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SUMMARY

In this research, highly transparent and conductive ITO films were fabricated by two
different solution-based deposition methods: spin coating and ink-jet printing using a
custom-made ITO ink. The fabrication steps and annealing process were optimized to
largely reduce the sheet resistance for single-layer ITO films. Films with different number
of deposited layers were systematically investigated to evaluate the optical properties,
electrical properties and microstructure. Even when the film composition and
microstructure are similar, multi-layer ITO films from two solution processing methods
can have different optical transmittance, sheet resistance and large scale surface

morphology.

To understand the reason that solution-processed ITO films has higher sheet resistivity than
vacuum-processed ITO films, neutron reflectometry was used to investigate the buried
microstructures of ITO films. The fitting results for the neutron reflectivity showed that
solution-processed ITO films had much lower scattering length density (SLD) than would
be expected for theoretically dense ITO materials. The nano-porous structure present in the
solution-processed ITO films was found to be the reason. Additional characterization
techniques (such as AFM, SEM) were used to corroborate these results. Furthermore, the
average porosity was calculated from the SLD data. However, by correlating the porosity
and the electrical properties, it was determined that the porous microstructure cannot be
the only reason for the higher sheet resistivities obtained. The ITO nanoparticles may have
not yet reached ideal conductivity with the current annealing procedure, which affects the

overall electrical properties for ITO films.
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The electrical properties of solution-processed ITO films were then studied experimentally
by impedance spectroscopy (IS) using an in-plane configuration. Different experimental
conditions were evaluated to better understand the IS results. Inter-particle and intra-
particle conduction mechanisms in multi-layer 1TO films were discussed. An equivalent
circuit model was proposed and simulated with different values of open circuit capacitance.
It was found that the open circuit capacitance could have a significant influence on the in-
plane IS measurement results. Fitting of the experimental data proved that the open circuit
capacitance dominated the measured capacitance value. DC resistance and AC impedance

of the same ITO films were compared and the reasons for their differences were discussed.

The electrical properties of solution-processed ITO films were further studied by finite
element analysis. Different measurement configurations were simulated using 2D and 3D
models. The insulating substrate and air environment were found to have a substantial
effect on the resultant capacitance but minimal influence on the impedance of the films.
Simulations for a range of film thickness, size and electrical properties were conducted.
The effects of sample geometry, film conductivity and electrodes geometry were discussed
and compared to the experimental results, showing good agreement. Multi-layer ITO films
were simulated as a single homogenous layer first and then as two separated ITO layers
using the experimental data as a starting point. The simulation proved that different ITO

layers were connected in a parallel way.
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CHAPTER 1. INTRODUCTION

1.1 Transparent conducting films

Transparent conducting films are thin film materials with high electrical conductivity and
high optical transparency in the visible light region. This kind of material is very unique
and rarely seen in nature because high transparency is usually not compatible with
electrical conductivity as physical properties. For example, glass is very transparent but
very insulating, while silver is highly conductive but opaque to visible light. In order to
combine transparency and conductivity in thin films, it is crucial to choose the right
materials, use the most suitable fabrication techniques and understand how to control the
film microstructure. Currently, three categories of materials can be made into transparent
conducting films: metals, metal oxides and organic materials. In addition, high quality
transparent conducting films can also be fabricated by making composites using any two

of the above materials.

1.1.1 Transparent conducting metal films

Metals are materials with very high carrier concentration or electron density and thus they
are very conductive. As an example, silver has electron density as high as 1022 cm™, Since
these free electrons can absorb the visible light photons’ energy or reflect the photons, the
metal has strong absorption or reflection in the visible light region. It is possible to make
metal films transparent when the thickness is decreased to less than tens of nanometers
with porous structure as reported in 1985 [1]. However, if one continues decreasing the

thickness, the film will be too porous and will separate into islands, thus losing its good



conductivity [2]. To overcome this problem, several new film structures have been
employed such as metal grids, metal nanowires (NW) and topological nanostructures [3-
5]. Compared to a continuous or porous film, metal grids can maintain relatively good
transparency without sacrificing the high electrical properties. As an example, Sam et al.
[3] sputtered hexagonal gold grids on glass with a sheet resistance of 15 Q/sq and light
transmission of 64% at 550 nm. To reduce the process of patterning metal grids, De et al.
[5] dispersed commercially available silver NW in isopropyl alcohol and prepared silver
NW film by vacuum filtration. The 160 nm thickness film had a sheet resistance of 13 €/sq
and transmittance of 85%. Table 1.1 lists some transparent conducting metal films. One of
the main issues for these metal grids is the high surface roughness they have which may
cause device shorting problems. The fabrication process is still difficult due to high-cost
instruments as well as difficulty in controlling thickness and microstructure. In addition,

the material itself is precious metals which increases the overall cost.

Table 1.1. Properties of transparent conducting metal films.

Metal Sheet resistance (£2/sq) Transmittance
Au (films) [1,2,6] >20 60%
Au (grids) [3] 15 63%
Ag (films) [7] 51 <80%
Ag (grids) [8] 40 75-94%
Ag (NWs) [5] 13 85%

1.1.2 Transparent conducting oxide (TCO) films

The first reported transparent conducting oxide was CdO, discovered by Badeker in 1907

who found the oxidized Cd thin film became transparent and remained electrically



conducting [9]. After that initial discovery, TCO films have aroused great interest and
developed rapidly. Currently, TCOs are the most important type of transparent thin films
and have many applications. Most TCO materials are n-type or p-type semiconductors with
a wide bandgap larger than 3.0 eV and the ability to change them by doping. Also, most
TCOs are highly transparent (>80%) in the visible light region and reflective in the infrared
light region [10]. The electrical resistivity for TCOs is in the range of 10°~10* Q-cm which

meets the requirement for most conducting purposes.

1.1.2.1 Indium tin oxide

Indium tin oxide (ITO), or tin doped indium oxide, is composed of three elements: indium,
tin and oxygen. The most common composition for ITO is 90 wt% In,Os with 10 wt%
SnO,. ITO has an excellent combination of electrical resistivity (as low as 10 Q-cm) and
optical transmission (>85%). ITO has been the most widely used TCO material in the past

several decades.

As the main composition element, indium is a relatively expensive metal because of its
limited availability and scattered distribution in the earth crust (0.052 ppm, less than silver
of 0.055 ppm) [11]. Since the fast development of electronic technology from the 1970’s,
the large consumption of ITO has further increased the price of indium. Thus, researchers
keep trying to find low-cost alternative materials to replace ITO, especially for those
electronics that do not require high optical or electrical properties. Several transparent
conducting oxide films were discovered and their opto-electrical properties were

thoroughly investigated.



1.1.2.2 Other transparent conducting oxides

Besides ITO, three TCO materials have been studied: Antimony doped tin oxide (ATO),
aluminium doped zinc oxide (AZO) and fluorine doped tin oxide (FTO). Recently, Yu et
al. [12] deposited ATO thin films on quartz substrates by magnetron sputtering. The 300
nm ATO films reached a low sheet resistivity of 8.23 x 10 Q-cm and a good transmittance
over 83% in the visible region. EI Hamali et al. [13] annealed sputtered AZO thin films
with thickness of 180 nm on quartz by excimer laser. The electrical resistivity was lowered
from 1 x 102 Q-cm to 5 x 10* Q-cm and the optical transmission was improved from 85%
to 90%. Banyamin et al. [14] fabricated FTO on glass substrate by sputtering with average
visible transmittance of 83% and resistivity of 6.71 x 10 Q-cm. The best film properties
were achieved using 12 wt% SnF, and 88 wt% SnO: in the target. All the above TCO thin
films have the potential to replace ITO films since their raw materials are cheaper and more
easily accessible than indium. However, most oxide materials have the common problem
of brittleness, thus they cannot meet the requirement for flexible devices. Table 1.2

summarizes the properties for several typical TCO films.

Table 1.2. Properties of transparent conducting oxide films.

Oxide Electrical resistivity (€-cm) Transmittance
ITO [10] 3 x10* 85%
ATO [12] 8.23 x 10* 83%
AZO [13] 5x10% 90%
FTO [14] 6.71 x 103 83%




1.1.3 Transparent conducting carbon-based films

1.1.3.1 Conducting polymers

The Nobel Prize 2000 in chemistry was awarded to Heeger, MacDiarmid and Shirakawa
for the discovery of conducting polymers [15]. Their discovery broke the traditional idea
that organic materials are all insulators. At first, the conductive polymers were very
difficult to melt, dissolve and process in large quantity because they usually contain rigid
double bonds. By emulsion polymerization [16], doping [17] and grafting [18] methods,
some conductive polymers are possible to dissolve in solvent and their conductivity can be
improved. Currently, polyaniline (PANI), polypyrrole (PPy), polythiophene and their
derivatives [19] are the most popular conductive polymers for making transparent
conducting organic films because of their good properties. Cao et al. [20] reported high
quality solution-casted PANI films working as transparent electrodes. The films can
achieve sheet resistance less than 100 €/sq with an optical transmittance above 70%. Jang
and Oh [21] synthesized PPy/Polymethylmethacrylate (PMMA) core/shell nanospheres by
emulsion polymerization and used them to make highly transparent conducting thin films.
The 20 um polymer films gave optical transparency higher than 81% when the sheet
resistivity is about 8.62 x 10 Q-cm. Currently, the most successful conducting polymer
materials is Poly-(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid) (PEDOT:PSS),
which is a mixture of two polymers where the PEDOT is a derivative of the polythiophene.
It is commercially available and can be dissolved in water which greatly broadens its
applications. As reported by Vosgueritchian et al [22], spin-coated PEDOT:PSS films can
achieve excellent opto-electric properties with a record sheet resistivity of 46 Q/sq and

transmittance of 82%. Most importantly, they found that the PEDOT:PSS film on flexible



substrate have no change in electrical property after over 5000 stretching cycles. Compared
to the inorganic transparent conducting films, these organic films have the advantages such
as low cost, easy processing, can also be flexible and mechanically robust [23]. With
conductive polymers working as electrodes, it is possible to fabricate all-polymer solar

cells by roll-to-roll processing without using ITO as an electrode [24].

1.1.3.2 Graphene and CNT based materials

Graphene and carbon nanotubes (CNT) are the well-known 2D and 1D carbon-based
materials with very good electrical properties. Although the carbon is black in colour, they
are still possible to make into transparent conducting films with controlled thickness. Wang
et al. [25] demonstrated 10 nm graphene films with sheet resistivity of 1.82 x 10° Q-cm
and 60% transmittance in visible region. The graphene films were possible to make into
dye-sensitized solar cells. Wu et al. [26] used vacuum filtration method to fabricate CNT
transparent conducting films with the ability to be transferred to another substrate. The
sheet resistivity can be optimized to 1.50 x 10* Q:cm for a 50 nm film with 70%
transmittance. Table 1.3 lists the properties of transparent conducting carbon-based films.
The electrical properties of most conducting polymer films are not as good as metal and
metal oxide films. High thickness films are required to achieve the low sheet resistance.

For graphene and CNT film, the optical transmittance still need to be improved.



Table 1.3. Properties of transparent conducting carbon-based films.

Material Electrical resistivity (Q-cm) Transmittance
PANI [20] ~1x 1072 70%
PPY/PMMA [21] 8.62 x 10 81%
PEDOT:PSS [22] 9x10? 82%
Graphene [25] 1.82 x 1073 60%
CNT [26] 1.50 x 10 70%

1.1.4 Transparent conducting composite films

To combine the advantages of metal, metal oxides and carbon-based materials, multi-layer
composite materials have been developed and made into thin films. A typical structure of
transparent conducting composite is shown in Figure 1.1 as a dielectric/metal/dielectric

(DMD) structure [27].
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Metal
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Figure 1.1. Typical DMD structure of transparent conducting composite films.

Many high quality TCO/metal/TCO thin films are reported, such as ITO/Au/ITO [28],
ITO/AQ/ITO [29], FTO/AQ/FTO [30], AZO/Ag/AZO [31] etc. As an example, Yu et al.
[30] reported FTO (20 nm)/Ag (7 nm)/FTO (30 nm) structure with average optical
transmittance of 95.5% and average resistivity of 8.8 x 10° Q-cm. The introduction of thin

layer of metal layer can improve the electrical conductivity since the metal has high



conductivity. The sandwiched structure can effectively suppress the metal reflection in the
visible light region [32], which increases the device transmission. Since the metal film is
embedded between two TCO layers, it also prevents the oxidation of the metal layer.
However, the processing of composite films requires a precise control of film thickness.

The long-time stability of multi-layer structure still needs to be further investigated.

1.2 Propertiesof ITO

Despite so many materials being researched and developed for fabricating transparent
conducting films, ITO is still the dominant one in the current market. Since ITO is the main
topic in this research, it is essential to discuss the physical properties of ITO such as its

crystal structure, electrical and optical properties.

1.2.1 Crystal structure

Since In203 is the main component of ITO (> 90 wt%), ITO has the same crystal structure
as indium oxide, which is the cubic bixbyite structure [33] shown in Figure 1.2. The unit
cell has 80 atoms with a lattice parameter of 10.119 A [34]. Bixbyite structure is a
derivative of the fluorite structure (CaFz) but missing one-quarter of the anions. As clearly
shown in Figure 1.3, the indium cations are octahedrally coordinated by six oxygen anions
and two structural vacancies. Thus the coordination number for indium is 6. The oxygen
anions are surrounded by 4 indium cations. There are two different cation sites in the crystal
structure: one is d-site (75% of the cations) with two vacancies on the face diagonal,

another is b-site (25% of the cations) with vacancies on the body diagonal [35].



Figure 1.2. The crystal structure of Indium oxide (In320a4s) shows one unit cell. The
indium and oxygen atoms are represented by black and white spheres respectively
[33].
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Figure 1.3. Two different indium sites in indium oxide crystal structure [35].

When the indium oxide is doped with tin oxide, the tin ions will substitute on both the
indium b-sites and d-sites [36]. It was reported that the more symmetrical b-site is preferred
by the tin ions [37]. With increasing tin doping, the lattice parameter gradually increases.
As an example, the 6 at% Sn ITO has a lattice parameter of 10.125 A when the number for
indium oxide is 10.119 A [34]. The simple Kréger-Vink defect reaction can be written as

follows:

In203 "
2510, —— 25n;, + 0; + 30, (1.1)



1.2.2 Conduction mechanism

The pure indium oxide is a semiconductor. Under reducing conditions, high concentration
of oxygen vacancies form in the indium oxide. As a doubly ionized donor, each oxygen

vacancy can contribute two electrons as shown below [38]:

20, = 0,(g) + 2V, + 4e’ (1.2)

Thus the actual composition for indium oxide is In2Oz.x. Electrons are not the only charge
carriers in indium oxide. The presence of oxygen vacancies can allow oxygen ions to freely
move in the crystal. So indium oxide is a mixed conductor with electronic and ionic

conduction, where the latter mechanism is insignificant [39].

Since the tin ion is smaller than the indium ion, it can be substituted into indium sites
without disordering the indium oxide structure. To explain the conducting mechanism of
tin doping, Frank and Kostlin [36] discussed the defect structure of ITO using a
(25n;,, - 0;)* cluster model and confirmed by others [40, 41]. The concentration of
(25n;,, - 0;) cluster in ITO depends on the tin content and oxygen partial pressure. Under

reducing environment, the defect function can be written as:

2(28n, - 0;)% = 0,(g) + 4Sn;,, + 4e’ (1.3)

Free Sn},, and electrons can work as free carriers in ITO material. Thus, ITO is a heavily
doped n-type semiconductor in which electrons are the majority carriers. The degeneracy
of ITO is caused by [Sn*] ion substitution in Equation 1.3 as well as the oxygen vacancies

in Equation 1.2.
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The electrical conductivity of most materials depends on two factors, the concentration of

free carriers (N) and the mobility of free carriers (i) which can be written as:

o = Npe (1.4)

Where o is the electrical conductivity and e is the electron charge. To increase the

electrical conductivity, high carrier concentration and mobility are required.

Theoretically, the conductivity of semiconductors can be improved by increasing the
concentration of free carriers (N) with doping. For ITO material, this only works below a
certain concentration of tin doping. It has been widely reported that the electrical
conductivity of ITO reaches a maximum at about 6-10 at% tin doping [36, 42], and
decreases after this limit. Figure 1.4 shows an example. The ITO films reach lowest sheet
resistivity when the carrier concentration is the highest with 7 wt% tin doping [43]. Any

higher tin doping increases the electrical resistivity.
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Figure 1.4. Electrical resistivity and carrier concentration of ITO with different tin
concentration (wt%o) [43].
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One reason is that the increasing impurity doping atoms affect the mobility of free carriers

since [44]:

1 — 1 +L+

Htotal Himpurity Hgb Hdefect

1

I (1.5)

When the mobility of grain boundaries and defects is intrinsic, the impurity term is the
most important source to affect the final mobility number. Thus the lowest possible
resistivity is a balance between impurity doping and mobility [45]. Another reason is the
solubility limit of tin oxide in indium oxide. Frank et al. [46] reported that the maximum
solubility of tin is about 7 + 2 at% in indium oxide. In addition, at high tin doping
concentration, some portions of tin doping in ITO remain electrically inactive where each
tin should contribute one free electron. This could be due to the formation of electrical

neutral clusters such as [InsSnsO12] [34], 2(25n;},, - 0;) [36] and [Sn204] [47].
1.2.3 Optical properties

Figure 1.5 shows simplified band structures of pure indium oxide (left) and ITO (right).
The conduction band curved upwards and the valence band curved downwards. The band
gap is a forbidden energy region which separates the conduction band and valence band
[48]. When the lowest-energy state in conduction and highest-energy state in valence band
have the same k-vector number, it is called a direct gap. When the k-vectors are different,

an indirect gap is formed.

Pure indium oxide film is transparent in the visible light region [49]. The nature of its band
gap is still not fully resolved. The widely-quoted direct band gap for pure indium oxide is

3.5-3.9 eV [50, 51] and the indirect band gap is 2.6 eV [42].

12



Figure 1.5. Band structures of pure indium oxide (left) and ITO (right) [48].

Recently, researchers have found that the actual direct band gap for indium oxide should
be 2.9 + 0.15 eV [53-55] by density-functional theory calculation and experimental
measurements using X-ray photo-electron spectroscopy (XPS). With this band gap, indium
oxide is still transparent in most of the visible light region (400-700 nm), according to the

Equation 1.6:

E="1 (1.6)

Where h is Planck constant, c is speed of light, E is the energy of photon, A is the light
wavelength. The photons with wavelength less than 427 nm can have energy larger than
2.9 eV. When the light wavelength is larger than 427 nm, the photon energy is less than
the band gap of indium oxide. So the indium oxide film can be transparent. As a
comparison, silicon and other non-transparent semiconductors have band gaps around 1-
1.5 eV [56]. As shown in Figure 1.5, the real band gap (W) of ITO is decreased with the
tin doping. But the effective indirect band gap (Eg) is actually increased because of the
partially filled conduction band [57]. This band gap is large enough to prevent the inter-

band transitions in the visible range and the plasma frequency of this band is also below
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the visible range [58]. Thus, the ITO material is transparent in most of the visible light

region.

1.3 Processing of ITO films

To obtain highly transparent and conductive ITO films, researchers discovered and
developed various thin film fabrication methods. In general, the fabrication methods for

ITO films can be separated into two categories: vacuum deposition and solution processing.

1.3.1 Vacuum deposition

Currently, commercial ITO films are typically deposited onto substrates using vacuum
deposition, in which the processes are always operated under vacuum conditions. One can
deposit thin films atom-by-atom or molecule-by-molecule, thus the thickness of products
can be well-controlled. Also, the vacuum environment can remove impurities other than
the source material in the chamber before deposition. This prevents the impurity from
reacting with the source material and improves the quality of the products. Several vacuum
deposition methods have been used to fabricate ITO films, such as evaporation [59-61],
chemical vapor deposition (CVD) [62], and sputtering [63]. Some examples are shown in

Figure 1.6.

In the evaporation deposition, the source material is first evaporated by energy source.
Then the vapor of source material is transported to the substrate. At last, the vapor is
condensed on the substrate as a solid film. Different energy sources can be used to
evaporate ITO material. Plasma enhanced reactive thermal evaporation used resistively

heated evaporation crucibles to deposit ITO films on polymer substrates with electrical
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resistivity of 10° Q-cm and transmittance around 80% [59]. Electron beam evaporation
applied high energy electron beams to evaporate ITO and produce transparent ITO films
with resistivity as low as 1.44 x 10 Q-cm after post annealing [60]. Pulsed-laser deposition
focused high power laser on ITO target and vaporized ITO onto substrate. The 200 nm ITO
films on polyethylene terephthalate substrate were visible transparent (87%) and

conductive (resistivity of 7 x 10* Q-cm) [61].
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Figure 1.6. Schematics of different vacuum deposition methods: (a) Electron beam
evaporation [64]; (b) Sputtering [64]; (c) Pulsed laser deposition [65]; (d) CVD [66].

Different from evaporation methods that directly evaporate ITO as source material, CVD
uses chemical vapor of indium and tin precursors as source. The indium and tin precursors

are reacted and/or decompose on the substrate to form ITO films with designed thickness.
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Usually, a high chamber temperature is required for CVD process. Maruyama et al. [62]
fabricated ITO films with resistivity of 4.9 x 10 Q-cm and optical transmittance of 90%
by CVD using indium acetylacetonate and tin acetylacetonate precursors. Under a reaction
temperature of 350-500°C, the ITO films can achieve above quality without post annealing

process.

In sputtering, high-energy ions are used to bombard the solid target. Then, particles are
ejected from the target surface and deposited on the substrate to form thin films. Because
of its high repeatability, wide applicability and mass producibility, sputtering is the main
method for manufacturing of commercial quantities of ITO films [10]. As an example, You
etal. [67] sputtered ITO films on glass substrates by DC magnetron sputtering. Using glass
as substrates, ITO films had a high 89% optical transmittance and low sheet resistivity of

4 x 10 Q-cm.

However, the drawbacks for vacuum deposition methods are that they require not only
high-cost equipment but also strict processing conditions (high vacuum and high
temperature). In addition, a large amount of ITO materials are normally wasted during the
deposition. According to the literature [10, 34], the efficiency of an ITO target is only 20-
30% during sputtering. Since the price of indium is very expensive ($340/kg in 2016 [68]),
easily scalable processing methods with less waste should be more favorable for

manufacturing ITO films.

