networks. The gradual
temperature decrease was observed in failed networks due to an increase in the sheet
resistance. The ZnO shell layer solved rapid oxidation problem of Cu NW networks
at elevated temperatures by cutting the interface between NWs and air. Maximum
temperatures of 139 °C and 214 °C were attained upon the deposition of 5 and 50 nm

ZnO thin films onto Cu NW networks, respectively.

To investigate the effect of NW density on the thermal response of ZnO protected Cu
NW networks, thermal measurements of networks with different amds of 73.1 and
101.6 mg/m? were performed under a constant applied bias. Time dependent thermal
response of 50 nm ZnO deposited Cu NW networks with amds of 73.1 and 101.6

mg/m? are provided in Figures 3.30 (a) and (b), respectively.
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Figure 3. 30 Time dependent thermal responses under various applied voltages of 50
nm ZnO deposited Cu NW networks with different amds of (a) 73.1 and (b) 101.6

mg/m?.
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It was observed from Figure 3.29 (d) and Figure 3.30 that the networks with higher
NW densities reach slightly higher temperatures compared to the counterparts with
lower NW densities. This is because of higher number of alternative pathways in
networks with high NW densities. Therefore, sheet resistance was remained the same
since charges were transported via alternative pathways. Upon the deposition of 50
nm ZnO onto Cu NW networks with amds of 73.1 and 101.6 mg/m? TTFHs reached

maximum temperatures of 232 °C and 237 °C, respectively.

The heating and cooling rates of ZnO deposited Cu NW networks were calculated by
differentiating thermal response. The heating rate calculations were performed on
networks at their highest applied biases. For example, the heating and cooling rates
of Cu NW network with an amd of 101.6 mg/m? with 50 nm ZnO thickness were
found to be 10 °C/s and — 4 °C/s, respectively, under an applied bias of 7 V
(corresponding to a current of 0.87A) corresponding to a temperature of 237 °C.
Heating and cooling rate as a function of time for this network is provided in Figure
3.31. In average, heating and cooling rates of 12 °C/s and — 5 °C/s were found for
ZnO deposited Cu NW networks, respectively. This value is very close to Al,O3
deposited Cu NW networks and it is still considered as a high heating rate when

compared to the literature [98].
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Figure 3. 31 Heating and cooling rate as a function of time for Cu NW network with
an amd of 101.6 mg/m? and ZnO thickness of 50 nm under an applied bias of 7 V.
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Input power densities of the networks at their highest reproducible and stable
temperatures were calculated to investigate the power requirements. Similar to Al,O3
case, the effective sample area was taken as 3.24 cm? (1.8 cm x 1.8 cm). The sheet
resistance, transmittance (at 550 nm), Tmax and input power density values of ZnO
deposited Cu NW networks with different amds and different oxide thicknesses are
tabulated and provided in Table 3.4.

Table 3. 4 Optoelectronic properties and thermal response characteristics of Cu NW

networks with different amds and ZnO thicknesses.

. . Input
Sheet ALO; | Transmittance Biasat | Current
amd ) ) T nax Power
Resistance | Thickness (%0) Thax | at Tmax ]
2
(mg/m°?) @ /sq) (nm) (at 550nm) (°C) Density
s nm a nm Vv A
q \%) (A) (Wiem?)
5 84.4 119 6 0.35 0.65
15 81.2 139 7 0.39 0.84
40.7 15
25 78.8 159 8 0.43 1.06
50 74.2 194 10 0.52 1.60
5 78.3 124 4 0.41 0.51
15 75.3 150 5 0.49 0.76
73.1 8
25 72.6 176 6 0.54 1.00
50 68.5 201 7 0.60 1.30
5 73.5 115 3 0.53 0.49
15 70.3 152 4 0.64 0.79
101.6 4.8
25 67.8 178 5 0.73 1.13
50 63.2 204 6 0.81 1.50

It is shown in Table 3.2 and Table 3.4 that Al,O3 deposited networks reached higher
temperatures compared to ZnO deposited counterparts. Two networks with nearly
identical amd values were compared for Al,O; (101.2 mg/m?) and ZnO (101.6
mg/m?) deposition. The sheet resistance, transmittance (at 550 nm), Tmax and input
power densities of these networks with different oxide thicknesses are provided in

Figures 3.32 (a) — (d). Values of bare networks are also provided for comparison.
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Figure 3. 32 (a) The sheet resistance, (b) transmittance, (¢) Tmaxand (d) input power
densities of Cu NW networks with amds of 101.2 mg/m? (for Al,O5 deposition) and
101.6 mg/m? (for ZnO deposition) with different oxide thicknesses. Lines are for

visual aid.

