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ABSTRACT

This thesis reports deposition, optimization and investigation of properties of
transparent and conducting ITO and ITO/Ag/ITO multilayer thin films for space, solar
energy and flexible electronics applications. ITO thin films were deposited on various
substrates by pulsed direct current reactive magnetron sputtering system using an In:Sn
(90-10 wt.%) alloy target. The influence of the deposition parameters (argon and
oxygen flow rates, and substrate temperature) and effect of coating thickness on the
optical, electrical, structural and microstructural properties of ITO thin films deposited
on flexible fluorinated ethylene propylene (FEP) substrates was investigated in detail.
The optimized ITO coating (10-15 nm thick) on FEP substrate exhibited high IR
emittance (>75%), high average solar transmittance (>90%) and moderate sheet
resistance (2-10 kQ/square) needed for spacecraft application. Stability of the 1TO
coatings on FEP, Kapton® and aluminized Kapton® substrates was studied in simulated
space environments. Environmental tests such as: relative humidity, thermal cycling
and thermo vacuum were performed. Thermo-optical properties and sheet resistance of
ITO coated FEP and Kapton® substrates were studied before and after environmental
tests. In another objective of the thesis, ITO/Ag/ITO (IAl) multilayer coatings were
designed for spectral beam splitter and flexible electronic applications and these
coatings were deposited on glass, and flexible FEP and Kapton® substrates by
magnetron sputtering method at room temperature. The thicknesses of the component
layers, namely, Ag and ITO were varied to achieve high visible transmittance, high
NIR-IR reflectance, low sheet resistance, and optimum cut-off wavelength. The
optimized 1Al multilayers for solar segregator application exhibited high visible
transmittance (~91%) and high NIR-IR reflectance (>90%) with an optimum cut-off
wavelength of ~900 nm. The optimization of 1Al multilayer coatings for transparent
conductor also reported in this thesis. High visible transmittance (~ 91%) and low sheet
resistance ~7.1 Q/square were achieved for IAI multilayer deposited on flexible FEP
substrate.

Keywords: Transparent conductors, Indium tin oxide (ITO), ITO/Ag/ITO multilayers,
Sputtering, FEP, Kapton®, Beam splitter, Flexible electronics.
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CHAPTER 1

INTRODUCTION

Generally, most of the transparent materials are intrinsically insulators, but by
incorporating an additional conducting coating on these substrates it is possible to make
them electrically conducting yet optically transparent. Optically transparent and
electrically conducting materials have enormous applications in energy and information
technologies. This Chapter gives an overview about transparent conductors and their
importance in solar, space and flexible electronic applications. It also outlines the
objectives of the present thesis.

11 Transparent conductors

Transparent and conducting materials or transparent conductors (TCs)
constitute a unique class of materials which combine two physical properties together
- high optical transparency and high electrical conductivity. These properties are
generally considered to be mutually exclusive of each other since high conductivity is
a property possessed by metals while optically transparent materials are usually
insulators. The ability to engineer materials that are simultaneously conductive,
stretchable, and transparent is essential for emerging applications in flexible displays,
solar cells, wearable electronics, artificial skin, conformable sensors, actuators, etc.
(Bagal et al., 2015; Ellmer, 2012; Grangvist, 2007; Hecht et al., 2011). Transparent
conductors show a transmission window in visible region of the solar spectrum (see
Figure 1.1). At higher wavelength region the transmittance is decreased due to the
reflection from charge carriers and at lower wavelength due to the band gap of the
material (Edwards et al., 2004).

TCs have been known ever since the beginning of the 20™ century. In 1907
Badeker had found that thermally oxidized CdO, Cu20 and PbO thin films showed good
electrical conductance with optical transparency (Badeker, 1907). However, the real

application of TCs increased during the Second World War. One of the first use of TCs
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is as a defrosting heating layer for the fighter plane cockpit windows, which allowed it
to fly at high altitude during the war (Ellmer, 2012). Following the development of
electronic industry after the World War, TCs were extensively investigated for
optoelectronic devices. Thereafter, the demand of TCs has increased for a variety of
applications. The actual and potential applications of TCs include: transparent
electrodes for photovoltaic cells, transparent thin film transistors, transparent electrodes
for flat panel displays, electrode for organic light emitting diodes (OLED), antistatic
films, aircraft wind shields, anti-reflection coating, transparent electromagnetic shields,
low emissivity windows, window defrosters, semiconductor lasers, etc. (Chopra et al.,
1983; Ellmer, 2012; Gordon, 2000; Granqvist, 2007; Lampert, 2003).
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Figure 1.1: Schematic of the ideal transparent window of transparent conductors
(Zhang et al., 2015)

1.2  Different transparent conductors

Following the findings of Badeker, scientists carried out investigation for
developing different TCs (Chopra et al., 1983; Ellmer, 2012; Gordon, 2000). They
found that some doped metal oxides show good conductance with good optical
transparency; these are called transparent conducting oxides (TCOs). TCOs are the
most important category in TCs. The peculiar combination of optical and electrical

properties in TCOs is achieved by generating free electrons or hole carriers in metal



oxide semiconductors having a sufficiently large energy band gap (i.e., = 3 eV), so that
it is nonabsorbing or transparent to visible light (Coutts et al., 2000; Ramamoorthy et
al., 2006; Stadler, 2012; Yu et al., 2016). In TCOs, charge carriers are usually generated
by oxygen vacancies, doping the insulator with suitable dopants and also by defects
(Edwards et al., 2004; Tahar et al., 1998). The coexistence of optical transparency and
electrical conductivity in TCO films depends on the crystal structure, morphology,
thickness, presence of intrinsic or intentionally introduced defects, etc. (Hao et al.,
2008; Khusayfan and El-Nahass, 2013; Yu et al., 2016; Zhang et al., 2012). For a novel
TCO material electrical resistivity will be >104 Q.cm, transmittance > 85% and optical
band gap more than 3 eV with very low absorption coefficient in the visible range of
the solar spectrum. Tin-doped indium oxide or indium tin oxide (ITO), aluminium
doped ZnO, gallium doped ZnO, fluorine or manganese doped SnO; are the important
TCOs (Agarwal et al., 2013; Singh et al., 2014; Stadler, 2012).

Thin metal films, metal nanowires, metal meshes, carbon nanotubes, graphene,
conductive polymer, etc. are other TCs found in the literature (Ahn and Hong, 2014;
Boscarino et al., 2014; Hecht et al., 2011; Jang et al., 2013; Layani et al., 2014; Sattler,
2016). Extensive research is still going on to find out new TCs or to improve the

properties of the existing TCs.

1.3 Comparison of transparent conductors

The choice of TCs for a particular applications depends on its conductance,
transparency, preparation cost, stability, adhesion on the substrates, ability to pattern,
large area of deposition, etc. Therefore, a comparison of few properties of different TCs
is shown in Figure 1.2. It can be seen from Figure 1.2 (a) that the transmittance and
sheet resistance of all the TCs are inversely proportional, when the sheet resistance
decreases transmittance also decreases. However, Ag nanowires, metal meshes, ITO
and graphene show very high transmittance with very low sheet resistance. Another
important factor of TCs to be considered is their cost. For applications such as space,
cost of the TCs may not be a prime criteria, but it needs TCs with supreme quality and
stability which can withstand the harsh space environments. However, the industrial
applications needs TCs with the lowest cost, otherwise, the product will not be

economically feasible. Figure 1.2 (b) shows the cost and conductance of different TCs.
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The conductive polymer can be prepared at very low cost, but its conductance is very
low compared to other TCs. Metal nanostructures show better conductance with the
lowest cost. Graphene is a good candidate for very high conducting applications, but its
preparation cost is very high. Among these TCs ITO is the most studied and is used for
various applications. ITO is an average candidate in the case of conductance and cost.
Metal nanostructures can be available for low cost, but they are limited in many
applications due to their instability, corrosion, discontinuous film formation at the low
thickness, etc. In addition to the superior transparency and conductivity, good stability
and ease of pattering to make transparent circuitry and transparent electrodes for
optoelectronic device applications makes ITO as the premium TC (Grangvist and
Hultaker, 2002). ITO has a very long history. An ITO related patent, filed in 1947 (US
Patent #2564707), was found in literature (Hecht et al., 2011). Although ITO has long
been known, even today plenty of researchers are studying ITO because of its
unmatchable importance in optoelectronic applications (Chen et al., 2016; Im et al.,
2016; Peng et al., 2017; Remya and Deb, 2017; Wang et al., 2017). However, due to
the extensive use of ITO in many applications, the indium resource in the earth has
decreased. But, the recent developments in the recycling of indium metal from used and
discarded devices has decreased the worry of extinction of indium metal from the earth
(Dang et al., 2017, 2015; Zimmermann et al., 2014).

- 100{(a) ng(l; vt (b)
N conductivity AS
v 80 >
Q
= i,
=
N
= 60 k i
E —4— Ag nanowires 4
= —&— Metal Mesh 1
& 40] ——1TO
; * =—e— Graphene
—e— Polymer (PEDOT) Low
20| —=—CNT conductivity www.touchdisplayresearch.com

10 100 1000 Low cost High cost
Sheet resistacne ((¥/square)

Figure 1.2: Comparison of different TCs: (a) transmittance vs. sheet resistance (b)

cost vs. conductance (Colgrove, 2016).



1.4  Basic properties of ITO

Tin (1V) doped indium (I11) oxide (In203: Sn) or indium tin oxide (ITO) is a
highly degenerate n-type semiconductor having wide band gap (3.1-4.2 eV)
(Bierwagen, 2015). Tin concentration in ITO may vary from 5-15%. It has very good
electrical conductivity (103- 10* Q* cm™) and optical transparency (80-95%). In bulk
form, ITO is a yellowish solid but when its thickness reduces to few nanometres it
shows colourless transparent nature. The density of ITO is 7.12 g/cm?® and melting point
IS ~1900 °C. Similar to indium oxide, ITO shows a peculiar body-centered cubic
bixbyite crystal structure (C-type, rare earth sesquioxide structure, space group 206,
la3) with a lattice parameter a = 1.0117 nm (Fuchs and Bechstedt, 2008; Rosen and
Warschkow, 2009) . The conventional unit cell contains 80 atoms or 16 formula units.
This resembles fluorite 2 x 2 x 2 supercell. In this structure 25% of all oxygen anion
sites are vacant and the oxygen vacancies are located along the four <111> axes.
Depending on the relative positioning of anion vacancies, two types of indium sites
exist in the unit cell. They are termed b and d site in Wyckoff notation (Inerbaev et al.,
2007). Figure 1.3 shows the cubic bixbyite structure and two non-equivalent sites of
indium cations in the In.Oz crystal. Out of 32 In ions 8 are occupied at b position, and

remaining 24 In ions occupy d position.

O In b-site
@ In d-site

Figure 1.3: (a) Cubic bixbyite unit cell (Karazhanov et al., 2007) (b) non-equivalent

sites of indium cation In bixbyite structure (Quass et al., 1998).



1.4.1 Electrical and optical properties of ITO

Even though ITO is an oxide, the best ITO thin films show high electrical
conductivity (~10* Q'cm™) and high optical transparency (>80%) in the visible range
of the solar spectrum. In ITO, the electrical conductivity is mainly due to the doping of
Sn** for In®* and the presence of oxygen vacancies. Optimized ITO thin films contain
5-15% concentration of Sn** ions hosted in the site of In of the In,O3 structure. While
Sn** replaces an atom of In3* in ITO structure, an unpaired electron will get free from
the bond. Oxygen vacancies provide electrons by acting as charged donors, this is
generally symbolized by V;*. Oxygen vacancy acts as a doubly ionized donor and one
oxygen vacancy contributes two electrons to the electrical conductivity as shown in the
following equation (Tahar et al., 1998).

0F >0y + V5" + 2¢ (1.1)

Oxygen vacancy forms shallow donor states just below the conduction band
edge that trap two electrons per oxygen vacancy. The doping and oxygen vacancies
result in the formation of the shallow donor or impurity states located close to the host
(In203) conduction band. These electrons are thermally excited even at room
temperature and move into the host conduction band (Edwards et al., 2004). The
electrical conductivity of ITO thin film depends on this degenerate gas of current-
carrying free electrons created in the conduction band and leaving the host band gap
intact. Figure 1.4 shows the energy band diagram of ITO. This way the electrically
conducting film remains optically transparent in the visible region. For describing the
electronic structure of both the pure and doped materials Fan and Goodenough (1977)

developed a one-electron electronic model.
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Figure 1.4: Schematic energy band diagram of ITO thin films.




Electrical conductivity of ITO thin film is obtained from the equation,
o = uNe (1.2)
where ‘p’ is the electron mobility, ‘N’ is electron density and ‘e’ is the electron charge.
Since electron density and mobility are inversely related as,
n=9.816x10"“N2? (1.3
conductivity cannot be increased after an optimum value (Tahar et al., 1998).

The optical transparency for ITO is limited at short wavelength (UV) of the
solar spectrum because of its band gap, photons with energy larger than E4 are absorbed.
An effective transparent conducting oxide should have a very low absorption
coefficient in the visible region of the solar spectrum. A second transmission edge exists
in the NIR region, because of the reflection due to electron plasma (Edwards et al.,
2004). With a strong frequency-dependent electron scattering Drude model can
describe the relation of optical properties with the charge carriers. For an ITO film
having charge carriers N > 10! cm3, the plasma frequency is given by (Edwards et al.
2001):

wp~ ( Ne? )1/2 (1.4)

EooEom*
where ¢, is the high frequency relative permittivity of the ITO lattice, &, is the
permittivity of free space, m”* is the effective mass of the charge carrier and e is the
electron charge. This equation shows that in ITO the plasma frequency w, is directly
proportional to charge carriers. But for a film to be non-reflective to light of wavelength
Lo, it should satisfy

wy < 21C /A, (1.5)
Therefore, Equation 1.4 can be written as,
4mleom®

N < Ty (1.6)

So for ITO, Equation 1.6 can be simplify as,

1.6x1027
N <=5 (1.7)

Therefore, for the efficient transmission of whole visible spectrum up to 780 nm

the electron density of ITO in conduction band should not exceed more than
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2.6x102%! cm3 (Edwards et al., 2004). Increasing the charge carrier density more than
this value decreases the transparency of film in the near-infrared region. However,
within the limit of maximum charge density, by increasing the mobility of conduction
electron, we can increase the conductance of the ITO film. But the mobility of
conduction electron limits in ITO due to many reasons, mainly because of the ionized
impurity scattering that is produced by excess Sn** doping and other film condition
such as grain scattering, roughness, etc. So acquiring very high optical transmittance in
addition to very low resistance needs very accurate optimization of deposition

parameters.

1.4.2 Deposition methods of ITO thin films

Transparent and conducting ITO thin films can be prepared by many methods.
Sputtering, thermal evaporation, chemical vapour deposition, spray pyrolysis, sol-gel,
etc. are most important ITO deposition techniques (Gorgolis and Karamanis, 2016;
Jung et al., 2004; Kim et al., 2000; Meng and Santos, 1998). Many studies have been
carried out on the preparation of highly conducting transparent ITO thin films by
different methods. The results reported in these studies suggest that deposition methods
have a huge influence on the quality, electrical and optical properties of ITO thin films.
The selection of deposition technique is mainly based on the application of ITO film
(Hirschmann et al., 2014). Uniform coating, reproducibility and capability for mass
production are also main criteria in the selection of deposition technique.

Sputter deposition is considered as the most suitable method to prepare high
quality ITO thin films. Sputtering is commonly used as an industrial ITO film
production technique. ITO thin films with excellent uniformity can be prepared in a
large area by sputter deposition. Sputter deposition is a physical vapor deposition
technique. ITO films are deposited either from a metal alloy (In:Sn) or oxide
(In203:Sn0y) target at vacuum environment. Radio frequency (RF), direct current (DC)
and pulsed DC are the main sources of power used in ITO deposition. Simple DC or
pulsed DC power supply is appropriate for the ITO deposition from metal alloy target,
but complex RF power supply is required for the deposition of film from oxide target.

ITO can be prepared by reactive or non-reactive sputtering. Only argon or other non-



reactive gas is used in non-reactive sputtering, mostly oxide target is used in non-
reactive sputtering. In reactive sputtering, argon (Ar) and oxygen (O2) gas mixture is
used for the deposition. Reactive sputtering is mainly used to deposit ITO thin films
from a metal alloy (In:Sn) target. Oxygen reacts with the In and Sn metals ejected from
the target and the indium tin oxide is deposited on the substrate. ITO sputtering can be
done even at room temperature. Usually, ITO deposited at room temperature are
amorphous; for crystalline ITO films high substrate temperature or post-annealing of
ITO film is required. But it has been reported that polycrystalline ITO thin films have
been sputter deposited on glass and polymer substrates at room temperature also
(Kurdesau et al., 2006; Malathy et al., 2009). The advantages of sputtering are: we can
systematically control all the deposition parameters to achieve required properties in
ITO thin films. The ITO films prepared by sputtering are highly uniform and free from

impurities, and also have good mechanical and adhesion properties.

1.4.3 Literature survey on properties of ITO deposited by sputtering method

Electrical conductivity and optical transparency of ITO coatings are two
mutually opposite characters. High electrical conductivity in ITO coating can be
achieved only by sacrificing the optical transparency of the films. So careful
optimization of deposition parameters has to be done for achieving high transparent low
resistance ITO coating. The following literature survey consolidates the work done by
earlier researchers on sputter deposited ITO coatings.

Mientus and Ellmer (2001) have reported that during reactive sputtering a
characteristic minimum partial pressure of oxygen (pO:zmin) is needed to oxidize the
metal atoms arriving at the substrate (Mientus and Ellmer, 2001). Whereas, oxygen
partial pressure lesser than pO2amin leads to opaque films due to un-oxidized metal
clusters and a large amount of oxygen causes complete oxidization of the films, which
is highly resistive. Meng and Santos have reported that deposition rate of ITO coating
linearly increased with increase in the substrate temperature, and the films prepared at
higher temperature were thicker than those prepared at lower substrate temperature
(Meng and Santos, 1998). The ITO films prepared at lower substrate temperature
showed amorphous structure while increasing the substrate temperature they exhibited



crystalline structure. Jung et al. have reported that at low sputtering power, ITO
coatings show poor crystallinity and low electrical resistivity, but they also reported
that at higher power densities (than a critical point) the properties of ITO thin films
became unfavorable (Jung et al., 2004). Chen et al. studied the influence of oxygen flow
on ITO thin films during the sputter deposition (Chen et al., 2014). They reported that
the optical absorbance of ITO film decreases with an increase in the oxygen flow rate.
Lee and Park have reported that ITO film thickness affects the structure and
morphology of the film (Lee and Park, 2006). They reported that ITO films having a
thickness less than a critical value were amorphous and thicker films were more
crystalline and the film morphology also became clear. Chang et al. have reported a
direct method to study the fracture toughness of ITO thin films deposited on flexible
substrates from the load-depth curve of nanoindetation (Chang et al., 2013). Their
results showed that the fracture toughness of ITO thin films decreased by 6.8% as the
substrate temperature increased from 25 to 75°C. Similarly, Sun et al. have reported the
effect of heat treatment on the infrared emissivity of ITO film (Sun et al., 2011). They
reported that the emittance of the ITO thin film changed with the heat treatment (room
temperature to 350°C) because of the improved crystallinity (Ahn et al., 2014).

Many works have been done to understand the electrical and optical properties
of ITO. Edwards et al. have reviewed the electronic structure of transparent conducting
oxides (Edwards et al., 2004). Tahar et al. have studied the electrical properties of ITO.
They noticed that the electrical properties of ITO thin films depend on the preparation
method and deposition parameters used for a given deposition technique, and the
subsequent heat treatment in various ambiances at different temperatures (Tahar et al.,
1998). Granqvist and Hultdker have presented a survey on the progress of fundamental
electronic band structure, techniques to boost the conductivity and alternative dopants
and manufacturing techniques of 1TO thin films (Granqvist and Hultaker, 2002).

Many researchers have studied the properties of ITO thin film deposited on
different flexible substrates. Ahn et al. studied the characteristics of ITO resistive touch
films deposited on PET substrate using an in-line DC magnetron sputtering (Ahn et al.,
2014). They sputter deposited ITO at room temperature on a PET substrate and studied
the effect of process parameters such as oxygen concentration ratio and working

pressure on electrical properties of ITO thin film. They found that while increasing the

10



oxygen ratio from 1.6% to 3.4%, minimum resistivity and maximum mobility were
achieved at 3.0% oxygen concentration. Eshaghi and Graeli studied the optical and
electrical properties of 1TO nanostructured thin films deposited on polycarbonate
substrates (Eshaghi and Graeli, 2014). They found that a maximum transmittance was
achieved at 200 nm ITO thickness, and maximum conductance was achieved at 400 nm
thickness. Muneshwar et al. studied the electrical and optical properties of ITO thin
film deposited on flexible Kapton® substrate at near room temperature using RF
magnetron sputtering system (Muneshwar et al., 2010). They could develop crystalline
ITO thin film on Kapton® substrate with maximum transmittance ~82% and minimum
resistivity 8.2 x 10 Q.cm.

Sierros et al. studied the dry and wet sliding wear of ITO coated on PET
substrate (Sierros et al., 2009). They reported an abrupt increase in the sheet resistance
of the ITO film for both wet and dry sliding wear conditions. Tran et al. have studied
the effect of cyclic deformation on sheet resistance of ITO thin film deposited on PET
substrate (Tran et al., 2015). They found that the fatigue life of ITO/PET sheet is
increased with an increase in annealing temperature under a small fatigue loading.
Yan et al. reported the effect of polyethylenimine (PEI) cathode interlayer on work
function and interface resistance of 1TO electrode in the inverted polymer solar cells
(Yanetal., 2015). They concluded that PEI interlayer can be applied to lower the work

function of ITO substrates.