1.3.2 Solution processing

Solution processing is one direction which has great potential to cost-effectively deposit

ITO films under atmospheric conditions. Actually, one of the methods, spray coating has
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been manufacturing thin films for about half a century which was first developed by
Chamberlin and Skarman in 1966 [69]. Other typical solution processing methods include
spin coating [70], dip-coating [71], screen printing [72] and ink-jet printing [73]. Figure

1.7 shows several different solution processing methods [44].
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W 4

Slot-casting Spray-coating Screen Printing Inkjet Printing Aerosol Jet

Figure 1.7. Various solution deposition methods [44].

One of the advantages of solution deposition is that it is a simple process. There are three
main steps in solution processing: precursor preparation, film deposition and thermal

treatment.

The precursor usually contains the material of interest or other forms of this material. For
ITO film deposition, different kinds of precursors can be used such as commercial ITO
nanoparticle suspensions [71], indium (and tin) salts solution [74, 75], and ITO-organic
colloidal [70]. When using ITO nanoparticle suspension as precursor, relatively low
annealing temperature can be achieved since ITO nanoparticles are already in crystalline
form. For precursors of indium (and tin) salts, they are usually cheap and can be obtained

from most commercial suppliers. As inorganic or organic salts, they can be dissolved in
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water and most of organic solvents which may simplify the process. ITO-organic colloidal
method represents those synthesized ITO nanoparticles surrounded with organic ligands.
Although this precursor requires the organic synthesis step, the size and shape of ITO
nanoparticles can be well-controlled by reaction time and organic ligands [76, 77]. Thus,

all these ITO precursors can be chosen for solution deposition of ITO films.

The second step is film deposition. Almost all the methods in Figure 1.7 can be used for
ITO film deposition. Depending on the characteristics of precursors, different solution
deposition methods may give ITO films with different properties. To try a new ITO
precursor, spin coating is usually the first choice since spin coater is a small, low-cost
device often used in research laboratories. Spin coating also requires small amounts of
solution to obtain a uniform thin film. As an example, Lee et al. [78] fabricated highly
transparent (93%) and conductive (5.2 x 10 Q-cm) ITO films with 140 nm thickness on
glass substrates by spin coating. Dip-coating is another method often used to fabricate ITO
films. This method needs relatively large amount of precursor solution because the
substrate has to be withdrawn from the solution to form the film. For example, Ito et al.
[79] reported dip-coated ITO films with high transmittance of 80% and low resistivity of
4.23 x 10° Q-cm. For relatively larger size of substrates, dip-coating is better than spin-

coating because the latter has thickness difference between the center and edge.

The final steps for solution deposition is the heat treatment (or annealing). This step has
several important functions for thin film fabrication. First, it removes the remaining solvent
in the film. Second, it helps transfer the precursor into the final product film by burning the
organic ligands or decomposing salts into oxides. Third, the form or composition of the

film can be changed to achieve better properties. This process usually requires a high
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temperature over 500°C in the furnace. Several new heat treatment methods were
developed to anneal ITO films with better properties and lower temperature, such as rapid
thermal process [80], laser sintering [81] and arc plasma sintering [82]. The final film
properties are similar or lower than the conventional high temperature methods. Thus it is

still a challenge to anneal ITO films under low temperature for solution-processed films.

It has been proven that these solution processing methods can be used to fabricate ITO
films with a good combination of electrical and optical properties. With the increasing
market of display and photovoltaic devices, solution processing will be an alternative to

the vacuum deposition methods for making ITO films.

1.4 Applications of ITO films

As discussed previously, ITO is the dominant material in the TCO market and thus widely
used in many applications such as display technologies, solar cells, touch screens and
functional glasses [83-86]. Figure 1.8 shows the sheet resistance requirements of TCO
material for these devices. ITO films can achieve these properties by varying the film

thickness.

Touch screen

Smart window

Flexible LCD N
Flexible OLED

Solar cell

Figure 1.8. Sheet resistance requirements for TCO material for various applications
[87].
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Touch screen is one screen technique, which can detect the location of a touch on a normal
display area. Most cell phones, tablets and computers are using this kind of screen. In a
basic capacitive touch screen, two electrodes are separated by flexible insulator and form
a capacitor. When touching the screen with pressure, the gap between electrode changes
and thus alter the capacitance of the device. Then the touch position can be determined by
measuring the capacitance [88]. Most metal electrodes can form a capacitor but their
transparency is not good enough to show displays. With an optical transmittance of more
than 90%, ITO is one of the best materials to work as this electrode. The actual sheet
resistance requirement for this device is between 100-1500 Q/sq [89]. Most solution-

processed ITO films can reach this resistance.

Other applications of ITO films are as functional glasses, such as heating defrost glass [90],
electrochromic windows [91] and smart glass [92]. In ITO-made defrost glass, ITO layer
was sandwiched inside two glasses to be a transparent heaters. Comparing the normal
metal-made defrost glass, ITO-made defrost glass has much better transparency. This kind

of application has already been used in aircraft glass windows and military vehicles [93].

Both electrochromic windows and smart glass have the function that the light transmission
or color of the glass can be altered with the application of a voltage. These glasses are
usually made by putting the color changing material between two ITO-coated glasses. As
an example, the electrochromic glass which uses ethyl viologen as the active layer is shown
in Figure 1.9. The color of the device can be changed from transparent to blue under 1.8V
voltage [94]. Different from electrochromic mechanism, smart glass uses polymer
dispersed liquid crystal to alter the light direction by changing the applied voltage. Without

transparent conducting ITO layer, these devices cannot show the transparent state.
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Figure 1.9. The color change of electrochromic glass under different voltages [94].

Lastly, one of the most important applications for ITO film is solar cells or photovoltaic
devices. Solar energy is an inexhaustible and clean energy which will be a major source
for human’s future energy needs. When using metal grids as the front electrodes for solar
cells, some of the light will be reflected by the metal. The solar cells using ITO film as
front electrodes can prevent this and thus increase the efficiency. To manufacture large
amount of solar cells and lower the total cost, solution-processed solar cells are under heavy
investigation such as polymer solar cells [95], dye-sensitized solar cells [96] and perovskite
solar cells [97]. High quality solution-deposited ITO films may serve as the transparent

conductors for these devices and make the whole process all printable.

1.5 Research objectives and overview

The objectives for this research are to investigate the optimal conditions for obtaining high-
quality ITO films with solution-based processing methods, to understand the
microstructural evolution of multi-layer ITO films non-destructively and to study the
impedance behavior of ITO films by experiments and simulations. The structure of this

dissertation is based on achieving these objectives.
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In Chapter 1, the overall background and current state of transparent conducting materials
are summarized. As the most important transparent conducting material and the main
research topic, the properties, processing methods and applications of ITO films are further

discussed.

Chapter 2 discusses the overall experimental procedures for the preparation of ITO ink,
solution processing methods and characterization techniques. Some specific experiments

and characterization steps are provided in each chapter and discussed later.

Chapter 3 shows the characterization of ITO ink and the optimization of two solution
processing methods for making single-layer ITO films. Multi-layer ITO films were
fabricated to achieve better properties based on the best recipe for single-layer ITO films.
The factors that affected the microstructure, electrical and optical properties are

investigated.

Chapter 4 gives some background about neutron reflectometry and current investigation
about porosity in ITO films. The electro-optical properties and microstructure of ITO films
were characterized in detail. Porosity in these ITO films are quantitatively analyzed by two

methods. Correlation of porosity and electrical properties are discussed.

Chapter 5 introduces impedance spectroscopy. Conduction mechanism in ITO films is
proposed by providing its equivalent circuit model. The model is used to fit the
experimental data for multi-layer ITO films. The influence of open circuit capacitance from
in-plane measurement is analyzed. A comparison is made between DC sheet resistance and

AC impedance.
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Chapter 6 uses the FEA method to simulate ITO films in 2D and 3D models. The
impedance and capacitance of ITO films are simulated and compared to the experimental

data. The effects of sample geometry and electrode geometry are studied.

Chapter 7 presents the applications of solution-processed ITO films in this work.

Chapter 8 concludes the dissertation and suggests possible future works.
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CHAPTER 2. RESEARCH METHODS

2.1 Preparation of ITO inks

To fabricate ITO films by solution-based methods, the ITO ink was made by dissolving
sol-gel ITO precursors in acetylacetone. This method is modified from Chen’s method
[98]. Indium(l11) nitrate hydrate and tin(IV) chloride pentahydrate were dissolved together
in acetylacetone. The concentration of this ink is 1 mol/L for [In®] and 1/9 mol/L for
[Sn**]. Thus the molar ratio of [In®*] versus [Sn*'] is also 9. The solution was put on a 60°C
hot plate with magnetic stirring for 24 hours. The color of this ink is light brown as shown
in Figure 2.1. This ink is very stable and can be kept for a few months when stored in a
desiccator. Some other ITO inks were tried and discussed in Appendix A, but the resultant

ITO films were not as good as films made from this ITO ink.

Figure 2.1. Appearance of ITO ink in the glass vials (3 vials have the same ink).

2.2 ITO Thin film deposition

In this work, two different solution-based deposition methods were used to deposit ITO

films: spin coating and ink-jet printing. Borosilicate glass and quartz slides were the
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primary substrates used. Slides were cut into 0.25 inch? or 1 inch? square pieces. All the
substrates were cleaned with acetone and isopropanol, then treated with a UV-ozone
cleaner (Novascan) for 10 minutes. Before ITO film deposition, the substrates were heated

up to 120°C to remove solvent residue and moisture.

2.2.1 Spin coating

Spin coating is a solution-processing method which deposits uniform thin films on flat
surface substrates. Usually, the coating solution is drop-casted on the center of the flat
substrate without rotating. Then the substrate is rotated to uniformly spread the coating
solution on the substrate by centrifugal force. The film thickness is dependent on the
substrate surface property, solution viscosity, concentration and spin speed. The most
common way to control film thickness is by varying the spin speed. The higher spin speed
can produce thinner films [99]. A CEE 100 spin coater (shown in Figure 2.2) was used to

fabricate ITO films with spin coating method.

Figure 2.2. CEE 100 spin coater for spin coating.

The spin coating was done by dropping 10-25 pL of ITO ink on the substrate with a pipette.

Different spin times and rates were compared to fabricate ITO films with target
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thicknesses. The accelerating time is 5 s and the maximum spin time is 55 s. After each
deposition, the ITO films were annealed at 120°C for 10 minutes and 450°C for 10 minutes
on a hot plate to remove excess solvent and organics. Repetition of this process was used
to build multi-layer ITO films on the same substrate. Post annealing steps were required to

further remove organics and improve the properties of the ITO films.

2.2.2 Ink-jet printing

Ink-jet printing is another low-cost solution deposition method. This method can directly
print patterned thin films by injecting ink droplets onto the substrate surface. The film
thickness can be varied by changing the droplet size, droplet spacing, ink concentration
and the surface affinity of the substrate. All the ink-jet printed ITO films were made by

using a Jetlabll ink-jet printer (shown in Figure 2.3) with ink-jet printing method.

Figure 2.3. Jetlabll ink-jet printer for ink-jet printing.

The printer was equipped with a 50 pum diameter jet device. 20-80 um diameter jet devices
are available to print films and patterns with different droplet sizes. After installing the jet
device on the device holder, isopropanol and acetylacetone were used to rinse the jet and

fluidic blocks respectively. It is important to make sure that the liquid stream is straight
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from the jet and no clogs can be observed. Then filtered ITO inks were loaded into the
fluidics reservoir. The pressure, dwell/echo times and voltages of the jet were set up to
achieve a stable droplet with velocity of 1-3 m/s. ITO droplets can be printed on the
substrate with different center spacings to change the amount of overlap, which can be used
to obtain ITO films with different thickness. The diameter for a single ITO droplet on the
substrate is about 200 um. The ITO films were annealed on a hot plate at 120°C for 10
minutes and 450°C for 10 minutes. Multi-layer deposition and a post-annealing process

were also used in this method.

2.3 Characterization methods

In materials science, characterization refers to general methods that use physical or
chemical methods to measure, analyze and identify the nature of the structures and
properties of testing materials. Characterization links the four factors of materials science:
processing, structure, properties and performance. Characterization includes many specific
methods, such as atomic force microscopy (AFM), thermogravimetric analysis (TGA),

various microscopic techniques and electrical property measurements.

2.3.1 Atomic force microscopy

AFM is a type of scanning probe microscopy with 0.1 nm resolution, originally developed
to examine insulating surfaces and invented by Bining and Quate in 1986 [100]. Basically,
AFM has a sharp probe tip at the end of a cantilever to scan over the sample surface and
measures the changes in forces between the probe and the sample. A laser is focused on
the back of the cantilever and is reflected to a photodetector. During scanning, the position

change of the laser spot on the photodetector reflects the movement of the probe tip, which
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can be converted to sample surface information. AFM is a versatile characterization tool
in this work which was used to investigate the size of the ITO nanoparticles, the thickness
of the film and the surface morphology of the ITO films. All AFM images were taken on
a Park Systems XE-100E atomic force microscope which was placed on a TS-150 vibration

isolation table inside a standard acoustic box (Figure 2.4).
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Figure 2.4. Park Systems XE-100E atomic force microscope.

An AFM usually contains several scanning modes which utilize different forces to obtain
various types of surface information. To measure the thickness of thin films, a deep scratch
was made on the sample surface and then contact mode AFM was used to scan across this
scratch with ACTA probes (Figure 2.5(a)). Since in contact mode, the tip is always
touching the sample surface, it can provide accurate topography information. The height
difference of the profile is the thickness of the film. Thus, thickness can be estimated by

averaging these data from several measurements in different places on the same sample.
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Figure 2.5. AFM images of ITO films from different scan modes. (a) Contact mode to
image scratch. (b) Non-contact mode to image surface morphology. (c) Non-contact
mode to image particle sizes.

For measuring particle size and surface morphology, non-contact (NC) mode is better than
contact mode because non-contact scans greatly reduce tip wear and sample damage. The
van der Waals force between the surface and the tip affect the tip’s height and resonant
frequency. With a 10 nm spike AFM tip, the topography of the sample surface (Figure
2.5(b)), as well as ITO nanoparticle size (Figure 2.5(c)), can be measured precisely. The
image sizes for surface morphology measurements are usually 5 x 5 pm? and 10 x 10 pm?.
To better show ITO nanoparticles, the scan size is decreased to 2 x 2 um? and 1 x 1 pm?,
The surface roughness is compared by using the root mean square roughness (Rms) which
can be read from the AFM software. Rms is the root mean square average of the profile

height deviation from the mean line, recorded within the evaluation length.

The ACTA AFM tips used in this work have a length of 125 um, width of 40 um and
thickness of 4 um. The force constant is about 40 N/m and the resonant frequency is

between 250-300 kHz.
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2.3.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal characterization method used to measure
the weight loss of a sample as a function of temperature with constant heating [101]. TGA
can provide physical information of samples such as the glass-transition temperature as
well as chemical information like the decomposition temperature. All TGA experiments in
this work were done on a SDT simultaneous Q600 TGA/DSC (thermogravimetric
analysis/differential scanning calorimeter) thermogravimetric analyzer (TA Instruments)

which had two horizontal dual beams design as shown in Figure 2.6.

Figure 2.6. SDT Q600 TGA/DSC for thermal analysis.

Two 90 pL alumina sample pans were put on two beams. One pan served as reference pan
and another pan was used to put samples in. The purge gas flow was fixed at 100 ml/min
and the temperature ramping rate was 10 °C/min. Before each experiment, the TGA was
heated up to 1200°C with the designed purge gas to make sure the inside of the furnace and

the pans were clean. The sample weight is controlled within 5-10 mg to make sure it covers

30



the bottom of the alumina pan. TGA analysis was used to find out the crystallization water

content in the nitrate salts and the decomposition temperature of ITO ink solids.

2.3.3 X-ray diffraction (XRD)

XRD is a powerful non-destructive detection technique which can characterize the
composition, crystallinity and crystal structure of crystalline samples and separate different
crystal phases in a mixture. The reason is that every crystalline material gives different
diffraction patterns when it interacts with X-rays [102]. All X-ray diffraction scans were
conducted on a Panalytical XPert Systems PRO Alpha-1 diffractometer with Cu Ka source

(A= 1.5406 A) as shown in Figure 2.7.

Figure 2.7. Panalytical XPert Systems PRO Alpha-1 diffractometer for XRD.

The instrument is equipped with an incident beam monochromator and a fast linear
X’celerator detector which can generate high-resolution diffraction patterns. During the
measurement, the X-ray tube stayed fixed and the sample stage and detector both rotated

to collect the signals. All the incident beam and diffracted beam optics were optimized to
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suit samples with different sizes. To obtain a good signal-to-noise ratio, the diffraction

angle was set from 10° to 70° with a step size less than 0.02°.

2.3.4 Scanning electron microscopy (SEM)

As a common electron microscope technique, SEM can produce high-resolution images of
sample surfaces with a high-energy electron beam. It has a wide measurement range from
nanometer to hundreds of micrometers. In a cold field emission SEM, a highly coherent
electron beam (diameter of about 0.5 nm) with accelerating voltage of 0.5-30 kV is
produced by a cold cathode field emission source. This electron beam gives better spatial
resolution and brighter image than the typical electron beam created by thermionic guns
[103]. A Hitachi SU8230 cold field emission SEM (shown in Figure 2.8) with secondary

electron (SE) mode was used to study sample surfaces and cross-sectional microstructure.

Figure 2.8. Hitachi SU8230 cold field emission SEM.

The range of SEM accelerating voltage for samples was 1-5 kV. The beam current was
controlled between 10-20 pA. The working distance was set between 2-5 mm. Copper tape

was used to mount samples on the stage and connect the surface to stage to minimize

32



charging effects. Energy dispersive X-ray analysis (EDS) was also done on this machine

to determine chemical elements in the samples using the Oxford EDS detector.

2.3.5 Ultraviolet-visible spectroscopy (UV-vis spectroscopy)

UV-vis spectroscopy can measure the absorption or transmission spectroscopy in the
ultraviolet-visible light region. A beam source with multiple wavelengths is focused on the
sample and the detector measures the intensity of the beam after passing through it. By
comparing the original intensity and transmitted intensity, the transmission or absorption
can be calculated [104]. Optical transmittance of ITO films was collected by UV-vis

spectroscopy with an Agilent Cary 60 UV-vis spectrophotometer (Figure 2.9).

‘:;j Agilent Technologies
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Figure 2.9. Cary 60 UV-vis spectrophotometer.

Well-cleaned substrates were used as the baseline, which means the transmittance of the
pure substrate is set to 100%. The wavelength range was 400-800 nm because high
transparency in the visible light range is essential for ITO films. The transmittance at 550
nm wavelength also needs to be considered, because this is the most sensitive wavelength

for the human eye.
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2.3.6 Electrical characterization

The electrical properties of ITO films were characterized using two approaches: 2-probe
alternating current (AC) impedance spectroscopy (IS) and 4-probe direct current (DC)

resistance measurements.

For 2-probe AC IS, two sets of instruments were used. A Solartron 1260 impedance
analyzer and a Solarton 1296 dielectric interface were combined together with a four-point
probe setup (Figure 2.10(a)) for semiconducting and insulating samples. A Gamry 5000E
potentionstat was connected with a four-point probe station for conducting and
semiconducting samples (Figure 2.10(b)). The AC frequency range used was 0.1 Hz to 1
MHz with 0.1-0.5 V AC voltage. Actually, this in-plane measurement only requires two
probes to conduct impedance analysis. The tungsten carbide tip spacing is 62.5 mils
(1.5874 mm) and the tip radius is 1.6 mils (40.64 um) for this four-point probe. In
impedance spectroscopy, impedance (Z*) is a complex quantity which has a real part (Z")
and an imaginary part (Z''). In this method, impedance magnitude (|Z]) was calculated to

examine the electrical properties of ITO films.

7 =7'+j7" (2.1)

|zl = JZ* +Z2"%) (2.2)

The second electrical characterization for ITO films was 4-probe DC resistance
measurements in delta mode using a Signatone four-point probe station connected with a

Keithley 2182A nanovoltmeter and a Keithley 6221 current source (Figure 2.10(c)).
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Figure 2.10. (a) Solartron instruments combination with probe station for high AC
impedance samples. (b) Gamry instrument with probe station for low AC impedance
samples. (c) Keithley instruments combination with probe station for DC resistance
measurements.

The four-point probes in this setup have the same specifications as the ones in the 2-probe
AC impedance spectroscopy measurements. During this delta mode measurement, the
program alternates the current (1) source polarity and averages the measured voltage (V)
automatically. This not only removes the Joule heating effect but also increases the
accuracy of the measurements. Assuming that tip spacing is much bigger than film
thickness, the sheet resistance (R;) of ITO films can be calculated by Equation 2.3.
Ryeqaing 1S the resistance reading from the measurement program (V/I). F is a geometric
correction factor which accounts for the finite thickness of the sample, the alignment of the

probes in the proximity of a sample edge and the lateral width of the sample [105]. The
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correction factor for the samples in this work were calculated by finite element analysis

discussed in Chapter 6.

T |4 T
Rs =FXEX7=FXEX Rreading (23)

The sheet resistivity (p) can also be calculated by this sheet resistance with film thickness

(t). The detailed derivation of these equations can be found in reference [105].
p=Rg Xt (2.4)
2.3.7 Neutron reflectometry (NR)

NR is a type of neutron diffraction technique for characterizing thickness, density and
structure of thin films non-destructively. In NR, a highly collimated neutron beam is
directed on the sample surface, and the information of the reflected neutron beam will be
measured by a detector. The reflection phenomenon of neutrons was first reported by Fermi
and co-workers in 1944. However, the application of this technique as a probe started
around 1980’s [106]. In this work, all the NR experiments were conducted on the
magnetism reflectometer (Figure 2.11) at the Spallation Neutron Source in Oak Ridge

National Laboratory (ORNL) [107]. The experimental details are discussed in Chapter 4.

Figure 2.11. The magnetism reflectometer at ORNL [108].
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2.3.8 FTIR characterization

Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain the
absorbance or transmission of material in the infrared range. It was a widely used analytical
technique to identify organic materials as well as some inorganic materials because
different functional groups (or chemical bonds, structures) in materials show different
peaks in FTIR spectra [109]. In this work, a Thermo Scientific FTIR spectrometer in ATR
mode with ZnSe crystal (Figure 2.12) was used to obtain the FTIR spectra of different

liquid samples.
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Figure 2.12. Thermo Scientific Nicolet iS5 FT-IR Spectrometer with a ZnSe crystal.