It is observed from Figure 3.32 (a) that the sheet resistance values of the networks
were similar and remain unchanged through oxide deposition. Similar decreases in
the transmittance values at a wavelength of 550 nm with oxide different thickness
were observed as shown in Figure 3.32 (b). A Tmax Of 263 °C and 204 °C were
obtained for 50 nm Al,O3 and ZnO deposited Cu NW networks, respectively. Tmnax Of
Al,O3; deposited network was higher than that of the ZnO counterpart. This

phenomenon was found to be valid for all oxide thicknesses (Figure 3.32 (c)). As a
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result of that, the input power densities Al,O3 deposited networks were found to be
higher than that of ZnO deposited networks (to reach higher temperatures) for all
oxide thicknesses (Figure 3.32 (d)). Therefore, Al,O3 deposition was provided better
protection level for Cu NW networks compared to ZnO deposition. This is associated
with the roughness and porosity of oxide layers. ZnO layer was a lot rougher
compared to Al,O3 layer. Moreover, ZnO deposited with ALD is highly porous
compared to Al,O3 deposited with ALD [116]. In literature, corrosion protection of
Cu was monitored with ALD deposited ZnO and Al,O3. Al,O; deposited ones
showed better protection compared to ZnO deposited ones due to high porosity of
ZnO [117].

3.5.2. Failure Mechanism

The ZnO protected Cu NW networks were failed at their highest applied biases,
which was indicated by an increase in the sheet resistance. Moreover, at some points,
color changes from red brown to black were observed. CuO has black color so this
indicated that Cu NWs were oxidized to CuO. Therefore, to investigate the chemical
changes in networks, XPS analysis was performed. XPS spectra of 5 nm ZnO

deposited Cu NW network at failed points is provided in Figure 3.33.
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Figure 3. 33 XPS spectra of (a) Cu2pi, and Cu2psjz, (b) Cu LMM Auger and (c)
Znpy, and Znpsj, of 5 nm ZnO deposited Cu NW network at failed points.

The difference (20.1 eV) between Cu2p, (953.3 eV) and Cu2ps, (933.2 eV) peaks,
strong Cu®* satellite peaks (942.8 and 962.5 eV) and CuO peak (568.9 eV) at Cu
LMM Auger spectra signify that Cu NWs were oxidized to CuO at failed points
[107] [108]. As a result of that, sheet resistance of the failed networks were found to
increase. Moreover, Znpy; and Znps, peaks signifies the oxidation state of Zn
compound as ZnO [115]. Therefore, ZnO did not change its chemical form at failed

points.
The morphological analysis of failed points was performed by SEM for all

thicknesses. SEM images of Cu NW networks with an amd of 40.7 mg/m? and

different ZnO thicknesses at failed points are provided in Figures 3.34 (a) — (d).
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Figure 3. 34 SEM images of Cu NW networks with an amd of 40.7 mg/m? and ZnO
thicknesses of (a) 5, (b) 15, (c) 25 and (d) 50 nm, at failed points.

It is observed from Figure 3.33 and 3.34, the failure mechanism of ZnO protected Cu
NWs were both oxidation and Rayleigh instability similar to Al,O3; protected Cu
NWs. However, ZnO protected Cu NWs were found to fail at lower temperatures
compared to Al,O3 protected counterparts. For lower ZnO thicknesses of 5 and 15
nm, thinning and breaking of Cu NWs were observed [74]. Thinning of NWs caused
structural deformation on ZnO layer so NWs were separated from the oxide shell and
oxidized. Therefore, sheet resistance of networks were increased due to oxidation
and failure of Cu NWs. Breaking and thinning of NWs are marked by red circles and
provided in Figures 3.34 (a) and (b). For higher ZnO thicknesses of 25 and 50 nm,
accumulation of Cu on junction points and breaking of NW:s inside the oxide shell
were observed [93]. Accumulated Cu on junction points was separated from the
oxide shell and get oxidized. Therefore, sheet resistance of the networks were
increased due to discontinuities between NWs and oxidation of NWs [111]. The
discontinuous parts of NWs and accumulation point are marked by red circles and
provided in Figures 3.34 (c) and (d).
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CHAPTER 4

CONCLUSIONS AND FUTURE RECOMMENDATIONS

4.1. Conclusions

In this thesis oxide shell protected Cu NW networks were utilized as TTFHSs. Firstly,
Cu NWs were synthesized via a simple solution based method. Oxide free Cu NWs
with a mean diameter and length of 50 nm and 25 um were synthesized in this work,

respectively.