1.5 ITO/metal/ITO hybrid structure

Apart from single thick ITO films, hybrid structures of ITO and the metal thin
film also used as the transparent conductors in many applications to improve the
mechanical and electrical properties of transparent electrode and also to reduce the ITO
film thickness (Hecht et al., 2011; Subrahmanyam and Barik, 2006; Zudans et al.,
2004). Many researchers have reported ITO-metal-ITO (IMI) multilayer as an effective
alternative for single ITO electrode (Boscarino et al., 2014; Cattin et al., 2010; Guillén
and Herrero, 2011; Lee et al., 2016; Lin et al., 2017). The middle ductile metal layer
can improve the flexibility of ITO film. Moreover, very low sheet resistance (<10
Q)/sq.) can be achieved for IMI coating deposited even at room temperature with an

almost same transmittance of 1TO film (Y.-S. Park et al., 2009). Ag, Au, Cu, Al, etc.

11



are used as the intermediate metallic layers by different researchers (Girtan, 2012;
Guillén and Herrero, 2008). However, Ag is found to be the best candidate for this
application due to its lowest absorption coefficient and lowest refractive index
(n ~ 0.05-i2.90) in the visible region of the solar spectrum (K. Hong et al., 2011).

1.5.1 Electrical and optical properties of ITO/Ag/ITO (IAl) multilayer

The sheet resistance of IAl multilayer mainly depends on the sheet resistance of
middle metal layer when it is beyond the critical thickness needed for a continuous film
(Bender et al., 1998; Indluru and Alford, 2009; Jeong and Kim, 2009). If each layer in
IAl structure is considered as a parallel connection of three different resistances (see
Figure 1.5), the total sheet resistance (R;) of 1Al structure can be calculated from the

equation (Jeong and Kim, 2009);

l— 1 +L+; (18)

Rg RITO(top) RAg RITO(bottom)

Where R; is the total sheet resistance of 1Al multilayer, Rito(top) and Rito(ootom) are the
sheet resistance of top and bottom ITO layers respectively, and Rag is the sheet
resistance of middle Ag layer.

Figure 1.5 Schematic representation of equivalent electrical circuit of ITO/Ag/ITO
multilayer (Bou et al., 2016).
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Generally, the sheet resistance of a continuous metal film is much lower than
that of the ITO layers. Therefore, according to equation 1.8, the overall sheet resistance
of 1Al multilayer will be approximately equal to the low sheet resistance of middle Ag
layer.

Optical properties of 1Al multilayer depend on the thicknesses of Ag and ITO
layers. A metal film can also be transparent in the visible region if it has a refractive
index near to zero, because the reflection coefficient of light from the substrate and air
interfaces of the metal film are in the opposite phase so there will be a destructive
interference (Kostlin and Frank, 1982). Therefore, the only loss of incident beam is due
to the absorption of the metal film. But, the absorption of photon energy at a wavelength
A is proportional to nkyd /A, where n, d and k, are the refractive index, thickness and
the extinction coefficient of metal film, respectively; so the absorption can be reduced
by reducing the thickness of the metal film (K. Hong et al., 2011). Ag is considered as
the best candidate for this application due to its lowest refractive index in the visible
region of solar spectrum (ny, = 0.05—1i3.09) (Lee et al., 1996). The optical
transmittance of Ag layer can be further enhance by sandwiching it between two
dielectric layer like ITO with high refractive index (n;ro ~ 2) and low absorption in
visible region of the solar spectrum (Kostlin and Frank, 1982). The antireflection effect
of these multilayer stack results in high transmittance in the visible region. Optimum
thicknesses of Ag and ITO in 1Al multilayers can be found out using the admittance
diagram technique. Figure 1.6 (a)-(c) shows the admittance diagram of ITO, Ag and
IAl multilayers films. Figure 1.6 (a) shows the admittance plot of a single ITO thin film
(refractive index is represented as nito) deposited on substrate of refractive index ns.
Admittance starts from the substrate (ns,0). As the ITO optical thickness increases, the
admittance increases and at quarter wave thickness the admittance re-enters the real
axis, that point has the highest reflection (low transmittance) due to constrictive
interference of partial reflected waves from air and substrate interfaces (K. Hong et al.,
2011). Further increasing the ITO layer thickness, the admittance will trace out a full
circle for next quarter-wave and re-enter the (ns,0) point which has the lowest reflection
(high transmittance) due to the destructive interference of reflected rays. Increasing the
ITO layer thickness even further results in the rotation of admittance on the same circle.

The admittance of Ag layer is somewhat distorted from ideal circle, because Ag has an
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imaginary part of the refractive index. The antireflection effect can attain when the
admittance starts from admittance of substrate (ns,0) and ends at admittance of air (1,0),
as shown in Figure 1.6 (c) (Kostlin and Frank, 1982; Zilberberg and Riedl, 2016).

Im (V)4 Im (Y)4 Im (Y) 4

(a) (b) (c)

ITO
ITO
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ITO
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Figure 1.6: Admittance plots of (a) and (b) single ITO and Ag layers, and (c) 1Al

Substrate

multilayers deposited on top of a substrate. ns, nito and nag are refractive indices of
substrate, ITO and Ag, respectively (Zilberberg and Riedl, 2016).

1.5.2 Literature survey on electrical and optical properties of ITO/Ag/ITO
multilayers

Many works have been done to understand the electrical and optical properties
of 1Al multilayer. Hong et al. have reported that inserting a thin Ag (5-20 nm) layer
between ITO resulted in significant decrease in sheet resistance from 66.1 to 7Q/square
(C. H. Hong et al., 2011). Jeong and Kim investigated the properties of Al multilayer
deposited by linear facing target sputtering on a glass substrate (Jeong and Kim, 2009).
They found that optimization of middle Ag layer thickness is very important to get good
optical and electrical properties because the surface plasmon resonance and
antireflection effect critically depend on the Ag morphology. They reported that 1Al
multilayer with 16 nm Ag layer thickness showed lowest sheet resistance of 4.4
Q/square with optical transmittance of 86.03% in the 400-550 nm wavelength range.
Indluru and Alford reported that 8 nm is the critical thickness of Ag film to form a
continuous film. Less than 8 nm Ag thin film formed island-like growth, which

decreased the sheet resistance of IAl multilayer (Indluru and Alford, 2009). Kim et al.
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studied the electrical and optical properties of 1Al multilayer as a function of ITO layer
thickness (Kim et al., 2007). They found that transmission window of 1Al multilayer
widened and red shifted with increasing ITO layer thickness.

Guillen and Herrero investigated the electrical and optical properties of 1Al
multilayer sputtered on soda lime glass at room temperature (Guillén and Herrero,
2009). They reported the sheet resistance of 6 Q/square and transmittance above 90%
for Al multilayer with overall ITO layer thickness less than 100 nm. They also reported
that the position of transmittance maximum can be tuned by varying the ITO layer
thickness so that better spectral selection is possible in IAl multilayer for the specific
application. In another work, Guillen and Herrero reported the thermal stability of 1Al
multilayer (Guillén and Herrero, 2008). They found that IAl multilayer deposited on a
glass substrate is stable even at 350°C. Cheng et al investigated the durability of 1Al
multilayer against moisture (Chen et al., 2007). Their study showed that top ITO layer
with good wettability intended to resist the moisture-induced degradation of 1Al
electrode. They also proposed that Ti-doped intermediate silver layer (ITO-Ag(Ti)-
ITO) exhibited excellent resistance against moisture.

Many researchers have studied properties of IAl multilayer deposited on
different flexible substrates. Kim et al deposited IAl multilayer thin films on
polyethylene terephthalate (PET) substrate by sputtering at room temperature (Kim et
al., 2010). They reported that sheet resistance of 1Al multilayer was superior to those
of ITO films that were deposited at a higher temperature. Their optimized 1Al
multilayer on PET substrate showed sheet resistance less than 6.7 Q/square and
transmittance 83.2% at 550 nm. Kim et al. reported roll-to-roll sputter deposition of 1Al
multilayer on PET substrate (Kim et al., 2017). They achieved a sheet resistance of 8.93
Q/square and optical transmittance 82.4% for 1Al multilayer on PET substrate. Park et
al. reported properties of roll-to-roll sputtered 1Al multilayer on flexible
polyethersulfone (PES) substrate at room temperature (Y.-S. Park et al., 2009).
Optimized IAl multilayer deposited on PES substrate showed sheet resistance of 4.28
Q/square and optical transmittance of 89.28%. They also demonstrated the superior
flexibility of 1Al multilayer over to the single ITO electrode.

15



1.6 Applications of ITO and ITO/Ag/ITO multilayer films for space, solar and
flexible electronics.

1.6.1 ITO thin films on flexible substrates for space application

Thin films of ITO are used in thermal control system of spacecraft applications
(Reddy et al., 2013). Thermal control system in spacecraft has very crucial role to
protect the inner components of spacecraft from the temperature gradients in space
(Goldstein et al., 1982; Ichino et al., 1986; Miyazaki and Yamagata, 2009; Teissier et
al., 2012). For better performance and reliability of the electronics and other
components inside the satellites a steady temperature environment has to be maintained
(Teissier et al., 2012). However, in space due to the lack of any medium around the
satellite other than radiation there are no other conventional heat transfer methods
possible to transfer heat from inside of the satellite to the outer space. Therefore, passive
thermal control elements such as Kapton® based multilayer insulation (MLI) blanket,
and fluorinated ethylene propylene (FEP) based flexible optical solar reflectors, etc. are
used to control the outer and inner temperature of spacecraft. Rear side Ag-coated FEP
substrate shows the lowest o/e value (where “o” is absorptance and “&” is emittance),
therefore, the equilibrium temperature will be low on the surface (Chang et al., 2014;
Ichino etal., 1986; Pipptin et al., 2001). On the other hand, highly reflective rear surface
aluminized Kapton®is often used in MLI (implemented for thermal insulation purpose)
as outer surface (i.e., space facing surface). It is well known that space environment
frequently alters depending on altitude and sun seasons (Gilmore, 2002). The major
space environment variables are temperature, low dense atoms, and molecules, electron
clouds with different energies, charged particles, plasmas, atomic oxygen, etc. In
particular, for communication satellites in geostationary orbit, the presence of energetic
electrons is a major concern (Sharma and Sridhara, 2012). Aforesaid thermal insulation
materials based on FEP and Kapton® are able to withstand most of the space
environment but not for electrostatic charges because of their insulating surface nature.
This electrostatic charge (i.e., ~20-30 kV) can cause serious damage to the satellite if it
is not properly drained away (Goldstein et al., 1982; Miyazaki and Yamagata, 2009;
Schmidt, 1980). To bleed off the accumulated static electric charges the moderate sheet
resistance surface is preferred (Gilmore, 2002; Goldstein et al., 1982; Miyazaki and

16



Yamagata, 2009; Schmidt, 1980). Indium tin oxide film (ITO) is often utilized on FEP
and Kapton® to bleed off electrostatic charges for space application. Apart from
electrical conductivity, the ITO thin film also shows highly transparent behavior in the
solar region of the spectrum and thus optical properties of the substrate (with rear

surface reflective coating) are not hindered.

1.6.2 ITO/AQ/ITO thin films for solar energy application

The scarcity of conventional energy sources has forced to find out new sources
of energy and energy-saving methods. Therefore, in the last few decades, active and
passive use of solar power got much attention for the global energy production. It has
been reported that hybrid solar power conversion by combining different solar energy
conversion methods can be used to improve the efficiency of total solar energy
conversion (Mojiri et al., 2013; Soule and Wood, 1986; Soum-Glaude et al., 2012; Uzu
et al., 2015). Hybrid photovoltaic (PV)-thermoelectric generator (TEG) system is one
of the established technology used to increase the efficiency of total solar energy
conversion (Chendo et al., 1987; Chow, 2010; Herrando and Markides, 2016; Osborn
et al., 1986). Many works have been carried out in this field to improve the efficiency
and finding the new areas of applications (Jradi et al., 2011; Vorobiev et al., 2006;
Wang et al., 2011; Yang and Yin, 2011). It has been reported that majority of the
photovoltaic solar cells’ spectrum response is most efficient when the energy of a
photon is near to solar cell band-gap energy, the remaining lower and higher
wavelength regions of the solar spectrum are only partially utilized. So, by spectrum
splitting and directing the solar radiation not in the range of given solar cell’s band gap
to the thermoelectric generator (TEG) for producing electricity by thermoelectric effect
will increase the efficiency of total solar conversion. Moreover, it can reduce the heat
from the solar cell (Ju et al., 2012). Ju et al. have found that the optimum generated
power of the PV/TEG hybrid system is achieved when the spectrum splitter has a cutoff
wavelength (A¢) around 900 nm (Ju et al., 2012). Figure 1.7 shows the total solar

spectrum and the useful potions for solar cells and thermoelectric generator.
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Figure 1.7: Segmentation of total solar spectrum irradiance for solar cells (left of the
cutoff wavelength) and thermoelectric generator (right of cutoff wavelength) (Ju et al.,
2012).

Different types of solar spectrum splitting methods for hybrid PV/TEG system
have been suggested over the years (Imenes and Mills, 2006). They include: solar beam
splitting transparent heat mirrors, holographic concentrators, liquid absorption, rugate
filters, etc. (Imenes and Mills, 2006; Mojiri et al., 2013). The solar beam splitting
transparent heat mirrors are investigated for many years (Lampert, 1981; Pracchia and
Simon, 1981; Shou et al., 2012; Soule and Wood, 1986; Yuste et al., 2011). Transparent
heat mirrors (THM) use a thin coating on a substrate of glass which can transmit the
visible region and reflect the near-infrared (NIR) and infrared (IR) region of the solar
spectrum (Fan and Bachner, 1976). An ideal THM should possess maximum
transmittance in the visible region and maximum reflectance in NIR and IR regions
(Lampert, 1981). Because of the unique properties of THMs, they can be used for
various applications such as solar flat-plate collectors for solar heating and cooling,
solar hybrid systems, energy efficient windows, thermal insulators for many structures,
etc. (Al-Kuhaili et al., 2009; Grangvist, 1981). However, to achieve high visible
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transmittance (Tvis) and high NIR and IR reflectance together is a difficult task. Many
previous works have been carried to achieve the maximum transmittance in the visible
region and maximum reflectance in the NIR and IR wavelength regions (Al-Kuhaili et
al., 2012; Dalapati et al., 2016; Pracchia and Simon, 1981).

It has been reported that transparent and conducting film can be used for THM
application due to its wide band gap and high charge density which gives high reflection
in NIR and IR regions (Arfsten, 1984; Grangvist, 1981; Griffiths et al., 1992). Among
these materials, tin-doped indium oxide (ITO) is considered as a premium one because
of its high transmittance in the visible region and high reflectance in the NIR and IR
regions due to its high charge carrier density. Moreover, by adjusting the preparation
parameters such as thickness, oxygen content, etc., we can enhance the transmittance
in a particular wavelength range (Guillén and Herrero, 2009). However, to further
enhance the spectral selectivity, multilayer structures of ITO and a high reflecting metal
layers are used (Kusano et al., 1986). A thin layer of Ag, Au, Cu, etc. was sandwiched
between two thin ITO layers, and this type of multilayer system gives better selectivity
than a single layer ITO (Lampert, 1981; Pracchia and Simon, 1981). In addition, the
visible transmittance, NIR and IR reflectance and the A of the solar spectrum can be
adjusted by varying the thicknesses of ITO and metal layers. For the middle metal films,
Ag is considered as a suitable candidate for the multilayer THM application, because
of its high reflectance in NIR and IR regions and lowest refractive index and lowest
absorption in the visible region of the solar spectrum (Durrani et al., 2004; Lee et al.,
1996). Many researchers have investigated ITO/Ag/ITO (1Al) multilayer systems for
solar spectrum splitting and transparent electrode applications (Choi et al., 1999;
Granqvist, 2007; Jeong and Kim, 2009; Kusano et al., 1986).

1.6.3 ITO/AQ/ITO thin films for flexible electronics application

Transparent conductor is one of the key materials for high performing devices
in energy (smart windows, transparent heat mirror, solar cells, etc.), information
(display, OLED, etc.), and automobile sectors (Ellmer, 2012). Recent research is being
directed towards flexible solar cells, OLEDs, displays, wearable electronics, etc. (Kim
etal., 2017; Park et al., 2016; Y.-S. Park et al., 2009). The lightweight, low cost, easy
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for storing and transport make flexible devices more adapted to day to day life. Even
though ITO is one of the most successful transparent conducting materials and widely
used in commercially available devices, due to the brittle nature of ITO film it has a
limitation in many high performing flexible electronic devices (Biswas et al., 2015;
Kumar et al., 2015). Cracks can develop during the bending of ITO electrode, which
increase the electrical resistance and hence the performance of the device comes down
(Kim et al., 2017; Y.-S. Park et al., 2009). Moreover, low sheet resistant ITO film
requires high processing temperature (>300°C), which is not favourable for many
plastic substrates with low melting temperature (Guillén and Herrero, 2008). Extensive
work has been carried out on silver, carbon and metal network based flexible
transparent electrodes. However the problems of processing temperature, uniform sheet
resistance, high transmittance and mass production are yet to be resolved. Many
researchers have reported flexible ITO-Ag-ITO (IAl) multilayer as an effective
alternative for single 1TO electrode. The middle ductile metal layer can improve the
flexibility of ITO film. Moreover, very low sheet resistance (<10 €2/sq.) can be achieved
for 1Al coating deposited even at room temperature with an almost same transmittance
of ITO film (Y.-S. Park et al., 2009). 1Al multilayer has been used as a transparent
electrode in many flexible electronic applications such as solar cells, displays, OLEDs,
electrochromic devices, etc. (Girtan, 2012; Guillén and Herrero, 2008; Kim et al., 2016,
2017; Lewis et al., 2004; Park et al., 2016). Kim et al (2017) used IAl multilayer
deposited flexible PET substrate for the electrochromic application (Kim et al., 2017).
They found that electrochromic P3HT film deposited on IAI/PET substrate exhibited
excellent electrochromic performance with a high coloration efficiency, fast response
speed compared to the P3HT film deposited on ITO/glass substrates. Kim et al. reported
that 1Al multilayer deposited PET substrate is a good electrode for the large-scale
flexible OLED devices (Kim et al., 2010). Park et al. reported that organic solar cells
fabricated on 1Al deposited PES substrate showed a similar efficiency of 3.73% to the
organic solar cell fabricated on commercially available high-quality ITO electrode (Y .-
S. Park et al., 2009). Moreover, the solar cell fabricated on 1Al multilayer was more
flexible than that fabricated on ITO electrode.

20



1.7 Scope of the work

Aforesaid discussion undoubtedly proves that ITO and ITO/Ag/ITO multilayer
thin films are potential candidature in state-of-the-art application domains, e.g., solar
cell for energy harvesting application, optical solar reflector for spacecraft, and
electrode for optoelectronic. However, it is also an important concern to note that in
spite of their emerging and multifaceted applications possibility, the reports on the
optical and electrical behaviour of ITO coatings on many substrates like FEP, Kapton®
and aluminized Kapton® which are frequently used in solar and space applications, are
scarce in the literature. Therefore, a detailed study of optical and electrical properties
of ITO thin films deposited on different flexible substrates will be helpful for the space
application as well as futuristic flexible electronic applications. The stability of ITO
coating on flexible substrates is also an important matter to be considered. Hence, it is
important to examine the stability of 1TO coated FEP and Kapton® substrates in
different environmental conditions.

It is clear from the literature that ITO/Ag/ITO multilayer is a good alternative
for thick ITO film. The usage of ITO material can be reduced by using thin IAI
multilayer. High optical transmittance and low sheet resistance similar to thick ITO
film are achieved in IAl multilayers with an overall thickness less than 150 nm. One of
the important characteristics of 1Al multilayer is the ability to tune the solar spectrum
selectivity of Al multilayer by varying ITO and Ag layers thicknesses. In solar energy
harvesting application, spectrum selectivity of TCs is an important factor to achieve
high efficiency of the devices. Solar photovoltaic cells usually absorb only in the visible
region of the solar spectrum, remaining lower and higher wavelength of the solar
spectrum is not used for the photovoltaic conversion, and moreover, these lower and
higher wavelength rays will increase the temperature of photovoltaic cells that is not
good for the solar cells. So, splitting the solar spectrum not only reduces the heating
problem of solar cells but also can be used in another type of solar energy conversion
such as thermoelectric generator, where heat energy is used to produce the electricity.
So, Al multilayer with tuneable solar selectivity, i.e., high transmittance in the visible
region and high reflection in NIR and IR regions of the solar spectrum is a good choice
for hybrid solar energy conversion. Many researchers have tried to increase the optical

transmittance and NIR reflection by adjusting the film thicknesses of the multilayers.
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But none of the researchers reported the combination of the antireflection effect of the
glass substrate and 1Al multilayer to increase the figure of merit of 1Al/glass spectral
beam splitter. The optical transmittance of soda lime glass can be increased by a simple
hydrofluoric acid vapour etching. Etching is so selective that it can be done only on
single side of the glass substrate. Optimized etched substrates show good broadband
antireflection of the solar spectrum. Therefore, the study of the optical properties of 1Al
multilayer deposited on one side etched glass substrate is really necessary to improve
the efficiency of 1Al multilayer solar segregator.

Due to poor mechanical properties of ITO it is restricted for some of the
applications, in particular, for flexible optoelectronic device applications such as
display panels, light emitting diodes, solar cells, etc., where choice of ITO is limited
because of tendency of cracking due to bending or stretching, which ultimately can lead
to deterioration of its mechanical integrity and electrical properties as well. Therefore,
it is clear from the literature that highly transparent and conducting flexible 1Al
multilayer will be the best choice in place of single thick ITO layer. Researchers have
found that optoelectronic devices fabricated on 1Al multilayer show good mechanical,
electrical and optical properties. IAl multilayers are deposited on different flexible
substrates. However, in literature, study of properties of 1Al electrode deposited on
many important flexible substrates are missing. There is no reported data of IAl
multilayer deposited on flexible FEP and Kapton® substrates. FEP substrate shows very
high solar transmittance and good solar durability. Therefore, the study of highly
transparent and conducting Al multilayer on this substrate will be very much useful
for the rapidly growing flexible transparent electrode applications. Similarly, Kapton®
is another important substrate for flexible devices which can be used in high
temperature applications. Thus, the study of 1Al multilayer on Kapton® substrate also

will be very much useful.