The wavenumber ranged from 4000 cm™ to 600 cm™. The background was collected under
atmospheric conditions. To measure liquid samples, NaCl powder was pressed into pellets
and one drop liquid was placed on the pellet. The pellet with the liquid was measured when

touching the ZnSe crystal.
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CHAPTER 3. FABRICATION AND CHARACTERIZATION OF

SPIN-COATED AND INK-JET PRINTED ITO FILMS

In this chapter, ITO films fabricated by two different solution-based processing methods,
spin coating and ink-jet printing, are presented. All the ITO films were made using the
same ITO inks described in Chapter 2 and same substrate (glass) under atmospheric
condition (25°C, 1 ATM). The electrical resistivity, optical transmittance and surface
morphology of these ITO films were characterized and compared using several different
characterization tools, including 4-probe DC measurements, UV-vis spectroscopy and
AFM. The goals are to determine the optimal conditions to fabricate high quality solution-
processed ITO thin films and find out whether the deposition methods used affect the

properties of ITO films with the custom-made I1TO inks.

3.1 Characterization of ITO ink

3.1.1 FTIR analysis

For measuring IR spectra of liquid sample, one drop of liquid was placed on the surface of
a NaCl pellet and then the pellet was measured by FTIR spectrometer. Figure 3.1 compares
the FTIR spectra for the (a) solvent, (b) fresh ITO ink and (c) 6 months old ITO ink. Since
the pure solvent (acetylacetone) is the main component in the ITO ink, the peak positions
of ITO ink are similar to the ones in the solvent. The biggest difference is the peaks between
wavenumber of 1500 cm™ to 1600 cm™. In the pure solvent, the strongest 1600 cm™ peak
belongs to the stretching of carbonyl group (C=0) [110, 111]. In contrast, the ITO inks

show the strongest IR peak at 1525cm™ which matches the peak position of indium
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acetylacetonate (In-O-C=0) [112-114]. The absorption peak at 670 cm™ is another
vibration peak of In-O [115]. These results mean that the solvent acetylacetonate
successfully chelated the indium ion in the ITO ink and formed the more stable form of
indium acetylacetonate as displayed in Figure 3.2. It has been reported that the hydrolysis
rate of indium ion can be slowed down by forming this chelation compound [98]. This
helps the formation of a uniform and smooth ITO film. The absorption band around 1360

cm™* comes from the vibration of NO* ions because one of the precursors used is indium

nitrate.
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Figure 3.1. FTIR spectra of (a) solvent; (b) fresh ITO ink; (c) 6 months old ITO ink.

Figure 3.2. Chemical structure of indium acetylacetonate.
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The FTIR also proved that the ITO ink did not degrade after long time storage. By
comparing Figure 3.1(b) and (c), the IR peak positions for fresh ITO ink and 6 months old
ITO ink are almost identical. So there are no other compositions formed in aged ITO ink.
It was observed that old ITO ink always appears darker than the fresh prepared ITO ink.

This matches the fact that 6 months ITO ink had slightly higher absorbance in IR spectra.

3.1.2 TGA analysis

It is important to understand the thermal property of ITO ink in order to choose the
annealing temperature for ITO films. Figure 3.3 shows the TGA results of ITO ink solids.

To obtain the ink solids, several drops of ITO ink (100 pL) were cast onto a glass substrate

and dried at 120°C overnight.

100 __
| —— ITO ink solids |
90 - 100% i
450°C
0] @ ]
S
= 701 .
S
g 60- ® §
53.62% -
507 x
40. 38.11%_ |
0 200 400 600 800

Temperature (°C)

Figure 3.3. TGA results of ITO ink solids. Insets are the visual images for ITO solids
at different stages.

The brown-colour ITO ink solids were scratched off from glass substrate gently and put
inside TGA alumina pans. The weight curve of ITO ink solids does not become flat until

the temperature reaches 750°C. 38.11% residues were left after the test and show a yellow
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colour. The weight loss in the annealing process should come from the evaporation of
residual solvent, decomposition of nitrate (NO*) and burning of the organic ligands [116].
However, 750°C is a very high temperature, which can easily damage or melt the normal
glass substrate (melts at 500°C). In this work, 450°C was used as the highest temperature
to anneal ITO films deposited on glass. This not only protects the glass substrate, but also
simplifies the process by allowing the use of a hot plate to anneal the ITO films. In addition,
the next section’s characterization proves that 450°C annealed ITO films were already in

crystalline phase and had relatively good opto-electrical properties.

One thing we notice is that when the ITO solids were annealed at 450°C, the residue
powder was in black colour which means not enough annealing. However, when ITO films
were annealed at 450°C, the resulting films were transparent and clear. It is possible that
the particle size or sample dimension affects this annealing process. The uniformly
distributed ITO nanoparticle and thin film dimension can create a much bigger surface area

and thus help reduce the required annealing temperature [117].

3.2 Optimization of ITO film fabrication

3.2.1 Spin-coated ITO films

3.2.1.1 Effect of annealing temperature

One layer (1L) spin-coated ITO films were made by depositing 10 uL ITO ink (1 mol/L
concentration) on 0.25 inch? well-cleaned borosilicate glass substrates using 6000 rpm spin
speed. The ramping rate was 1200 rpm/s and the total spin time was 60 s. The ITO films

were quickly annealed at 120°C on a hot plate for 10 minutes to remove moisture and
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residual solvent. If not annealed, the films on sample surface may reflow and form big
voids as shown in Figure 3.4. The formation of these big voids are mainly due to the wetting

phenomena of the ITO ink on the substrate [118].
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Figure 3.4. (a) As-coated 1L ITO film without any annealing; (b) 120°C annealed 1L
ITO film on glass substrates.

After 120°C annealing process, several 1L ITO film samples were annealed at temperatures
ranging from 200°C to 450°C on a hot plate at 50°C intervals for 10 minutes. The annealing
temperature can greatly affect the electrical and optical properties as displayed in Figure
3.5. One measurement was done for each sample. Impedance spectroscopy was used here
to measure electrical property because some spin-coated ITO films had very high sheet
resistance which exceeded the limit of the 4-probe DC resistance measurement equipment.
By controlling the annealing temperature, the impedance magnitude |Z| of 1L ITO films
can be varied from 10'? Q/sq to 10* Q/sq as shown in Figure 3.5(a). Indeed, not all
annealing temperatures reduce the impedance magnitude of 1L ITO films. When the
annealing temperature is within the range of 200°C to 300°C, the actual impedance of ITO
films is higher than for the as-coated ITO films. It is possible that these temperatures caused

incomplete pyrolysis or charring of the organics [119], which may impede the connection
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of ITO nanoparticles. This insufficient annealing also lowered optical transparency of ITO
films in Figure 3.5(b). The three curves below 90% transmittance are for annealing
temperatures of 200°C, 250°C and 300°C. By increasing the annealing temperature above
350°C, the sheet resistance of ITO films gradually decreases. Finally, the 450°C annealed
1L ITO films had lowest impedance magnitude of 1.8 x 10* Q/sq and a good optical
transmittance higher than 95%. Since higher temperatures can damage the substrate, 450°C

was chosen as the highest annealing temperature to anneal 1TO films.
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Figure 3.5. (a) Impedance magnitude and (b) optical transmittance for 1L spin-coated
ITO film on glass substrates with different annealing temperature.

3.2.1.2 Effect of spin speed

1-layer ITO films were fabricated on borosilicate glass substrates with spinning rates
ranging from 2000 rpm to 6000 rpm. The accelerating time is 5 s and maximum spin time
of 55's. The 6000 rpm is the maximum spin speed for the spin coater. The annealing process
was 120°C for 10 minutes and 450°C for 10 minutes on a hot plate. Figure 3.6 shows the
visual images of these ITO films compared with a blank substrate. All the films are
transparent clear, except for the ITO films made by low spin speeds which had black color

on the corners.
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Figure 3.6. Visual images of 1L ITO films on glass substrates fabricated with different
spin speeds. A blank substrate is on top left.

In general, the film thickness is inversely proportional to the square root of spin speed
[120]. Higher spin speeds usually result into thinner films. In this work, the average middle
thickness of ITO films decreased from about 200 nm to 125 nm by increasing the spin
speed from 2000 rpm to 6000 rpm, which was measured by AFM. However, the 2000 rpm
ITO film thickness is not as uniform as the 6000 rpm ITO film. With low spin speed, the
centrifugal force is insufficient to push the ITO ink out of the substrate corner during spin
coating. More ITO ink stayed on the corner than in the middle of the substrate. During the
annealing process, the corners are too thick to be fully annealed and become black due to
carbonization of organics, which is similar to the TGA results in Figure 3.3. By increasing
the spinning rate higher than 4000 rpm, a uniform ITO film without black corners can be
obtained as displayed in Figure 3.6. This phenomenon proves that different film thickness

can affect the required annealing temperature for ITO films.

The electrical and optical properties of these films are shown in Figure 3.7. Five impedance
measurements were done for each sample. All the 1L ITO films have an impedance

magnitude in the range of 10*-10° Q/sq. By increasing the spinning rate, the electrical
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property of ITO films improved with decreased thickness. Considering Equation 2.4, if all
the ITO films have the same resistivity, a thicker ITO film will have lower sheet resistance.
In this work, the thinnest ITO film (6000 rpm) had the lowest sheet resistance. This can be
explained by different annealing effect. With exactly the same annealing conditions, the
thinner ITO films are better annealed with large surface areas. Also, thinner ITO films are
more transparent in the visible light range. The 6000 rpm ITO film has an optical

transmittance of more than 95% as displayed in Figure 3.7(b).
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Figure 3.7. (a) Impedance magnitude at 0.1 Hz and (b) optical transmittance for 1L
ITO film on glass substrates with different spin speeds after annealing.

Thus, 6000 rpm spin speed was used to make 1L ITO films. The 1L ITO films were spin
coated on glass substrates with 6000 rpm, and then annealed at 120°C for 10 minutes and
450°C for 10 minutes on a hot plate. Multi-layer (2 to 5L) ITO films were made on the
substrate by repeating this process. To further remove the organics and residue, all the ITO
films were annealed at 300°C in a tube furnace for 3h under argon gas environment as a

post annealing process.
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3.2.2 Ink-jet printed ITO films

3.2.2.1 Effect of printing recipes [121]

It is important to find out the best printing recipe for fabricating high quality 1TO films
with the ink-jet printer. Several one layer ITO films were printed on 0.25 inch? well-
cleaned borosilicate glass substrates with different printing recipes using 1 mol/L ITO ink.
The ITO films were annealed at 120°C for 10 minutes and 450°C for another 10 minutes
on a hot plate. Different printing recipes can change center-center distance between two
continuous droplets on the substrate. 65 x 65 pixel recipe gives 200 um droplets center-
center spacing, whereas 130 x 130 pixel recipe gives 100 um droplets center-center
spacing. An optical microscope was used to image these ITO films as displayed in Figure
3.8. Different droplets center spacing can produce ITO films with very different surface
morphologies. When the printing recipe is less than 87 x 87 pixel (droplets center spacing
of 150 um), the regular printing patterns are seen on the films surface. The regular printing
patterns gradually disappear when increasing the printing recipes because the ink starts to
reflow with highly coincident droplets. As shown in Figure 3.8(e), the surface of a 130 x

130 pixel ITO film showed no printing patterns.

Figure 3.8. Optical micrographs of annealed ink-jet printed ITO films on glass
substrates with different printing recipes: (a) 65 x 65 pixel (b) 72 x 72 pixel (c) 87 x
87 pixel (d) 100 x 100 pixel (e) 130 x 130 pixel [121].
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ITO films with different printing recipes were compared by measuring the impedance
magnitude and optical transmittance. Figure 3.9(a) shows the impedance magnitude vs
frequency plot for different ITO films. One measurement was done for each annealing
temperature. The 130 x 130 pixel ITO film had a very high impedance magnitude of 1.90
x 10° Q when all other one layer ITO films had impedance magnitude in the range of 10%-
10° Q. The possible reason for the high impedance of the 130 x 130 pixel ITO film is that
too much ITO ink was printed on the substrate which resulted into thicker film. The quick
hot plate annealing process might be insufficient to anneal the thick ITO film to form the
conducting network. UV-vis spectra in Figure 3.9(b) show that all ITO films had very good
transmittance. The 130 x 130 pixel ITO films were less transparent than the other films,

but still maintained a high transmittance larger than 95% in the visible light region.
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Figure 3.9. (a) Impedance magnitude and (b) optical transmittance of annealed ink-
jet printed ITO films on glass substrates with different printing recipes [121].

After comparing the optical microscope images, impedance magnitude and transmittance,
87 x 87 pixel was chosen as the ideal printing recipe for multi-layer ITO films on glass
substrates. The most important reason is that this recipe provided the lowest resistance in

the ITO films. The distance between two adjacent droplets is about 150 um for this recipe.
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The 2 to 5L ink-jet printed ITO films were made by 87 x 87 pixel recipe and annealed after

each ITO layer deposition. The post annealing process for these ITO films was the same as

that used with spin-coated ITO films.

3.3 Characterization results and discussion

All the processing variables used for spin coating and ink-jet printing films in this thesis

are listed in Table 3.1.

Table 3.1. Processing variables for spin coating and ink-jet printing.

Spin coating Ink-jet printing
Ink molarity 05M,1M 05M,1M
In: Sn ratio 9:1 9:1
Solvent Acetylacetone Acetylacetone

Number of ITO layers
Glass substrate type

Annealing temperature
Relative humidity

Post annealing

Deposition recipe

1to 5 layers

Soda-lime, borosilicate,
quartz

120°C + (200-750)°C
10% - 65%
3hin Ar at 300°C

Spin speed (2000 rpm-
6000 rpm)

1to 5 layers

Soda-lime, borosilicate,
quartz

120°C + 450°C
40 %
3hin Ar at 300°C

Droplets center-center
spacing (100-200 pum)

3.3.1 Effect of Ar annealing on electrical properties

As mentioned before, a post annealing process with Ar atmosphere was conducted on all
the ITO films. The electrical properties of ITO films changed after annealing process. Sheet
resistance is one of the most important properties to evaluate the quality of ITO films,

which can be accurately measured by 4-probe DC resistance method. Figure 3.10 shows
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average sheet resistance versus number of deposited layers for all the spin-coated and ink-
jet printed ITO films deposited on borosilicate glass before and after post annealing
process. Three measurements were done for each sample. Standard deviations are so small

that they are indistinguishable from the average symbols.
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Figure 3.10. The sheet resistance versus number of deposited ITO layers on glass
substrates before (solid symbols) and after (hollow symbols) Ar annealing process.
(a) Black lines are for spin coated ITO films, (b) red lines are for ink-jet printed ITO
films.

The post annealing process can substantially reduce the sheet resistance for all the ITO
films by about one order of magnitude. As an example, the sheet resistance of 5L ink-jet
printed ITO films decreased from 2.015 x 10° Q/sq to 2.014 x 102 Q/sq. The improvement
of electrical properties can be explained by two reasons. First, this post annealing process
may help further remove some organic residues. Second, the post annealing process creates
a reducing atmosphere and lowers the partial pressure of oxygen. According to Equation
1.2 and 1.3, this can increase the carrier (electrons) concentration in ITO films [119]. Since
no apparent optical properties and surface morphology changes were observed after post
annealing process, the increasing carrier concentration should be the main reason for a

lower sheet resistance.
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3.3.2 Optical micrographs

All the multi-layer (1 to 5L) ITO films after post annealing were highly transparent visually
as shown in the visual image of Figure 3.11. The optical micrographs for spin-coated ITO
films are shown in Figure 3.12 with different magnification. The surface of borosilicate
substrate is flat without any patterns. ITO films with different layers show different colours
because the incident light interferes with different thickness of ITO. Besides very few
‘comet’ defects (which occurred when relatively large solid particles dropped on the
substrate), striation patterns can be found on the surface of multi-layer spin-coated 1TO
films. These radially-oriented striation patterns are formed following the direction of major
fluid flow during the early stages of the drying. It is mainly due to solvent-evaporation
caused surface tension effect and Marangoni forces [122-124]. In addition, the humidity
condition in the environment can have an effect on the formation of surface patterns [125].
Since all the solvent was gone after annealing, the striation patterns only slightly varied in

thickness and had no chemical composition difference with other parts.

The optical micrographs of 1-5L ink-jet printed ITO films after annealing are shown in
Figure 3.13. The regular ink-jet printing patterns can be found on all the ITO films. With a
higher magnification, the pattern of dried ITO droplets can be identified. During the
printing process, these droplets are overlapped on each other and cover the whole substrate.
The color difference on these ITO films are also a result of the thickness differences.
Overall, the multi-layer spin-coated ITO films are smoother than the multi-layer ink-jet
printed ITO films when comparing the optical micrographs. The surface morphology of

ITO films in this scale is different for the two solution-deposition methods.
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Figure 3.11. Visual images of multi-layer spin-coated (SC) ITO films (top row) and
ink-jet printed (IP) ITO films (bottom row) on glass substrates.

Figure 3.12. Optical micrographs with different magnifications for multi-layer spin-
coated ITO films on glass substrates after annealing: (a, b) 1L ITO film; (c,d) 2L ITO
film; (e, f) 3L ITO film; (g, h) 4L ITO film; (i, j) 5L ITO film.

Figure 3.13. Optical micrographs with different magnifications for multi-layer ink-
jet printed ITO films on glass substrates after annealing: (a, b) 1L ITO film; (c, d) 2L
ITO film; (e, f) 3L ITO film; (g, h) 4L ITO film; (i, j) 5L ITO film.

51



3.3.3 Surface morphology and cross section for the 5L ITO films

Due to the limited magnification, optical microscopy is insufficient to investigate the
microstructure of spin coated and ink-jet printed ITO films. SEM was used to characterize
the top surface with better resolution. No major surface changes could be found from 1L
to 5L ITO films, thus 5L samples were used to show the surface morphology. Figure 3.14
(a, ¢) shows SEM images of 5L spin-coated ITO films surface at different magnification.
At relatively low magnification (Figure 3.14(a)), the film surface is very uniform without
any defects. At relatively high magnification (Figure 3.14(c)), the film surface is still
uniform with some small holes (darker spots). The surface of 5L ink-jet printed ITO films
were imaged by SEM as shown in Figure 3.14(b, d). The ITO films have very smooth
surface at this micrometer scale. The ink-jet printed ITO films also have small holes on the

surface, as were observed on the spin-coated films.

To further investigate the surface morphology, random places on the top surface of 5L
spin-coated and ink-jet printed 1TO films were measured by NC-AFM as shown in Figure
3.15. Different from SEM, the AFM can clearly show the topography of the top surface

because AFM has better resolution in the Z-direction.
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Figure 3.14. SEM images with different magnifications for 5L ITO films on glass
substrates after annealing made by two methods: (a, c) spin coating; (b, d) ink-jet
printing.

Figures 3.15(a, ¢) show that the top surface of the 5L spin-coated ITO films are slightly
porous which cannot be seen in the SEM image of Figure 3.14(a). The holes on the surface
may come from the fast evaporation of solvent and burning of organic residues during the
annealing process. The size (<10 nm) and depth (2-3 nm) of these holes are much smaller
than our previous work in which large volcano-shape voids were found on the film surface
[126]. The main reason for the difference may be coming from the deposition of ITO films
under different RH conditions. At relatively low humidity condition, it is generally easy to
obtain a uniform and flat film surface. In contrast, the high humidity may affect the
substrate wetting phenomena of ITO inks and increase the possibility of hydrolysis during
deposition. To quantify the surface roughness, the root mean square roughness (Rms) was

measured from the AFM images. A smaller R,,; humber means a smoother surface
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morphology. The Rms for the 5L spin-coated ITO film in 5 x 5 pm? AFM image and 2 x 2

um? AFM image are 1.63 nm and 1.04 nm, respectively in Figures 3.15(a, c).

For the 5L ink-jet printed ITO films, the AFM topography images are shown in Figure 3.15
(b, d). The top surface is very uniform with slight roughness. The Rms for 5L ink-jet printed
ITO film are lowered to 0.83 nm and 0.80 nm for Figure 3.15(b) and Figure 3.15(d)

compared to spin-coated films displayed in Figures 3.15(a, c).

Figure 3.15. Different sizes of non-contact AFM images for 5L ITO films on glass
substrates after annealing with different processing methods: (a) 5 x 5 um? for spin
coating; (b) 5 x 5 um? for ink-jet printing; (c) 2 x 2 um? for spin coating; (d) 2 x 2 pm?
for ink-jet printing.
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Although the SEM characterization shows that 5L ITO films made by spin coating and ink-
jet printed have similar surface morphology at the micrometer and sub-micrometer scales,
the AFM characterization reveals that they have some differences. The ink-jet printed ITO
films are smoother than the spin-coated ITO films because the surface roughness numbers
are smaller. Also, comparing the 5 x 5 um? AFM images (Figure 3.15(a, b), the spin-coated
ITO film is not as uniform as the ink-jet printed ITO film. The different processing methods

used should be the main reason for these differences.

To accurately measure the film thickness, SEM was used to image the cross section of 5L
spin-coated ITO films (shown in Figure 3.16(a)) and 5L ink-jet printed ITO films (shown
in Figure 3.16(b)). To prepare the SEM samples, the ITO films on glass substrates were
cut into half in the middle and the cross section of films were imaged. For 5L spin-coated
ITO films, five different deposited ITO layers with four interfaces can be identified on the
borosilicate glass substrate in Figure 3.15(a). The interfacial regions seem to be not as
compact as the ITO layer regions, especially for the interface between the bottom ITO layer
and 2" bottom ITO layer. The total thickness is about 590 nm where the bottom ITO layer
is thicker than all the other layers. In the cross section, ITO films are composed of small
ITO nanoparticles which had a particle size around 5-15 nm. The bottom ITO layer appears
to contain slightly larger ITO nanoparticles than the top layer. This is reasonable because
the bottom ITO layer experienced the longest annealing time and ITO nanoparticle may

have gradually increased into bigger size.

For the 5L ink-jet printed ITO films, the SEM cross sectional image (Figure 3.16(b)) shows
that the ITO films are well attached on the substrate. Each single layer of the ITO film can

be easily identified. The thickness of one layer is around 80 nm, which gives a total
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thickness of about 390 nm. Except for the top layer, there is little difference between each
layer, which means that the ink-jet printing process is highly repeatable. The average
particle size is around 10 nm estimated from this image, which is similar to the size of ITO
nanoparticles obtained from the spin coating method. Comparing the SEM cross sectional
images, the ink-jet printed ITO films had better cross section because there are no apparent

big spaces between each ITO layer.