Secondly, purified and dispersed Cu NWSs were deposited onto quartz substrates
through spray deposition. Different NW density networks were prepared to
investigate the effect of NW density on the sheet resistance and optical transmittance.
Both sheet resistance and transmittance showed decreasing behavior with increasing
NW density within the networks. An almost linear decrease in transmittance with
increasing NW density in addition to a power law decrease in the sheet resistance of

the networks was observed.

Thirdly, thermal response of the networks with different NW densities were
measured under constant bias. It was found that bare Cu NW networks only reached
to 100 °C regardless of the NW density due to rapid oxidation at elevated
temperatures. To solve the oxidation problem of Cu NWs, Al,O3 and ZnO protection
layers were deposited through ALD method at 4 different thicknesses. Cu NW
networks with 3 different NW densities were prepared for both Al,O; and ZnO
deposition. Crystalline structures of Al,O3 and ZnO thin films resulted as amorphous
and polycrystalline wurtzite, respectively. Core / shell structures were observed upon
both Al,O3; and ZnO deposition. The shell layers protected NWs from oxidation and

the attained temperatures increased with increasing the shell layer thickness. Cu
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NWs with Al,O3 shell showed better thermal characteristics with respect to ZnO
shell due to high porosity of the ZnO films. Upon the deposition of only 5 nm oxide
shell, networks reached to 153 °C (68.8 mg/m?) and 139 °C (40.7 mg/m?) for Al,O3
and ZnO deposition, respectively. For the deposition of 50 nm oxide shell, the
temperatures were increased to 283°C (68.8 mg/m?) and 214 °C (40.7 mg/m?) for
Al,O3 and ZnO deposition, respectively. However, the optical transmittances of the
networks were decreased with increasing oxide shell thickness. The maximum
attained temperatures for a 50 nm shell layer of Al,O3 and ZnO were 309 °C (142.0
mg/m?) and 237 °C (101.6 mg/m?), respectively. The heating rates of Al,O; and
ZnO deposited Cu NWs were calculated as 14 °C/s and 12 °C/s, respectively.

Then, failure mechanisms of shell layer protected Cu NW networks were
investigated. It was found that for both Al,O3; and ZnO layers, failure mechanism
was the combination of oxidation and Rayleigh instability of Cu NWs.

Finally, further thermal measurements were performed on Al,O3 deposited Cu NWs
since their performance was better compared to ZnO protection layer. Repetitive
heating and cooling cycles were investigated and thermal response for each cycle
was found almost identical for 10 cycles till 175 °C. Long term stability was also
investigated and the temperature remained stable for 24 h at a target temperature of
150 °C without any failure. Thermal camera images of the fabricated networks
revealed homogeneous temperature distribution at a target temperature of 260 °C. Cu
NW networks were utilized for defrosting applications due to high heating rates of
the networks. Complete defrosting was obtained under an applied bias of 3 V after 28

S.
4.2. Future Recommendations
Deposition of Al,O3 and ZnO layers onto Cu NW networks through ALD provided

oxidation protection at elevated temperatures for TTFHs. A future study may involve
measuring the long term stability of Al,O3; and ZnO deposited Cu NW networks at
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room temperature and also at different temperatures and humidity conditions.
Moreover, different oxides such as titanium dioxide (TiO,) or AZO may be deposited

onto Cu NW networks and their effect on thermal response may be investigated.

Haze is another important parameter for TTFHs. Haze is defined as the ratio of
diffuse transmittance to total transmittance. Metal NW networks suffer from high
haze factors. Therefore, haze factors of oxide layer protected Cu NW networks

utilized in this work should be measured.

Al,O3 deposited Cu NW network was utilized as defroster in this work due to high
heating rates. Different applications utilizing TTFHs developed in this work such as

LCD screen awakening at low temperatures will be highly valuable to investigate.

ALD deposition of oxides onto metallic NW networks may decrease the surface
roughness of networks by filling empty spaces between the NWSs. Although,
roughness is not an important factor for TTFHSs, it is an important factor for
photovoltaics and LEDs. Therefore, the effect of oxide thickness on the roughness of
networks can be investigated. This will improve the photovoltaics and LEDs utilizing
Cu NW networks. These devices can be fabricated and their performance can be

examined.

ZnO is an n-type semiconductor and its deposition onto Cu NW networks is highly
important also in terms of optoelectronic devices. Relatively lower Ty, for ZnO
deposited Cu NW network TTFHs was attributed to the porosity of the oxide film.
Therefore, ALD parameters to minimize porosity upon deposition onto Cu NW

networks will be very important to investigate.
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