1.8  Objectives of the work

After thorough literature survey and looking at the scope of work on ITO and
IAl multilayer films, the following objectives have been finalized for the proposed

research work.
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e Reactive sputter deposition of transparent and conducting ITO thin film on
flexible FEP, Kapton® and aluminized Kapton® substrates.

e Study of electrical and optical properties of ITO coating on different substrates.

e Detailed study of space environmental stability of ITO coated FEP and Kapton®
substrates in simulated space environments.

e Fabrication of hybrid ITO/Ag/ITO multilayer structure on different substrates
(glass, and flexible FEP and Kapton®).

e Solar selectivity study of IAI multilayer deposited on plain and one side etched
glass substrate.

e Study the optical, electrical and mechanical (flexible) properties of 1Al
multilayer deposited on rigid glass and flexible FEP and Kapton® substrates.

1.9. Outline of the thesis

The present thesis comprises of 7 Chapters and each Chapters are summarized

concisely below.

Chapter 1: This Chapter gives introduction to transparent conductors and their
importance in the field of harnessing solar energy, space and flexible electronics. An
overview of literature survey on transparent and conducting 1TO and ITO/Ag/ITO
multilayer films are also discussed in this Chapter. This Chapter concludes with the

scope and objective.

Chapter 2: Chapter 2 describes the detailed experimental methods used for the
deposition of ITO and ITO/A/ITO multilayers on rigid and flexible substrates.
Characterization technique used to analyze the optical, structural and electrical
properties of the ITO and ITO/Ag/ITO have also been discussed in this Chapter.

Chapter 3: In this Chapter optimization of deposition parameters and characterization
of ITO thin films on flexible fluorinated ethylene propylene (FEP) substrate for

spacecraft applications is discussed.
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Chapter 4: Stability of ITO coatings on different flexible substrates such as FEP,
Kapton® and aluminized Kapton® substrates in simulated space environmental is

discussed in this Chapter.

Chapter 5: This Chapter describes the deposition of a spectral beam splitter (i.e.,
ITO/Ag/ITO) which exhibits high transmittance and high reflectance in the visible and
NIR/IR regions, respectively, is reported. In addition, the effects of ITO and Ag layer
thicknesses on the visible transmittance, NIR/IR reflectance and also on the cut-off

wavelength have been studied in detail.

Chapter 6: The optimization of ITO/Ag/ITO multilayers for the transparent conductor
application is described in this Chapter. Estimation of the optimum ITO and Ag layer
thicknesses is obtained through the calculation of the figure of merit deduced from the
transmittance and the sheet resistance of the IAl multilayers.

Chapter 7: This Chapter dedicates the overall summary of the results with justification
described in the previous Chapters. Moreover, this Chapter includes few propositions

for the future work.
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CHAPTER 2

EXPERIMENTAL DETAILS

Deposition technique of ITO and ITO/Ag/ITO multilayer thin films, substrate
preparation, chemical and plasma etching of substrates, and characterization techniques

used to characterize these thin films are described in this Chapter.

2.1  Reactive magnetron sputter deposition

ITO and Ag thin films were deposited on rigid and flexible substrates using an
indigenously developed balanced magnetron sputtering system. Figure 2.1 shows the
photograph and schematic representation of magnetron sputter system used in this
work. The sputtering system consists of a cylindrical vacuum chamber, sputter guns,
vacuum pumps, vacuum gauges, power supplies, mass flow controllers, etc. Vacuum
chamber has the provision of four water-cooled sputter guns to prepare multilayer
coatings without breaking the vacuum. However, only two of them were used to deposit
ITO and Ag thin films. The sputter guns consists planar circular magnetrons with target
diameter 0.076 m. They were mounted vertically downwards inside the chamber. The
substrate holder was placed at the bottom of the vacuum chamber on a manually
movable circular plat and the distance between the substrate to target was 5 cm. The
substrate could be moved under the respective targets to deposit multilayers. The
substrate holder consists of an inbuilt substrate heater made up of a quartz bulb and it
is connected to a chromel-alumel thermocouple and a solid-state relay driven feedback
circuit to measure and control the temperature. High vacuum is created in the chamber
using a turbo molecular pump backed by a rotary pump. Rotary pump with 165 lit/sec
pumping capacity is used to bring down the pressure from atmospheric to 102 mbar.
Thereafter, a water-cooled turbo molecular pump with a maximum rotational speed of
27000 rpm and pumping speed 400 lit/sec capacity along with rotary pump was used to
create a base pressure of below 7.0 x 10 mbar. A Pirani gauge was used to measure

the rough vacuum, and a Penning gauge was used to measure the high vacuum inside
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the chamber. Mass flow controllers (MKS) were used to control the flow rate of the
sputtering gases.
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Figure 2.1 (a) Photograph of magnetron sputtering system used in this work. (b)
Schematic diagram of the sputtering setup.

2.1.1 1TO deposition

ITO thin film were deposited using a 99.99% pure In:Sn (90%:10% wt.) alloy
target of diameter of 0.076 m and thickness of 6 mm. The sputtering gases used in the
experiments were argon and oxygen. The flow rates of oxygen and argon were con-
trolled separately by mass flow controllers. Prior to all deposition, the target was
cleaned under argon plasma for 1 min. All the ITO depositions were done using pulsed
DC power supply (ENI, RPG-50) with frequency of 100 kHz and pulse width of 2976
ns. Substrate temperature was varied from room temperature to 140°C.

2.1.2 I1TO/Ag/ITO multilayer deposition

ITO/Ag/ITO multilayer coatings were deposited by a DC balanced magnetron
sputtering system without breaking vacuum of the chamber. Bottom and top ITO layers
were deposited as described in previous section. Ag layers were deposited using a
99.99% pure Ag target of diameter 0.076 m and thickness 6 mm. All the Ag layer was
deposited using a DC power supply at 5 W power. Only argon gas was used for the Ag

deposition. Before each Ag layer deposition, target cleaning was carried out for 30 sec.
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After depositing bottom ITO layer, the substrate was moved under the Ag target and
the middle Ag layer was deposited. Thereafter substrate was moved to under the ITO
target for the deposition of top ITO layer. All the ITO and Ag layers were deposited at

room temperature for multilayer film.

2.2 Substrate preparation

Fluorinated ethylene propylene (FEP), Kapton® aluminized Kapton®,
borosilicate glass and Si were used as the substrates for ITO and ITO/Ag/ITO
multilayer sputter deposition. Dupont™ Teflon® FEP (Type A, ~125 um thickness),
plain Kapton® and aluminized Kapton® (thickness ~50 pum) of size 45 mm X 45 mm
were also used as the substrates. Borosilicate glass (from Borosil) of dimension: 17 mm
x 25 mm x 1.25 mm were used as the substrates. For holding the flexible substrates a
substrate holder was made with a circular copper back plate and an aluminium cover
plate. The flexible substrates were fixed between the copper plate and aluminium cover
plate. Cover plate has a 40 mm x 40 mm rectangular opening to expose the substrate to
the plasma. For keeping the substrate steady between back plate and cover plate, they
were clamped with four screws in four sides. Some coatings were also deposited on ~10
mm X 10 mm size silicon substrates for characterization.

FEP and plain Kapton® substrates were ultrasonically cleaned in isopropyl
alcohol for 2 min and dried with high purity nitrogen flush before placing into the
vacuum chamber. The aluminized Kapton® substrates were not cleaned in any
chemicals and they were loaded into the vacuum chamber as it is after nitrogen flushing.
ITO was deposited on the opposite side of aluminium coated side of Kapton® substrate.
The glass and Si substrates were cleaned by ultrasonication in isopropyl alcohol and

acetone for 10 min each.

2.3  Plasma etching

Surface treatment of FEP substrate was carried out using a Plasma Matrix
(BDISCOM) instrument in argon atmosphere. Figure 2.2 shows the photograph of
etching instrument and a schematic representation of FEP plasma etching process. A
stainless steel substrate holder was used to hold the FEP substrates for the plasma

etching. After placing the substrate inside the plasma etching chamber, the chamber
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was evacuated down to a base pressure 5.0 Pa using a rotary pump. After reaching the
base pressure, 26% argon gas was passed in to the chamber using a mass flow
controller. A stabilizing time of 60 sec was kept before starting the etching process. 100
watt RF power was used for the etching and the etching was done at room temperature.

The duration of etching was varied from 2 - 12 min. Etched samples were immediately

loaded into the vacuum chamber.
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Figure 2.2: (a) Photograph of plasma etching setup and (b) schematic representation of
FEP plasma etching process.

2.4  Chemical etching

Some glass substrates were chemically etched to increase the transmittance.
Hydrofluoric acid (HF) with 40% concentration (procured from Merck) was used to
etch the glass substrate. Figure 2.3 shows the schematic representation of HF vapor
phase etching process. Etching was carried out at 50°C substrate temperature. Cleaned
glass substrates were preheated at 50°C using a heater for one minute before the etching.
6 ml of HF was measured in a measuring jar and poured in to the Teflon container.
Heated glass substrate along with sample holder and heater kept were on the HF
container. Etching of the glass substrate was performed for 1 minute. The etching was
done only on one side of the glass substrate. After etching, the glass substrate was
removed from the holder and annealed at 350°C for 30 min in air furnace. Non-etched
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side of the glass substrate was cleaned with IPA before loading into the vacuum
chamber. The deposition was done on the non-etched side of the glass substrate.

Thermocouple

Substrate holder Glass substrate

Teflon beaker

N

Figure 2.3: Schematic representation of HF vapor etching setup (Kumar et al., 2016).
2.5  Characterization techniques
2.5.1 UV-Vis-NIR spectrophotometer

Solar spectrum transmittance, reflectance and absorbance over the wavelength
range from 250 to 2500 nm were measured using a PerkinElmer Lambda 950 UV-Vis-
NIR spectrophotometer. Figure 2.4 shows the photograph of UV-Vis-NIR
spectrophotometer used in this work. Spectrophotometer consists of light sources,
monochromator, beam splitter, sample compartment, reflecting mirrors and detector
compartment. A tungsten halogen lamb is used as the NIR and visible radiation source,
and a deuterium lamp provides the UV radiation. In the present work, the transmittance
and reflectance of the samples were recorded using a 150 mm integrating sphere
accessory attached with the spectrophotometer. Integrating sphere is capable to record
specular, diffusive and total (specular and diffusive) transmittance and reflectance of
the samples with an accuracy of one place after the decimal. Two different types of
detectors are used to record the whole transmittance and reflectance spectrum. A
photomultiplier module (PMT) detector is used to record UV and visible region of the
spectrum, and a PbS detector is used to record NIR region of the spectrum. The
changeover of the detector takes place at 860.8 nm. The change of the detector can be
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noticed in the recorded spectra as a small perturbation at that wavelength. Except for
the angular reflection studies, all other transmittance and reflectance spectra were

measured at angle of incidence of 8°.

Sample holder
/ Integrating sphere

Figure 2.4: Photograph of UV-Vis-NIR spectrophotometer.
Optical haze measurements

Haze factor of transparent conductors are very important to be considered in the
figure of merit of TCs. Haze is the forward scattered part of incident light through the

film. Haze of the optical coating is defined as (Preston et al., 2013),

__ Forward scattered light

Haze = x 100% (2.1)

Total transmitted light

In this work, optical Haze of the samples was measured as per the ASTM 1003
standard using an integrated sphere attached with UV-Vis-NIR spectrophotometer
(ASTM D1003-00, 2000). Haze was measured as per the following formula,

T, T
Hazez(—"——3

2 T1

) x 100% (2.2)

where T1, T2, Tz and T4 are the different configurations of the transmittance
scans to obtain scattered and total transmittance spectra (Padera, 2009). Figure 2.5

shows the schematic representation of these configurations in the integrating sphere.
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Where T is the total transmitted light measured without any sample, and T is the total
transmitted light measured with the sample. During Ts and T4 transmittance
measurements the reflectance port of integrating sphere was open, so the specular
portion of the transmitted light will not reach the detector inside the integrating sphere,
only the scattered portion of the transmitted light will be measured in this set up. T1/T>

gives the instrumental correction.
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Figure 2.5 Different configurations of transmission spectra for the haze measurements
(Padera, 2009).

Angular reflection studies

Angular dependent reflectance studies of the samples were carried out using a
universal reflectance accessory (URA) attached to the spectrophotometer. Using URA,
reflectance for different angles of incident of light (8 to 68°) can be measured in the
wavelength regime of 250 to 2500 nm without realigning the accessory or repositioning
the sample.

In the present work, the angular dependent absolute reflectance study (8 to 68°)
was carried out using both p-polarized (transverse magnetic (TM)) and s-polarised
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(transverse electric (TE)) components of the light. The light has been split using a prism
attached to the spectrophotometer.

2.5.2 Emissometer

The thermal emittance of the ITO coating was measured using an emissometer
(Model AE1, M/s Devices and Services). The spectral range of the thermal radiation
emitted from the surface at 82°C is in the range of 3 to 30 um. The emissometer was
heated to 82°C, therefore the sample to be measured need not be heated. The
emissometer was calibrated using standard samples of high and low emittance values
of 0.88 and 0.05, respectively. The emissometer has accuracy of + 0.01 units (Barshilia
et al., 2008).

2.5.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) wused to record the
transmittance, reflectance and absorption of samples in mid-IR and IR regions of the
solar spectrum. FTIR works on the principle of interferometer that gives an
interferogram, a plot of light intensity versus optical path difference (Smith, 2011). An
FTIR spectrometer consists of three basic components namely: IR radiation source,
interferometer and detector. The IR radiation sources are the inert solids that are heated
electrically to stimulate thermal emission of radiation in the infrared region of the
electromagnetic spectrum. The radiation from the source reaches the material through
the interferometer. Interferometer consists of a beam splitter, and two perpendicular
mirrors in which one of them is fixed and other one is movable. Beam splitter equally
splits the incoming radiation. The transmitted and reflected parts are directed towards
a fixed mirror and a movable mirror, respectively. The reflected rays from the mirrors
recombine at the beam splitter. But, movable mirror is displaced to make a path
difference between the two rays. Due the path difference in the recombined waves an
interferogram is produced. These rays pass through the sample and reach the detector.
When the IR beam is passes through the sample, some radiation is absorbed or
transmitted or reflected by the sample. By Fourier transform the recorded interferogram

of the sample property can be understood.
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In this work, the total reflectance of ITO and ITO/Ag/ITO multilayer systems
in NIR and IR (2 to 25 um) regions of the spectrum were measured using a FTIR
spectrometer (PerkinElmer Frontier) with an integrating sphere accessory (PIKE
Technologies) for an average of 100 scans and 8 cm resolution. The photograph of
FTIR instrument used in this work is shown in the Figure 2.6. For the reflection studies
background was taken using a gold standard as the reference. Total transmittance was
measured in transmittance mode using transmittance accessory attached with the

instrument.

Integrating sphere

Figure 2.6: FTIR instrument with integrating sphere accessory.

2.5.4 Sheet resistance measurement by four point probe method

In the present work, the sheet resistance of the samples was measured by four
point probe method using a Jandel RM3000 instrument. Four point probe method is a
powerful technique to find out the sheet resistance of very thin films and wafers. Four
point probe setup consists of four metal tips with finite radius and pointed end. The four
probes are equally spaced each other. The pointed edges are placed on the thin film.
The outer two probes are connected to high impedance current source, and voltage

across the two inner probes is measured using a voltmeter as shown in Figure 2.7.

33



Current source

Figure 2.7: Schematic of four point probe method.

When the spacing s is 1 mm, the sheet resistance of the film can be calculated
by measuring the voltage (V) across the inner two probes by applying current (I)
through the two outer probes (Smits, 1958). That is:

R,= ZxZ (2.3)

n2 I

where, % is the correcting factor.

If the film thickness (t) is known the resistivity () can be calculated from the following
formula

p= R, Xt (2.4)
The sheet resistance measurements were carried out at five locations (i.e., four at
corners and one at middle of the sample). The values reported herein are the average of

five values.

2.5.5 Kelvin probe method

Kelvin probe was used to measure the work function of conducting specimen.
It is a non-destructive, no-contact and indirect method to measure the work function of
the sample. In Kelvin probe method the contact potential difference (Vcpp) of the
sample and the probe tip is measured in close proximity. The Vcpp will be equal to the
difference in work function of the sample and the probe tip (Rosenwaks et al., 2004).
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Generally, gold tip with known work function is used in Kelvin probe technique. In this
work, a Kelvin probe (Model SKP 5050) was used to find out the work function of ITO
thin films. The calibration was done using a standard gold sample provided by KP
Technology. Gold tip with a diameter of 2 mm was used for the work function

measurements.

2.5.6 X-ray diffraction

The crystal structure of the samples was evaluated by X-ray diffraction (XRD)
technique. XRD is a non-destructive technique used to determine the crystal structure,
defects, lattice constant, identification of unknown materials, etc. XRD works on basis
of Bragg’s law (Cullity, 1956),

2dsinf = nA (2.5)

where d is the interplanar distance between two parallel planes of the crystal
structure, 6 isthe angle of incidence of X-ray on the sample surface, A is the wavelength
of the incident monochromatic X-ray and n is the order of the reflection. When the X-
rays falls on the material, the reflected rays which satisfy the Bragg’s equation will
constructively interfere and provides peak at a particular 26 angle. The crystalline
solids, with periodically arranged planes, give high intense peaks at particular 26
angles. However, due to the non-periodic and scattered arrangement of atoms in the
case of amorphous solids, the reflected rays will be scattered and the XRD peaks are
generally broad or null.

In this work structural characterization of the samples was performed using
XRD of model Advanced D8 by Bruker. Measurements were done at thin film mode
with a glancing angle 1°, and the data were recorded in the range of 5° <26 > 100°. Cu
Ka radiation of wavelength 1.5406 A was used for the characterization.

2.5.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis techniques used
to study the chemical structure of the materials (Lee and Flynn, 2006). XPS can be used
to study the elemental composition, empirical formula, chemical state, electronic state

and presence of different elements, etc. XPS works on the basis of photoelectric effect
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(Brundle and Baker, 1978). When the high energy X-ray falls on the material
photoionization takes place on the sample surface and the electrons will be liberated
with a characteristic kinetic energy, the equation for this could be written as,
E,=Ez +K, (2.6)

where E,, is the incoming photon energy, Ep is the binding energy and K, is the
maximum Kinetic energy of the ejected electron. Chemical bonding and the electronic
structure of the material can be studied by analysing the kinetic energy distribution of
the emitted photoelectrons from the sample.

In this work, the chemical composition of samples was determined using X-ray
photoelectron spectroscopy (XPS— SPECS), using non-monochromatic Al Ka radiation
(1486.6 eV). The binding energies reported here were calculated with reference to C1s
peak at 284.6 eV with a precision of 0.1 eV. XPS survey scan was carried out in the
range of 0 to 1150 eV. The survey spectra were recorded with pass energy of 70 eV and
step increment of 0.5 eV. Whereas individual core level spectra were obtained with pass

energy of 40 eV and step increment of 0.05 eV.

2.5.8 Field emission scanning electron microscopy

Field emission electron microscopy (FESEM) coupled with EDAX is used to
study the morphology and elemental information of the samples with a magnificent
range from 10 X to 300000 X. In FESEM electrons are used to scan the sample surface.
The primary electrons are generated within a high vacuum column (10 Pa) from a
sharp pointed tungsten filed emission source (Zhou and Wang, 2006). The electrons are
accelerated in a high electric field gradient between 0.5 to 30 KV towards the anode.
Within the high vacuum column these electrons are deflected and focussed by
electronic lenses to produce a narrow scan beam that interacts the sample. During the
bombardment of high energy electrons on the surface, secondary electrons, back
scattered electrons, characteristic X-rays, photons and auger electrons are produced.
Topographic information with excellent resolution can be attained by analysing the
secondary electron from the sample surface. The back scattered electrons are produced
due to the elastic collision between the electron and the atomic nucleus of the sample

surface. Back scattered electrons are used to study the compositional and topographic
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properties of the sample. X-rays are formed due to the displacement of inner shell
electron by the primary electron, which can be used for the compositional
characterization of sample. FESEM can produce very clear image with a resolution < 2
nm. In this work, surface morphology of the thin films and the substrates was studied
using FESEM (Supra 40 VP, Carl Zeiss). Also, the thicknesses of the coatings were
studied by cross-sectional FESEM images. For cross-sectional FESEM studies films

were coated on silicon substrate.

2.5.9 AFM and 3D profilometer

Atomic force microscopy (AFM) gives a very detailed information about the
surface morphology and the roughness of the samples (Karbach and Drechsler, 1999).
AFM works based on the interaction between sample surface and the sharp probe,
which scans over the surface of the sample. The probe is connected to a cantilever tip
and a laser beam is used to measure the deflection of the cantilever tip. While scanning
the sample surface, the cantilever deflects from its original position proportional to the
topographical information of the sample surface. Even angstrom level deflection of the
cantilever can be identified by the laser and it is recorded by a photodiode to generate
corresponding surface image of the sample (Binning et al., 1986; Fix et al., 2005).

In this work, the surface morphology and roughness of the thin films and
substrates were studied using AFM with tip size of 10 nm (Anton-Parr Instruments).
3D profilometer deve loped by Nanomap 500LS (AEP Technologies) with a tip size of
100-150 nm was used for measuring the thickness of ITO and ITO/Ag/ITO thin films.