Figure 3.16. SEM cross sectional images of (a) 5L spin-coated ITO film; (b) 5L ink-
jet printed ITO film on glass substrates.

3.3.4 Effect of number of deposited layers

3.3.4.1 Film thickness

The thickness of 1-5L spin-coated ITO films and 1-5L ink-jet printed ITO films after
annealing were measured by AFM in contact mode. Deep scratches were made on the ITO
films to reveal the glass substrate and the scratches were scanned by AFM tips. The results
are shown in Table 3.1. This method can give a rough estimation about the thickness. It
was demonstrated that the film thickness increased with the number of deposited ITO

layers in both spin coating and ink-jet printing.
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Table 3.2. Thickness for 1-5L spin-coated ITO films and 1-5L ink-jet printed ITO
films on glass substrates after annealing.

Thickness Spin coating (nm) Ink-jet printing (nm)
1L 120 - 130 90 - 100
2L 220 - 230 160 — 165
3L 330 - 340 230 — 240
4L 450 — 465 310-320
5L 570 — 580 390 — 400

3.3.4.2 XRD results

XRD scans were done on all the spin-coated ITO films using the powder diffraction
method. The XRD patterns are shown in Figure 3.17(a). These annealed films were
deposited onto borosilicate glass substrates. All of the spin-coated ITO films had major
diffraction peaks of (222), (400), (440) and (622), which were similar to the expected
pattern of cubic bixbyite In,O3. With increasing number of deposited layers from 1 to 5L,
the intensities of the diffraction peaks became stronger and the diffraction peak of (211)
also showed up (another In203 peak). The amorphous glass substrate was the main reason
for the broad peak observed in the low angle region due to X-ray penetration into the ITO
films and detected the signal from the underlying substrate. These results prove that the 1

to 5L spin-coated ITO films are in crystalline phase without any other phases.

The 1 to 5L ink-jet printed ITO films were also characterized by Alpha-1 diffractometer
using the same measurement parameters as the spin-coated films. The XRD patterns are
shown in Figure 3.17(b). All the major diffraction peaks matched reference In.Oz peaks
(JCPDS card no. 06-0416) and the peaks intensity increased with more deposited ITO

layers. Thus the multi-layer ink-jet printed ITO films are also proven to be crystalline ITO.
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Figure 3.17. XRD patterns of multi-layer ITO films deposited on glass substrates after
annealing: (a) spin-coated films; (b) ink-jet printed films. (The reference 1n203 peaks
are shown at the bottom of the figures)

Comparing the XRD patterns of spin-coated ITO films and ink-jet printed films, no major
differences can be found between the two processing methods. This is reasonable because
both processing methods used the same ITO ink and the same annealing methods. The
slight difference in the peak intensities may come from difference in film thickness (see
Table 3.1). In both solution-processing methods, the increasing number of deposited layers

improves the crystallinity of the ITO films.

3.3.4.3 Optical properties

The optical transmittance of 1-5L spin-coated ITO films and 1-5L ink-jet printed ITO films
were measured by UV-vis spectroscopy and are displayed in Figure 3.18. A blank
borosilicate glass with the same heat treatments as the ITO films was used as the baseline
(transmittance 100%). All the spin-coated ITO films have very good optical transmittance
(> 90%) in most of the visible light region (Figure 3.18(a)). When the light wavelength
approaches 400 nm, the transmittance of all the ITO films tends to decrease. This is a

common phenomenon for ITO films because ITO films are not fully transparent in
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ultraviolet light region, where the UV photon can excite electrons from valence band to
conduction band [127]. Another interesting phenomenon is that the transmittance curves
of multi-layer ITO films have wave-like features. This may come from light interference
between each deposited layer when the film thickness is comparable to the wavelength of

incident light [80].

(a) , (b)
100 - ‘f‘\w‘ Xullth 100 -
v %
90+ 901
g i —— 1L S
8 801 e 2L S 804
s L g
£ 704 voaL E 704
7] —+— 5L c
& 8
Foeoq _ " 60+
Spin coating Ink-jet printing
50 T T T 50 T T T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.18. Optical transmittance of 1-5L ITO films on glass substrate after
annealing made by two methods: (a) spin coating; (b) ink-jet printing. A blank
borosilicate glass substrate was used as baseline (100% transmittance).

Figure 3.18(b) shows the UV-vis spectroscopy of multi-layer ink-jet printed ITO films.
These ITO films also had high optical transmittance in the visible light region. In addition,
these transmittance curves are smoother than the curves from spin-coated films. The wave-
like feature is not as obvious. One possible reason is that the film thickness of ink-jet
printed films are thinner than spin-coated films which can cause less interference with
incident light. In addition, the interfaces between individual layer are smoother in ink-jet

printed films as shown in the SEM images displayed in Figure 3.16(a, b).

With increasing number of deposited layers, all the multilayer ITO films can still keep high

transparency with >90% transmittance in most of the visible light range. This meets optical
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requirements for most electronic applications using ITO. The ink-jet printed ITO films
showed smoother UV-vis spectra curves and better optical properties than the spin-coated

ITO films.

3.3.4.4 Electrical properties

To better compare the electrical properties for ITO films made by the two different
processing methods, sheet resistivity was plotted versus thickness in Figure 3.19 after post
annealing process (sheet resistance data were obtained from Figure 3.10 and thickness data
were obtained from Table 3.1). The sheet resistivity decreases with increasing film
thickness and numbers of deposited ITO layers. From 1L to 3L, the sheet resistivity
decreases very fast. It is possible that only one deposited layer cannot form a uniform
conducting film. The second ITO deposition may fill the space between ITO nanoparticles
in the first ITO layer and improve the conductivity. This needs further characterization
about buried film microstructure. From 3L to 5L, the sheet resistivity decreases slowly.
This is similar to the percolation phenomenon which means that depositing more than three

layers will not greatly improve the electrical properties.

In summary, both spin-coated ITO films and ink-jet printed ITO films had very good
electrical properties. The sheet resistivity of ITO films decreased with increasing number
of deposited ITO layers. The multi-layer ink-jet printed ITO films had lower sheet
resistivity than multi-layer spin-coated ITO films of the same thickness. The possible
reason is that ink-jet printed ITO films may have better layer-to-layer connections as shown

in the SEM cross sectional images in Figure 3.16.
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Figure 3.19. Sheet resistivity versus film thickness for multi-layer 1TO films on glass
substrates made by spin coating and ink-jet printing after Ar annealing.

3.4 Conclusion

Multi-layer ITO films were made by spin coating and ink-jet printing methods with the
same ITO ink on borosilicate glass substrates under atmospheric conditions. The
fabrication processes for each method were optimized. From AFM and SEM images, it was
observed that ITO films from the two methods had similar surface topography. The ink-jet
printed ITO films had a more uniform surface in the nanoscale with a smaller Rms. Both
ITO films had excellent optical transparency and good electrical conductivity. The optical
transmittance is higher than 90% for all the ITO films in most of the visible light region,
where the curves for the ink-jet printed ITO films are smoother. After post annealing
process, the 5L spin-coated ITO films and 5L ink-jet printed ITO films had sheet resistance
as low as 165.32 Q/sq and 201.43 Q/sq, respectively. The ink-jet printed ITO films had a
lower sheet resistivity when taking the film thickness into account. In summary, different
solution deposition methods can affect the overall properties of ITO films made from same
ITO ink. Multi-layer processing strategy can significantly improve the electrical properties

of ITO films with minimal effects on the optical properties and surface morphology.
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CHAPTER 4. QUANTITATIVE ANALYSIS OF POROSITY IN
SOLUTION-PROCESSED ITO FILMS BY NEUTRON

REFLECTOMETRY

It is always a challenge to investigate the buried microstructure under film surfaces non-
destructively. For example, traditionally, thin films have to be scratched or cut into half to
measure thickness. In this chapter, multi-layer spin-coated ITO films deposited on quartz
substrates were quantitatively analyzed by neutron reflectometry. Detailed ITO film
microstructure information including film thickness, density and porosity were obtained
without damaging the samples. The surface morphology, electrical and optical properties
of these ITO films were also characterized with different techniques such as SEM, AFM,
4-probe DC measurement and UV-vis spectroscopy after the neutron reflectometry (NR)
measurements were conducted. Many of the figures and contents in this chapter are from

reference [128].

4.1 Introduction

When comparing the solution-processed ITO films with vacuum-processed ITO films, one
of the property differences observed is the electrical conductivity. The sheet resistance of
solution-processed ITO films is usually not as good as that for ITO films processed by
vacuum-based methods. It is possible that the presence of pores and/or insufficient contact
between the ITO nanoparticles affects the electrical transport mechanism in solution-
processed ITO films. The formation of pores can be due to various phenomena that may

occur in solution-processed ITO films. For example, wetting phenomena of the ITO ink
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and substrate may create big pores on ITO films [129]. When evaporating the solvent and
impurities with low boiling point in the annealing steps, small pores may form between the
polycrystalline ITO nanoparticles. Additionally, if the ITO solutions or dispersions contain

organic compounds, remnants of these materials may persist [119].

Different methods have been attempted to characterize the porosity of solution-processed
ITO films. For example, Ederth et al. [130] reported ITO films produced by spin coating
methods using an ITO nanoparticle dispersion. With fulfillment of quasistatic
approximation, the Bruggeman effective medium model [131] was first used to fit optical
spectroscopy measurements for ITO films before and after the annealing process. Low
filling factors of 0.33 were obtained for these ITO films which meant that the porosity
could be as high as 67%. This is a good method to estimate porosity. However, there are

quite a few of parameters that need to be estimated, which may cause inaccuracy issues.

The porosity of ITO films has also been investigated by other characterization methods.
One example is Rutherford backscattering spectrometry (RBS). Sol-gel dip-coating
method was used to coat multi-layer ITO films on pyrex substrates as reported by Daoudi
et al. [132]. The mass density of ITO films increased with the number of deposited layers.
The 1-layer films gave 64.1% density of bulk In2Os. When converted to porosity, this
method yielded about 35.9% porosity in these ITO films. Another useful method is
spectroscopic ellipsometry (SE). Sol-gel solution was used to deposit ITO films by spin
coating followed by annealing up to 550°C [133]. The analysis of the ellipsometric

measurements showed that single-layer ITO film had a porosity of 50%.
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Non-destructive and highly penetrating neutron reflectometry is ideally suited for depth
characterization of the microstructure of thin films. NR is a neutron specular reflection
technique which can measure the near surface structure information of materials. The
general principle is similar to RBS [132], SE [133] and X-ray reflectivity [134], using a
highly collimated beam to shine the flat surface of material and then measure the
information from the reflected beam. However, NR has several advantages with respect to
other reflectivity techniques because NR uses neutrons as the beam source. NR is more
sensitive for measuring lighter elements, isotopic elements, composition and density
because it has more contrast arising from different nuclei instead of electron density only

[135]. As an example, hydrogen and deuterium can be differentiated by NR.

Also, NR shows information about deeply buried interfaces non-destructively due to the
high penetrability and low absorption of neutrons inside materials [136]. As reported, the
largest penetration depth of NR is around 5000 A which is much deeper than other

reflectivity techniques. [137]

NR has been previously applied to probe the structure of multi-layer thin films and
multilayers with buried interfaces, and used to determine the thickness of each layer
together with the structure and the composition depth profile [138-140]. Additional
information about the 3D morphology of the system can be obtained by using the
combination of neutron specular reflection and off-specular scattering, which allows for
monitoring the details of lateral inhomogeneities [141, 142]. In this chapter, NR is used to
characterize highly transparent and conductive multi-layer ITO films fabricated by spin

coating methods. Porosity in these ITO films are quantitatively analyzed by two methods.
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4.2 Experimental details

4.2.1 Spin coating

The preparation procedure for the ITO ink was described in Chapter 2. The concentration
of the ITO ink used in this chapter was 0.5 mol/L for [In®"] instead of 1 mol/L. Spin coating
was used to deposit the 25 uL ITO ink onto the 1 x 1 inch? amorphous quartz substrates
with 4000 rpm spin speed. The ramping rate was 800 rpm/s and total spin time was 60 s.
After deposition, all the ITO films were annealed at 120°C for 10 min and then at 450°C
for 10 min on a hot plate. Multiple coating layers (1 to 5 layers) were deposited on the same
type of quartz substrate to get ITO films with different thickness [126]. To further improve
the electrical properties, all the ITO films were annealed at 300°C for 3h under argon

atmosphere in a tube furnace [119].

4.2.2 Neutron reflectometry

The neutron reflectometry experiments and analysis were done by Dr. Valeria Lauter at the
Magnetism Reflectometer [107] at the Spallation Neutron Source at Oak Ridge National
Laboratory (Oak Ridge) using the time-of-flight method. A well-collimated neutron beam
impinges on the sample surface at a glancing angle oj and specularly reflects at an angle as,
so that ai = ar. In the time-of-flight method, neutrons of different wavelengths are sorted
according to the time needed for going from the source to the detector, i.e. the neutrons are
sorted by neutron wavelength. The data were recorded with a position sensitive detector
for a wide range of incoming and outgoing wave vectors ki and ks. The reflected and
scattered intensities are normalized for the detector efficiency and for the intensity

spectrum of the incident beam. The data are presented in two-dimensional (2D) intensity
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maps as a function of pi and pr, where pi = 27 sin ai/A and pr= 27 sin of/A are the components
perpendicular to the sample surface of the incoming and outgoing wave vectors,

respectively (see schematic in Figure 4.1).

Neutron
scattering
length
density

Figure 4.1. Schematic of neutron reflectometry experiment with superimposed AFM
image of the top surface and SEM cross-section of the 5-layer ITO film on quartz
substrate [128].

The specular reflectivities are extracted from these 2D intensity maps as a function of
the incident momentum transfer normal to the surface, Q; = pi + pr= 4x sin ai/A (see
Figures 4.2(a)-(d)). Neutron reflectometry experiments directly explore the depth
profile of the films [142, 143]. From the experimental data, the neutron scattering length
density (NSLD) is obtained. NSLD measures the Nb (with N being the atomic number
density and b the scattering length averaged over a unit volume), thus being sensitive
to the atomic density distribution with depth sensitivity. The depth resolution in the
present reflectometry experiments is 0.5 nm, which is limited by the measurement range

and the instrumental resolution.
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Figure 4.2. 2D intensity maps for multi-layer ITO films on quartz substrates: (a) 1-
layer (1L); (b) 2-layer (2L); (c) 3-layer (3L); (d) 5-layer (5L) [128].

4.3 Characterization results and discussion

4.3.1 XRD characterization

Figure 4.3 shows XRD patterns of four multi-layer ITO films after all annealing steps. The
crystal structure of these ITO films is body-centered cubic bixbyite, since the positions of
the most intense four peaks (222), (400), (440) and (622) matched well with the In203
reference (JCPDS card no. 06-0416). The XRD patterns show that upon increasing the
number of deposited layers, the intensity of the major diffraction peaks became stronger.

This is probably related to the different thickness of the films and different degree of

67



crystallization in the films [144]. The broad peak observed in the low angle region (< 28°)
comes from the amorphous quartz substrate, because our ITO films are very thin (75 — 340
nm). Although the intensities of some ITO films were not very strong, the XRD tests
proved that our spin coating procedure followed by low temperature Ar annealing produce
ITO films in crystalline phase, as was demonstrated in Chapter 3 for films deposited onto

borosilicate glass. No other phases or contaminations were found from XRD analysis.
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Figure 4.3. XRD patterns of multi-layer ITO films deposited on quartz substrate
compared to reference In203 peaks. The intensities of major peaks became stronger
with increasing number of deposited layers [128].

4.3.2 Optical micrographs

All of the ITO films were characterized by optical microscopy. On a relatively large scale
(~100 um), the annealed ITO films appeared smooth and uniform without any big defects
as shown in Figure 4.4. However, it is possible to notice that there are some uniformly
distributed patterns on the surface. Nevertheless, the insets in each of the images show that

all of the ITO films were visually transparent and devoid of any large defects.
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Figure 4.4. Optical micrographs of ITO films deposited on quartz with different
number of deposited layers: (a) 1-layer; (b) 2-layer; (c) 3-layer; (d) 5-layer. The large
scale surface morphology for all the ITO films is uniform without any large defects.
Insets are the corresponding visual images for each film [128].

4.3.3 Surface morphology

To investigate the surface morphology in more detail, both SEM and AFM were used.
Figure 4.5 shows the appearance of multilayer ITO thin films that contained from 1 to 5
layers taken by SEM. Each of the films show light and dark regions. It is clear that the light
contrast regions slowly become interconnected as the number of layers was increased (see
Figure 4.5(a-d)). Energy dispersive analysis of these regions was conducted but no obvious
changes in composition could be detected between the dark and lighter regions. It was only
after we imaged these same samples in NC-AFM that the source of the light and dark
regions could be identified. Figure 4.6, displaying the NC-AFM images, reveals that the
lighter regions contain elongated pores with very small roughness of < 10 nm. Even though

SEM imaging is known to be a good method to detect depth of field, it was unable to reveal
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the source of the lighter patterns because the pore depth was below its resolution at that
magnification. It should be noted that the shapes of these pores are very different from our
previous results of films deposited on a different substrate which showed volcano type

pores [126].

Figure 4.5. SEM images of ITO films deposited on quartz with different numbers of
deposited layers: (a) 1-layer; (b) 2-layer; (c) 3-layer; (d) 5-layer. EDS analysis
demonstrated that there are no big composition differences between the light and
dark regions (not shown) [128].

The existence of the pores seen in Figure 4.6 (a-d) means that all of the solution-processed
ITO films investigated here have a porous structure that can only be seen at high enough
magnification (i.e. on the 10 x 10 um? NC-AFM images). However, the surface
morphology of the 5-layer ITO film (Figure 4.6 (d)) was completely different from that of

the 1-layer ITO film (Figure 4.6(a)). The reason is because the pores become inter-

70



connected to each other as we add additional layers when multiple layers are deposited
(e.g. 3L ITO film shown in Figure 4.6(c) is different from Figure 4.6(b) for 2L ITO film),
now revealing why the lighter images in the SEM micrographs presented in Figure 4.5
appeared to connect. More recent experiments have indicated that these voids might be the
effects of air humidity and substrate type during fabrication. Since the films investigated
in this chapter were all made under the same conditions, any changes seen are a function

of the film thickness and number of layers only.

Figure 4.6 (e, ) shows the 2 x 2 pm? NC-AFM images for 1-layer ITO film and 5-layer
ITO film. Without the big voids, the 1-layer ITO films are relatively uniform at this scale.
Since too many big voids are on the film surface, a relatively flat region cannot be found

on the 5-layer ITO film as shown in the Z-scale.

The surface morphology numbers for these samples are also much larger than the ones in
Chapter 3 because of the large pores. The depth of the pores can be as deep as 15 nm. The
Rms increased from 3.85 nm for 1L ITO film (Figure 4.6(a)) to 6.14 nm for 5L ITO films
(Figure 4.6(d)) in 10 x 10 pm? AFM images. In a small size (2 x 2 pm?) and relatively flat

region (Figure 4.6(e)), the 1L ITO film has a smaller Rms of 1.39 nm.
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Figure 4.6. Non-contact AFM images for ITO films deposited on quartz for the series
of 1-layer to 5-layer films: (a) 10 x 10 um? for 1-layer; (b) 10 x 10 um? for 2-layer; (c)
10 x 10 um? for 3-layer; (d) 10 x 10 um? for 5-layer; Higher magnification images: (e)
2 x 2 um? for 1-layer; (f) 2 x 2 um? for 5-layer. The images show that there are pores
of different sizes present on the surface of all the ITO films [128].
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4.3.4 Neutron reflectometry results

To better understand the microstructure of the ITO films and to explore the depth profile
and the hidden interfaces of the multi-layer ITO films we deployed the depth-sensitive NR
technique. NR experiments were conducted on four films with 1-layer, 2-layer, 3-layer and
5-layer ITO layers deposited on fused quartz. In addition, a reference measurement was
performed on a bare quartz substrate. Figure 4.7(a) displays the neutron specular
reflectivity for all four ITO films as a function of the out-of-plane wave vector transfer, Q..
Here, Q; = (4n/M)sinai with A and a; being the wavelength and the incident angle of the
neutron beam, respectively. The filled points show the experimental data with the error
bars, whereas the solid lines are the best fitted curves to the data. The associated fit to the
data is based on the Parratt recursion formalism [145]. The sample’s reflectivity below its
critical edge Qc< 0.012 A shown in Figure 4.7(b), called the total reflection region (unity
in the absence of absorption) has pronounced features determined by the distribution of the
absorbing Indium atoms, thus providing an element sensitivity with depth resolution [146,

147] and confirming the uniform distribution of In.
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Figure 4.7. (a) Experimental and fitting results of neutron reflectivity data for 1L-5L
ITO films deposited on quartz. (b) Total reflection region for figure (a) (Dots are
experimental data and lines are fitting results) [128].
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The depth profiles of the NSLD corresponds to the chemical (atomic) density distribution
and were obtained from a fit to the data. The detailed depth, thickness and NSLD values

for all four ITO films are shown in the Tables 4.1-4.4.

Table 4.1. Depth profile, NSLD and roughness for 1-layer ITO film on quartz
substrate.

Thickness Re NSLD Im_NSLD
Depth (A) A) (109K (10°A?) Roughness

0 59.96 0.3546 0 15.00 surface
59.96 69.61 1.408 -0.0080 8.000
129.6 106.3 1.653 -0.011 3.500
235.8 381.6 2.170 -0.011 50.00
617.4 64.95 1.796 -0.011 31.00
682.3 43.28 1.476 -0.0080 6.000
725.6 24.61 0.2724 -0.0011 10.00
750.2 0 3.331 0 13.00 substrate

Table 4.2. Depth profile, NSLD and roughness for 2-layer ITO film on quartz
substrate.

Thickness Re NSLD Im_NSLD
Depth (A) A) (109K (10°A?) Roughness

0 64.02 1.527 -0.011 25.00 surface
64.02 73.94 1.945 -0.011 18.00
139.0 26.88 1.533 -0.0080 20.00
164.8 509.1 2.106 -0.011 10.00
674.0 64.14 1.330 -0.003 10.00
738.1 118.3 3.442 -0.016 10.40
856.4 459.0 3.653 -0.016 24.60
1315 26.38 2.177 -0.016 10.00
1342 13.82 1.883 -0.011 10.00
1356 0 3.512 0 4.000 substrate
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Table 4.3. Depth profile, NSLD and roughness for 3-layer ITO film on quartz
substrate.