2.5.10 Adhesion test

Adhesion of ITO thin film on FEP and Kapton® substrates was examined by
tape peel off test as per ASTM D3359 standard using 3M Scotch® tape (3M-250)
(ASTM D3359-07, 2007). For this, four sides of the ITO coated FEP or Kapton®
substrates were fixed on a flat surface by adhesive tape. After that 3M Scotch tape was
applied on the coating and then removed the tape normal to the ITO coating. The tape

test was repeated two times to see the repeatability of the measurements.
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2.5.11 Simulated environmental tests

Environmental tests such as thermo-vacuum (TVAC), thermal cycling (TC),
relative humidity (RH) of ITO coated FEP, Kapton® and aluminized Kapton® substrates
were performed at ISRO satellite centre (ISAC), Bangalore (Reddy et al., 2013).
Relative humidity test was performed in a humidity chamber that is thermostatically
controlled. Relative humidity of 95+5% at 50°C was maintained in the testing chamber.
Thermal-cycling test was performed to study the effect of cycling temperature on the
ITO coated FEP and Kapton® substrates. During TC test, the samples were first kept in
a chamber maintained at temperature of -150°C for 5 min duration then suddenly the
samples were moved to the separate chamber maintained at temperature +150°C and
kept for 5 min. The samples were exposed to this cycling for 1500 times in a
thermostatically controlled chamber. Thermo-vacuum test was performed in a
thermostatically controlled vacuum chamber which maintained at a pressure of
<1.33x10° mbar and simulated space environment conditions like temperature
extremes of +150°C to -150°C. During TVAC test, the samples were kept at -150°C for
2 h and then the temperature was increased to +150°C and maintained at that

temperature for 2 h. Like this 10 cycles were performed.
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CHAPTER 3

OPTICAL AND ELECTRICAL PROPERTIES OF ITO
THIN FILMS SPUTTERED ON FLEXIBLE FEP
SUBSTRATE

In this Chapter optimization of deposition parameters and characterization of ITO thin
films on flexible fluorinated ethylene propylene (FEP) substrate for spacecraft
applications are discussed. The influence of the deposition parameters (argon and
oxygen flow rates, and substrate temperature) and effect of coating thickness on the
optical, electrical, structural and microstructural properties of ITO thin films deposited
on FEP is also discussed.

3.1 Introduction

ITO coated metalized FEP substrate is used in most of the satellites stationed in
geostationary earth orbits (GEO) as passive thermal control system by radiating back
the incoming solar radiation. Figure 3.1 shows the schematic representation of FEP
based flexible optical solar reflector (FOSR) with ITO coating. An efficient FOSR for
GEO satellite applications should have high thermal emittance (>75%), high solar
transmittance (>88%) and sheet resistance in the range of 2-10 kQ/square. The high
transmittance of ITO in FOSR can be obtained by reducing the thickness of ITO coating
to few nanometers (Czeremuszkin et al., 2001). Therefore, there is a need to critically
optimize the process parameters and hence the properties of the ITO thin films for
FOSR applications. However, detailed description of ITO coated FEP substrates is

missing in the literature.
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Figure 3.1: Schematic representation of FEP based optical solar reflector.

3.2 Experimental details

ITO thin films were deposited on flexible FEP substrates by reactive sputtering
using a DC balanced magnetron sputtering system using In:Sn metal alloy target. FEP
substrates of 40 mm x 40 mm size were used in all the experiments. Before introducing
into the chamber, FEP substrate was cleaned with iso-propylene alcohol in ultrasonic
agitator for 5 min and then blown dried with nitrogen gas. The sputtering gases used in
the experiments were argon and oxygen. Prior to all deposition, the target was cleaned
under argon plasma for 1 min. All the depositions were done using pulsed DC power
supply which was kept constant at 60 W power.

In order to study the influence of argon and oxygen partial pressures on the ITO
deposition the flow rates were varied from 11 to 17 sccm and 1.8 to 3 sccm for argon
and oxygen, respectively. While for all other depositions the flow rates of argon and
oxygen were kept constant at 11.5 sccm and 2.0 sccm, respectively. Substrate
temperature was varied from room temperature to 140°C. However, all the optimized
coatings were deposited at a substrate temperature of 140°C. By varying the deposition
time, 1TO thin films with different thicknesses were prepared. The thickness of the ITO
coatings was varied from 5 to 1000 nm. ITO thin films were also coated on silicon and
glass substrates at optimized parameters to measure the roughness, thickness and work

function of the coatings.
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3.3 Results and discussion

3.3.1 Optimization of ITO deposition parameters

To achieve highly transparent, conducting and adherent ITO thin films on
flexible FEP substrate is a challenge because of its low melting point (260°C).
Therefore, various process parameters were optimized systematically. From the
preliminary experiments, it was noticed that the ITO thin films prepared at low target
power (i.e., < 30 W pulsed DC), the optical and electrical properties were not stable in
atmosphere as compared to the films deposited at higher target power. However, high
target power caused deformity and warpage of the FEP substrate because of its low safe
operating temperature. So, for compromising both the problems 60 W pulsed DC power
is used for all the experiments.

Among all the deposition parameters, the flow rates of oxygen and argon are
the most influential parameters for obtaining transparent and conducting ITO thin films
(Chen et al., 2014; Jung et al., 2004). The influence of oxygen and argon gas flow rates
during the reactive sputtering on the optical properties of ITO thin films on FEP
substrate has been studied. ITO thin films are deposited at different oxygen and argon
flow rates, keeping film thickness at 30 nm and substrate temperature at 140°C. The
oxygen flow rate was varied from 1.8 to 3 sccm while keeping the argon flow rate at
11.5 sccm. From the transmittance spectra shown in Figure 3.2(a) it is clear that varying
oxygen flow rate during the deposition changes the optical transmittance of ITO films
on the FEP substrate. At higher oxygen flow rate (3.0 sccm) the average transmittance
of ITO on FEP was excellent (93.7%), even the transmittance at NIR region was almost
equal to the transmittance of uncoated FEP substrate. But the sheet resistance was very
high (~2 MQ/square), for these coatings. Upon decreasing the oxygen flow rate the
transmittance and sheet resistance were also found to decrease. In ITO thin films the
charge carriers originate through oxygen vacancy (V;*) and Sn** doping in the site of
In3* (Edwards et al., 2004; Tahar et al., 1998). Here, only oxygen flow rate was varied,
all other parameters were kept constant, so the charge carriers mainly originate from
oxygen vacancy present in the film due to insufficient oxygen flow during the
deposition.

A slight variation in the oxygen flow rate during deposition changes the optical

and electrical properties of ITO thin film drastically. The high sheet resistance at higher
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oxygen flow rate is due to the complete oxidation of ITO thin film. It is observed that
if the oxygen flow rate is changed even by 0.2 sccm after the optimized value of 2.0
sccm the transmittance of ITO decreases significantly. This shows that the film
becomes more metallic with more oxygen vacancies, which help to decreases the sheet
resistance but deteriorates the optical performance of the film. Mientus and Ellmer have
reported that an exact amount of reactive oxygen, pO2min, iS needed to oxidize the metal
atoms arriving at the substrate to have the minimum resistance and good optical
transmittance (Mientus and Ellmer, 2001).

Figure 3.2(b) shows the variation of solar transmittance of ITO coated FEP at
argon flow varying from 11 to 17 sccm with the oxygen flow rate constant at 2.0 sccm,
thickness of 30 nm and substrate temperature of 140°C. From this figure it can be
noticed that argon flow rate has less influence as compared to the oxygen flow rate on
the transmittance of 1TO coating. Therefore, by comparing Figures 3.2(a) and (b) it is

very clear that the transmittance in the visible region is affected mainly by the oxygen

flow rate.

100 100
EQ’ 80 98
8 [ = Uncoated FEP (T, = 95.9%) g 80
= w11 sCM AT (T, = 84.6%) S = Uncoated FEP (T = 95.9%)
E = 115 sccm Ar (T, = 88.0%) p= === 18sccm O, (T, = 78.6%)
E 60} = 13 sccm Ar (T, = 88.4%) g 60 = 20scem O, (T, = 88.0%)
% e 17 sCCM AT (T, = 88.9%) = = 2550 0, (T, = 90.9%)
© f: = 3.0 sCCM O, (T, = 93.7%)
= 40 0, - 2ssem (b) Ar - 115 sccm (a)

A A A A 40 L A A A
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure 3.2: Total solar transmittance spectra of ITO thin films prepared at different: (a)

oxygen flow rates and (b) argon flow rates.

As during the sputtering the substrate temperature (Ts) controls the crystallinity
of the deposited coatings, the effect of substrate temperature on the transmittance and
sheet resistance (Rs) of ITO films deposited on FEP substrate was investigated. For this

a 30 nm thick ITO film was deposited on FEP substrate at different substrate
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temperatures while keeping argon and oxygen flow rates at 11.5 and 2.0 sccm,
respectively. Since the safe operating temperature of FEP films lies below 200°C, all
the experiments were carried out at substrate temperature below 140°C. Figure 3.3
shows the transmittance spectra of ITO coatings deposited on FEP at substrate
temperatures varying from room temperature (R.T.) to 140°C. The variation of sheet
resistance is shown in Figure 3.4. Optical transmittance of ITO coatings did not change
much with the substrate temperature, but a minor decrease in the transmittance at NIR
region with an increase in the substrate temperature was observed. Chang et al. also
reported that the substrate temperature merely affects the transmittance of the ITO on
polyethylene terephthalate (PET) substrates (Chang et al., 2013). But in the case of
sheet resistance considerable change can be seen while increasing the substrate
temperature (see Figure 3.4). The ITO coated FEP substrate, which was prepared at
room temperature, shows sheet resistance of ~900 Q/square with an average solar
transmittance of 88.5%. For the coating prepared at a substrate temperature of 140°C
the sheet resistance decreased to ~400 /square and the average transmittance was
88.0%. ITO thin films prepared at higher substrate temperature usually are crystalline
in nature, at the same time ITO films prepared at lower substrate temperature are
amorphous in nature. As the film grew thicker with a higher degree of crystallinity, the
oxygen vacancies and the substituted Sn atoms would have a higher possibility to
produce more free electrons, which increases the electrical conductivity. From the
above data it can be concluded that the electron concentration is increased with an
increase in the substrate temperature and that is attributed to the decrease of sheet
resistance and transmittance at NIR region of ITO coated FEP substrate (Tuna et al.,
2010).
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Figure 3.3: Solar transmittance spectra of ITO thin films prepared at different substrate
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Figure 3.4: Variation of sheet resistance with substrate temperature of 30 nm ITO films

prepared at 11.5 sccm argon and 2.0 sccm oxygen flow rates.

3.3.2 X-ray diffraction studies

The XRD data of sputtered ITO thin films on FEP substrate along with XRD
data of an uncoated FEP are shown in Figure 3.5. It shows that at lower thicknesses

sputtered ITO thin films are amorphous. Further, by increasing the thickness, the
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crystallinity improves and ITO peaks are clearly visible above 180 nm. No detectable
XRD signal was obtained for 5, 8, 10 and 20 nm thick ITO coatings. It has been reported
in literature that the crystallinity of ITO thin films depends mainly on the substrate
temperature and the thickness of the film (Lee and Park, 2006; Meng and Santos, 1998;
Qiao et al., 2004). In the present case, amorphous ITO thin films were obtained when
the substrate temperature was 140°C for lower coating thicknesses. Upon increasing
the thickness (i.e., 180 nm) a weak (222) diffraction starts appearing and finally at 1000
nm thickness a prominent (222) diffraction peak along with some other (211), (400),
(440), (622) diffraction peaks of cubic ITO having low intensities were observed. It is
to be noted that the optimized ITO coatings of the present work for FOSR applications

were amorphous in nature.
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Figure 3.5: XRD patterns of 30, 180 and 1000 nm thick ITO thin films deposited on

FEP substrate. # denotes reflections from FEP.

3.3.3 XPS studies

To find out the surface chemical composition of ITO thin films XPS of 30 nm
thick 1TO film deposited on FEP was taken. Figures 3.6 (a-c) show the core level XPS

spectra of In, Sn and O, respectively.
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Figure 3.6: (a), (b) and (c) show the XPS core level spectra (In 3d, Sn 3d and O 1s) of
ITO thin film having thickness of 30 nm.

The observed binding energies of In 3dsz and 3ds;2 peaks are 444.0 and 451.8
eV (Figure 3.6(a)) (Fan et al., 1977; Nelson and Aharoni, 1987; Tetsuka et al., 2008).
The binding energies of Sn 3ds and 3ds;2 peaks are found at 485.8 and 494.4 eV,
respectively (Figure 3.6(b)) (Fan et al., 1977; Nelson and Aharoni, 1987; Tetsuka et al.,
2008). O 1s spectrum (Figure 3.6(c)) could be fitted with two components, with binding
energy values of 529.4 and 531.1 eV. From the literature it is found that the peak at
lower binding energy (529.4 eV) corresponds to the bonded oxygen in the amorphous
In203 region and the peak at higher binding energy (531.1 eV) comes from the oxygen
deficient region of In2Os matrix (Chen et al., 2014; Chuang, 2010). The O 1s spectrum
of as-deposited ITO thin film does not show any oxygen contamination, hydroxide or
any other impurity peaks, which suggests a stoichiometric nature of 1TO thin films
(Chen et al., 2004; Chuang, 2010; Sugiyama et al., 2000).

3.3.4 Microstructural studies

Figures 3.7(a), (b) and (c) show the FESEM micrographs of ITO thin films of
30, 60 and 90 nm thick on FEP substrates, respectively. From these micrographs a
smooth growth pattern of ITO film on FEP at lower thickness with dense morphology
can be observed. At higher thickness granular microstructure was formed, which is
reported to be typical for the ITO thin films deposited at lower substrate temperature
(Herrero and Guille, 2006; Kumar et al., 2011; Qiao et al., 2004). Lee and Park also
noted that as the ITO film grew thicker, grain size of the film became larger and film
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morphology changed from the homogeneous and smooth morphology with vague grain
boundary to the non-homogeneous and rough morphology with clear grain boundary
(Lee and Park, 2006). These FESEM results are corroborated with the XRD results,
which showed grain size increase with an increase in the thickness of 1TO film. The
surface morphology and roughness of ITO thin films have been also studied by AFM.
Silicon substrate is used for the surface roughness studies because the surface roughness
of the FEP substrate was comparatively higher (Ra=~5.49 nm). Figures 3.7(d), (e) and
(F) show the AFM data of 30, 60 and 90 nm ITO with an average roughness of 0.49,
0.76 and 0.92 nm, respectively. The thickness of the ITO films was evaluated from the
cross-sectional FESEM images and 3D-profilometers deposited on silicon substrates.
Figures 3.8(a) and (b) show the cross-sectional FESEM images of 180 and 1000 nm
ITO films deposited on Si substrate, displaying thicknesses of ~180 and ~1000 nm,
respectively, which are consistent with profilometer data as shown in Figures 3.8(c)
and (d).

200 nm 200 nm 200 nm

18 nm 4 ‘ AT 18 nm 18 nm
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(d) (e)

R,-0.49 nm R,-0.76 nm R,-0.92 nm ®

Figure 3.7: (a), (b) and (c) show the FESEM images of 30, 60 and 180 nm thick ITO
deposited on FEP and (d), (e) and (f) show the corresponding AFM images deposited

on silicon substrates.
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Figures 3.8: (a) and (b) show the cross-sectional FESEM images of ~180 and 1000 nm
thick ITO thin films. (c) and (d) show the thickness profiles of the same.

3.35 Optical and electrical characterization

Figure 3.9 shows the transmittance and reflectance spectra of 1TO coated FEP
substrates with different thicknesses in the solar spectrum (300-2500 nm) region. For
more clarity the data has been presented in two thickness regimes: 5 to 30 nm and 60
to 180 nm. Figures 3.9(a) and (b) show the transmittance and reflectance spectra up to
30 nm thickness, which clearly depicts that, at lower thicknesses, the transmittance and
reflectance spectra are smooth. However, as the film thickness increases from 60 to 180
nm (Figures 3.9(c) and (d)), multiple peaks are visible in the transmittance and the
reflectance spectra due to the interference of light passing through the transparent ITO
film (Bingel et al., 2013). The reflection spectra in low thickness regime (Figure 3.9(b))
also show that there are no multiple reflection peaks present at lower thicknesses.
However, as the thickness of the film increases (Figure 3.9(c)), multiple reflection
peaks appeared at lower wavelength and red shift was observed in the spectra. As the
refractive index of ITO coating is higher (~2.0 at 550 nm) than the FEP substrate (~1.34
at 550 nm), at quarter wavelength thickness (e.g., high intense peak at 680 nm
wavelength for ~180 nm thick ITO coating), reinforcement occurs between the light
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waves reflected from both sides of the film (ITO being a transparent material), resulting

in an increase in the reflectance (Bingel et al., 2013; Heavens, 1955; Kerkache et al.,

2009). The shift in the peak position in reflectance maxima with film thickness further

corroborates this statement.

Figure 3.10 shows the variations of average transmittance and sheet resistance

of ITO thin film with an increase in the coating thickness. It has been observed that

average transmittance and sheet resistance decreased with an increase in ITO film

thickness. The highest average transmittance was observed for 5 nm thick ITO film
(~95.1%), while 8, 10, 15, 20 and 30 nm ITO films showed average transmittance of
94.8, 94.0, 92.0, 90.9 and 88.0%, respectively.
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Figure 3.9: UV-Vis-NIR transmittance and reflectance spectra of different thickness

ITO films. For clarity the data has been recorded in two thickness regimes: (a) and (b)
5to 30 nm and (c) and (d) 60 to 180 nm.
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Figure 3.10. Average transmittance and sheet resistance of ITO thin films deposited on

FEP as a function of thickness.

As the ITO thickness increases from 5 to 8 nm, an abrupt decrease in the sheet
resistance value (140 k€/sq. to 12 k€/sq.) has been observed, but only a minor decrease
in the average transmittance was noticed; 10 to 15 nm ITO coatings also showed
decrease in the sheet resistance as 3 to 2 kQ/square However, at higher thicknesses the
sheet resistance remains low and decreases marginally with thickness (400, 267, 117
and 92 Q/square for 30, 60, 90 and 180 nm, respectively). For thickness <30 nm, the
average transmittance did not change much but in the visible region, the transmittance
was seen to be decreasing continuously (Figure 3.9(a)). This is mainly attributed to the
grain growth of ITO as the thickness increases there is a greater chance for the scattering
of light to take place (Bingel et al., 2013; Kerkache et al., 2009). But at higher thickness,
the average transmittance decreased significantly. The transmittance and the sheet
resistance at higher thickness mainly depend on the charge carriers present in the film
(Eshaghi and Graeli, 2014; Wang et al., 2013). When the thickness of ITO thin film
increases, the density of the charge carriers increases as more number of free electrons
are available for the conduction and also because of improved crystallinity (as seen in
Figures 3.5 and 3.7) which helps for less scattering (or increased mobility) of electrons.
These reasons lead to high conductivity of the ITO thin film. Also, the enhanced

crystallization at higher thickness increases the probability of doping of Sn** in the
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place of In3* ions in a crystallized In,O3 site (Edwards et al., 2004; Lee and Park, 2006).
The NIR transmittance at higher thicknesses (Figure 3.9(c)) showed a considerable
decrease compared to lower thickness ITO films. This is attributed to the well-known
free carrier absorption (Bingel et al., 2013; Edwards et al., 2004). The free carrier
density produced through Sn** doping and V" affects the plasmon frequency absorption
at NIR region, as described by the equation (1.4). After plasma edge, transmission will
be low and reflection will be more as seen in Figures 3.9(c) and (d) (Edwards et al.,
2004). The abrupt decrease in the transmittance spectra in the UV region (Figures 3.9(a)
and (c)) is attributed to the strong absorption due to the band gap of ITO thin film
(Granqvist, 2007).

3.3.6 Band gap energy calculation

From the absorption spectra of different thicknesses of film sputtered on FEP

substrate, the optical band gap was calculated using the relation (Han et al., 2006):
&E, = ky(E, — Ej)"/? (3.2)

where, & is the absorption coefficient, E; is the discrete photon energy (eV), k, is a
constant and Egq is the average band gap energy (eV). From Figure 3.11(a) it can be
observed that optical band gap of ITO thin films on FEP marginally depend on the film
thickness. This can be described by well-known Burstien-Moss phenomenon (Han et
al., 2006; Tuna et al., 2010). Due to the increased charge carrier developed with
increasing thickness, as discussed above, the lower energy level of conduction band
will get filled; subsequently the band gap will increase (Tuna et al., 2010). The decrease
in the sheet resistance and the transmittance at NIR region also gives the evidence of

increased charge carrier density. Figure 3.11(a) shows a typical plot between (&E,)?

and E;, of 10 nm ITO film.
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Figure 3.11: (a) Variation of optical band gap energy (Eg) with thickness of ITO thin

films. (b) Shows the relation between (&Ep)? and Ep of 10 nm thick ITO film on FEP
substrate.

3.3.7 Work function measurement

Work function measurements of the ITO coatings were carried out to understand
the effect of film thickness on the electrical property. It may be noted that these
measurements could not be carried out on 10 and 30 nm thick ITO coating on glass
substrate because of instrument limitation (very low signal). Figure 3.12 shows the
work function contour plot for a typical 60 nm thick ITO film measured using a Kelvin
probe technique of area 3 mm x 3 mm. These measurements indicated that an average
work function of 5.2 eV was observed for 60, 90 and 180 nm thick I1TO films, which is

consistent with the reported literature (Sharma et al., 2009).
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Figure 3.12: Work function plot for a 60 nm ITO thin film deposited on glass.

3.3.8 Angular reflectance of ITO coating on FEP substrate

Generally, the optical properties of ITO coatings are characterized using an
unpolarized light at near normal incidence. In applications like solar energy harvesting
and satellites the angle between the FOSR device and the sun changes from time to
time, so the angle of incidence and the polarization state of the light substantially affect
the optical properties of the films. Therefore, the study of dependence of angle of
incidence to the reflection of ITO is useful (Chang etal., 2011; Selvakumar et al., 2015).
Using the universal reflectance accessory of the Lambda 950 spectrophotometer, the
angular dependent absolute transverse electric (s-polarization) and transverse magnetic
(p-polarization) reflectance measurements were taken and the data are shown in Figures
3.13(a)-(c). The reflectance measurements were taken at varying angles (8 to 68°) of
the incident beam, in the 300-2500 nm wavelength range.

For TE-polarization (s-polarization) (Figure 3.13(a)), the reflectance was found
to increase with increasing angle of incidence. On the other hand, for TM polarization
(p-polarization) (Figure 3.13(b)), the reflectance of ITO thin films was found to
decrease with an increase in the angle of incidence, but beyond 58° the reflectance was
found to increase. This phenomenon can be explained by well-known Brewster angle
effect (Adamson, 2014; Heavens, 1955). That is, at Brewster angle, the incident light’s

electric field will align parallel to the incident plane, at that point the reflection will
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vanish. Above 58°, i.e., at 68° incident angle, the reflection of ITO was found to
increase. The average reflectance values of s- and p- polarized light were calculated
[Rav.= (Rp-pot.+Rs-pol)/2] and are shown in Figure 3.13(c). This result shows that average
angular reflectance of ITO film was less and did not change significantly for an incident

angle up to 58°.
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Figure 3.13: Angular reflection spectra of ITO thin films on FEP substrate: (a) s-
polarization (b) p- polarization and (c) average reflectance Rav. = (Rp+Rs)/2.

3.3.9 Figure of merit

One of the indicators of the performance of the transparent conductors is the
figure of merit. Accordingly, from the transmittance and sheet resistance data the figure

of merit of ITO coatings was calculated as described by Haacke (Haacke, 1976):

=" (3
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where, T is the optical transmittance at 550 nm which is represented in 0-1 scale and Rs
is the sheet resistance of ITO coating. Figure of merit values of 5, 8, 10, 20 and 30 nm
thick 1TO thin films were found to be 3.82x10, 4.24x10°, 1.46x10*, 6.49x10* and
2.14x10* Q1 respectively. The figure of merit values of ITO thin films reported in this
work are low compared to the recent reported values (Alvarez-Fraga et al., 2015;
Pammi et al., 2011). That is because of the relatively high resistance of very thin (<30
nm) ITO films, which are required for the FOSR applications. It may be noted that for
applications like transparent and conducting electrodes and display devices, the ITO
thin films with very low resistance and high transmittance in the visible region are
required (Alvarez-Fraga et al., 2015). On the other hand, for FOSR applications, ITO
thin films with a resistance in the range of 2-10 kQ/square and high transmittance over

the entire solar spectrum are required.

3.3.10 Haze measurements

Previous studies have demonstrated that the haze measurement of transparent
conducting coating is one of the important factors to be included in the figure of merit
(Liu et al., 2011; Mahadik et al., 2015; Preston et al., 2013). The required haze factor
is different for different applications. Low haze values are required for the application
related to optical coatings where less absorption of light is required (Mahadik et al.,
2015). But high haze value is favored for the solar coatings where more absorption of
light is needed (Liu et al., 2011). High haze factor of the protecting layer will scatter
the light and improve the light absorption of the solar active layer lying beneath the
protecting layer (Liu et al., 2011). Low haze material will pass the light without any
scattering and chances of absorption of light will be less (Mahadik et al., 2015). For the
FOSR applications the absorption should be minimum; so that light should transmit
through the FEP without any absorption (French et al., 2011). Accordingly, minimum
haze value is required for better performance. The haze factor of the ITO coated FEP
films was measured and calculated using the equation (2.2).

Figure 3.14 shows the corresponding spectra of haze factor with varying film
thickness along with haze factor of uncoated FEP substrate. From the figure it can be

seen that the average haze value of FEP (4.6%) increased with increasing 1TO coating
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thickness. The ultrathin ITO films (i.e., 5, 8, and 10 nm) did not show much increase in
the optical haze value (5.8, 6.3 and 8.3%), but when thickness increased further, a
considerable increase in the haze factor was found (e.g., 31.6% for 60 nm). This shows
that increase in thickness will scatter the light and it will enhance the absorption of the

solar reflector.
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Figure 3.14: The optical haze data of ITO thin films having different thicknesses on
FEP substrate.

3.3.11 Emittance of ITO coating on FEP substrate

The IR emittance of ITO coated FEP was measured using an emissometer. The
5 nm ITO coated FEP shows emittance of 80% and with increasing the thickness of
ITO film a continuous decrease in the emittance of FEP was observed. 15 nm thick ITO
coated FEP substrate showed an emittance of 79%. Decrease in the emittance with
thickness is shown in Figure 3.15. The FTIR reflectance spectra of different thicknesses
of ITO thin films on FEP substrates were taken and the data is shown in the inset of
Figure 3.15. The IR reflectance of FEP was found to increase with increase of ITO film
thickness in the mid IR region. The FTIR reflectance data of ITO films indicates that
increasing thickness increases the reflectance of 1TO film which affects the emittance
of ITO coated FEP. From this result it can be understood that increasing thickness

increases the absorption of light and it adversely affects the function of the FOSR.
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Figure 3.15: IR emittance of FEP substrate with varying thicknesses of ITO thin films.
The inset shows the FTIR reflectance data of ITO thin films with different thicknesses
on FEP substrate.

3.3.12 Coating adhesion

To find out the adhesion of ITO coatings on the FEP substrate tape peel off test
as per the ASTM D3359 standard was carried out as discussed in section 2.5.10 of
Chapter 2. 10 nm and 30 nm thicknesses ITO coated FEP substrates were used for the
test. The test showed that there was no peeling off of ITO coating. Figure 3.16 shows
the transmittance spectra of the coatings measured before and after the adhesion test for
10 and 30 nm thicknesses. From the plot shown in Figure 3.16 it can be observed that
transmittance of the coating did not change. Additionally, the sheet resistance also did
not change significantly after the adhesion test (Asheet resistance <100 €/sq.),
indicating better adhesive properties of the ITO thin films on FEP substrates in normal
condition.
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Figure 3.16: UV-Vis-NIR transmittance spectra of ITO thin films before and after
adhesion test.

3.3.13 FOSR preparation

In an attempt to make an actual FOSR for space applications, ~150 nm highly
adherent Ag layer was deposited on the other side of ITO coated FEP substrate (refer
Figure 3.1, reflective layer). The thickness of the ITO thin film was kept 10, 20 and 30
nm for these experiments. Figure 3.17 shows the UV-Vis-NIR reflection spectra of a
10 nm ITO coated FOSR along with an ITO free FOSR. The IR emittance values of
these FOSRs were 79, 77 and 76%, respectively for 10, 20 and 30 nm thick ITO thin
films. These data show that additional 1TO coating on FOSR did not significantly

change its optical properties.

58



p—
e 80
NN ——FEP/Ag (Avg. Ref.— 96.86%)
- ——10 nm ITO/FEP/Ag (Avg. Ref.=95.29%)
= 60
(=]
I;
'3}
9 40
_
&2 20

500 1000 1500 2000 2500
Wavelength (nm)

Figure 3.17: Reflectance spectra of FOSR with and without 10 nm ITO thin film

coating.

3.4 Summary

Highly transparent and conducting 1TO thin films were sputter deposited on
flexible FEP substrate for space application using pulsed DC power supply at a
substrate temperature of 140°C. The flow rate of oxygen critically affected the sheet
resistance and the transmittance. At high oxygen flow rates the films were transparent,
whereas, at low oxygen flow rates, the films were opaque but metallic in nature. The
XRD data of different ITO thicknesses showed that at lower thickness the films were
amorphous and with increase in thickness the thin films exhibited (222) reflection of
crystalline ITO. The FESEM and AFM studies revealed the grain growth and an
increase in the roughness of ITO film with increasing thickness. The emittance of FEP
was found to be decrease with increasing ITO thickness. With increasing thickness,
both average solar transmittance and sheet resistance were found to decrease, whereas
at very low thickness (i.e., 5 nm) the ITO coating exhibited extremely high sheet
resistance. Low haze value was achieved for low thickness ITO coating, which reduced
scattering of light and subsequent absorption of light. When the ITO film thicknesses
were in the range of 10 to 15 nm average solar transmittance was achieved > 90 % with
sheet resistance of 2-10 kQ/square and IR emittance of >75% for ITO coated FEP
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substrate; these results are suitable for spacecraft applications. Angular reflectance data
showed that reflection of ITO coating with TM polarization of light increased with
incident angle but for TE polarized light reflection decreased with angle of incidence
and after 58° reflection increased. No peel off of the ITO coating was noticed during
the tape test, which concluded that deposited ITO films are good enough to use in

applications like flexible optical solar reflector.
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CHAPTER 4

SPACE ENVIRONMENTAL STABILITY OF ITO THIN
FILMS COATED ON FEP AND KAPTON® SUBSTRATES

In this Chapter, stability of ITO coatings on different flexible substrates such as FEP,
Kapton® and aluminized Kapton® substrates in simulated space environmental is
discussed. The importance of surface modification of FEP substrate before ITO
deposition in order to withstand the harsh environmental conditions in space is also

discussed in this Chapter.

4.1 Introduction

Stability of ITO coating on flexible substrates in space environments is a major
concern (Czeremuszkin et al., 2001; Gilmore, 2002). It has been reported that,
achieving good adhesion of ITO thin film on flexible substrates is a difficult task; the
sheet resistance of ITO coating on these substrate is likely to increase in space
environment due to the delamination of 1TO film from the substrate (Fahlteich et al.,
2017; Goldstein et al., 1982). Delamination of ITO coating on these polymers can
seriously damage the spacecraft. Therefore, it is important to examine the stability of
ITO coated FEP and Kapton® substrates in simulated space environments and at the
prelaunch conditions. In this Chapter evaluation of sheet resistance and thermo-optical
properties of ITO coated FEP, Kapton® and aluminized Kapton® substrates before and
after environmental tests has been discussed. Environmental tests such as relative
humidity (RH), thermo-cycling (TC) and thermo-vacuum (TVAC) were performed in
simulated space environments. Moreover, a simple RF plasma etching process has been
done to improve the adhesion of ITO coating on FEP substrate. Plasma etching of FEP
was carried out in argon plasma prior to the ITO deposition. The morphological and
interfacial changes of plasma etched FEP substrates have been investigated, which
showed that RF plasma etching is more suitable to increase the roughness and adhesion
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of FEP substrates without altering its thermo-optical properties. The stability and
adhesion of ITO coatings on the plasma etched FEP substrate in simulated space

conditions are also studied in detail.

4.2. Experimental procedure

ITO thin films are deposited on flexible FEP, Kapton® and aluminized Kapton®
substrates using the optimized deposition parameters as discussed in Chapter 2. Table
4.1 summarizes the optimized experimental parameters for the 1TO film that satisfies
the thermo-optical and sheet resistance values for the spacecraft applications. Dupont™
Teflon® FEP (type A, ~125 pum thickness), plain Kapton® and aluminized Kapton®
(thickness ~50 um) of size 4 cm X 4 cm were used as the substrates. FEP and plain
Kapton® substrates were ultrasonically cleaned in isopropyl alcohol for 2 min and dried
with high purity nitrogen flush before placing into the vacuum chamber. The
aluminized Kapton® substrates were not cleaned in any chemicals and they were loaded
into the vacuum chamber as it is after nitrogen flushing. ITO was deposited on the
opposite side of aluminium coated side of Kapton® substrate. Some ITO depositions
were done on the plasma etched FEP substrate. Plasma etching process of FEP substrate
was described in section 2.3 of the Chapter 2. FEP substrate was cleaned before the
etching process, samples were loaded into the deposition chamber immediately after

the etching process without any further cleaning.

Table 4.1: Optimized experimental parameters for ITO coating on flexible substrates.

Target material In : Sn (90 % :10 % wt.)
Target size 75 mm diameter X 6 mm thickness
Distance between substrate and target 0.052 m

Ultimate vacuum <7.0%10 “mbar
Operational pressure ~5.8x 10'2 mbar

Argon flow rate 11.5 sccm

Oxygen flow rate 2.0 sccm

Substrate temperature 140°C

Target power 60 W pulsed DC

Target cleaning 1 min

Thickness of ITO film ~15 nm
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The environmental stability of ITO coating on FEP and Kapton® substrates was
studied in simulated space environment conditions as described in section 2.5.11 of
Chapter 2. Relative humidity test was conducted on ITO coated FEP, Kapton® and
aluminized Kapton® substrates to study the stability of ITO coating in high humidity
and temperature at prelaunch conditions. Thermal-cycling (TC) test was performed to
study the effect of cycling temperature on the ITO coated FEP, Kapton® and aluminized
Kapton® substrates. To study the performance of ITO coated FEP, Kapton® and
aluminized Kapton® substrates in space environments thermo-vacuum (TVAC) test
was performed in a vacuum chamber which is in space environment condition such as

high vacuum and extreme temperatures.

4.3 Results and discussion

From Chapter 3 it is found that, ITO deposition parameters such as oxygen flow
rate, substrate temperature, target power and thicknesses of coating, etc. have to be
optimized properly to acquire desired thermo-optical, sheet resistance values needed
for spacecraft applications. 10-15 nm thick ITO films gives desired thermo-optical and

sheet resistance values for the spacecraft applications. Therefore, 15 nm ITO coating
was deposited on flexible FEP, Kapton® and aluminized Kapton® substrates for the

environmental studies.

4.3.1 Optimized ITO thin films on FEP, Kapton® and aluminized Kapton®
substrates

After optimizing the ITO thin films for the FOSR applications, ~15 nm thick of
ITO thin film were deposited on FEP, Kapton® and aluminized Kapton® substrates and
measured the transmittance, sheet resistance and IR emittance properties. ITO coated
FEP and Kapton® substrates showed moderate sheet resistance, which is required for
the space applications. Apart from achieving required sheet resistance, 15 nm thick ITO
thin films on these substrates do not affect any of the other intrinsic properties, such as

solar transmittance, IR emittance and solar reflectance of the substrates.
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Figure 4.1: Solar transmittance spectra of uncoated and ITO coated FEP substrates.

The FEP substrate deposited with ITO coating (15 nm thick) showed sheet
resistance in the range of 2-4 kQ/sq. with an average solar transmittance of ~92%.
Figure 4.1 shows the solar transmittance spectra of an uncoated and 1TO coated FEP
substrates. Only a small decrease in the visible region transmittance of the solar
spectrum was noticed for ITO coated FEP substrate from the transmittance of uncoated
FEP substrate. IR emittance was found to be 79% for ITO coated FEP substrate, which
is also near to that of uncoated FEP substrate (¢ = 80%). Figure 4.2 shows the
transmittance spectra of uncoated and ITO coated Kapton® substrates. From the figure
it can be seen that there was no change in the transmittance spectra of the uncoated and
ITO coated Kapton® samples. The average transmittance values of uncoated Kapton®
and ITO coated Kapton® were ~75% and ~73%, respectively. The sheet resistance was
in the range of 2-4 kQ for ITO coated Kapton® substrate. IR emittance was found to be
71% for the ITO coated Kapton® substrate, whereas, for uncoated Kapton® it was 72%.
Aluminized Kapton® also showed no difference in its optical properties after ITO
coating. The average reflection values of uncoated and ITO coated aluminized Kapton®
were ~73% and ~72%, respectively. Figure 4.3 shows the reflection spectra of uncoated
and 1TO coated aluminized Kapton® substrates. Moderate sheet resistance in the range
of 2-4 kQ/sq. was achieved for ITO coated aluminized Kapton® substrates. The IR

emittance of uncoated aluminized Kapton® did not change upon the deposition of ITO
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film on that. Table 4.2 summarizes the electrical and optical properties of the uncoated
and ITO coated FEP, Kapton® and aluminized Kapton® substrates.
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Figure 4.2: Solar transmittance spectra of uncoated and ITO coated Kapton® substrates.
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Figure 4.3: Solar reflectance spectra of uncoated and ITO coated aluminized Kapton®
substrates.
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Table 4.2: Optical and electrical properties of uncoated and ITO coated FEP, Kapton®
and aluminized Kapton® substrates.

Measurements FEP Kapton® Al. Kapton®
Uncoated | ITO Uncoated | ITO Uncoated | ITO
coated coated coated

Sheet resistance >108 2-4kQ/sq. | >10° 2-4 >108 2-4 kQ/sq.
Q/sq. Q/sq. kQ/sq. Q/sq.

Tav. ~96% ~92% ~75% ~73% -- --

Rav. -- -- -- -- ~73% ~72%

IR emittance ~80% ~79% ~72% ~71% ~68% ~68%

No warpage or deformation of FEP and Kapton® substrates occurred during the
ITO deposition. They were identical in appearance except having low sheet resistance
for the ITO coated substrates. XPS survey scan was taken to study the chemical
structure of ITO coating on FEP and Kapton® substrates which showed similar In, Sn,
and O peaks for both ITO coated FEP and Kapton® substrates. Figures 4.4 (a-d) show
the survey spectrum, and indium, tin and oxygen core level XPS spectra of ITO coated
Kapton® substrate. Figures 4.4 (e-h) show the survey spectrum, and indium, tin and

oxygen core level spectra of ITO coated FEP substrate.

4.3.2 ITO film adhesion test

Tape peel off test was performed to find out the adhesion of ITO films on the
FEP, Kapton® and aluminized Kapton® substrates as per the ASTM D3359 standard
(ASTM-D3359-97, 2007). There was no peeling off of the ITO coating from FEP and
Kapton® substrates during the test. Table 4.3 shows the optical and electrical properties
of ITO coated FEP and Kapton® substrates before and after adhesion test. From the
table it can be observed that optical and electrical properties of ITO coating on FEP,
Kapton® and aluminized Kapton® did not change significantly even after the adhesion

test. The change in sheet resistance, ARs was <100 €/sq. after the adhesion test for all
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the coated samples. Moreover, all the optical and electrical properties were found to be
in the required range for spacecraft applications.

Table 4.3: Optical and electrical properties of ITO coated FEP, Kapton® and aluminized
Kapton® before and after adhesion test. Values indicated in brackets are before adhesion
test.

Measurements FEP Kapton® Aluminized
Kapton®

Sheet resistance (k€)/sq.) 2.7 (2.8) 2.6 (2.7) 2.6 (2.7)

Tav. (%) 92 (92) 73 (73) -

Rav. (%) ~ - 73 (73)

IR emittance (%) 79 (80) 72 (72) 68 (68)

4.3.3 Environmental tests

Further, the space worthiness of ITO coated FEP, Kapton® and aluminized
Kapton® samples were tested by relative humidity, thermal cycling and thermo-vacuum
tests. After the environmental tests transmittance, sheet resistance and IR emittance
properties were re-tested to confirm the stability of ITO coating on these substrates
(results shown in Table 4.4). It is clear from Table 4.4 that even after environmental
tests the sheet resistance, IR emittance and transmittance of uncoated and ITO coated
aluminized Kapton® substrates did not change significantly. These results show that
sputtered ITO films on Kapton® and aluminized Kapton® substrates are stable even in
extreme environmental conditions encountered in space. Even though, the solar
transmittance and the IR emittance of ITO coated FEP substrate did not change after
the environmental tests, the sheet resistance increased to >10° kQ/square after the TC
and TVAC tests.
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Table 4.4: Optical and electrical properties of ITO coated FEP, Kapton® and
aluminized Kapton® substrates after environmental tests. The values in brackets
represent properties before test.

Environmental | Sheet resistance (k€2/sq.) IR emittance Tav. Rav.
tests (%) (%) (%)
Kapton® | Aluminized | FEP | Kapton® | Aluminized | FEP | Kapton® | FEP Aluminized
Kapton® Kapton® Kapton®
RH 35(27) | 28(23) 12 70 (70) 69 (69) 79 73 (73) 92 72
(2.0) (79) (92) (72)
TC 34(31) | 25(2.7) >10% | 71(71) 69 (69) 79 73 (73) 91 72
(2.0) (79) (92) (73)
TVAC 34(36) | 24(2.0) >10° | 70 (70) 69 (69) 79 73 (73) 92 72
(2.6) (79) 99 | (712

4.3.4 Failure analysis of ITO on FEP substrate

To understand the cause of increase in the sheet resistance of ITO coated FEP
substrate after the environmental tests, the FESEM images of the samples after the tests
have been taken. Figures 4.5 (a-c) show FESEM micrographs of as-deposited, TC
treated and TVAC treated ITO coated FEP substrates, respectively. From the figure it
can be observed that after the TC and TVAC tests some delamination happened to the
ITO coating on the FEP substrate. This may be the reason for increasing the sheet
resistance of ITO coating after the environmental tests. It indicated that adhesion of
ITO thin film on the FEP substrates is needed to improve to withstand in the extreme

environmental conditions in space.

Figure 4.5: FESEM images of ITO coated FEP substrate: (a) as-deposited (b) after
relative humidity test (c) after thermal cycling test.
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4.3.5 Plasma etching of FEP substrate

In the literature it has been reported that the adhesion of thin films on
fluoropolymer substrates can be improved by defluorination and making roughness on
the surface by plasma treatments (Dasilva et al., 2012; Parekh et al., 2007; Wheeler and
Pepper, 1983). Parekh et al. have reported that vacuum DC arc plasma treatment of FEP
substrate showed defluorination and oxidation of FEP surface, which improved the
adhesion of sputter coated Cu thin films on the FEP substrate (Parekh et al., 2007).
Therefore, FEP substrate was plasma etched in Ar plasma prior to the ITO deposition.
Only one side of the FEP substrate was treated with the plasma (see Figure 2.2 (b)).
The plasma treatment time was varied to obtain optimum etching time, and it is found
to be 6 min (see Figure 4.6(a)). Therefore, 6 min etched FEP substrates were used for
further studies. Figures 4.6(b) and (c) show the FESEM images of untreated and etched
FEP substrates, respectively. It can be observed from the FESEM images that the
untreated FEP exhibited a smooth surface morphology but etched FEP substrate
exhibited a rougher and a porous microstructure. The surface roughness values of the
untreated and etched FEP substrates were obtained from AFM images which are shown
in Figures 4.6(d) and (e), respectively. The average roughness (Rz) increased to 40 nm
for the plasma etched FEP substrate from Ra ~ 5.3 nm of the untreated FEP substrate.

Untreated and etched FEP substrates were analysed by XPS to study the
chemical changes after the etching process. XPS survey scan was carried out in the
range of 0 to 1150 eV. XPS analysis showed prominent carbon, fluorine and oxygen
elemental peaks in the survey spectra (see Figures 4.7 (a) and (b)). It may be noted that
in the chemical structure of FEP substrate no oxygen is present but the XPS revealed
presence of a small percentage of oxygen on the FEP surface. Similar kind of oxygen
presence in the FEP substrate is also reported in the literature (Dasilva et al., 2006;
Parekh et al., 2007). From the XPS spectra, peak intensity ratios of fluorine to carbon
and oxygen to carbon were calculated for the untreated and etched FEP substrates and
the same is given in Table 4.5. It can be seen from Table 4.5 that fluorine to carbon
ratio of FEP substrate reduced after the plasma etching, which shows defluorination of

the etched sample after the etching.
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Figure 4.6: (a) Transmittance spectra of plasma etched FEP substrate for different
durations. (b) and (c) show FESEM images, (d) and (e) show AFM images of the
untreated and 6 min plasma etched FEP substrates, respectively.
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Figure 4.7: (a) and (b) XPS survey spectra and (c) and (d) C1s core level spectra of

plasma etched and untreated FEP substrates.