Thickness Re NSLD Im_NSLD
Depth (A) A) (10942 (10°A?) Roughness

0 49.51 9.193 -0.010 14.47 surface
49,51 55.30 1.518 -0.010 5.000
104.8 624.1 2.339 -0.013 10.00
728.9 33.48 2.129 -0.0026 20.00
762.4 100.1 3.257 -0.013 15.00
862.6 501.3 2.857 -0.014 28.13
1364 16.41 2.015 -0.014 10.00
1380 141.4 3.671 -0.016 10.00
1522 375.7 3.837 -0.016 20.00
1897 68.75 2.857 -0.016 25.86
1966 0 3.620 0 20.00 substrate

Table 4.4. Depth profile, NSLD and roughness for 5-layer ITO film on quartz
substrate.

Thickness Re NSLD Im_NSLD

Depth (A) A) (10°A) (10°A2) Roughness
0 345.9 2.688 -0.010 6.764 surface
345.9 151.3 2.281 -0.014 16.19
497.3 48.54 1.830 -0.014 14.98
545.8 518.7 2.627 -0.013 16.35
1065 133.6 3.100 -0.016 5.445
1198 589.5 3.371 -0.014 5.257
1788 99.66 3.517 -0.016 5.000
1887 589.3 3.486 -0.015 5.000
2477 133.9 3.5635 -0.016 5.000
2611 698.1 3.810 -0.016 6.915
3309 66.24 2.392 -0.016 8.834
3375 0 3.660 0 6.833 substrate
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The NSLD were also plotted as functions of the depth from the surface as shown in Figure
4.8. The leftmost region in each graph represents the top ITO/air interface whereas the
rightmost region corresponds to the ITO bottom film/substrate interface. Using the Igor
pro scattering contrast calculator [148], we estimated the ideal (bulk) value of NSLD for
ITO to be 4.090 x 108 A2 based on the bulk density of 7.155 g/cm?® of ITO and neutron
scattering lengths of the constituent elements, shown with the dashed line in Figure 4.8 for
a fully dense ideal ITO film in each case. NR reveals that the density is not uniform through
the whole film thickness and that there are very thin interfacial regions between the
deposited layers with a lower NSLD value, thus we can easily identify different layers in
the multi-layer ITO films. The absorption SLD (ASLD) depth profile, also shown in Figure

4.8 as red regions, represent the signature of solely the indium atoms.

Another remarkable phenomenon is a systematic evolution of an increasing density in the
underlying layer with the deposition of the next layer. At the same time, in any combination
of the layers, the NSLD for the top layer was consistently around 2.5 x 10 A2 in each ITO
film. As we go from the 1-layer to the 2-layer and the 3-layer film, the NSLD for each
region closest to the substrate keeps increasing. In fact, the NSLD for the bottom layer in
the 5-layer ITO film was about 3.810 x 10 A2 which is very close to the ideal value of
the bulk NSLD for ITO films (4.090 x 10% A-?) shown as a dashed line in Figure 4.8. The
above results suggest the following scenario. The reduced NSLD of the 1-layer ITO film
demonstrates that it has a very porous structure. With deposition of the next layer, the ITO
solution fills into the porous regions of the previous layer. Further, the multi-layer

deposition process makes the bottom layer ITO films more dense and they gradually
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approach the ideal (bulk) value density of ITO films. This sequence of events is supported

by the changes seen in the NC-AFM images displayed in Figure 4.6(a)-(d).
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Figure 4.8. NSLD vs depth for 1-layer, 2-layer, 3-layer and 5-layer ITO film on quartz
substrates from top of the film to substrate. Both NSLD (film density) and ASLD
(Indium atoms) are shown. In all the images, leftmost region represents the top
surface of the ITO film whereas the rightmost region is the substrate. The dashed line
in each case indicates the location of the theoretical NSLD for a fully dense ITO film.
The right y-axis shows the estimated average porosity for each film [128].

77



4.3.5 Optical properties and electrical properties

Figure 4.9 presents the optical transmission spectra of ITO films with different number of
deposited layers on a quartz substrate. The optical transmission generally decreases with
increasing thickness for sputtered ITO films [149]. In contrast, increasing film thickness
didn’t apparently decrease the overall transmittance for these solution-processed ITO
films. All ITO films were highly transparent with optical transmittance higher than 85%
throughout most of the visible light region. The optical transmission curves for the multi-
layer ITO films tended to have wave-like features, similar to the optical properties of spin-
coated ITO films discussed in Chapter 3. This might come from light interference between
each deposited ITO layer [150] or it may be due to defects at the interfaces between them.

Also, the pores present in each ITO layer are possibly affecting the optical properties.
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Figure 4.9. UV-Vis spectroscopy of multi-layer ITO films deposited on quartz
substrates taken after annealing process. The transmittance of all films is higher than
85% in most of the visible light region [128].

The electrical properties of the ITO films were measured by 4-probe DC method, after

argon annealing to ensure getting the lowest sheet resistance possible. Three measurements
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were done for each sample. For the 1-layer ITO film, the average sheet resistance was 1.19
x 10* Q/sq. As a comparison, the average sheet resistance for the 5-layer ITO films
improved to 4.74 x 10? Q/sq. The sheet resistance decreased as we increased the number
of layers from 1 to 5. One of the important reasons is that the film thickness increases with
the number of deposited layers. The sheet resistance values are shown in Table 4.5 together

with the thickness measurements obtained from the AFM scratch tests.

Table 4.5. Average thickness for multi-layer ITO films on quartz substrates from
AFM, NR and measured sheet resistivity for each sample.

AFM thickness NR thickness (nm) Sheet resistance

(nm) (Q/sq)
1-layer 70-80 75.0 1.19 x 10*+ 58.4
2-layer 150 - 160 135.6 3.19x10%+6.01
3-layer 210 — 240 196.6 1.69 x 10°+ 8.17
5-layer 320 — 340 3375 4.74 x 10%+ 0.904

4.3.6 Cross section

SEM was used to image the cross section of the thickest films with 3.0 kV accelerating
voltage as shown in Figure 4.10. The 5-layer ITO film was well attached on the quartz
substrate. Different layers could be differentiated in this high magnification image. One
thing we noticed is that, even though each layer was deposited using the same spin coating
recipe, the bottom layer had much larger thickness than the layers above it. The total
thickness of the 5-layer ITO film was around 330— 340 nm, which agreed with the results

from the AFM scratch measurements as well as neutron reflectometry results in Table 4.5.
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Figure 4.10. SEM cross sectional image of the 5-layer ITO film deposited on quartz,
showing a total thickness of about 330-340 nm. Each deposited layer can be clearly
differentiated [128].

4.4 Quantitative analysis of porosity

4.4.1 Porosity from systematic point counting

To quantitatively analyze the porosity of the 1-layer ITO film, systematic manual image
point counting was first used to count the volume fraction of these big voids [151]. Four
different 10 x 10 um? AFM images were randomly taken on the sample surface. The dark
region represents the large pores whose volume fraction was to be estimated. A test grid
containing 20 test points was placed on the image at 9 systematic random locations. An
example with one grid is shown in Figure 4.11(a). The statistical sample size (N) for this
test is 36. The number of test points contained in the dark region (B, (i)) was counted in
each grid placement, where i = 1 to 36. If a test point falls on a boundary, it will be counted

as 0.5.
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Figure 4.11. Systematic point counting for 1-layer ITO films on quartz substrates: (a)
One 20-points test grid was put on a 10 x 10 um? AFM images to count large pores.
(b) One 20-points test grid was put on a 2 x 2 um? AFM images to count small pores.
(Images were flatten and smoothed to increase the contrast)

Sample average number of test points in dark region is:

= 1 .

By = I B (4.1)
Sample variance is:

52 = — ¥ [R,()) — By]? (4.2)

There is 95% probability that the true volume fraction of the dark region (pores) is in the

range [151]:
v, =22 4009805 4.3)
V"2 — N :

The width of these big voids was around 200-250 nm whereas the length could be as long
as 1-2 um. The resulting average volume fraction was about 13.1%. When we decreased

the AFM image scan size to 2 um x 2 um, small voids could also be identified as shown
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in Figure 4.11(b). These small size voids ranged in size from 10-30 nm. Using a similar
counting method as was done for the larger pores, the volume fraction of these small pores
was determined to be about 32.7%. Thus, the estimated total volume fraction of pores in
the 1-layer ITO film was 45.7% using the point counting method. However, it should be
mentioned that this method is only a rough estimate for the 1-layer ITO film because for
the multi-layer ITO films, the microstructure of the previous ITO layer affects the
subsequent layers (see Figure 4.6(a, b)). Also, it can be seen that for the 5-layer ITO film
(shown in Figure 4.6(d)), that the pores are well distributed and interconnected across

several layers which would make point counting very difficult and most likely inaccurate.
4.4.2 Porosity from neutron reflectometry

Quantitative information on the porosity in ITO films can be readily obtained from the
analysis of the detailed NSLD depth profiles. First we obtain the average NLSD for each
multi-layer 1TO film. As follows from the results displayed in Figure 4.8, the NSLD for
each sublayer and interface in each multi-layer ITO film is different. The average NSLD

(pyg) for each multi-layer ITO film was calculated with Equation 4.4 [152] using the data

in Tables 4.1-4.4,

—  _ Jitip;
Pnr = Yiti (4.4)

where t; is the thickness for each sublayer or interface and p; is the corresponding NSLD.

Using the Igor pro scattering contrast calculator [148], the ideal bulk NSLD values for

ITO and air are pid = 4.09 x 10° A2 and pg = 1.43 x 10" A2, respectively.
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Our samples should be chemically pure ITO films without any other phases being present,
as determined by XRD analysis. Assuming the porosity is composed of air only, a simple
rule of mixtures model could be applied to calculate the volume fraction of pores using

the SLD [153].

ENR =Viro X p11V7;?0 + Voores X pl(\llilg (4.5)
1 =Viro + Vpores (4.6)

where Viro and V4.5 are the volume fractions of ITO and air pores, respectively.

Substituting the NSLD numbers, the calculated volume fraction of pores for different ITO

films are shown in Table 4.6.

Table 4.6. Average NSLD, average mass density of multi-layer ITO films on quartz
substrates and corresponding porosity volume fraction results.

Average Porosity from  Average mass  Porosity from

NSLD average density average mass
(10 A2y* NSLD (g-em™) density
1-layer 1.747 57.31% 3.057 57.28%
2-layer 2.662 34.93% 4.659 34.90%
3-layer 2.818 31.11% 4,932 31.08%
5-layer 3.207 21.60% 5.612 21.57%

Theoretical 4.09 7.155

*The numbers are calculated from detailed data in Tables 4.1-4.4.

The volume fraction of pores in the 1-layer ITO films obtained from the NR calculation
was 57.31%, which is higher than the number we obtained from systematic point counting
(45.7%). The possible reason is that, in the point counting method, we cannot correctly

account for all nanometer-sized pores within the 2 x 2 um? AFM images used to estimate
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the volume contributed by the smaller pore sizes revealed in Figure 4.6(e)-(f). In other
words, the resolution is not as good as would be needed to quantify pores smaller than 10
nm in size. On the other hand, the NR calculation gives more accurate results as its
resolution is sub-nm (A dimensions). For the 5-layer ITO films, as determined from the
NR fitted results, the total volume fraction of pores decreased to 21.60%. This is fairly
close to porosity values reported in other solution-processed ITO films that were studied

using other characterization methods [154, 155].

The average mass density (p,, ,..) of the ITO films can also be derived from the NSLD
values. The NSLD should be proportional to mass density when the nominal composition
of the ITO films remains the same [156] as is the case here. Then the average mass density

of ITO films can be calculated using Equation 4.7:

ITO
Pmass

mass pIIVTRO X ENR (4'7)

Ol

Here we applied a rule of mixtures model again (Equation 4.8), using the average mass
density [157] to calculate the volume fraction of pores. The theoretical mass density of
our ITO films (pITY.,) is 7.155 g/cm®. The theoretical mass density of air (p&r..) is

1.2041 x 103 g/cm?® (under 20°C and 101.325kPa).
ﬁmass =Viro X Pmass + Vp’ores X p#ligss (4.8)

The porosity results obtained using Equation 4.8 are also listed in Table 4.6 and are very

close to the results from the NSLD calculations as should be expected.
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The quantitative analysis of the porosity obtained from the NR analysis demonstrates that
the ITO solution fills in the voids of the previously deposited layer (see values of NSLD
increase from the 1-layer to the 5-layer films). In this way, the denser multi-layer ITO films
are obtained. Additionally, the different porosity observed for each single layer might give
different refractive indices. This could also be the reason we saw wave-like curves in the

UV-vis spectroscopy results displayed in Figure 4.9.

For most current porosity estimation methods, a round shape and a fixed size for the ITO
nanoparticles and air pores are requirements to analyze the porosity for solution-processed
ITO films. In reality, the ITO nanoparticles may not be in round-shape and the sizes of the
particles may vary. The annealing process may also cause the ITO nanoparticles to fuse
together. Because the NSLD accounts for the atomic number density, the chemical
composition and the void space simultaneously without the need to estimate particle size
and shape, we conclude that the neutron reflectivity can give more accurate estimation of
porosity as a whole as well as for each of the individual layers. In addition, the sheet
resistance values displayed in Table 4.5 suggest that additional factors may be controlling

the properties of the ITO thin films.

4.5 Correlation of porosity and electrical properties

If the multi-layer ITO films were fully dense, they would all provide the same bulk sheet
resistivity (~ 3 x 10* Q-cm) regardless of thickness. However, it is not the case in this
study. Using the thickness data obtained in the earlier sections, the sheet resistivity of the
films can be calculated from the sheet resistance and film thickness using Equation 2.4. All

the sheet resistance and thickness numbers were given in Table 4.5. The best films, 5L ITO
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films have an average sheet resistivity of 1.60 x 102 Q-cm. It is about two orders of

magnitude higher than the theoretical value of bulk ITO.

One reason for high resistivity is that ITO films were porous as described in detail earlier
in this chapter. The NSLD data did also indicate that the maximum value of 4.090 x 10
A2 was never achieved (see dashed lines in Figure 4.8). The high porosity can weaken the
contacts between the ITO nanoparticles and make the electrical paths in ITO films longer.
A parallel model was used to calculate the bulk resistivity for these multi-layer ITO films

[158]:

1 Vito , Vpores
= +-£ (4.9)
Paverage PITO Pair

WHhere pgperage is the measured average resistivity, p;rq is the bulk resistivity and p;, is

the air resistivity (3.3 x 10'? Q-cm). The calculated results are shown in Figure 4.12.

10°
=107 .
o
&
2. 2
= 1074
g —e— Measured average resistivity
1] —a— Bulk resistivity from parallel model
© 10° —v— Dense bulk ITO resisitivity
3 J
<
(%]
10"

160 260 360

Thickness (nm)
Figure 4.12. Sheet resistivity of multi-layer ITO films deposited on a quartz substrate
after Ar annealing. The sheet resistivity decreased as the number of layers (i.e.
thickness) was increased. After accounting for porosity obtained by NR data fitting,

it is clear that the sheet resistivity is still at least one order of magnitude larger than
it would be expected.

Another possible reason is that the ITO nanoparticles may not yet have reached the best
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electrical properties with the current annealing process. The XRD patterns showed that the
multi-layer ITO films were in polycrystalline phase but the crystallinity was not perfect. A
highly crystalline material would have sharp and strong peaks instead of small and broad
peaks. A higher annealing temperature using a tube furnace can improve the sheet
resistivity of ITO films, which is proved in Appendix B. But the process of annealing in
tube furnace will be much longer and time-consuming (includes ramping and cooling)
compared to the quick hot plate annealing method, which falls out of our goal of simple

and efficient processing.

4.6 Conclusion

In this chapter, multi-layer ITO films with different thicknesses on quartz substrates were
fabricated by spin coating method. The ITO films had a good combination of relative low
sheet resistance and high optical transmittance. The surface morphology analysis revealed
that these ITO films had porous microstructures with different sizes of pores. Neutron
reflectometry was first used to characterize these ITO films. The fitting of the NR data
matched well with the experimental results obtained by other methods. Accurate
information for film thickness, surface roughness and NSLD were obtained. The porosity
of the multi-layer ITO films was quantitatively analyzed and compared to results from
systematic point counting method for the 1L ITO film. While systematic point counting is
only good for the 1L homogenous films, the NR characterization can be applied to all the
samples to obtain more accurate average porosity data. Also, the average mass density of
these ITO films were calculated from the NSLD results. It was shown that the ITO films
became denser and less porous with increased number of deposited layers. A better

annealing process may further improve the conductivity of multi-layer ITO films.
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CHAPTER 5. ANALYSIS OF IMPEDANCE SPECTROSCOPY

5.1 Introduction

In the previous chapters, 4-probe DC method was used to measure the electrical properties
of ITO films based on Ohm’s law. It is usually assumed that a steady state has been reached
and the measurement is time-invariant [159]. Actually, the system may not be steady under
an electrical stimulation, due to different processes which may happen such as
electrochemical reactions, energy storage and dissipation, transportation of charge carriers
(electrons and holes) and molecular or dipolar polarization [160]. These types of
information are lost during the DC measurement. To reveal the information of these
processes, impedance spectroscopy (IS) needs to be used to characterize samples. IS is a
powerful AC technique to characterize the complex impedance of samples by measuring
the voltage (V), current (I) and phase angle (8) over a wide frequency range using Equation

5.1 [160]:

*—M— ’ i
Z —I(w)—Z +jZ (5.1)

where V(w) = V,sin(wt), I(w) = Iysin(wt + 60), w = 2nf, j =+V—1. 0 is the phase
angle between voltage and current which can be calculated by real and imaginary

impedance using Equation 5.2:

n

0 = tan‘lZZ— (5.2)

!

Three electrical elements: resistor, capacitor and inductor are commonly used to represent

sample impedance in IS. Their impedances can be represented by Equation 5.3-5.5:
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Zp =R (5.3)

Ze=— (5.4)

Where, R is resistance, C is capacitance and L is inductance. The impedance of a resistor
is independent of frequency whereas the impedances of capacitor and inductor change with
different frequency. The phase angles for pure resistor, pure capacitor and pure inductor
are 0°, -90° and 90°, respectively. This can help identify different circuit elements in

impedance plots.

There are two main categories of impedance plots to help understand the impedance data:
Nyquist plots and Bode plots. In the Nyquist plots, the real part of the data is on the X-axis
and the imaginary part of the data is on the Y-axis where the imaginary part is
conventionally drawn in a reversed direction. Thus the negative value of the imaginary part
is in the first quadrant. Figure 5.1 shows two typical samples for Nyquist plots of
impedance: parallel RC circuit and series RL circuit. A parallel RC circuit, consisting of a
resistor and a capacitor in parallel, is the most typical impedance plot, which shows a
semicircle in first quadrant as in Figure 5.1(a). It can represent the electric behavior of bulk
material, grain boundary and thin film interfaces [161]. Series RL circuit shows a straight
line in the fourth quadrant in Figure 5.1(b). Usually, series RL circuit can model the

behavior of conducting materials such as metals.

Although the Nyquist plot can show real part and imaginary part at the same time, it cannot

show the frequency information on the axis. Bode plots can show the impedance data as a
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function of frequency. In Figure 5.2(a), the impedance magnitude of series RL circuit

increases with increasing frequency from 10* to 10° Hz. In contrast, the impedance

magnitude of parallel RC circuit decreases with increasing frequency at this frequency

range. In Figure 5.2(b), the phase angle changes from 0 to 90° for the series RL circuit

when the parallel RC circuit decreases from 0 to -90°. All this information can be used to

identify resistors, capacitors and inductors in the electrical circuits [162].
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Figure 5.1. (a) Nyquist plots of impedance for (b) a parallel RC circuit (R=1000 Q,
C=1 pF); (b) a series RL circuit (R=1000 €, L=0.01 H). The frequency range is 1 mHz
to 1 MHz.
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Figure 5.2. Bode plots of (a) impedance magnitude (|Z|) and (b) phase angle for a
parallel RC circuit (R=1000 Q, C=1 pF) and a series RL circuit (R=1000 Q, L=0.01
H). The frequency range is 1 mHz to 1 MHz.
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Another important information that can be obtained from the Bode plots is the relaxation
time constant. The time constant is related to the transition behavior of the electrical
circuits. The time constants for parallel RC circuits and series RL circuits can be calculated

from the elements’ values using Equation 5.6 and 5.7, respectively [163].

T=RC (5.6)

(5.7)

~ | X

Or it can be calculated from the relaxation frequency f using Equation 5.8:

=L (5.8)

For example, the time constant for parallel RC circuit (R=1000 Q, C=1 pF) is 0.001 s. Thus
the relaxation frequency is about 159 Hz. Around this frequency the circuit transfers from

resistive behaviour to capacitive behaviour as displayed in Figure 5.2(a).

When analyzing the impedance data, other dielectric functions also need to be examined
such as permittivity £*, admittance Y* and modulus M*. If only one dielectric function is

used to analyze data or fit the experimental curves, the result may be incorrect [164].

In this chapter, impedance spectroscopy was used to characterize 1TO films. The
measurement setup was optimized to obtain data with low noise. Equivalent circuit models

of multi-layer ITO films are discussed and related to their conduction mechanism.
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5.2 Impedance spectroscopy results and discussion

5.2.1 Open circuit and short circuit

In this chapter, all the samples were measured inside a glove box with a controlled relative
humidity (RH) of 10 £ 2% unless the RH was varied for comparison. An open circuit
measurement was done on a pure quartz substrate using a 4-probe station connected with
a Gamry impedance analyser as an in-plane configuration. The frequency range was set
from 1 Hz to 1 MHz with a 500 mV AC voltage. Figure 5.3 shows the Nyquist plot and

Bode plots for the open circuit measurement.
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Figure 5.3. (a) Nyquist plot of impedance; Bode plots of (b) |Z| and (c) phase angle for
an open circuit measured on quartz substrate.

A capacitor is the best circuit element to fit this open circuit. According to Equation 5.9,

(5.9)

1
|Zc| _E

For a single capacitor, the capacitance (C) does not change. The real part of impedance
does not exist according to Equation 5.4. Therefore, the impedance magnitude (|Z.|)

increases with decreasing frequency. These match the Bode plots and Nyquist plot of the
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open circuit measurement. The capacitance for this open circuit is about (1.60-1.64) x 10°
1 F from calculation. This open circuit capacitance can come from the quartz substrate or
the probe station or the instrument because of the in-plane configuration. Some noise peaks
are observed when the impedance magnitude is higher than 10° Q. Since the instrument
setup is good for measuring samples between 100 uQ to 1 MQ, the noise at higher

impedance is reasonable.