The decreased fluorine to carbon ratio also demonstrates higher cross-linking
on FEP surface (Agraharam et al., 1999). It has been reported that cross-linking can
occur on a polymer surface that is treated with Ar or He noble gases plasmas (Mittal
and Pizzi, 1999). The fluorine atoms escape during the plasma treatment, resulting in
active sites in the polymer chain, and these active sites themselves make cross-linked
bonds (Wheeler and Pepper, 1983). Cross-linked surface of the polymer substrate can
increase the adhesion of coating by forming an effective covalent bond in interface
between modified polymer surface and the over layer coating, as shown below Figure
4.8 (Mittal and Pizzi, 1999).
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Figure 4.8: Schematic representation of interface structure between ITO film and the
plasma etched FEP substrate (Mittal and Pizzi, 1999).

Table 4.5: Fluorine and oxygen intensities of untreated and etched FEP substrates.

F/IC o/C
Untreated FEP 6.03 0.62
Etched FEP 3.20 0.91

Analysis of C1s peaks of the untreated and etched FEP substrates also gives the
evidence of defluorination from the FEP surface. Figures 4.7 (c) and (d) show the C1s
peaks of etched and untreated FEP substrates. The untreated FEP shows a major peak
which corresponds to CF2 bond near ~292.0 eV binding energy, implying that the most
carbon atoms are bonded with two fluorine atoms (Busscher et al., 1992). But after
etching, the major CF, peak disappeared and many lower binding energy peaks started
appearing. The low biding energy peaks are reported to be associated with carbon atom
bonded with less than two fluorine atoms and also from other diverse chemical bonds
such as C-C, C-O, C-H and carbon atoms at cross-link sites (Busscher et al., 1992;
Dasilva et al., 2012; Parekh et al., 2007). Therefore, it can be concluded that fluorine
atoms have been removed from the FEP surface and cross-linked interface has been
formed after plasma etching. Furthermore, the increased oxygen to carbon ratio for the
etched FEP substrate shows improved surface energy of FEP surface (Busscher et al.,
1992; Gupta et al., 2013). It has been reported in the literature that the higher surface
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energy of FEP substrate is responsible for the good wettability and adhesion of coatings
on the FEP substrate (Gupta et al., 2013; Parekh et al., 2007; Wheeler and Pepper,
1983).

From the solar spectrum transmittance graphs of the etched FEP substrates it
can be observed that the transmittance in NIR region of the FEP substrate increased for
the etched FEP substrate; at the same time the transmittance in the visible region (i.e.,
A<750 nm) reduced slightly (see Figure 4.9). However, the average transmittance of
the etched FEP for the whole solar spectrum is almost same as the average transmittance
of untreated FEP substrate (i.e, Tav~ 96%).
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95 =

90
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80

75
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= ITO coated etched FEP (T, = 92%)
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ITO coated on etched FEP

Transmittance (%)

Figure 4.9: Solar transmittance spectra of uncoated and ITO coated untreated and
etched FEP substrates.

4.3.6 ITO thin film on plasma etched FEP substrate

ITO thin films were deposited on the etched surface of FEP substrate, which
showed Tay > 90%. From Figure 4.9 it can be observed that as compared to the
transmittance of ITO film deposited on untreated FEP substrate, ITO thin film coated
on etched FEP substrate exhibited improved transmittance in the NIR region, but the
visible region transmittance decreased slightly. However, the average transmittance

values for ITO coatings on both the untreated and etched FEP substrates were almost
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similar. Interestingly, the sheet resistance of ITO coating on etched FEP substrate was
also in the range of 2-4 kQ/sq. The ITO coating on etched FEP substrate showed IR
emittance of 80%. Therefore, it can be concluded that the substrate etching did not
affect any of the optical, electrical and thermal properties of ITO coating, and all were

in the required range needed for the space application.

4.3.7 Adhesion test of ITO coated etched FEP substrate

Tape peel off test was carried out to find out the adhesion of ITO coating on
etched FEP substrate. No significant changes in the optical, electrical and thermal
properties were observed after the adhesion test. Table 4.6 shows the optical, electrical
and IR emittance properties of ITO coated on etched FEP substrate before and after

adhesion test.

Table 4.6: Optical and electrical properties of ITO coated etched FEP substrate before
and after adhesion test.

ITO coated etched FEP

substrate

Before test After test
Sheet resistance (k€)/sq.) 3.1 3.2
Tav. (%0) 92 92
IR emittance (%) 80 80

4.3.8 Environmental test results of ITO coated etched FEP substrate

ITO coated etched FEP substrates were subjected to RH, TC and TVAC
environmental tests. Table 4.7 shows the sheet resistance, transmittance and IR
emittance of ITO coated on etched FEP substrates before and after environmental tests.
The results proved that ITO coated on etched FEP substrate is more stable in the
extreme space conditions than the ITO coating on untreated FEP substrate. The sheet
resistance after RH, TC and TVAC tests increased a little bit but it was in the range
needed for the spacecraft applications (Reddy et al., 2013). Compared to the sheet
resistance (>10° Q) of TC and TVAC tested ITO coated on untreated FEP substrate,
sheet resistance of 1TO coated etched FEP substrates remained in the required range,

ie, 6.2 and 6.0 kQ/sq. after TC and TVAC tests, respectively. Thermo-optical
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properties of ITO coated etched FEP substrate also did not change after the
environmental tests. Figure 4.10 shows the FESEM images of ITO thin films on etched
FEP substrates, which proves no delamination or cracking of ITO thin film deposited
on etched FEP substrate even after TC and TVAC tests. From these studies it can be
concluded that the ITO thin films on etched FEP substrates have better adhesion and
stability for the space environments; therefore these coatings can be used in real

spacecraft.

Table 4.7: Optical and electrical properties of ITO coated etched FEP substrates before
and after environmental tests. The values in brackets represent properties before tests.

Environmental tests Rs(kQ/sq.) IR emittance (%) Tav. (%)

RH 5.8 (3.2) 79 (80) 91 (91)
TC 6.2 (3.1) 81 (80) 91 (90)
TVAC 6.0 (3.1) 80 (80) 88 (90)

Figure 4.10: FESEM images of ITO coating on plasma etched FEP substrates: (a) as-
deposited (b) after thermal cycling and (c) after thermo-vacuum tests.

4.4 Summary

ITO films of ~15 nm thicknesses were deposited on FEP, Kapton® and
aluminized Kapton® substrates. ITO deposited FEP substrate showed Tav. ~ 92% and
IR emittance ~ 79% with sheet resistance of 2-4 kQ/sq. ITO deposited Kapton®
substrates showed average transmittance of ~ 74% and IR emittance of ~ 75% with
sheet resistance of 2-4 kQ/sq. ITO coated aluminized Kapton® exhibited IR emittance
of ~ 68%, average reflectance of ~ 72% with sheet resistance of 2-4 kQ/sq. RH, TC and
TVAC tests of ITO coated FEP and Kapton® substrates showed that ITO coating on
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Kapton® and aluminized Kapton® substrates were stable in these environments.
Thermo-optical and sheet resistance of ITO coated plain and aluminized Kapton®
substrates did not change even after these tests. However, the sheet resistance of ITO
coating on untreated FEP substrate increased to >10° kQ/sq. after TC and TVAC tests.
The FEP substrate was etched in argon plasma to improve the ITO adhesion. XPS
studies of FEP showed that after plasma treatment fluorine to carbon ratio decreased
and oxygen to carbon ratio increased on the etched surface of FEP. Moreover, major
carbon peaks shifted towards lower binding energy, which indicated defluorination and
oxidation of the FEP surface after etching. FESEM and AFM images showed rough
FEP surface after etching. It was found that ITO film on plasma etched FEP substrate

exhibited very good stability in the space environment.

77



CHAPTER 5

DESIGN AND DEVELOPMENT OF ITO/Ag/ITO
SPECTRAL BEAM SPLITTER COATING FOR
PHOTOVOLTAIC-THERMOELECTRIC HYBRID
SYSTEM

In this Chapter, deposition of a spectral beam splitter (i.e., ITO/Ag/ITO) which
exhibits high transmittance and high reflectance in the visible and NIR/IR regions,
respectively, is reported. In addition, the effects of ITO and Ag layer thicknesses on the
visible transmittance, NIR/IR reflectance and also on the cut-off wavelength have been
studied in detail. Further, a novel approach (i.e., chemical etching of glass substrate) is

used to enhance the peak transmittance of ITO/Ag/ITO multilayer system.

51 Introduction

Transparent heat mirrors or solar spectrum beam splitters are widely used in
numerous applications including hybrid photovoltaic-thermoelectric (PV-TEG) solar
energy convertor, energy efficient windows, etc. High transmittance in the visible
region and high reflectance in the NIR and IR region of the solar spectrum with
optimum cut-off wavelength (~900 nm) are the critical parameters to be obtained for
an efficient spectrum splitter coating. In this work ITO/Ag/ITO (IAl) based solar
spectrum splitter has studied for hybrid PV-TEG solar energy convertor application.
Figure 5.1 shows the schematic diagram of the 1Al multilayer spectral beam splitter
system which splits the visible and NIR regions separately for hybrid solar conversion.
The sunlight coming through the concentrator falls on the multilayer filter coated on a
glass substrate. The different components of hybrid solar conversion system are placed
in such a way that the reflected rays of higher wavelength fall on the thermoelectric
generator, and the transmitted visible light falls on the solar cell. The efficiency of the
hybrid system will be the sum of the efficiency of thermoelectric generator and the solar

cell. Therefore, high transmittance in the visible region and high reflectance in the NIR
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and IR regions with an optimum cut-off wavelength is necessary to increase the total
efficiency of the hybrid system. These peculiar optical properties are produced due to
the antireflection from the interface of the films of high and low refractive index
materials stacked alternatively (Al-Kuhaili et al., 2009; Grangvist, 1981; Lee et al.,
1996).

Solar radiation

(' Solar cell )

Figure 5.1. Schematic diagram of ITO/Ag/ITO spectral beam splitter coating.

»
NIR/IR region

5.2  Experimental details

IAl multilayer coatings were deposited by a DC balanced magnetron sputtering
system as described in section 2.1.2 of Chapter 2. The top and bottom ITO layers were
deposited on glass substrate using an In:Sn alloy target in argon flow rate of 11.5 sccm
and oxygen flow rate of 2.0 sccm. All the ITO depositions were done at 60 W pulsed
DC power. The middle Ag layer was deposited Ag target in argon flow rate of 20 sccm
at a 5 W DC target power. Borosilicate glass slides (from Borosil) of dimension: 17
mm X 25 mm x 1.25 mm were used as the substrates. The glass substrates were cleaned
by ultrasonication in isopropyl alcohol and acetone for 10 min each. Some of the glasses
were one side etched to enhance the visible transmittance, the details of which are
explained in section 2.4 of Chapter 2. Prior to the deposition, the chamber was
evacuated down to a base pressure 7.0 x 10-® mbar using a turbo molecular pump backed
with a rotary pump. The growth rates of ITO and Ag films were 1 and 0.5 nm/s,

respectively, which were calculated from the cross-sectional field emission scanning
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electron microscopy images and profilometer studies. Hereafter, films with required
thicknesses were deposited by varying the deposition time. All the three layers were
deposited without breaking the vacuum in the chamber. No substrate heating was used

while sputtering.

UV-Vis-NIR spectrophotometer was used for the solar spectrum transmittance,
reflectance, angular reflection and optical haze measurements of the coatings.
Transmittance and reflectance of single and multilayers were measured in the
wavelength range of 250 to 2500 nm. Angular reflection was measured using the
universal reflectance accessory at varying angles. Haze measurements were done as per
the ASTM 1003 standard in the wavelength range 380 nm to 780 nm. FTIR
transmittance was measured using PerkinElmer Frontier FTIR spectrometer. Atomic

force microscopy was used to find out the roughness of plain and etched glass substrate.
5.3  Results and discussion
5.3.1 Design of ITO/Ag/ITO multilayer spectral beam splitter coating

The genesis of selecting 1Al as the spectral beam splitter has been corroborated
by the reported admittance data of Ag and ITO (Hong et al., 2011; Kostlin et al., 1982;
Kusano et al., 1986; Lee et al., 1996). From the admittance diagram technique, it is
known that a highly reflecting metal film sandwiched between two high refractive index
materials like ITO (n;7o ~ 2) will show a high antireflection effect in the visible range
with very high visible transmittance (Kostlin and Frank, 1982).

Figures 5.2(a) and (b) show the transmittance and reflectance spectra,
respectively of single and multilayer structure of Ag and ITO on a glass substrate. From
the figure, it can be seen that thin Ag layer (thickness ~ 21 nm) has a very narrow
transmission band with a maximum transmittance of 70% at 364 nm. At higher
wavelengths, the transmittance falls and reaches a minimum value, while the reflection
reaches to a maximum value. The transmittance and reflectance spectra of a 40 nm thick
ITO coating on glass slide are also shown in Figures 5.2(a) and (b). ITO layer shows
high transmittance and low reflection in the solar spectrum. For a double layer structure
of ITO/Ag (Ag on the top of ITO) on the glass substrate, the transmittance and

reflectance spectra are more identical to the spectral behavior of thin Ag layer. The
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transmittance has narrowed in the visible region, and the NIR reflection increases.
According to admittance diagram technique, the zero-reflection condition can be
achieved only when there is no discontinuity in the admittance path from substrate to
air (Kostlin and Frank, 1982). However, by completing the admittance path by
depositing the final ITO layer on the Ag film, it can be clearly seen the antireflection
effect in the visible region. The reflectance in the visible region of ITO/Ag/ITO coated
on glass substrate reached to almost zero-reflection condition, this enhanced the

transmittance of Ag while maintaining high reflection in the NIR region.
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Figure 5.2: (a) Transmittance (b) reflectance spectra of single and multilayers of Ag
and ITO on glass substrate. (c) Solar transmittance and reflectance spectra of 1Al

multilayer along with solar spectrum irradiance spectrum. (d) FTIR reflection and
transmittance spectra of multilayer system.
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The applications of band pass filter demand the region of the solar spectrum that
to be transmitted should cover only the visible part, and NIR and IR regions should be
reflected back completely. Figure 5.2(c) shows the transmittance and reflectance
spectra of the optimized 1Al multilayer. From the figure, it can be seen that sputter
deposited IAI multilayer on glass substrate effectively filtered the visible region of the
solar spectrum with a peak transmittance of 91% and NIR region reflectance was more
than 90%. FTIR reflectance and transmittance spectra were taken and the data is
presented in Figure 5.2(d), which show that 1Al system completely reflects the IR
radiation with very low transmittance. The ITO and Ag layer thicknesses play a major
role in achieving the spectral beam splitting and also to attain the optimum cut-off

wavelength, which is explained in detail below.

5.3.2 Effects of Ag and ITO layer thicknesses

Nanometer range difference in the thicknesses of ITO and Ag layers makes a
significant change in the transmittance and reflectance spectra. In IAl multilayer
system, thin Ag layer between ITO layers is mainly responsible for the reflectance of
the 1Al system (Lampert, 1981; Lee et al., 1996; Wang et al., 2006). By nature, Ag
possesses very high reflectance in the NIR and IR regions due to the high free electron
density (Lee et al., 1996; Wang et al., 2006). At the same time, Ag has the minimum
absorption in the visible region of the solar spectrum (Lee et al., 1996). However, the
absorption depends on the thickness of the Ag layer. For this reason, the thickness of
Ag layer has to be minimum to enhance the transmission in the visible region. Figure
5.3 shows the effect of Ag thickness on the solar reflectance and transmittance spectra
of Al multilayer system. It is well known that at lower thicknesses, noble metals such
as Au and Ag follow VVolmer-Weber growth mode (i.e., island type morphology) (Wang
et al., 2006). The island growth is not suitable for solar spectrum splitting applications
(Al-Kuhaili et al., 2009; Lee et al., 2015). A continuous Ag film is required to get good
selectivity and stability in the multilayer system (Lee et al., 1996; Wang et al., 2006).
Lee et al. have reported that Ag thickness should be more than 15 nm to get required

properties in an oxide/Ag/oxide multilayer system (Lee et al., 1996). So, in our
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experiments, Ag layer thickness was varied from 15 to 27 nm while keeping the top
and bottom ITO layers at a thickness of 40 nm.

From Figure 5.3(a), it can be seen that when the Ag layer thickness is lowest
(i.e., 15 nm), the transmittance was high, and it covered a broad region of the solar
spectrum, but the reflection was low for these coatings. While increasing the thickness
of Ag layer, reflection increased, but it lowers the visible transmittance significantly,
and the region of transmitted spectrum narrows down. Figure 5.3(b) gives a clear
picture of the variation of maximum transmittance and shifting of peak wavelength with
increasing Ag layer thickness. Theoretically, it is possible to increase the Ag layer
thickness by maintaining the high transmittance till the tangents of ITO admittance
curve and phase thickness of Ag film are orthogonal to each other in admittance
diagram (Kostlin and Frank, 1982; Lee et al., 1996). From this study, it has been
observed that increasing the thickness of Ag layer till 21 nm shows no significant
change in the maximum transmittance (Tmax). However, further increase in the
thickness results in a considerable decrease in the maximum transmittance of 1Al
system. Also, when the Ag thickness increases the wavelength of maximum
transmittance as well as cut-off wavelength shifted toward lower wavelength due to the
effect of more Ag component. Figure 5.3(c) shows the change in the Ac and the
reflectance at 2000 nm wavelength with a variation of Ag layer thickness. As discussed
earlier, the Ag film is mainly responsible for the high reflection in the NIR region.
Therefore, when the Ag thickness increases in 1Al multilayer system from 15 to 27 nm

the NIR reflectance substantially increased from 82 to 94% at 2000 nm.
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Figure 5.3 (a) Solar transmittance and reflectance (b) maximum transmittance (Tmax)
and wavelength of peak transmittance and (c) Reflectance at 2000 nm and cut off
wavelength of Al multilayer coating with different Ag layer thicknesses.

To study the effect of ITO thickness on the spectral selectivity of IAl multilayer,
IAl multilayers on glass substrates with different thicknesses of ITO layer have been
prepared, while keeping Ag thickness at 21 nm for all the samples. It has been reported
that the top and bottom oxide layers should be of the same thicknesses to get the
maximum transmittance in an oxide/metal/oxide spectrum beam splitter (Al-Kuhaili et
al., 2009; Lee et al., 1996). Therefore, in the present work, the bottom and top ITO
layers were kept at the same thickness. It has been reported that the maximum
transmittance occurs when the phase thickness is 6 = mxz, (where, m=0,1,2,... and 7

-phase angle) (K. Hong et al., 2011). It is well known that the optical thickness and the
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phase thicknesse of the film increase with an increase in the physical thickness of film.
Therefore, while adjusting the thicknesses of ITO films, the maximum transmittance
will be obtained at a particular thickness vlaue where the above condition is satisfied.
The ITO layer thicknesses were varied from 30 to 70 nm. Figures 5.4(a) shows the
reflectance and transmittance spectra of 1Al multilayers for different thicknesses of ITO
layers. From the figure it can be seen that ITO layer also plays a significant role in the
spectrum selectivity, but it shows a reverse effect compared to Ag layer thickness. From
Figure 5.4(b) it can be observed that Tmax Of IAl multilayer system increased with an
increase of ITO layer thickness. The transmittance reached maximum to 88% at 523
nm for 60 nm thick 1TO films.

Figure 5.4(c) shows the variations of reflectance and Ac with ITO layer
thickness. Reflectance was found to decrease with increasing ITO thickness. It has been
observed that in the case of reflectance of IAl multilayer system, ITO has less
significance compared to Ag layer thickness. Only ~1.4% decrease in the reflectance at
wavelength 2000 nm was observed when the ITO layer thickness was changed from 30
to 70 nm as compared to ~12% difference when the Ag thickness was varied from 15
to 27 nm. This proves that the NIR and IR reflections of 1Al multilayer mainly depend
up on the Ag layer thickness. It has been observed that increasing the ITO thickness
from 30 to 60 nm resulted in shifting the A towards higher wavelength (772 to 896
nm). Beyond 60 nm a slight decrease in the Ac was found. From these results it can be
concluded that varying the thicknesses of Ag and ITO layers helps to get good
selectivity of transmitted and reflected spectra and to confine the transmitted region
exactly into the visible spectrum as shown in Figure 5.2(c). Moreover, A can be
achieved for the optimum power production (Ac ~900 nm) of the hybrid PV/TEG

conversion system.
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Figure 5.4. (a) Solar transmittance and reflectance (b) maximum transmittance (Tmax)
and wavelength of peak transmittance and (c) reflectance at 2000 nm and cut off

wavelength of IAl multilayer coating with different ITO layers thicknesses.

The figure of merit of beam splitter is an important property for achieving high
efficiency of the hybrid PV/TEG system. Durrani et al. have reported that the
performance of a multilayer system can be evaluated by a figure of merit, Z-factor
(Durrani et al., 2004);

z=(("?) (s 1 6

f TVisdA)

where ( Taa

is the integrated visible transmittance (Tav.) and it is
VIS

calculated for a wavelength range of 400 to 700 nm. (IRIN%M) is the integrated NIR
NIR

reflectance (Rav.) which is measured over a wavelength range of 700 to 2500 nm.
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An ideal spectrum beam splitter should possess highest Z-factor. But in practice,
it is not possible to achieve, Tav. = 1 in visible region and Ray. = 1 in the infrared region
at the same time. Hence, the Z-factor always will be less than 1. Figure 5.5(a) shows
the Tav. and Rav. of 1Al multilayers as a function of Ag layer thickness, while keeping
the top and bottom ITO layers thicknesses at 40 nm. It can be seen from the figure that,
at lower thicknesses of Ag layer, Ta. was high and it decreased with increasing Ag
thickness. Meanwhile, Rav. increased with increasing Ag layer thickness. The Z-factor
has been calculated for different thicknesses of Ag and the data is shown in the inset of
Figure 5.5(a). From the figure, it is found that, when the Ag thickness is just around the
critical thickness needed for a continuous Ag film, i.e., 15 nm, Z-factor is lowest. And
with increasing Ag layer thicknes the Z-factor increases. The maximum Z-factor is
achieved when the Ag layer thickness is around 21 nm. On further increasing the Ag
layer thickness, the Z-factor decreased due to the low transmittance. Therefore, it can
be concluded that best spectral selectivity for an Al multilayer can be achieved when

the Ag thickness is close to 21 nm.
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Figure 5.5: (a) Average solar transmittance and average NIR reflectance of 1Al
multilayer coating with different Ag layer thicknesses and (b) Average solar
transmittance and average NIR reflectance of IAl multilayer coating with different ITO
layer thicknesses. Z-factor of IAl multilayer coating for different Ag and ITO layer
thicknesses are shown in the inset of figure (a) and (b), respectively.