It is also important to characterize the short circuits of the measurement setup. The middle
two probes of 4-probe station were shorted by touching a piece of silver foil. The AC

voltage was set to 500 mV, and the frequency range was set from 1 Hz to 1 MHz.

Figure 5.4 shows the Nyquist plot and Bode plots of impedance for a short circuit. Because
of the resistances from silver, cable and contact, the final impedance magnitude of this
short circuit is about 1.66 Q/sq. In theory, as a very conducting metal, the equivalent circuit
for the silver should be a resistor and inductor in series (series RL), which usually shows a
straight line in the 4" quadrant in the Nyquist plot. However, the complex impedance of
this silver had some curvature to the right. An equivalent circuit model displayed in Figure
5.4 inset was used to fit this short circuit. Z-view software was used to simulate and fit

circuit models to the impedance data [165].

It is possible that the surface of silver foil had a very thin layer of oxide or sulphide [166]
which contributes to the Rox. This is parallel to the series elements Rag and Lag which
represent the material behaviour of silver. The conducting cables also had an impact by

adding a series Ro and Lo to the circuit.
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Figure 5.4. (a) Nyquist plot of impedance; Bode plots of (b) |Z| and (c) phase angle for
short circuit measured on silver foil. The red curves show the best equivalent circuit
fit. Inset image shows the equivalent circuit model and data for electrical elements.

Since there is no capacitive behaviour in the Bode plots, the open circuit capacitor does not
need to be included. This equivalent circuit fits well with the experimental data of the silver
foil short circuit in all the impedance plots. However, in the permittivity Bode plots, the
fitting cannot match well with the data when the frequency is lower than 100 Hz, especially

for the real permittivity Bode plot in Figure 5.5.
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Figure 5.5. Bode plots of (a) real permittivity and (b) imaginary permittivity for short
circuit. Black dots are experimental data, red curves are fitting curves (using Cy= 1).

A lot of noise peaks can be found between 1 Hz to 100 Hz in the measurement of open
circuit and short circuits. This low frequency noise is common in many impedance
measurements [167, 168]. The main sources of these noise are the instrument itself, the

cables and the probe station. The samples also contribute some. For conducting samples,
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the thermal effect induced by the current can be another reason for the low frequency noisy
peaks [169]. Also, it was reported that films with notable granularity (polycrystalline)
could be accompanied by a high low-frequency noise level because of the large number of
grain boundaries [170]. Thus, when measuring ITO polycrystalline film samples, the

frequency range 100 Hz to 1 MHz was used.
5.2.2 Effect of geometric factor

The dimensions of the sample and electrode are also important factors that can influence
the measurement of impedance spectroscopy. The geometric factor (g) can be used to

evaluate this dimension effect. The geometric factor can be calculated by Equation 5.10:

A
g="2 (5.10)

where A is the area of smallest current cross section and s is the electrodes spacing [171].
In this chapter, an in-plane measurement setup was used because conducting ITO films
were deposited on insulating substrates. Thus no measurement can be done in a parallel-

plate configuration. A simple schematic is shown in Figure 5.6.

Gamry

..................................

ITO film

Substrate

Figure 5.6. Schematic of the in-plane impedance measurement on ITO film (Blue
shadow volume shows the shortest current path).
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When the spacing between two probes is much larger than the film thickness, the A can be
approximately calculated, using Equation 5.11 by multiplying the effective electrode
length and the film thickness. Using a conducting thin film with 200 nm thickness (t) as an
example, the electrode distance is 1.59 x 107 m (s, spacing between two probes) and the
effective electrode length is fixed at 80 x 10® m (D, diameter of probe tips). The geometric

factor is then 6.29 x 10° m. Thus the geometric capacitance [172] is:

EoA EotD
C:0:0

9 N N

=446 x 10720F (5.11)

where &, is the vacuum permittivity (8.854 x 1012 F/m). This geometric capacitance value
is so small it is impossible to measure with current commercially available impedance

instruments.

To determine the permittivity values, Equations 5.12 and 5.13 are used:

e = (5.12)

e =- (5.13)

wCq [(2)7+(2"7]

Where the impedance data is obtained from the instrument. Since C; is in the denominator,
any small fluctuation of the imaginary impedance will be enlarged in the complex
permittivity data. This is especially true in the low frequency range (when w is small),
where imaginary impedance approaches zero when the lowest impedance limit for the
instrument is 100 pQ. The instrument noise or measurement limit can be the dominant data

in the low frequency range of the complex permittivity plots as shown in Figure 5.5.
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5.2.3 Effect of different AC voltages

In potentiostatic mode, a fixed value AC potential perturbation is applied to the sample.
The impedance of the sample can be obtained by measuring the current response. For very
conducting samples, a small change of AC voltage may result in a big current response and
exceed the measurement range. Also, different conducting mechanisms may happen inside
measured materials under different AC voltages. It was reported that the impedance of a
fuel cell can be changed from an interfacial charge transfer dominant process to oxygen

and gas diffusion dominant process with increasing AC voltages [173].

The 1L ITO film sample was made using a spin coating method on quartz substrate which
under the same fabrication and annealing procedures described in Chapter 4. Different AC
voltages were applied on the same 1L ITO film to measure the impedance as displayed in

Nyquist plot Figure 5.7.
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Figure 5.7. (a) Nyquist plots of impedance for 1L ITO film on quartz substrate
measured under different AC voltages. (b) Magnified image of (a) at low frequency.

The characteristic feature for all these curves is a semicircle in the first quadrant. The

intercepts of the semicircles with the X-axis show the real impedance value at low
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frequency. With increasing AC voltage from 10 mV to 500 mV, the low-frequency real

impedance values of 1L ITO film do not have any apparent changes (within 0.89% change).

Figure 5.8 shows the Bode plots of the impedance magnitude, phase angle, real impedance
and imaginary impedance of same ITO film under different AC voltages. In the Bode plots
of impedance magnitude, the impedance of all ITO films increases with decreasing
frequency at high frequency range (10° Hz to 10° Hz) and then reaches a steady value
without changing too much at lower frequency (10?> HZ to 10° Hz). This is a typical
behaviour in the parallel RC circuit. The Bode plots of real impedance are very similar to
the magnitude plots. However, the real impedance value at high frequency is lower than
the magnitude of impedance because the imaginary impedance has a big contribution to

impedance magnitude at high frequency.
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Figure 5.8. Bode plots of the (a) |Z|, (b) real impedance (c) phase angle and (d)
imaginary impedance of 1L ITO film on quartz substrate measured under different
AC voltages.

The Bode plots of the phase angle in Figure 5.8(c) further prove that the 1L ITO film has
resistive and capacitive behaviour because the phase angle is in the range of -90° and 0°.

The negative phase angle indicates the existence of a capacitive element, and the 0° phase
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angle means a pure resistive behaviour. The Bode plots of imaginary impedance in Figure
5.8(d) show a relaxation peak for 1L ITO film between the frequency of 10° Hz and 10°
Hz. The time constant for each relaxation peak can be calculated from the frequency value
using Equation 5.8. According to the Equation 5.6, the capacitance (C) of 1L ITO film is
about 1.60 x10'* F when using the low frequency impedance magnitude as R. This

capacitance number is close to the open circuit capacitance number.

Although the changes of AC voltage does not apparently affect the impedance numbers for
1L ITO film, the impedance curves become smoother when using the higher AC voltages,
especially in the complex capacitance plot as shown in Figure 5.9. The complex

capacitance was calculated using Equation 5.14:

Cr=— (5.14)
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Figure 5.9. Bode plots of the real part complex capacitance of 1L ITO film on quartz
substrate measured from 10 mV to 500 mV AC voltages.

It is possible that higher AC voltages can increase the signal to noise ratio. A higher AC

voltage can generate higher current and more signals when the instrument noise is not
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affected. The higher AC voltage also creates a stronger electric field between the probes
which may force charge carriers to go the shortest route instead of traveling around the
film surface. Since AC voltage always changes the bias direction, the accumulated charges

may dissipate easily.

The impedance tests with different AC voltages prove that the 1L ITO film has a good
electrical stability. No big changes of impedance or phenomena for charge traps can be
found with varied AC voltage. A 500 mV AC voltage without DC bias was used to measure

all the samples.
5.2.4 Effect of number of deposited layers

The impedance of multi-layer spin-coated ITO films was measured with 500 mV AC
voltage by in-plane configuration as shown in Figure 5.10. Two different scales are used

to better present all the complex impedance curves from 1L to 5L ITO films.

(a)zoooo (b)
i ‘ ‘ -1500 ‘ ‘ —— 1L

——2L
——3L

—~v— 5L

-1000 -

" (Q)

-500 4

A ¢

Ad

: : , 0 i :

0 10000 20000 30000 1000 2000 3000 4000
7' (Q) Z(Q)

Figure 5.10. Nyquist plots of impedance for multi-layer spin-coated ITO films on
guartz substrates. Different scales were used to better show all the curves.

With increasing number of deposited ITO layers, the semicircle in the first quadrant

gradually shrinks to a small arc and the real impedance value decreases. Higher frequency
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signals are required to get a full semicircle, but 108 Hz is the maximum frequency for the
current instrument setup. Figure 5.11 show the Bode plots for these multi-layer ITO films.
Only 1L ITO film shows a relaxation peak in the Bode plots of imaginary impedance.
Again, the required frequency to see the relaxation peaks for 2L-5L ITO films is too high.
All the ITO films have resistive and capacitive behaviour because the phase angle range is
from -90° to 0°. The transition frequency from RC behaviour to a purely resistive behaviour

are increased for ITO film with more deposited layers.
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Figure 5.11. Bode plots of (a) |Z|, (b) real impedance, (c) phase angle and (d)
imaginary impedance for multi-layer spin-coated ITO films on quartz substrates.

5.2.5 Effect of relative humidity

It is known that humidity can greatly affect the electrical properties of materials since pure
water has an electrical conductivity of 5.5 x 10 S/m. Especially for insulating samples
(e.g. porous silica films), they may become much more conductive under high relative
humidity (RH) [174, 175]. The reason is that the water molecules from air can absorb onto
the surface of the material and form a relatively conducting layer, which can greatly

decrease the resistance.
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The impedance of 1L ITO film was tested under different RH from 10% to 70% in a

controlled atmosphere glove box as shown in Figure 5.12.
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Figure 5.12. (a) Nyquist plots of impedance; Bode plots of (b) Z’ and (c¢) Z” for 1L
ITO film on quartz substrate under varied RH from 10% to 70%.

The shapes of the impedance plots are similar to previous plots. However the real
impedance of 1L ITO film decreases from 3.32 x 10* Q/sq to 2.04 x 10* Q/sq when the
RH is increased from 10% to 70%. This 62.8% impedance change cannot come from the
measurement error. Considering the high porosity of 1L ITO film proved by NR in Chapter
4, it is possible that the water molecules are chemically and physically absorbed onto the
porous surface ITO films under high RH. The absorbed water improved the electrical
conductivity of 1L ITO film by ionic conduction of H* and OH" ions. The high RH helps
decrease the impedance of spin-coated ITO films more than the sputtered ITO films as
shown in Table 5.1. In fact, the biggest change is observed for the 1L film which has much
higher porosity (57.31%) than the 5L film (21.60%). When measuring commercial
sputtered ITO glass, no obvious impedance changes are found with different RH, because
the electronic conduction in the fully dense ITO layer is the dominant process. Also, the

sputtered ITO films are expected to have much less porosity than the spin-coated ITO films.
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It is still better to measure ITO films under low RH to remove the effect of water ionic
conduction and also increase the repeatability of measurements. As Table 5.1 shows, the
high RH measurements had higher standard deviations. Three measurements were done for
each sample.

Table 5.1. Comparison of impedance magnitude for multi-layer spin-coated ITO films

on quartz substrates and sputtered ITO films measured at high and low RH
conditions.

ITO films |Z| at RH 70% (L) |Z| at RH 10% () Change %
1L spin coating 2.04 x 10+ 57.3 3.32x10%+27.2 + 62.8%
2L spin coating 5.44 x 10°+ 214 7.38 x 103+ 5.63 +34.9%
3L spin coating 3.17 x 103+ 65.7 4,06 x 10°+ 1.62 +28.1%
5L spin coating 1.62 x 103+ 11.0 1.83 x 10%+ 1.79 +13.2%
Sputtered ITO 136.1 £ 0.33 137.5+£0.07 +1.01%

5.3 Equivalent circuit simulation and fitting

5.3.1 Equivalent circuit model and simulation

In Chapter 4, the XRD results prove that the ITO films are polycrystalline films. The NR
results show that ITO films have high porosity. It is assumed that ITO films are formed by
loosely connected ITO polycrystalline particle spheres. Figure 5.13 shows some possible
conducting mechanisms in ITO films using three typical electrical elements. The ITO intra-
particle electrical behaviour can be represented by series RL circuit or parallel RC circuit.
Considering ITO is a very conducting material, the intra-particle resistance should be

small.
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Figure 5.13. Schematics of the possible conducting mechanisms in ITO films using
typical electrical elements. Schematic inspired by reference [176].

For 1L spin-coated ITO films, the ITO particles may not all have close contact because of
the high porosity. During the inter-particle conduction, current can go through ITO
particles which are barely contacted. Alternating, a tunnelling mechanism can happen when
the distance between particles is small as shown in Figure 5.13. Under very low RH
conditions (<10%), the space between ITO particles should be mainly filled with air. A
parallel RC circuit can be used to represent these interfaces, but the resistance value should

be much higher than intra-particle resistance when ITO particles are in contact.

As discussed in the Chapter 4, the deposition of the next ITO layer can fill some ITO ink
into the porous regions of the previous ITO layer. In this way, the bottom ITO layer
becomes denser and the ITO particles grow into a relatively bigger size than the top ITO
layer. In addition, the bottom ITO layers have experienced longer annealing time which
may cause some particle growth. Thus the contact between ITO particles can be improved
by growth (or sintering process, if done at higher temperatures). When the grain boundary

still exists between ITO nanoparticles, the equivalent circuit for these interfaces should still
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be a resistor and capacitor in series. The resistance value should be in between the intra-

particle resistance and the tunnelling interface resistance.

To better understand the electrical processes inside these multi-layer ITO films, a more
detailed equivalent circuit model is required to fit the impedance plots. No inductance
behaviour can be observed in the Bode plots of phase angle in Figure 5.11. If an inductor
is added, the inductance should be very small so that it will not affect the impedance spectra
that much. Thus the inductance is neglected in this study. The intra-particle electrical
behaviour in ITO can still be represented by a parallel RC circuit. Then the equivalent
circuit model for the 1L ITO film is two parallel RC circuits in series, which are Rito/Cito

for intra-particle conduction and Rgrain/Cgrain fOr inter-particle conduction.

Figure 5.14 shows the in-plane configuration for IS measurements of 1L and 2L ITO films.
The electric field can go through the insulating substrate but the current flow should be
always in the ITO films. Since interfaces between each ITO layer always have less NSLD

as shown in Chapter 4, the main current flow in each ITO layer should be parallel to each

(a) F Gamry (b)y [ — camy
' ' r ITO-T

““““ — —— ITO-B
Substrate

Substrate

other.

1L ITO film 2L ITO film

R-inter-T R-intra-T

C-inter-T C-intra-T
R-inter-B R-intra-B

C-inter-B C-intra-B

R-inter R-intra

C-inter C-intra

Figure 5.14. In-plane configuration for IS measurements of (a) 1L and (b) 2L ITO
films. Simplified equivalent circuit for each film is shown below the film schematics.
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It is also possible that the current flow can go across the interface between ITO layers when
the interfaces have some points with good contact. Thus the electrical elements in each
ITO layer can be in parallel or in series with the elements in another ITO layer as displayed
in Figure 5.14(b). Parallel combination of electrical elements can be calculated by Equation

5.15 and 5.16:

LEENE (5.15)

Rparallel Ry Ry

Cparallel =(;+C, (5-16)

Where R1 and R are two parallel resistors, C; and C, are two parallel capacitors. The

equivalent circuit in Figure 5.14b can be simplified into a two parallel RC circuit in series.

A full equivalent circuit model for 1L ITO film can be drawn as in Figure 5.15. Ro is the
combination of contact resistance, cable resistance and instrument compensation
resistance. Two parallel RC circuits in series represent the impedance behaviour inside ITO
films. Co is the open circuit capacitance which should be parallel to the ITO films. This
capacitance also becomes the experimental limitation for in-plane measurements of ITO
thin films. Different situations can happen with different values of open circuit capacitance.

A simulation for the influence of open circuit capacitance is shown in Figure 5.16.

Figure 5.15. A full equivalent circuit model for 1L ITO film.
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If the open circuit capacitance (Co) is much smaller than intra-particle (C1) and inter-
particle (C2) capacitance (about 3 orders of magnitude smaller), it should have a very small
impact on the experimental impedance data of ITO films (Figure 5.17(a)). Then this
capacitance can be neglected in the circuit. The equivalent circuit can be simplified to two
RC parallel in series, and therefore it is easier to separate two dielectric relaxations (RC

parallel) in ITO films.

If the open circuit capacitance (Co) is much larger than the capacitance in ITO films (about
3 orders of magnitude larger), it will dominate the experimental capacitance data of ITO
films (Figure 5.17(b)). In this situation, the intra-particle and inter-particle capacitance
cannot be separated since all the small capacitance information is covered by the large
capacitance information (Figure 5.16(b, c)). Thus, the final equivalent circuit model is

simplified to (R1 + R2) in parallel with open circuit capacitor Co.
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Figure 5.16. Impedance plots from simulated data to demonstrate the influence of
open circuit capacitance. (a) Nyquist plots of impedance; Bode plots of (b) |Z| and (c)
phase angle for equivalent circuit (inset) with different open circuit capacitance Co.
All other circuit elements are fixed: R1 =100 Q, R2=500Q, C1 =102 F, C2=1010
F. The frequency range is from 102 Hz to 100 Hz. (Ro was neglected in simulation
since it only change the horizontal displacement of spectra without affecting the
shape)
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Figure 5.17. Comparison of Nyquist plots for two equivalent circuits (inset) with (a)
Co=10"F; (b) Co =107 F. All other circuit elements are fixed: R1 =100 Q, R2 =500
Q,C1=10"%F, C2=101°F. The frequency range is from 102 Hz to 100 Hz.

Another situation is that the open circuit capacitance may be similar to the capacitance in
ITO films (some cases are shown in Figure 5.16a). It is possible to separate two RC parallel
behaviours with a defined open circuit capacitance. However, the open circuit capacitance
is not easily defined because most impedance instruments show large noise for high
impedance measurement. Only a rough estimation for open circuit capacitance can be
obtained. Also, the capacitor in ITO films may interact with open circuit capacitor and
show only one imperfect capacitor behaviour in the impedance plot (Co=10° F curve in
Figure 5.16a). This combined capacitor can be represented by a constant phase element

(CPE).

CPE is non-ideal capacitor to compensate for inhomogeneity in the system such as surface

defects, charge inhomogeneities, phase separation, variation in compositions and
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stoichiometry [177]. The impedance of a CPE element can be expressed by Equation 5.17

[178]:

7=— (5.17)

T Yo(iw)®

Where, Y, is a constant and n is the CPE power index (0 <n <1). When n = 1, the CPE
converts to a perfect capacitor. Thus, if CPE has to be used to represent the capacitor
behaviour in ITO films, capacitance in ITO films may be similar to open circuit

capacitance.

In the simulation, it is possible to separate the open circuit capacitance from the main circuit
capacitance if the Co is about same order of magnitude with C1 or C2 as well as having a
wide range of measured frequency. When Cy is bigger than this, the separation for C1 and

C2 will not be accurate.

5.3.2 Equivalent circuit fitting

A simple equivalent circuit model of parallel RC circuits in series with Ro was used to fit
the experimental impedance data for 1L ITO film and shows a good fitting in the
impedance Nyquist and Bode plots in Figure 5.18. This model also fits well with other
dielectric functions which can be found in Appendix B. CPE function is not required since
the ideal capacitor fit well. The fitting data of capacitor C is about 1.602 x 101! F which is
similar to the open circuit capacitance number. It is possible that the open circuit
capacitance is larger than the capacitance in ITO films and dominate the IS data, which

was discussed in the previous simulation.
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Figure 5.18. (a) Nyquist plot of impedance; Bode plots of (b) Z’ and (c¢) Z” with
equivalent circuit fit results for 1L ITO film on quartz substrate. Black dots are
experimental data, red lines are fitting curves. Inset picture was equivalent circuit
model and the fitting data.

Actually, we can roughly estimate the value of ITO intra-particle capacitance with the

geometric capacitance using Equation 5.18 [179]:

Er&oA

Cmtra— d —ngg (5-18)

Where ¢, is the relative permittivity of bulk ITO and C, is geometric capacitance. The &,
of ITOis 4.0 at high frequency [180] and 9.0 at low frequency [181]. Thus the intra-particle
capacitance of 1L ITO films should be in the range of 1.82 x 101° F to 4.10 x 10"*° F. This
is eight orders of magnitude smaller than the open circuit capacitance (1.6 x 101! F). The
inter-particle capacitance should be bigger than the intra-particle capacitance in this 1L
polycrystalline 1TO films considering the air between the ITO nanoparticles. If the ITO
particles contact to each other, Equation 5.19 can be used to derive inter-particle

capacitance [182].

d rain
Cinter = Crntra X 37 (5-19)
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Where d,qin i the size of ITO nanoparticle and dj is the thickness of grain boundary
between ITO particles. Considering only one layer atoms as a grain boundary, the smallest
thickness of grain boundary is about 0.5 nm (van der Waals radius of indium is about 0.225
nm). The size of ITO nanoparticle is about 15 nm. Then the estimated inter-particle
capacitance can be 30 times (~107* F) larger than the intra-particle capacitance. However,

it is still considerably smaller than the open circuit capacitance.

The obtained resistance (R) should be a combination of inter-particle resistance (Rinter) and
intra-particle resistance (Rintra) because the equivalent circuit in Figure 5.15 simplified to
RC parallel. It is interesting to find that the Ro is a negative number. Actually, negative
resistance is a widely reported topic in the literature [183, 184]. The cable resistance cannot
be negative. Thus the negative value should come from the instrument compensation or
contact resistance. For the instrument compensation part, it was noticed that the negative
value showed up in the real impedance of open circuit measurement at high frequency. For
contact resistance, a partial Schottky barrier may form between the conducting tungsten
carbide (WC) probe electrode and semiconducting ITO films beside the ohmic contact
[185]. The negative resistance may be explained by an avalanche multiplication at the edge
of the depletion region of a W-ITO contact [186]. However, from the FEA simulation in
the next chapter, it is found that the contact resistance should be a large positive number
and contributes to the obtained resistance R. Thus the instrument compensation should be

the main reason for the negative Ro numbers.

Figure 5.19 shows the Nyquist plot and Bode plots of impedance for 5L ITO films with
fitting results. The fitting curves using CPE-modified equivalent circuit model match well

with the experimental data for the 5L ITO film. The reason for using the CPE function
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instead of pure capacitor should be mainly attributed to presence of the interfacial layer
defects in the multi-layer ITO films. With increasing number of interfaces between ITO
layers, the capacitor behaviour is slightly deviated from the ideal situation. The film’s

intrinsic capacitance may have a partial contribution to this.
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Figure 5.19. (a) Nyquist plot of impedance; Bode plots of (b) Z’ and (¢) Z” with
equivalent circuit fit results for 5L ITO film on quartz substrate. Black dots are
experimental data, red curves are fitting curves. Inset picture is modified circuit
model.

All the fitting data of electrical elements in equivalent circuit for multi-layer ITO films are
listed in Table 5.2. The standard deviation was obtained from fitting function of Z-view
software. The Ro gradually increases and becomes positive because 5L ITO films are more
conducting than 1L ITO films. With increasing number of deposited layers, the
combination of intra-particle and inter-particle resistance (R) was decreased from 3.35 x
10* Q to 1.78 x 10® Q. The capacitance value in CPE is similar to the open circuit
capacitance. However, it is slightly increased from 1L to 5L ITO films which means that

the capacitance of interfacial defects in ITO films has an influence on the total capacitance.
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Table 5.2. Fitting data of electrical elements in equivalent circuit model for multi-
layer ITO films on quartz substrates from Chapter 4.

ITO layers Ro (Q) R (Q) Yo (101 F) n
1L -246 £ 29.6 3.35x10*+32.9 1.60 £ 0.004 1
2L -182+17.2 7.56x10°+ 16.7 1.64 + 0.007 0.999
3L -126 £+ 23.3 4.18x10°+ 23.0 1.65+0.019 0.997
5L 58.7 £ 4.26 1.78x10%+ 42.5 1.85 + 0.089 0.995

To fully separate the inter-particle capacitance and intra-particle capacitance from the open
circuit capacitance, the only possible way is to increase the geometric capacitance.
Considering Equation 5.11, we can increase the electrode length or decrease the electrode
spacing when the film thickness is fixed. The maximum length for the electrodes can be
the ITO film sample size (2.54 x 102 m), which is about 300 times larger than the probe
diameter. To make the inter-particle capacitance similar to the open circuit capacitance, the
spacing between two electrodes should be minimized to about 500 nm (1/3000 of the
original spacing). Also, the electrodes should be as thin as possible to reduce the effect on
the electrical properties of ITO films. Thus, a pair of long and thin electrodes with narrow
spacing are required to separate intrinsic film capacitance for in-plane impedance

measurements.

Other types of measurement configurations should be considered such as parallel-plate
configuration. The electrode size can be enlarged and the spacing between electrodes can
be minimized in the parallel-plate configuration. Thus the geometry capacitance can be
increased as well as the intrinsic film capacitance. However, the ITO films are on the
insulating quartz substrate, the parallel-plate measurement will be dominated by the large

resistance and capacitance from the insulating substrates. Thus the ITO films must be
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deposited onto conducting substrates such as metals. The possibility of these measurement

configurations and different electrodes is discussed in the next simulation chapter.

5.4 Comparison of sheet resistance result from AC and DC methods

The low frequency impedance magnitude is always being used as the sheet resistance for
thin films in the impedance spectroscopy. By measuring the same ITO films using AC
method (2-probe AC IS) and DC method (4-probe DC resistance measurement) using the
same four-probe station, we found that the sheet resistances value from AC method are
always slightly bigger. Table 5.3 shows the sheet resistance comparison between the two
methods using multi-layer spin-coated ITO films from Chapter 4 as an example. Each
sample was measured at least 3 times and the average number was used. Similar current
value was used in the two methods. The DC sheet resistance is higher than the data in
Chapter 4 because these samples were measured several weeks after Ar annealing process

and had reached a steady state.

From Table 5.3, the sheet resistance ratio between AC method and DC method is about
1.40 to 1.58. Several reasons may cause this difference. First, the AC method only uses 2-
probe configuration and the measured impedance includes cable resistance, probe
resistance and contact resistance. Second, the AC method takes a longer time to measure
the same sample which may cause resistive heating [187]. The increasing temperature may
increase the sheet resistance of ITO films. Last, the skin effect may happen inside ITO film
during IS measurement. AC currents tend to go through the surface instead of passing
inside of the conductor [188]. This will reduce the effective current cross-sectional area

and thus increase the measured impedance.
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Table 5.3. Comparison of sheet resistances from AC method and DC method for
multi-layer spin-coated ITO films on quartz substrates (Obtained from the average).

ITO layers AC method (Q/sq)  DC method (€/sq) AC/DC ratio
1L 3.35x10*+32.9 2.39x10*+0.49 1.40
2L 7.56x10%+ 16.7 5.14x10%+ 0.026 1.47
3L 4.18x10°+ 23.0 2.63x10°+ 0.030 1.58
5L 1.78x10°+ 42.5 1.14x10° + 0.064 1.57

Thus, in order to get accurate sheet resistance value for ITO films, the 4-probe DC
resistance measurement method should be used. However, the AC IS method is better to

understand the electrical microstructure inside ITO films.

5.5 Conclusion

Impedance spectroscopy was used to characterize the multi-layer 1TO films reported in
Chapter 4. The measurement conditions were optimized to obtain repeatable and reliable
impedance results. The conducting mechanism in ITO films should consist of intra-particle
and inter-particle conduction. During IS simulation, it was found that the open circuit
capacitance can dominate the film impedance. The fitting results of the experimental
measurements proved that the obtained film capacitance had a value similar to open circuit
capacitance. The estimated film intrinsic capacitance using geometry capacitance further
provided evidence that intrinsic film capacitance is much smaller than the open circuit
capacitance. Some possible solutions were discussed which might increase the geometric
capacitance and help separate ITO intra-particle and inter-particle capacitance. Last, a
comparison was made between DC resistance and AC impedance. It was shown that DC
electrical measurements give more accurate sheet resistance values for ITO films, whereas

AC measurements are more affected by several artifacts.
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CHAPTER 6. IMPEDANCE AND CAPACITANCE SIMULATION

OF ITO FILMS BY FINITE ELEMENT ANALYSIS

6.1 Introduction

Finite element analysis (FEA) is a computerized method for simulating and analyzing
problems in engineering and mathematical physics. In FEA, a large domain of the problem
is subdivided into small and simple finite elements which can be represented by element
equations to model most closely the actual behavior. By systematically solving and
recombining all these element equations into a large system of equations, the numerical
answer is obtained for the original problem [189]. As a computer-based method, the FEA
has several advantages that make it very popular. For general situations, small computers
and short programs are able to solve the problems quickly with low development cost. With
increasing computer calculation ability, irregular material shapes and complicated systems
can be simulated by separating into small element problems in FEA. Most importantly, any

additions and changes can be made into existing models quickly and inexpensively [190].

With the above stated advantages, FEA has been widely used to analyze structural
problems for bulk materials including stress analysis, vibration analysis and impact
problems, as well as nonstructural problems such as heat transfer, fluid flow and
distribution of electrical or magnetic potential [190]. Recently, FEA has been extended to
study materials with nanoscale dimensions like thin films [191, 192]. The electrical
properties of thin films can be predicted from the simulation to assist the experimental

measurements. For example, Kumar and Gerhardt [193] reported on the influence of
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geometric parameters on the impedance behavior for insulating SiO2 thin films on
conducting Si substrates by FEA. Different electrode sizes and film thicknesses can cause
orders of magnitude change in the measured film impedance and capacitance, whereas
using thicker or thinner substrate thickness does not affect the impedance measurements
significantly. It was also found that small electrode size and large film thickness can cause

large measurement error in the simulation cases [192].

Most studies of electrical properties for ITO films have been based on the experimental
data and very few electrical simulation have been reported [194]. ITO films are usually
deposited on insulating substrates. Thus the electrical behavior is completely different from
the situations of insulating films on conducting substrates. In this chapter, ITO films with
different measurement configuration, geometric dimensions and electrode sizes were

studied by FEA using 2D and 3D models.
6.2 Modeling steps

COMSOL Multiphysics 5.3 was applied as the FEA tool in this chapter. The impedance
measurement usually uses AC voltage and is frequency-dependent. Thus the simulations
here used a Bi-conjugate gradient stabilized iterative solver [195] in the ac/dc module in a
frequency domain study, which implements a finite element method to solve partial

differential equations. The goal is to solve the Maxwell’s Equation 6.1 in terms of electric

potential (V) [191].

~V-((0+&28=)VV) =0 (6.1)
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Where o is the electrical conductivity of the material, €, is the relative permittivity of the
material, &, is the vacuum permittivity (constant value: 8.854 x 107*? F/m). The problem
then is reduced to solving the electric potential in each finite element domain. An AC
voltage signal (0.5V, 0.1 Hz-10 MHz, 10 points per decade) was added to the terminal
electrode and the ground electrode had zero potential as a 2-probe method. The current
flowing from terminal to ground electrode was extracted. The admittance (YY) can be
derived between the terminal electrode and ground electrode using the functions in
COMSOL software. Other dielectric properties such as impedance (Z) and capacitance (C)

can also be calculated using Equations 6.2 and 6.3:

Zt===7+j7" (6.2)

vr

!/

C=C+jC" = 6.3)

©
Some standard values of the relative permittivity and electric conductivity used in this
chapter are listed in Table 6.1. These numbers are kept as constants throughout the whole

chapter unless otherwise given. One important assumption is that ITO film is treated as a

homogeneous layer without any porosity.

The procedure for the modeling setup in FEA is:

a. Choosing the 2D or 3D model and ac/dc electric currents interface in the COMSOL
model wizard;
b. Drawing ITO films model with or without environment;

c. Building the appropriate mesh for the model;
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d. Defining the conductivity and relative permittivity for each domain and boundary
conditions;
e. Computing the model by the solver in the frequency domain study;

f. Converting the calculated data into admittance and other electrical properties.

Table 6.1. Relative permittivity and electrical conductivity for different materials
used in the simulation

Relative Electrical

Materials permittivity conductivity (S/m) Reference
Air 1.00059 3x 101 [196]
Quartz glass 4.2 1x1072 [197]
ITO 42 1180°¢ [180]
Tungsten Carbide 1P 5.0 x 108 [198]

ab For conductors, the relative permittivity is not constant at different frequency. To
simplify the calculation, the relative permittivity for ITO and WC are fixed at 4 and 1.

¢ An average experimental value of solution-processed 1L ITO films after Ar annealing
treatment.

6.3 Results and discussion
6.3.1 Effects of different measurement configurations for ITO film

The impedance spectroscopy of samples can be obtained from different measurement
configurations. A FEA simulation of different measurement configurations can predict the
impedance results and guide the experiments. Parallel-plate measurement and in-plane
measurement are two common configurations for impedance measurement. They are both
possible for ITO film impedance measurement. In a parallel-plate measurement simulation,
ITO film is deposited onto WC substrates. Another WC plate is put on top of ITO film to

form a sandwich structure as shown in Figure 6.1.
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Two square WC plates have the same size of 12.7 mm x 12.7 mm and thickness of 1 mm
(which is common value for substrate thickness). The ITO filmis also 12.7 mm x 12.7 mm
but the thickness is 10 um. The electrical parameters were listed in Table 6.1. The top WC
plate serves as terminal electrode and the bottom WC plate is the ground electrode. The

electrical response of the system can be simulated.
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Figure 6.1. (a) 3D model geometry for parallel-plate measurement configuration; (b)
magnified figure to show sandwich structure. (12.7 mm x 12.7 mm x 1 mm WC plates,
12,7 mm x 12.7 mm x 10 um ITO film)

Figure 6.2 shows the electric potential map for the parallel-plate measurement
configuration at 1 Hz from the FEA simulation results. The top WC plate has a constant
electric potential of 0.5 V where the potential of the bottom WC plate is 0 V. The electric
potential drop is found mainly on the ITO film as shown in Figure 6.2(c) because the ITO
film has much larger resistance than the WC plates. The electric field lines vertically pass

through the ITO films and are presented by the dots shown in Figure 6.2(b).

In-plane measurement is another configuration for ITO film impedance measurement. A
probe station is required to work as electrodes on top (Figure 6.3). In the actual simulation,
the thickness of the electrode was ignored to reduce the number of mesh elements. No

contact resistances were added between electrodes and ITO film to simplify the simulation.
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Figure 6.2. Simulated electric potential map and field lines for parallel-plate
measurement configuration at 1 Hz: (a) 3D electric potential map; (b) 2D surface map
at z=0; (c) 2D surface map at y=0.
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Figure 6.3. (a) 3D model geometry for in-plane measurement configuration; (b)
magnified figure to show ITO film on substrate. (15 mm x 15 mm x 2 mm air, 12.7
mm x 12.7 mm x 10 um ITO film, 12.7 mm x 12.7 mm x 1 mm substrate, D = 80 um
circular electrodes with a center spacing of 1.5875 mm)

In the simulation model, a 12.7 mm x 12.7 mm % 10 um ITO film is on the 12.7 mm x 12.7
mm % 1 mm substrate and surrounded by 15 mm x 15 mm x 2 mm air which best simulates
the real environment. ITO films can be deposited on conducting substrates or insulating

substrates. The conducting substrate is WC plates, and insulating substrate is quartz glass.
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Figure 6.4 shows the comparison of electric potential map for ITO films on the conducting

substrate and the insulating substrate.

(a) freq =1 Hz Surface: Electric potential (V) (b) freq =1 Hz Surface: Electric potential (V)
Streamline: Electric field

Streamline: Electric field

Figure 6.4. Simulated 3D electric potential map and electric field lines at 1 Hz for (a)
ITO film on conducting substrate; (b) ITO film on insulating substrate. (15 mm x 15
mm x 2 mm air, 12.7 mm x 12.7 mm x 10 um ITO film, 12.7 mm x 12.7 mm x 1 mm
substrate, D = 80 um circular electrodes with a center spacing of 1.5875 mm)

On the conducting substrate, the electric potential on the ITO film surface remains a
constant at low values except for the electrodes area. Conversely, the electric potential has
much bigger variance on the surface for an ITO film deposited on an insulating substrate.
The conducting mechanism is different for these two in-plane measurement configurations.
This can be easily noticed in the 2D current density map as shown in Figure 6.5. When
measuring an ITO film on a conducting substrate, only the ITO region under electrodes has
a high current density. The current passes through the ITO film and the WC substrate has
a major contribution to the current path (Figure 6.5(a, ¢)). As a comparison, the main
current path for an ITO film on an insulating substrate remains in the ITO film between
two electrodes (Figure 6.5(b, d)). The current density spreads out from the electrodes and
flows in the plane parallel to the substrate. Thus the current density is very low in the glass

substrate.
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Figure 6.5. 2D simulated surface current density map at z=0 for ITO film (a) on
conducting substrate and (b) on insulating substrate; 2D simulated surface current
density map at y=0 near one electrode for ITO film (c) on conducting substrate and
(d) on insulating substrate. (15 mm x 15 mm x 2 mm air, 12.7 mm x 12.7 mm x 10 um
ITO film, 12.7 mm x 12.7 mm x 1 mm substrate, D = 80 um circular electrodes with
a center spacing of 1.5875 mm)

The simulated impedance and capacitance values from 0.1 Hz to 10 MHz for the same 10
pum ITO film also proved that the measurement configurations can cause very big
differences in the measurement results (Figure 6.6). As an example, the impedance
magnitude at 1 Hz for ITO film (12.7 mm x 12.7 mm x 10 um) can change from 5.247 x
10®° Q for parallel-plate configuration to 100.8 Q for in-plane measurement on an
insulating substrate. The real capacitance at 1 Hz can vary from 5.712 x 10"%° F (parallel-
plate) to about 10*° F (in-plane). This can also be used to verify the accuracy of our FEA

model.
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Figure 6.6. (a) Bode plots of impedance magnitude (|Z|) for same ITO film with three
measurement configuration; (b) Bode plots of real capacitance (C’) for same ITO film
with three measurement configuration.

According to the resistance and parallel-plate capacitance Equations 6.4 and 6.5:

R=Pbo Lo 10400 _ 5954 x 10750 (6.4)

A ca?  1180x(12.7X1073)2

er€0A _ £r€0a® _ 4x8.854x1071%x(12.7x1073)?
a ot 10x10-6

C= =5.712 x 10710F (6.5)

Where t is the thickness, ¢ is the conductivity and a is lateral length of a square ITO film.
The theoretical values for resistance and capacitance are almost equal to the simulation
results in the parallel-plate configuration case. This proves that our simulation setup, mesh

process and solution are correct and that the simulation models are reasonable.

From the simulation results, it is noticed that the parallel-plate configuration and in-plane
configuration on a conducting substrate give a relatively low impedance measurement.
Considering the existence of cable resistance and contact resistance, it is very difficult to
accurately extract the real ITO film electrical response from experimental measurement.
Also, with very low impedance, the imaginary part of the circuit will be dominated by cable

inductance which cannot show the capacitance behavior. Thus, the in-plane measurement
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on insulating substrate, which has a relatively large impedance number and benefits

capacitance measurement, is further analyzed in this chapter.

6.3.2 Comparison of different simulation models

Several different simulation models were used to study the electrical response of ITO films
under in-plane measurement. For pure ITO films without substrate and air environment,
both 2D and 3D models can provide reasonable simulations. The 2D top view model is a
simple and effective way to obtain the impedance and capacitance of pure ITO films.
Figure 6.7 shows that under the same geometry of ITO film, the 2D model and the 3D
model generate similar electric potential map and electric field lines. Also, the wide
frequency impedance and capacitance values are the same for these two models. However,
the 2D model saves a lot of time in the simulation process. By inputting thickness with out-
of-plane thickness, the number of degrees of freedom can be reduced from 107 to 10° for
the 3D to 2D model. The only problem is that the substrate and environmental effect cannot

be simulated in the 2D model.

To understand the substrate and environmental effects during the in-plane measurement,
3D models have to be used. In the real situation, ITO films can be as large as 25.4 mm x
25.4 mm, but films only have a thickness of 100 nm. The high aspect ratio of 2.54 x 10°
make the normal meshing and simulation process very difficult and beyond our current
calculation ability. In this work, one approach to overcome the problem is to apply an
electric shielding boundary condition to replace the ITO layer. The thickness of the ITO
layer is usually much thinner than the quartz glass substrate and air environment (1 mm).

Also, the ITO layer is much more conductive than quartz glass and air. Using a 10 um ITO
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film as an example, the simulation results comparison in Figure 6.8 proves that a simplified

3D model generates similar electric potential and electric field map to the full 3D model.

@) = ‘ ' ' (b) .
0.006
Terminal ~ Ground L —~——  Ground om
0.004 —— Terminal N ‘O
0.002 I = \ A
i o : : 0
-0.002° N = 5
= mofim
ITO film z il
<0:006 || [ | ] ml Y. x 3 mm
20.008 -0.004 0 0.004  0.008 -5
(C) freq =1 Hz Surface: Electric potential (V) (d)

freq =1 Hz Surface: Electric potential (V)

reaniine: Eeaianied Streamline: Electric field

m g [ 4
0.5
04 0.45
0.002 1 0'35 0.4
\ X o3 0.35
0 f——> 3 0.3
\(7 0.25 0.25
-0.002 0.2 .
I U 0.15 0.2
-0.004 ; 0.1 0.15
1 J 0.05 0.1
-0.006 L ——— | 0 0.05
-0.008 -0.004 0 0.004 0.008m 0

Figure 6.7. Model geometry for pure ITO film in-plane measurement: (a) 2D model
and (b) 3D model. Simulated electric potential map and electric field lines at 1 Hz for
(c) 2D model and (d) 3D model. (12.7 mm x 12.7 mm x 10 um ITO film, D = 80 um
circular electrodes with a center spacing of 1.5875 mm)
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Figure 6.8. Simulated 3D electric potential map and electric field lines at 1 Hz for (a)
3D full-fidelity model with 12.7 mm x 12.7 mm x 10 um ITO film; (b) 3D simplified
model using ITO film as electric shielding boundary conditions. (15 mm x 15 mm x 2
mm air, 12.7 mm x 12.7 mm x 1 mm substrate, D = 80 pum circular electrodes with a
center spacing of 1.5875 mm)

The impedance and capacitance within a wide frequency range can be obtained by post-

processing as shown in Figure 6.9. The simplified 3D ITO model gives impedance values
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(100.00 Q) close to full 3D ITO models (100.78 Q) with an error less than 1% from 0.1 Hz
to 10 MHz frequency. The Bode plots of real capacitance for two models have similar
shapes, but the values have some difference at mid-frequency region. The low frequency
real capacitance (0.1 Hz) for the two models are both around 1.25 x 10™* F. The later
simulation results prove that this large capacitance is mainly coming from the substrate and

air environment.
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Figure 6.9. (a) Bode plots of |Z| for 10 um ITO film with two different 3D models; (b)
Bode plots of C’ for same 10 pm ITO film with two different 3D models. (15 mm x 15
mm x 2 mm air, 12.7 mm x 12.7 mm x 10 um ITO film, 12.7 mm % 12.7 mm X 1 mm
substrate, D = 80 um circular electrodes with a center spacing of 1.5875 mm)

6.3.3 Effect of substrate and air environment

As insulating materials, the quartz glass substrate and air environment should have higher
impedance than the ITO films. Here a 2D model similar to Figure 6.7(a) was used to
simulate electrical response from pure ITO film (12.7 mm x 12.7 mm with thickness of
100 nm), pure quartz glass substrate (12.7 mm x 12.7 mm with thickness of 1 mm) and air
block (15 mm x 15 mm x 2 mm). Simplified 3D models using 100 nm ITO film as electric
shielding boundary were applied to simulate the impedance and capacitance for the

combination of ITO film with quartz substrate, combination of ITO film with air,

127



combination of ITO with both substrate and air. In this way, electric property for each

material can be separated when it is impossible to do in the real experiments.