Figure 5.5(b) shows the Tav. and Rav. of IAl multilayers as a function of ITO
layer thickness while keeping Ag layer thickness at 21 nm. From the figure, it can be

seen that when ITO layer thickness increases, the average visible transmittance
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increases marginally as compared to Ag layer thickness. Meanwhile, average NIR
reflectance decreases marginally with increasing the ITO layer thickness. The
calculated Z-factor for varying ITO layer thickness is shown in the inset of Figure
5.5(b). The Z-factor increases with ITO thickness and reaches a maximum when the
thickness is 60 nm, after that it starts decreasing. These results clearly show that the
optimized thicknesses of Ag and ITO layers are 21 and 60 nm, respectively in order to

get high visible transmittance and NIR reflectance.

5.3.3 Optical properties of IAl multilayers on one side etched glass substrate

Using the optimized Ag and ITO thicknesses, a maximum visible transmittance
of 88% and a maximum NIR reflectance of 90% for A > 2000 nm were achieved. In
general, the transmittance of the glass substrate can be improved by using
conventionally antireflection coatings (such as SiO2, TiO2), which increase the cost of
multilayer coating (Camurlu et al., 2012; Deubener et al., 2009; Jin et al., 2003). In the
present work, in order to improve the visible transmittance, a novel cost effective
chemical etching method was used to etch the single side of the glass substrate. The
FESEM image of one side etched glass substrate is displayed in Figure 5.6(a). It can be
seen a nanoporous surface is formed on the glass substrate after etching which acts as
an antireflecting layer due to the presence of air in the interstitial spaces. These
nanopores, having tapering profile, provide a gradual change in refractive index, which
results in antireflection effect (Kumar et al., 2016). Subsequently, the optimized IAl
(60/21/60 nm) multilayer coating was deposited on single side etched glass substrate,
which exhibits an average visible transmittance 93.7% (Figure 5.6(b)). Schematic
representation of 1Al multilayer coating on etched glass substrate is shown in Figure
5.6(c). Figure 5.6(d) shows the transmittance and reflection spectra of multilayer
coating on a plain glass and one side etched glass. From the figure, it can be seen that
the visible reflectance of the 1Al multilayer has reached the minimum value for the
etched glass when compared to the coating on the plain glass. So the decrease in the
reflectance increased the transmittance. The Tmax in visible region of the 1Al multilayer
coating increased to ~91% for the etched glass. It is to be noted that the results (i.e.,

high visible transmittance and high NIR-IR reflectance) obtained in the present study
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are at par with the previously reported spectrally beam splitter coatings and a

comparison is shown in Table 5.1. It is clearly evident from Table 5.1 that the highest

visible transmittance obtained in the present study is slightly higher than the previously

reported literature values. This was achieved by fabricating a nano-porous

microstructure on one side and multilayer coating on other side of the plain glass.
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Figure 5.6: (a) FESEM micrograph of single side etched glass. (b) Visible transmittance

of etched glass and plain glass substrates. (c) Schematic representation of LAl multilayer

coating on etched glass substrate. (d) Solar transmittance and reflectance of 1Al

(60/21/60 nm) multilayer on plain glass and a single side etched glass substrate.
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Table 5.1: Maximum transmittance and reflectance of different multilayer stacks

reported in the literature.

S. Multilayer Tmax in Reflecion in Method of References
No. stack visible NIR and IR preparation
range (%) | regions
(%)

1 ITO/AQ/ITO 85 95 at10 um Sputtering Kusano et al., 1986

2 ITO/AQ/ITO 83 -- Sputtering Bender et al., 1998

3 TiO/Ag/TIO; 80 90 in NIR Thermal Wang et al., 2006
evaporation

4 WO3/Ag/WO; | 88.3 -- Thermal Al-Kuhaili et al., 2009
evaporation

5 ITO/AQ/ITO 86 -- Linear facing | Jeong and Kim, 2009
target
sputtering
(LFTS)

6 ITO/TIO; 85 75in IR Sputtering Dobrikov et al., 2009

7 ITO/AQ/ITO 90" -- Sputtering Guillén and Herrero,

2009

8 WOs/Au/WO; | 84 - Thermal Al-Kuhaili et al., 2012
evaporation

9 ITO/AQ/ITO 85.3 -- Sputtering Kim et al., 2015

10 TiOL/Cu/TiO; 0 85at1.2 pm Sputtering Dalapati et al., 2016

11 ITO/AQ/ITO 91 96 at2.4 um Sputtering Present work

#discounting the substrate transmittance

5.3.4 Haze measurements

From the literature, it is noted that haze measurement is one of the required
properties for the optical coatings (Heo et al., 2014; Liu et al., 2011; Preston et al.,
2013). However, there are no reported data available for the haze measurements of 1Al
multilayer spectrum splitting coatings. The required value of haze is dependent on the
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nature of applications. For the application related to heat reflecting through the
windows, the low haze value is preferable for the clear vision. However, for the hybrid
solar power system and photovoltaic applications, high haze factor is required for the
effective trapping of incident light by scattering and increasing the area of absorption
(Heo et al., 2014; Preston et al., 2013). Optical haze factor of 1Al multilayer coating on
plain and one side etched glass were calculated in the wavelength range from 380 to
780 nm using the equation (2.2). The measurements showed that the multilayer coating
on the plain glass has the haze value 0.45%, but haze for the IAl multilayer on one side
etched glass increased to 1.30% (shown in Figure 5.7).

The increase in the haze value of the one side etched glass is due to the nano
porous microstructure developed on the etched surface of the glass; this nanoporous

microstructure scatters the light and increases the haze of the substrate.
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Figure 5.7: Measured haze factor of 1Al (60/21/60 nm) multilayer on plain and single

side etched glass substrate.

5.3.5 Angular reflection

Most of the time, optical properties of Al multilayer coatings are characterized
only by using the normal incident light. However, due to the changing position of the

sun during the day, the angular dependent optical studies of these coatings are also
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important for hybrid solar energy conversion. Therefore, the influence of angular and
polarization dependence of 1Al multilayer coatings have been investigated. Figure
5.8(a-f) shows the angular reflection properties of 1Al (60/21/60 nm) multilayer coating
on a plain glass, with varying angle of incidence (8 to 68°), in the wavelength range
250-2500 nm.
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Figure 5.8: Angular absolute reflectance studies of 1Al (60/21/60 nm) multilayer
system: (a) and (b) contour plot and reflectance at 2000 nm for various angles of
incidence, respectively for p-polarization; (c) and (d) contour plot and reflectance at
2000 nm for various angles of incidence, respectively for s-polarization. (e) and (f)
Contour plot and reflectance at 2000 nm for various angles of incidence, respectively
for normal angle of incidence.

From Figure 5.8(a) one can see that for p-polarized (transverse magnetic, TM)
light, the reflectance (Rp-pol) Of IAl multilayer at the lower angle of incidence (< 48°)
did not change much, but at a higher angle of incidence (= 58°) the NIR Rp-po1. dropped
significantly. For more clarity, Rppo. at 2000 nm wavelength with varying angle of
incidence is shown in Figure 5.8(b). For the s-polarized (transverse electric, TE) light,
the reflectance (Rs-pol.) Of IAl multilayer (shown in Figure 5.8(c)) at higher wavelength
remains almost constant till 48°angle of incidence, but beyond 48° a sharp decrease in

Rs-por. IS noticed. Figure 5.8(d) shows the Rs.po. at 2000 nm wavelength with varying
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angle of incidence. The average reflectance [Rg,, = (Rs—po1. + Rp—po1.)/2] values of s-
and p-polarized light are also calculated and the data is shown in Figure 5.8(e). Total
reflectance (R) at 2000 nm with varying angle of incidence is shown in Figure 5.8(f).
From these studies, it can be conclude that the angular reflectance of 1Al multilayer did
not change much for incident angles up to 48°; after that reflection of multilayer

decreased significantly.

5.4 Summary

ITO/Ag/ITO multilayer spectral beam splitter coatings were designed and
developed for photovoltaic-thermoelectric hybrid system. The Ag and ITO layer
thicknesses were varied in order to achieve high visible transmittance, high NIR/IR
reflectance and optimum cut-off wavelength. The figure-of-merit results showed that
the optimized thicknesses of Ag and ITO layers were 21 and 60 nm, respectively. The
optimized 1Al multilayer coatings exhibit high visible transmittance (~88%) and high
NIR/IR reflectance. In order to improve the transmittance, a novel chemical etching
method was used. The chemical etching on single side glass substrate resulted in nano-
porous surface morphology, which acts as an antireflection coating. This nano-porous
morphology combined with Al multilayer system resulted in an increase in
transmittance from 88% to 91%. The optical haze value of IAl multilayer on plain and
single side etched glass was found to be 0.45% and 1.30%, respectively. The angular
and polarization dependence studies showed that the IAl multilayer coatings are angular

insensitive up to 48° of angle of incidence of light.
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CHAPTER 6

CHARACTERIZATION OF ITO/Ag/ITO MULTILAYER
THIN FILMS ON FLEXIBLE SUBSTRATES FOR
TRANSPARENT CONDUCTOR APPLICATIONS

In this Chapter, optimization of ITO/Ag/ITO multilayers for the transparent
conductor application is described. Estimation of the optimum ITO and Ag layer
thicknesses is obtained through the calculation of the figure of merit deduced from the
transmittance and the sheet resistance of the IAl multilayers. The optimized 1Al
multilayer coating is also deposited on flexible FEP and Kapton® substrates. The
electrical, optical, structural and morphological properties of 1Al deposited on glass and

FEP substrates are compared.

6.1 Introduction

As the importance of flexible transparent electrodes is increasing in recent
years, new combination of transparent electrodes and flexible substrates are being
studied extensively. FEP is a commercially available flexible transparent film. FEP
shows high solar transmittance, very good mechanical and thermal insulating
properties. It has been reported that FEP substrates show no much change in the optical
properties even after the exposure of 1 sun solar radiation for 27 years (French et al.,
2011; Jorgensen et al., 2000). However, there are no data available for the 1Al
transparent electrode coated FEP substrate in the literature. Similarly, commercially
available flexible polyamide Kapton® is also a good substrate for flexible electronic
applications (Muneshwar et al., 2010). Kapton® shows very good thermal resistant and
good chemical stability and is also used in different areas of applications such as
semiconductor, solar, space, etc. (Guillen and Herrero, 2003; Muneshwar et al., 2010;
Teissier et al., 2012). But, there is not much data available in the literature on sputter-

deposited transparent and conducting 1Al coatings on Kapton® substrate. Therefore, the
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study of highly transparent and conducting 1Al coated flexible FEP and Kapton®
substrates with good mechanical properties can be useful in many flexible electronic
applications in future.

The optical properties of 1Al multilayer coatings and optimization of ITO and
Ag layer thicknesses on glass substrate for getting maximum efficiency for hybrid solar
cell application were described in previous Chapter 5. In this Chapter, the electrical and
optical properties of reactive sputtered IAl multilayer on rigid glass and flexible
fluorinated ethylene propylene (FEP) and Kapton® substrates for optoelectronic
applications are reported. It has been found from the Chapter 5 that, the maximum
figure of merit that deduced from average solar transmittance and average NIR
reflection was achieved when the Ag and ITO layers thicknesses were 21 and 60,
respectively. But, for transparent conductors, maximum transmittance in the visible
region of the solar spectrum especially at A = 550 nm and lowest sheet resistance are
the main concern, the high NIR reflection is not mandatory. Therefore, in this study,
Ag layer thickness has been optimized to achieve maximum transmittance in visible

region and lowest sheet resistance.

6.2  Experimental details

Transparent and conducting Al multilayer was deposited on glass, FEP and
Kapton® substrates by a multi-target balanced DC magnetron sputtering system.
Borosilicate glass of thickness 1 mm and FEP film of thickness 127 um and Kapton®
film thickness 25 pum were used as the substrates. Prior to the deposition, the glass
substrate was cleaned with acetone and iso-propylene alcohol (IPA) in ultrasonic
agitator and blown dried with nitrogen gas. FEP and Kapton® substrates were cleaned
in IPA and dried with nitrogen gas. Bottom and top ITO layer thicknesses were kept
constant at 60 nm for all the depositions. Ag layer thicknesses was optimized on glass
substrate for optimum optical transmittance and sheet resistance to achieve maximum
figure of merit. Hereafter, the optimized ITO and Ag layers were deposited on FEP and
Kapton® substrates. All the depositions, even on the glass substrates, were carried out
at room temperature. To enhance the optical transmittance of 1Al multilayer, the
transmittance was enhanced by etching one side of the glass substrate. Al multilayer

was deposited on non-etched side of the glass substrate. Etching of the glass substrate
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was done using hydrogen fluoride (HF) vapours. 1Al multilayer was also deposited on
one side plasma etched FEP substrate to study the effect of etching on the optical and
haze properties of multilayer system. FEP etching was carried out using a plasma
etching instrument, Plasma Matrix (BDISCOM) at RF power 100 W in argon
atmosphere at room temperature. Etching was done for different durations to increase
the roughness of FEP substrate.

Total, specular and diffuse optical transmittance, and haze of the IAl multilayer
on glass and FEP substrates were measured using UV/Vis/NIR spectrophotometer.
Haze measurement was carried out as per the ASTM 1003 standard, using an
integrating sphere attached with the spectrophotometer. Sheet resistance of 1Al
multilayer on both glass and FEP substrate was measured using four point probe setup.
The crystal structure of 1Al multilayer was investigated by X-ray diffractometer. The
surface morphology of 1Al multilayer was investigated using field emission electron
microscopy (FESEM) and atomic force microscopy (AFM). Roughness of 1Al coatings

and substrates was obtained from AFM.
6.3 Results and discussion

6.3.1 Optimization of figure of merit of ITO/Ag/ITO on glass substrate
(1Al/Glass)

Figure 6.1(a) shows the total transmittance of 1Al/Glass of different Ag layer
thicknesses and Figure 6.1(b) shows the transmittance at A = 550 nm (Tssonm) and
average transmittance (Tavg.) in the visible region of the solar spectrum (calculated for
wavelength range from 400 to 800 nm) as a function of Ag layer thickness. It can be
observed from the figure that at the lowest thickness of Ag layer (i.e, ~5 nm) the
transmittance was low. Many previous studies have reported that at lower thickness Ag
layer shows island like structure (Volmer-Weber growth mode) instead of continuous
film, which affects the optical and electrical properties of multilayer adversely (Wang
et al., 2006). While increasing the thickness of Ag layer, transmittance increased.
Maximum transmittance of ~88.6% at A = 550 nm was achieved when the Ag layer

thickness was ~13 nm, and after that, the transmittance started to decline. At the same
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time average transmittance was maximum (~83%) when Ag layer thickness was 9 nm;

then it started to decrease.
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Figure 6.1: (a) Total visible transmittance; (b) transmittance at A = 550 nm and average

transmittance of 1Al multilayers coated glass as a function of Ag layer thickness.

As described in the section 1.5.1 of Chapter 1, if each layer in 1Al multilayer
structure is considered as a parallel connection of three different resistances, the total
sheet resistance (Rg) can be calculated from equation (1.8.). However, in the present
work the top and bottom ITO layers have same thicknesses and were prepared at-the
same experimental conditions, the sheet resistance of both ITO should be equal.
Therefore, the equation (1.8) can be modified as;

1 2 1

= +— (6.2)

Rs  RiTo  Rag

On the other hand, the sheet resistance of ITO film (R;ro) prepared at room
temperature will be much higher than the sheet resistance of Ag film (R,,), therefore,
R will be almost equal to the sheet resistance of Ag film alone. Indluru and Alford
(2009) have reported that, as the work function of Ag (~4.4 eV) is smaller than the work
function of ITO (~5.1 eV), the transfer of electrons from the metallic Ag film to ITO
films will be easy (Indluru and Alford, 2009). Hence, the total resistance of multilayer
will be near or lesser than the sheet resistance of metallic interlayer. Therefore, the role
of ITO layers in Al system is just to provide the high optical transmittance in the visible
region. In this study, ~60 nm ITO film deposited on glass substrate in room temperature
shows sheet resistance of ~500 Q/sq., while a 13 nm thick Ag film on glass substrate

shows sheet resistance of ~7.4 Q/sq., which is very similar to the sheet resistance of
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IAl coating with Ag thickness of ~13 nm (~7.1 Q/square). Figure. 6.2(a) shows the
measured sheet resistance and resistivity of IAl multilayer as a function of Ag layer
thickness. Resistivity of the 1Al multilayer was calculated as per the equation (2.4.).
When the Ag layer thickness is too low (i.e., ~5 nm) the sheet resistance and resistivity
were on the higher side (~42.9 Q/sq. and ~5.37x10% Q-cm, respectively), while
increasing the Ag layer thickness both were decreased. Jeong and Kim (2009) have
reported that, at lower thickness, the agglomerated island like growth of Ag films will
not provide conducting path for electrons and the resistance will be high for 1Al
multilayer structure (Jeong and Kim, 2009). From Figures 6.1(b) and 6.2(a), it is very
clear that ~9 nm is the minimum Ag layer thickness to form the continuous layer of Ag
film, which is in very good agreement with the value reported in the literature (Jeong
and Kim, 2009). Lowest sheet resistance ~4.8 Q/sq. and resistivity ~7.0 x 10° Q-cm

were achieved when the Ag layer thickness was ~25 nm.
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Figure 6.2: (a) Sheet resistance and resistivity; (b) figure of merit at A = 550 nm (¢ss0
nm) and average figure of merit (¢avg.) Of IAl multilayer coated glass as a function of Ag

layer thickness.

For transparent conductors figure of merit is an important parameter while
optimizing the coating. To find out the optimum Ag thickness the figure of merit (¢)
was calculated as per the equation (3.3). Figure of merit was calculated corresponding
to the transmittance at A = 550 nm, ¢<=s( nm, and average visible region transmittance,
Pavg.. Figure 6.2(b) shows ¢sso pm and ¢g,4. of 1Al coating for different thicknesses

of middle Ag layer keeping both top and bottom ITO layer thicknesses at 60 nm. From
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the figure, it can be seen that when the Ag film thickness is ~5 nm; lowest figure of
merit (¢sso nm~ 3 X 102 Q1 and ¢, ~ 1 x 103 Q1) is achieved, because both the
transmittance and the sheet resistance were very low. But with increasing thickness, the
figure of merit increases. The maximum figure of merit (¢ssgnm~ 42 X 10° Q! and
Gavg. ~ 20 x 103 Q1) is achieved when the Ag thickness was ~13 nm. Beyond 13 nm
even the sheet resistance decreased marginally, the figure of merit did not improve
because the transmittance reduced due to higher Ag layer thickness. Therefore, from
these results ~13 nm Ag thickness is found to be the optimum value for the transparent
conductors.

To improve the figure of merit a porous nanostructured surface was fabricated
on the non-coated side of glass substrate using a simple cost effective HF vapour phase
etching process. The fabricated nanoporous surface acts as an antireflecting layer,
which enhances the transmittance of glass substrate by ~3%. The details of vapor phase
etching can be found elsewhere (Kumar et al., 2016). However, the structural and
stoichiometry of 1Al film will be intact and there will not be any change in the electrical
properties of 1Al film as the etching of the glass slide was on the non-coated side. An
ITO (60 nm)/Ag (13 nm)/ITO (60 nm) multilayer was deposited on one side etched
glass, which shows the transmittance of ~91.4% at A = 550 nm and average
transmittance of 86.8% in the visible region of the solar spectrum. Figure 6.3 shows the
optical transmittance spectra of uncoated and IAl multilayer coated plain and etched
glass substrates. Because of this improved transmittance of 1Al multilayer through the
etched glass, the figure of merit of 1Al coating on etched glass improved to ¢csg nm ~
57 x 102 Q* and ¢4p5. ~ 33 x 102 Q1. The figure of merit value attained in this work
for 1Al multilayer deposited on one side etched glass substrate is highest reported so
far for indium tin oxide layer deposited using metal alloy target (In:Sn), and these
values are much higher than the figure of merit value optimized for flat panel display
applications (Bender et al., 1998; Girtan, 2012; Kim et al., 2010). Table 6.1 shows a
comparison of figure of merit of different multilayer structure coatings on glass

substrate.
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Table 6.1: Comparison of figure of merit of different multilayer structures deposited on
glass substrate.

S. Multilayer Deposition method Target for dielectric films D 1-550 nm Ref.

No. | structure* deposition (10 QM

1 ITO/AQ/ITO Sputtering Oxide (10% SnO,, 90% In,0O3) 85% Guillén and Herrero,
2008

2 ITO/Cu/ITO Sputtering Oxide (10% SnO,, 90% In,05) 50 Guillén and Herrero,
2008

3 ITO/Ag/ITO Reactive sputtering Metallic (90% In, 10% Sn) 21 Girtan, 2012

4 ITO/AU/ITO Reactive sputtering Metallic (90% In, 10% Sn) 17 Girtan, 2012

5 ITO/Ag/AU/ITO Reactive sputtering Metallic (90% In, 10% Sn) 24 Girtan, 2012

6 ZnO/Ag/ZnO Reactive sputtering Metallic (Zn 100%) 7 Girtan, 2012

7 ZnO/Au/ZnO Reactive sputtering Metallic (Zn 100%) 58 Girtan, 2012

8 ITO/AQ/ITO Sputtering Oxide (10% SnO,, 90% In,03) 51.9% Kimetal., 2016

9 ITO/AgCU/ITO Sputtering Oxide (10% SnO,, 90% In,03) 28.3 Bender et al., 1998

10 ITO/Ag/ITO Sputtering Oxide (10% SnO,, 90% In,05) 49.3 Jeong and Kim, 2009

11 ITO/Ag/IITO Sputtering Oxide (10% SnO,, 90% In,05) 47.8 Y.-S. Park et al., 2009

12 ITO/CU/ITO Sputtering Oxide (10% SnO,, 90% In,03) ~4 Y.-S. Park et al., 2009

13 ITO/Ag/IAZO Sputtering Oxide (10% SnO,, 90% In,03) 22 Boscarino et al., 2014

14 ITO/Ag/ITO Sputtering Oxide (10% SnO,, 90% In,03) 4.9 Boscarino et al., 2014

15 AZOIAg/IAZO Sputtering Oxide (5% Al,O3, 95% ZnO) 20 H. K. Park et al., 2009

16 GZO/Ag/GZO Sputtering Oxide (3% Ga,03, 97% Zn0O) 32 H. K. Park et al., 2009

17 ZnS/Cu/Ag/ZnS evaporation ZnS powder 70% Mouchaal et al., 2015

18 MoOs/Ag/MoO; | evaporation MoO; powder 16* Cattin et al., 2013

19 AZO/Ag/IAZO e-Beam Oxide (2% Al,O3, 98% ZnO) 25 Sahu et al., 2008

20 ITO/Ag/ITO Reactive sputtering Metallic (In 90%: Sn 10%) 42 Present work

21 ITO/Ag/IITO Reactive sputtering Metallic (In 90%: Sn 10%) 57 Present work

*S.No. 1-20 deposited on glass substrate, whereas SI.No 21 deposited on one side etched glass.
¢ calculated with #1 discounting the substrate transmittance, #2 average transmittance
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Figure 6.3: Total visible transmittance of 1Al multilayer deposited on plain and one side
etched glass substrates along with the transmittance of uncoated plain and etched glass
substrate.

6.3.2 1Al coating on flexible FEP substrate (IAI/FEP)

The optimized ITO (60 nm)/Ag (13 nm)/ITO (60 nm) coating was coated on
flexible FEP substrate. The transmittance spectra of 1Al coated FEP and glass along
with transmittance of uncoated substrates are shown in Figure 6.4. Al coating on FEP
showed higher transmittance than the 1Al on rigid glass substrates. The transmittance
of 1Al coating reached to ~90.2% at A = 550 nm on FEP substrate compared to ~88.6%
transmittance on plain glass substrate, which is attributed to the high transmittance of
FEP substrate (T ~ 95.2% at A = 550 nm). The measured sheet resistance of IAl
multilayer on FEP was ~6.9 Q/sq. Therefore, high figure of merit, ¢sggpm ~ 52 X 1072
Qtand ¢gy ~ 29 x 10 Q! was obtained for Al multilayer on FEP substrate. This is
also the highest transparent conductor figure of merit value attained for LAl multilayer
on a flexible substrate using metal alloy (In:Sn) target for depositing ITO layers. Table
6.2 shows a comparison of figure of merit of different multilayer coatings on different
flexible substrates reported in the literature. No reported figure of merit for 1Al

multilayer deposited on FEP substrate was found in the literature.
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Figure 6.4: Total visible transmittance of IAl multilayer deposited on plain FEP and

glass substrates along with the transmittance of uncoated glass and FEP substrates.

Table 6.2: Comparison of figure of merit of different multilayer structures deposited on

flexible substrates.

Flexible substrate Multilayer Deposition | Target for dielectric | ¢3-550nm Ref.
structure method film deposition (10° Q")
Polyethersulfone ITO/AQ/ITO Sputtering Oxide (10% SnOz, 75 Y.-S. Park et
(PES) 90% In203) al., 2009
Polyethylene ITO/AQ/ITO Reactive Metallic (In 90%: Sn 29 Girtan, 2012
terephthalate (PET) sputtering 10%)
Polyethylene ITO/AU/ITO Reactive Metallic (In 90%: Sn 16 Girtan, 2012
terephthalate (PET) sputtering 10%)
Polyethylene ITO/Ag/AU/ITO Reactive Metallic (In 90%: Sn 28 Girtan, 2012
terephthalate (PET) sputtering 10%)
Polyethylene ZnO/Ag/AU/ZNO | Reactive Metallic (Zn) 15 Girtan, 2012
terephthalate (PET) sputtering
Polyethylene ITO/AQ/ITO Sputtering Oxide (10% SnOz, 26.1 Indluru and
naphthalate (PEN) 90% In20s3) Alford, 2009
Polyethylene ITO/AQ/ITO Sputtering Oxide (10% SnOz, 7 Fahland et al.,
terephthalate (PET) 90% In203) 2001
Polyethylene TiO2/Ag/TiO2 Sputtering Oxide (TiO2 100%) 6.4 Dhar and
naphthalate (PEN) Alford, 2014
Dhar and A
Polycarbonate (PC) | ITO/Cu/ITO Sputtering Oxide (5% Zn0, 95% | 0.14 Leeetal.,
In203) 2009
Polycarbonate (PC) | ITO/Au/ITO Sputtering Oxide (10% SnOz, 6.6 Leeetal.,
90% In203) 2009
Fluorinated ethylene | ITO/Ag/ITO Reactive Metallic (In 90%: Sn 52 Present work
propylene (FEP) sputtering 10%)
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6.3.3 Bending test of IAI/FEP

For realizing the mechanical stability of the flexible IAI multilayer, bending test
of IAI/FEP was performed using a lab made automatic and speed controllable bending
test system. Figure 6.5(a) shows the photograph of the initial position of 1AI/FEP
mounted on the bending tester. One side of the substrate was fixed on an immovable
stand and the other side of the substrate was clamped on a movable plate. Figure 6.5(b)
shows the photograph of bent position of IAI/FEP. Minimum bending radius of 3 mm
could be possible by this bending test setup. The speed of movable plate was adjusted
to 10 mm/sec, that is 15 bending cycle per minute. IAI/FEP was tested for 5000 bending
cycles. The sheet resistance of 1Al multilayer was measured after certain intervals of
bending cycles. Change in the sheet resistance (ARs) of 1Al multilayer was calculated
as 4ARs = Rs; — Rs, Where R is the sheet resistance of |AI/FEP before bending test
and R, is the sheet resistance after bending test (Park et al., 2016; Y.-S. Park et al.,
2009).

(@) (©

AR/Rg)
(=)

: ! : n . !
0 1000 2000 3000 4000 5000
Bending cycles (Number)

Before bending test After bending test

Figure 6.5: IAI/FEP bending test setup (a) initial position and (b) bent position. Inset
of (b) shows the minimum bending radius of IAI/FEP substrate. (c) Shows the change
in sheet resistance (ARs/Rs) of IAl multilayer as a function of bending cycle. (d) and

(e) show FESEM micrographs of IAI/FEP substrate before and after bending test.

Figure 6.5(c) shows the ARs/Rs value of IAI/FEP as a function of bending
cycles. IAI/FEP showed very low ARs/Rs value throughout the bending test, which
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shows that the Al multilayer on FEP substrate has very good flexibility and can be
used for the flexible electrode applications. Figures 6.5(d) and (e) show the FESEM
images of IAI/FEP before and after bending test, respectively, which display no cracks

or delamination on the coating after bending tests.

6.3.4 Solar selectivity study of IAI/FEP

Lampert (1981) has reported that FEP substrate can be used as a substrate or as
it is for the heat mirror application (Lampert, 1981). The solar spectrum selective
property of IAI/FEP substrate also has been studied. Figure 6.6 shows the broad range
solar spectrum (A range from 250 to 2500 nm) transmittance and reflectance spectra of
IAl coated FEP substrate. From the figure it can be seen that 1Al deposited on FEP
shows high transmittance in the whole visible spectrum region with minimum
reflectance; at the same time high reflectance at NIR region with low transmittance.
When IAI/FEP is used for the cover plate or electrode of solar cell the unwanted heat
radiation reflects back, which can prevent the solar cell from heating and losing the
efficiency (Ju et al., 2012). In addition, the solar spectrum selectivity of IAI/FEP can
be useful in flexible solar segregator applications for hybrid solar cell to filter the visible

and higher wavelength regions.
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Figure 6.6: Solar spectrum total transmittance and reflectance of uncoated and IAI/FEP

substrates for wavelength range of 250 to 2500 nm.
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6.3.5 Structural and morphological studies

Figures 6.7(a) and (b) show the FESEM images of IAl multilayer on FEP and
glass substrates, respectively, which show a fully covered and well-connected granular
morphology of 1Al coating on both the substrates. From the figure it can be noticed that
IAIl grains on FEP substrate are slightly larger than that on the glass substrate. Figures
6.7(c) and (d) show the respective AFM images of 1Al multilayer on glass and FEP
substrates. The average roughness (Ra) of 1Al deposited on glass was ~1.6 nm and for
IAl deposited on FEP, Ra was ~8.6 nm. The difference in the roughness values of 1Al
multilayer on glass and FEP substrate is because of the higher substrate roughness of
FEP compared to glass substrate. To confirm this AFM images of uncoated FEP and
glass were taken and the data is shown in Figures 6.7(e) and (). From the figures it can
be observed that glass has a smooth surface morphology with Rz ~ 0.9 nm, and the FEP
substrate shows marginally higher roughness (i.e., Ra ~ 5.6 nm).

X-ray diffraction (XRD) patterns of 1Al coated FEP and glass were taken to
compare the crystalline structure (see Figure 6.8). The XRD patterns of ITO (60 nm)/Ag
(13 nm)/ ITO (60 nm) multilayer on both substrates show a broad ITO (222) peak and
Ag (111) peak. Usually a standard transparent and conducting ITO film exhibits a well
polycrystalline cubic structure, but in the present case the broad single ITO peak
indicates a nanocrystalline phase of ITO film (Girtan, 2012; Indluru and Alford, 2009).
It has been reported that the ITO film crystallization depends on the thickness of the
film. At lower thicknesses, ITO films are amorphous and with increasing film thickness
the crystallization increases. Irrespective of higher grains on FEP substrate that can be
observed from the FESEM images, much broader peaks were obtained for 1Al coating
on FEP. This is because of the superimposition of XRD peaks of bare FEP substrate
and those of ITO and Ag. From these results, it is inferred that the structure of 1Al

coating on both glass and FEP substrates is almost similar.
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Figure 6.7: (a) and (b) show the FESEM images and (c) and (d) show the AFM images
of IAl/Glass and IAI/FEP, respectively. (e) and (f) show the AFM images of uncoated

glass and FEP substrates.
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Figure 6.8: The XRD patterns of uncoated and 1Al coated FEP and glass substrates. #
denotes reflections from FEP substrate.

6.3.6 Haze measurements

The average haze factor of the optimized ITO (60 nm)/Ag (13 nm)/ ITO (60
nm) multilayer on a plain glass substrate was found to be ~0.4%. However, average
haze of 1Al multilayer of the same optimized thickness on the etched glass increased to
~1.5%. The increase in the haze factor of 1Al multilayer deposited on etched glass is
due to the roughness created on the glass substrate while etching.

The haze of Al multilayer deposited on etched FEP substrate was also studied.
FEP etching was carried out using RF plasma. Only one side of the FEP substrate was
etched. Etching was done for different durations to increase the surface roughness.
Figures 6.9(a-c) show the AFM images of etched surface of FEP substrate for different
durations. A large difference in the average roughness was found after plasma etching.
Roughens increased with an increase in etching time. R, of ~80 nm has been obtained
for 14 min etched sample. Further, the optimized 1Al multilayer (ITO (60 nm)/ Ag (13
nm)/ ITO (60 nm)) was deposited on the non-etched side of the FEP (IAl/FEP-etched)
substrates, and the total, specular and scattered transmittance and haze factor were
measured (see Figure 6.9(d)). From Figure 6.9(d) it can be seen that there was no much

difference in the total transmitted (Tiwta) light through the IAI/FEP-etched samples,
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however, the diffused or scattered part of the transmitted radiation (Taifruse) through
IAI/FEP-etched samples increased with increasing etching duration. The specular
transmittance (Tspecular) ShOWs a decrease with increasing the FEP etching duration.
Figure 6.9(e) shows the haze measurement of IAI/FEP-etched samples. As
expected, the measured haze of |Al/FEP-etched substrates showed significant increase
with an increase in the etching duration. The average haze value is calculated and
plotted along with the change in the roughness as the function of etching duration in
Figure 6.9(f). From the figure it can be seen that the average haze increased linearly
with increasing the roughness of FEP. Therefore, without any additional coating or
texturing of 1Al multilayer it could be possible to increase the haze value from ~1.2%
of plain FEP (0 min etched) to as higher as ~42% for 14 min etched FEP with R, of ~80
nm. However, further increasing the etching duration the haze did not improve. As the
roughness was introduced on the non-coated side, there will not be any change in the
sheet resistance of IAl multilayer. Therefore, when IAI/FEP-etched is used as a
transparent electrode in solar cell, the increased haze value increases the efficiency of
the solar cell. From these observations it can be concluded that haze of IAI/FEP can be
tuned with respect to the application by introducing the roughness on the non-coated

side of the substrate.
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6.3.7 1Al multilayers on flexible Kapton® substrate

The optimized ITO (60 nm)/Ag (13 nm)/ITO (60 nm) was coated on flexible
Kapton® substrate also. Figure 6.10(a) shows the schematic diagram of 1Al layers on
the Kapton® substrate. Figure 6.10(b) shows the photographs of 1Al coated and bare
Kapton® substrates. IAl coated Kapton® substrate shows almost same optical
transmittance as the bare Kapton® substrate. Moreover, all layers were deposited at

room temperature, therefore no deformation occurred for Kapton® substrate during the

deposition.

Figure 6.10: (a) Schematic diagram of ITO/Ag/ITO coating on Kapton® substrate (b)
Photograph of bare and IAl coated Kapton®.

Figure 6.11 shows the transmittance and reflectance spectra of bare and IAl
coated Kapton® substrates. From the figure, it can be seen that IAl coating did not
decrease the transmittance of bare Kapton® much in visible region of the solar
spectrum. Maximum transmittance as high as ~81.3% at 650 nm with sheet resistance
value of 8.54 Q/sq. has been achieved for IAI coated Kapton® while bare Kapton®
shows transmittance of ~83.1% at 650 nm and sheet resistance >40 M /sq. However,
the transmittance decreases with increasing the wavelength at high wavelength side,
which is ascribed to the reflection of the incident radiation by high electron density of
IAl film (Edwards et al., 2004). Reflectance data of 1Al coated and bare Kapton®
substrates are shown in Figure 6.11(b). From the reflectance spectra, it is clear that

reflectance has increased at higher wavelength.
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Figure 6.11: (a) Transmittance and (b) reflectance spectra of bare and ITO/Ag/ITO

coated Kapton® substrates.

E-

Figure 6.12: Photographs of (a) open circuit (b) closed circuit and (c) closed bent 1Al
coated Kapton® substrate.
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In order to demonstrate the effectiveness of 1Al coated Kapton® as the
transparent flexible electrode, a circuit have been designed as shown in the Figure 6.12.
Figure 6.12(a) shows the photograph of an open circuit, where the battery terminals are
not connected to the 1Al Kapton® so the LED was not glowing. Figure 6.12(b) shows
the closed circuit with 1Al coated Kapton® electrode, where it can be seen that LED is
glowing, which proves that the electrical charge could pass through the 1Al coated
Kapton® because of its low resistance. Therefore, the IAl coated flexible Kapton® can
be used it in optoelectronic devices as a transparent electrode. To check its mechanical
flexibility 1Al coated Kapton® substrate has been bent during closed circuit, however,
the LED was still glowing even at bent position (Figure 6.12(c)), which shows the
continuous electrical conductance through the IAl. These results show that 1Al coated
Kapton® can be used in flexible electronic applications.

The haze factor of bare and 1Al coated Kapton® substrate was measured for
wavelength range 450 nm to 780 nm. Figure 6.13 shows the haze measurement of 1Al
coated Kapton® substrate. From the figure, it can be seen that the optical haze of IAIl
coated Kapton® was very less and within the range required for optical coatings, which

makes it a good candidate for optical applications like displays, smart windows, etc.
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Figure 6.13: Haze factor of IAl coated Kapton® substrate.

Figure of merit (¢) values of 1Al coating are calculated. Figure 6.14 shows the

figure of merit values in the visible region of spectrum at different wavelength. ¢ at
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550 nm was 3.28 x 1073 01, and the maximum ¢ of 15 x 1073 Q~! was achieved at
650 nm.

— |Al/Kapton figure of merit
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Figure 6.14: Figure of merit of 1Al coated Kapton® substrate in the visible spectrum.

6.4  Summary

ITO/Ag/ITO multilayers were sputter deposited on glass and flexible FEP
substrates by reactive magnetron sputtering system using In:Sn (90%:10%) and Ag
metal targets at room temperature. The influence of Ag layer thickness on the optical
and electrical properties of 1Al multilayer was studied by keeping bottom and top ITO
layers thicknesses at 60 nm. It is found that when Ag layer thickness was low (i.e., ~5
nm) the optical and electrical properties of 1Al multilayer were not good. With
increasing the Ag layer thickness, the transmittance increased and after reaching
optimum thickness the transmittance decreases. Sheet resistance of 1Al multilayer
decreased with increasing Ag layer thickness. From the calculated figure of merit (¢)
it is found that when the bottom and top ITO layers are ~60 nm thick, ~13 nm Ag thick
layer is the optimum thickness needed for transparent conducting applications.
Transmittance of ~88.6% at A = 550 nm and a sheet resistance ~7.1 €/sq. were achieved
for ITO (60 nm)/Ag (13 nm)/ITO (60 nm) coating on glass substrate with ¢<c s OF
~42 x 10° Q1. HF vapour phase etching has been done on one side of the glass substrate
to increase the transmittance of glass substrate by antireflection effect. 1Al deposited

on one side etched glass substrate showed improved transmittance of ~91.4% at A =
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550 nm, which also enhanced the ¢sso pm 10 ~57 X 102 Q1. Optimized IAI multilayer
deposited on flexible FEP substrate showed transmittance of ~90.2% at A = 550 nm and
sheet resistance of ~6.9 Q/sq. along with a ¢sgg nm 0F ~52 x 10° Q1. FESEM images
of 1Al multilayer on glass and flexible FEP substrates show a well-connected granular
morphology. IAIl deposited FEP showed good solar spectrum selective properties. High
transmittance in the visible region and high reflection in the NIR region of solar
radiation spectrum of IAI/FEP can be useful in heat mirror applications. Further, it was
demonstrated that without changing structural and electrical properties of 1Al
multilayer, the haze can be increased by creating the roughness on the non-coated side
of the substrates by plasma etching. IAl coating deposited on Kapton® substrate shows
maximum transmittance of ~81.3 % at A = 650 nm and sheet resistance of 8.36
Q/square. In summary, IAI coating on flexible FEP and Kapton® substrates show very
good electrical and optical properties with good mechanical flexibility. Therefore, it

will be useful in many flexible electronic applications.
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CHAPTER 7

CONCLUSIONS AND SCOPE FOR THE FUTURE WORK

This Chapter summarizes the important findings of the present research work.

In addition to that the scope of the future work is also included in the present Chapter.

7.1

Conclusions

The present work primarily aims at deposition of ITO and ITO/Ag/ITO (IAl)

multilayer thin films on glass and flexible substrates, for their usefulness in space, solar

and flexible optoelectronic applications. The salient features of this work is summarized

below:

>

Sputter deposited ITO thin film on FEP substrate shows desirable thermo-optical
and sheet resistance properties for spacecraft application when the ITO film

thicknesses are in the range of 10-15 nm.

The simulated environmental study proved that ITO coatings deposited on Kapton®
and aluminized Kapton® substrates, even without any surface treatment before the

ITO deposition, are stable in harsh space environments.

RF plasma etching is suitable to improve the adhesion of ITO coating on FEP

substrates without changing FEP’s thermo-optical properties.

For solar spectrum splitter application the maximum figure of merit (Z-factor) of
beam splitter is achieved for IAl multilayer on glass substrate, when the middle Ag

layer thickness is 21 nm and top and bottom ITO layers thicknesses are at 60 nm.

The transmittance of 1Al multilayer in visible region of the solar spectrum, without
affecting the high NIR-IR reflectance and cut-off wavelength, is increased by using
HF vapour etched glass substrate
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To

ITO/Ag/ITO multilayer shows highest transparent and conducting figure of merit
(¢) on glass substrate when the bottom and top I1TO layers are at ~60 nm thick and
middle Ag layer at ~13 nm thickness.

Transparent conductor figure of merit of 1Al/Glass can be increased by making an
antireflection layer on the non-coated side of the glass substrate via HF vapour
etching without affecting the sheet resistance of IAl multilayer.

Another novelty of the present work is the deposition of 1Al multilayer on flexible

FEP and Kapton® substrates at room temperature.

Haze study of IAI/FEP-etched showed that without any additional coating or
texturing of 1Al electrode, haze factor can be increased to 42% from 1.2% of plain
FEP by increasing the roughness on non-coated side of FEP substrate by plasma

etching.

conclude, all the objectives of the thesis have been accomplished by providing

significant amount of data and analysis thereof, in particular, optical and electrical

properties of ITO based thin films for space, solar and flexible electronics applications

are

7.2

described in this work.

Scope for the future work

++ Fabrication of thin film solar cell on glass substrate using IAl multilayer as the
front transparent electrode.

% Fabrication of flexible solar cell using 1Al multilayer electrode deposited on
flexible FEP and Kapton® substrates.

% Practical use of 1Al multilayer deposited one side etched glass substrate in a
photovoltaic-thermoelectric hybrid solar conversion system and to evaluate the

overall efficiency of the system.

X/
°e

Finding an alternative for 1TO thin films for spacecraft applications with
required optical, electrical and thermal, and having the same stability as ITO in

Space environments.
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% To improve the optical, electrical and mechanical properties of ITO electrode
by incorporating other materials such as graphene, silver nanowires, metal
mesh, etc.

¢ To enhance the stability of ITO coating on flexible substrate by surface
passivation of substrate.

% To study the optical, electrical and mechanical properties of different types of
dielectric/metal/dielectric multilayer systems for transparent conductor

applications.
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