Figure 6.10 shows the simulated impedance and capacitance results for ITO film, quartz
glass substrates, air environment and their combinations. The quartz and air are very
insulating and their impedances decrease with increasing frequency. This matches the
experimental data in the open circuit measurement in the Figure 5.3. The 100 nm pure ITO
film and its three combinations with environments have almost the same impedance of 10*
Q. The imaginary impedances are always insignificantly small (approaching zero)
compared to the real impedance. Thus the impedance magnitude are mostly contributed by
the real impedance values. No apparent changes can be observed from 0.1 Hz to 10 MHz,
which show pure resistor behaviour. The substrate and air environment have a very small

effect on the impedance of ITO film as the curves overlap in Figure 6.10(a).
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Figure 6.10. (a) Bode plots of |Z| (b) Bode plots of C’ for pure ITO film, pure air block,
pure quartz substrates, combination of ITO film with quartz substrate, combination
of ITO film with air, combination of ITO with both substrate and air. (15 mm x 15
mm x 2 mm air, 12.7 mm x 12.7 mm x 100 nm ITO film, 12.7 mm x 12.7 mm x 1 mm
substrate, D = 80 um circular electrodes with a center spacing of 1.5875 mm)

However, the capacitance values have different trends. In the simulation, the pure substrate

(3.15 x 10°* F) and pure air (7.51 x 10"%® F) have much higher capacitance than the pure

128



ITO film (3.00 x 108 F, within the estimation of 10*® F to 10" F in Chapter 5). As a
result, the capacitances of combined systems are close to the substrate capacitance and air
capacitance, more than 2 orders of magnitude higher than the ITO film capacitance in
Figure 6.10(b) even with a transition during the middle frequency (10 to 10* Hz). Different
air dimensions were simulated, but no apparent differences were observed. Anyway, the
large capacitance of the system proves that in the in-plane capacitance measurement of
conducting films on insulating substrates are dominated by the open circuit capacitance

(substrate and air) as discussed in Chapter 5.

With the above impedance and capacitance values, the time constant T can be estimated
using Equation 5.6 and then the relaxation frequency f can be obtained using Equation 5.8.
The time constant is about 101° s, and the relaxation frequency is about 1.29 x 10° Hz,
which falls out of our frequency range. Thus during 0.1 Hz to 10 MHz frequency, all the

ITO films show pure resistive behaviour in the Bode plots.

The simulated capacitance for 100 nm thick ITO film on quartz in air is still 3 orders of
magnitude lower than the experimental values (~1.60 x 10! F). The main reason should
be attributed to the high capacitance from the probe station and the measuring instrument.
With these high capacitances, the real capacitance information of ITO film were hidden

and difficult to be measured in the experiments as described in Chapter 5.
6.3.4 Effect of ITO film properties

To study the effect of ITO film properties on the measured impedance and capacitance,
simulations were performed using 2D models for pure ITO films and simplified 3D models

for ITO films with substrate and air. Different film thickness, size and conductivity were
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compared in this section when circular electrodes have a fixed diameter of 80 pum with

1.5875 mm spacing on top of measured film.

6.3.4.1 Film thickness

Figure 6.11 shows the impedance of ITO films in a wide frequency range simulated by 2D
models and simplified 3D models. The impedance values of ITO films decrease with
increasing film thickness as an inverse proportional relationship. This matches Equation
2.4. In addition, the impedance is independent of frequency and shows pure resistive
behaviour because the relaxation frequency is much higher than what is regularly
measured. Comparing the results of 2D models and 3D models, the quartz substrate and air
environment has an insignificant effect on the impedance magnitude of ITO films with

thickness of 100 nm to 10 pum.

The Bode plots of real capacitance for ITO films using 2D models and simplified 3D
models are shown in Figure 6.12. For pure ITO films, the real capacitance is independent
of frequency from 0.1 Hz to 10 MHz. The capacitance values increase in proportion to the
film thickness which matches the geometric capacitance Equation 5.11 in the in-plane
configuration. This proves that when calculating the capacitance for in-plane measurement,

the thickness number should be in the numerator.

However, when ITO films are simulated with substrate and air environment, the
capacitance curves for different film thickness have similar shapes. The high frequency
platform and low frequency values for capacitance are always at 1.24 x 101* F. The mid-
frequency platform has a capacitance about 10*° F. With increasing film thickness, the

sudden drop of capacitance happens at higher frequency. The reason for this transition is
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still under investigation. It may be due to the large capacitance difference between the
conducting film and the environment. When the ITO film is thick enough (100 um) and
has similar capacitance with the environment, the transition disappears (not shown). In the
actual measurement, because the open circuit capacitance is so large (10 F), this

phenomenon cannot be observed.
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Figure 6.11. (a) Bode plots of |Z| for pure ITO films (12.7 mm x 12.7mm) simulated
in 2D models; (b) Bode plots of |Z| for ITO films on quartz substrate in air
environment simulated in simplified 3D models. (15 mm x 15 mm x 2 mm air, 12.7
mm x 12.7 mm x 1 mm substrate)
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Figure 6.12. (a) Bode plots of C’ for pure ITO films (12.7 mm X 12.7 mm) simulated
in 2D models; (b) Bode plots of C’ for ITO films on quartz substrate in air
environment simulated in simplified 3D models. (15 mm x 15 mm x 2 mm air, 12.7
mm x 12.7 mm x 1 mm substrate)
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6.3.4.2 Film size

Another important film property is film size (lateral length of the square film). The film
thickness in this case was fixed at 100 nm. Since the ITO film impedance has almost no
change over a wide frequency, a single value at low frequency is used to represent the data.
The capacitance value at the same frequency is also recorded to compare the 2D models

for the pure ITO film and the simplified 3D models for the ITO film with substrate in air.

Figure 6.13(a) shows the simulated impedance and capacitance for pure ITO films in 2D
model. When the film size increases, the impedance of ITO film decreases from 1.31 x 10*
Q to about 10* Q and then become as a constant after 12.7 mm x 12.7 mm. The reason is
that when the film size is similar to the probe spacing (1.5875 mm), the non-conducting
(reflecting) boundary can affect the film property as an edge effect [199]. It was reported
that the outer probes to the film boundary should be at least four times the probe spacing
to lower the error factor to be less than 1% [105]. The simulated capacitances are also
affected by the non-conducting boundary when the film size is small. When the film size

is large enough, the capacitances do not change with film size.

In the simplified 3D models for ITO films with substrate and air, the impedance shows the
same trend as the pure ITO films in Figure 6.13(b). However, the simulated capacitance at
0.1 Hz is about 4 orders of magnitude higher than the capacitance of pure ITO films. This

should mainly come from the capacitance of the quartz substrate and air environment.
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Figure 6.13. Simulated |Z| and C’ at 0.1 Hz as a function of film size for two different
models (a) 2D model for pure 100 nm ITO film; (b) simplified 3D models for 100 nm
ITO film with substrate in air. (30 mm x 30 mm x 2 mm air) (For substrate, thickness
is 1 mm but the lateral size is always the same as ITO film)

The experimental data listed in Table 6.2 matched the trend of simulation results. One layer

ITO films were deposited on 12.7 mm x 12.7 mm and 25.4 mm x 25.4 mm quartz substrates

with 0.5 M and 1 M ITO ink using the method described in Chapter 4. All the samples

were measured by 2-probe ac impedance spectroscopy as described in Chapter 2 under

10% RH in glove box.

Table 6.2. Experimental values of |Z| and C’ measured at 100 Hz for ITO films with

12.7 mm x 12.7 mm and 25.4 mm x 25.4 mm made by 0.5 Mand 1 M ITO ink.

Samples (Concentration)

1Z| at 100 Hz (Q)

C’ at 100 Hz (F)

12.7. mm (0.5 M) 3.35 x 10* 1.60 x 10!
25.4 mm (0.5 M) 3.32 x 10* 1.62 x 101!
12.7 mm (1 M) 2.45 x 10* 1.60 x 101
25.4 mm (1 M) 2.40 x 10* 1.65 x 10!

As the simulation predicted, the difference of impedance magnitudes is only about 1-2%

for ITO films with two kinds of big film sizes (12.7 mm x 12.7 mm and 25.4 mm x 25.4
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mm) in each ITO ink concentration. (The experimental values are different from simulation
since the film conductivity is different). In addition, the measured real capacitance for all
the samples has a similar value around 1.60 x 10" F, which is coming from the open circuit

capacitance and much larger than the intrinsic ITO capacitance.

6.3.4.3 Film conductivity

In the experiments, one way to control electrical conductivity of ITO without altering
thickness is to change the annealing temperature. Four high temperatures (450°C, 550°C,
650°C and 750°C) were used to anneal 100 nm ITO films on 12.7 mm x 12.7 mm quartz
substrates. The electrical properties of these films were measured by the 4-probe DC sheet
resistance method and 2-probe AC impedance spectroscopy. The electrical resistivities
were calculated from the 4-probe DC sheet resistance method using Equation 2.4 and
converted to conductivity as listed in Table 6.3. The conductivity values were put into the
2D ITO models for ITO films (D = 80 um circular electrodes with a center spacing of

1.5875 mm). Thus the AC impedance and capacitance can be simulated.

The DC sheet resistance is also possible to be simulated from FEA. The 4-probe DC
measurement has different resistance calculation formulas for bulk and thin film samples.
The simulation of bulk samples has been done by Kelekanjeri and Gerhardt [200]. The
simulation of thin film samples also has been done in the literature [194], which used point
contact electrodes for thin films. A more realistic model with finite electrode size was
performed in this work to relate the simulation to the experiments. Four circular electrodes
with diameters of 80 um and center spacing of 1.587 mm were put on the 12.7 mm x 12.7

mm ITO film as in-line 4-probe geometry in 2D model. The out-of-plane thickness is 100
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nm. The voltage drop (V) between the two inner electrodes is measured when a current
signal (1) is input through the two outer electrodes. A stationary study model (not shown)
was used to simulate this DC electrical response. The DC resistance is calculated by
Equation 2.3. Using this model, the geometric correction factor (F) can also be calculated
by changing the film size.

Table 6.3. Electrical conductivity for ITO films annealed from 450°C to 750°C with

AC/DC resistance ratio from experimental data and simulation results. (The AC
impedance data were taken at 1 Hz frequency)

Temperature () oo it (S AGIDC i ACIDG rati
450 5.44 x 10? 1.53 1.18
550 1.40 x 103 1.55 1.18
650 3.80 x 10° 1.57 1.18
750 8.30 x 10° 1.67 1.18

Figure 6.14(a) shows the experimental DC resistance and AC impedance results together
with the simulated results from FEA. The 2D model for the 4-probe DC method generates
almost identical data with the experimental results as the data points coincide. This is
reasonable since 4-probe DC method intrinsically cancels the contact resistance and probe,
cable resistance with the in-line 4-probe geometry and measure the sample resistance only.

Thus, the experimental results should be the same with the simulated data.

In contrast, the experimental AC impedance results are much larger than the simulated AC
impedance results, as shown in Figure 6.14. Table 6.3 lists the experimental and simulated
AC/DC resistance ratio. The difference in the ratio may come from cable and probe

resistance. Considering the small number of these resistances (<10 ), they cannot explain
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the large difference between the experimental and simulated AC impedance values. The
contact resistance should be the main contribution to this. As reported in a recent article
[201], the contact resistance for a two-electrode ac measurement can be as large as 2 x 10*
Q per contact for an In20s film (R ~ 2 x 10* Q at 100 Hz) on Yttrium stabilized ZrO>
substrate. When the ITO films have higher conductivity and low resistance, the contact
resistance will be a bigger portion in the measurement results, which matches the

increasing experimental AC/DC resistance ratio observed.

Figure 6.14(b) shows the comparison of experimental and simulated AC capacitance for
ITO films with different conductivities. The experimental AC capacitance numbers are 6
orders of magnitude higher because of all the open circuit capacitance. Importantly, the
simulated and experimental AC capacitances for ITO films do not change with different

film electrical conductivity.
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Figure 6.14. (a) Comparison of experimental DC resistance and AC impedance with
simulated AC and DC results using 2D models. (b) Comparison of experimental AC
capacitance with simulated AC capacitance using 2D models.

Another important fact from Table 6.3 is that the simulated AC/DC resistance ratio is not

1 even when there is no cable, probe and contact resistance in the models. Thus it is not
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correct to directly use low frequency AC impedance to represent the DC resistance of ITO
films for the in-plane measurement configuration. It is found that this ratio is largely

dependent on the geometry of the electrodes which is discussed in the next section.

6.3.5 Effect of electrodes geometry

6.3.5.1 Comparison of circular electrodes and linear electrodes

One of the methods proposed in Chapter 5 was to deposit long linear electrodes on the top
surface of the ITO films to measure capacitance. This can be simulated by FEA in a 2D
model, as shown in Figure 6.15(a). The simulated electric potential map for the linear
electrodes measurement is very different to the one with the circular electrodes described
in Figure 6.7(c). The electric field is perpendicular to the linear electrodes (Figure 6.15(b))

instead of forming waves in the circular electrodes situation.

(a) Model geometry (b) freq =1 Hz Surface: Electric potential (V)
Streamline: Electric field
m m
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Figure 6.15. (a) Model geometry for two linear electrodes on pure ITO film in 2D
model; (b) Simulated electric potential map and field lines for this model. (12.7 mm x
12.7 mm x 100 nm ITO film, 80 um x 12.7 mm linear electrodes with spacing of 1.5875
mm in center)

Figure 6.16 shows that using the linear electrodes method can lower the measured

impedance to 1.01 x 10 Q and increase the capacitance values to 2.98 x 10°Y" F compared
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to the circular electrodes method. These values prove that the linear electrodes

configuration is closer to a parallel-plate measurement. According to Equation 6.4 and 6.5:

-3_ -6
R = p_L — s _ 1.5875%x10 80x10 =1.01 X 103 QO (66)

A ota  1180X100Xx10-9x12.7X10~3

er€0A _ &rgpta _ 4x8.854x10712x100%x1079x12.7xX1073
a s 1.5875x10~3—-80x10~6

C= =298 x 10"17F (6.7)

Where s is the spacing between two linear electrodes, t is the film thickness, a is lateral

length of a square ITO film.
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Figure 6.16. (a) Bode plots of |Z| and (b) Bode plots of C’ for 12.7 mm x 12.7 mm X
100 nm ITO film with two different kinds of electrodes from 2D FEA simulation.
Circular electrodes: D = 80 um with a center spacing of 1.5875 mm. (geometry in
Figure 6.7). Linear electrodes: 80 um x 12.7 mm with center spacing of 1.5875 mm.

The theoretical impedance and capacitance of parallel-plate configuration matched
simulation results from linear electrode configuration. This means that one can treat the
ITO areas under electrodes as shorted [202]. The inner boundary of the electrodes to the
bottom of ITO film are the real electrode plates. The ITO film in between give the measured
impedance and capacitance as demonstrated in the simulation. In other words, the

measured capacitance can be controlled by changing the electrodes spacing. However,
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since the resistance also depends on the electrodes spacing, if one makes the capacitance
as large as 10" F by making small spacing electrodes, the resistance also decreases to 10°
% Q. Considering the normal cable resistance and their inductance, the real experimental
measurement cannot give this accurate data. The capacitance will be also difficult to show

since the inductance will dominate the impedance spectroscopy.

6.3.5.2 Effect of electrode size

As mentioned previously, it was found that the electrode size has a strong effect on the
AC/DC resistance ratio from the simulation. In this section, the 2D model was used to
simulate ITO film with different electrode size using the model geometry similar to Figure
6.7(a). The ITO film has a fixed size of 12.7 mm x 12.7 mm x 100 nm and electrodes center
spacing is fixed at 1.5875 mm. The radius of the circular electrodes is changed from 0.1
pm to 100 um. When the AC model has two electrodes, the DC model has four electrodes
as in-line geometry. All the simulated AC and DC results are summarized in Table 6.4.

Table 6.4. Simulated AC impedance and capacitance results (at 1 Hz) compared with

simulated DC resistance result from 2D model for 12.7 mm x 12.7 mm x 100 nm pure
ITO film and circular electrodes center spacing is fixed at 1.5875 mm.

Electrode Simulated ac Simulated ac Simulated dc Simulated
radius (um) impedance (Q2) capacitance (F)  resistance (Q) ac/dc ratio
0.1 2.61 x 10* 1.15 x 1018 8.47 x 10° 3.09
1 2.00 x 10* 1.50 x 10718 8.47 x 103 2.36
10 1.37 x 10* 2.18 x 1018 8.47 x 103 1.62
40 1.00 x 10* 3.00 x 108 8.48 x 10° 1.18
100 752 x10° 3.99 x 1018 8.48 x 10° 0.89

From Table 6.4, it is proven that the simulated DC resistance stays constant when the

electrode radius changes. The main reason is that electrode radius simulated are still
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considerably smaller than the electrode spacing and no additional geometrical correction
factor is required [105]. However, the simulated AC impedance decreases with increasing
electrode radius, which causes the change of simulated AC/DC resistance ratio. In addition,
when the electrode radius increases 1000 times from 0.1 um to 100 um, the simulated
capacitance changes about 3.47 times. The ratio is much smaller than the parallel-plate
configuration (1000 times). The in-plane measurement using circular electrodes cannot be
simply treated as a parallel-plate configuration. Thus for in-plane configuration AC
impedance spectroscopy, the electrode size can both affect the impedance and capacitance

results.
6.3.6 Simulation of multi-layer ITO films

3D full models were used to simulate the electrical response for multi-layer ITO films in
Chapter 4. To simplify the simulation and obtain the pure ITO film properties, the substrate
and air environment were not included. The film dimensions are 25.4 mm x 25.4 mm. From
the experimental DC resistance measurement, the measured electrical conductivities for
one-layer (1L) ITO film and two-layer (2L) ITO film are 1118.14 S/m and 2092.63 S/m,
respectively. The 2L ITO film has two separated layers of 67.4 nm (top layer) and 68.2 nm
(bottom layer) with different NSLD measured by NR (from Figure 4.8). These two
separated 1TO layers should have different electrical conductivity and give an average
conductivity of 2092.63 S/m as was measured. Assuming the top layer ITO has the same
electrical conductivity as the 1L ITO film and two layers are connected in parallel as in

Equation 5.11, the average conductivity () can then be calculated from Equation 6.8:

5 = antto (6.8)
ti+ts
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Where t; and o, are thickness and conductivity for top layer, t, and o, are thickness and
conductivity for the bottom layer. The conductivity for the bottom layer ITO can be
calculated as 3056.11 S/m. Then, one homogeneous ITO layer (135.6 nm) with average
conductivity is compared with two separated ITO layers (top: 67.4 nm and 1118.14S/m;

bottom: 68.2 nm and 3056.11 S/m) in the FEA 3D models.

Figure 6.17 (a, b) shows that one homogeneous ITO layer (135.6 nm) with average
conductivity has similar electric potential map and electric field lines to the two separated
ITO layers. One difference is that the electric field lines on the top surface of the two
separated ITO layers are not fully connected, which means there is a weaker electric field.
The 2D surface current density map at y=0 near one electrode end (cross section through
center of electrodes) further proves this. With one homogenous ITO layer, the current
density is highest near the end of the electrodes and current mainly flows between two
electrodes in the ITO film (Figure 6.17(c)). In comparison, the two separated ITO layers
show higher current density in the bottom layer (o,: 3056.11 S/m) than in the top layer (o;:

1118.14 S/m) where the potential drop in the thickness direction is negligible [202].

Figure 6.18 compares the simulated impedance and capacitance for one homogeneous ITO
layer and two separated ITO layers in a wide frequency range. When the impedance values
for the two models have a small difference (3.16%), the capacitance value of the two
separated 1TO layers is almost two times the value for one homogeneous ITO layer. The
capacitance is closer to the sum of the top and bottom ITO layer capacitances which proves
that Equation 5.16 is correct and films are connected in parallel. However, even when the

capacitances for multi-layer 1TO films are added up for each single layer, the values are
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still much smaller than the open circuit capacitance. It is still a challenge to measure the

intrinsic capacitance for ITO films in the real experiments.
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Figure 6.17. Simulated 3D electric potential map and electric field lines at 1 Hz for (a)
one homogeneous ITO layer (135.6 nm) with average conductivity of 2092.63 S/m; (b)
two separated ITO layers (top: 67.4 nm and 1118.14 S/m; bottom: 68.2 nm and
3056.11 S/m). 2D simulated surface current density map at y=0 near one electrode for
(c) one homogeneous ITO layer; (d) two separated ITO layers. The film size is 25.4
mm x 25.4 mm (*The thicknesses are enlarged 100 x during simulation). Circular
electrodes: D = 80 um with a center spacing of 1.5875 mm.
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Figure 6.18. (a) Bode plots of |Z| and (b) Bode plots of C’ for one homogeneous ITO
layer (135.6 nm) with average conductivity of 2092.63 S/m and two separated ITO
layers (top: 67.4 nm and 1118.14 S/m; bottom: 68.2 nm and 3056.11 S/m). The film
size is 25.4 mm x 25.4 mm. Circular electrodes: D = 80 um with a center spacing of
1.5875 mm.
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6.4 Conclusion

FEA was used to simulate the electrical response of ITO films with 2D and 3D models and
relate to the experimental results. Three different AC impedance spectroscopy
measurement configurations were compared in the simulation to show that in-plane
measurement on an insulating substrate is the most suitable method to study ITO films.
The insulating substrate and air environment has an apparent effect on the measured
capacitance but almost no influence on the measured impedance for the ITO films. When
the normal experimental in-plane AC capacitance for ITO films are dominated by the open
circuit capacitance, the FEA simulation makes it possible to estimate the intrinsic ITO

capacitance values.

The effects of ITO film geometry and conductivity were discussed and compared to the
experimental results. The simulated DC measurements results matched well with the
experimental data. However, the simulated AC results are much smaller than the
experimental AC data. It was concluded that a large contact resistance existed in the AC 2-
probe measurements between the electrodes and the ITO film. Also, it was found that the

AC measurement is affected by the electrode geometry (shape and size).

Last, an example of multi-layer ITO film was simulated with one homogenous layer and
two separated ITO layers using the experimental data described in Chapter 4, which

provided evidence that different ITO layers are connected in a parallel way.
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CHAPTER 7. APPLICATIONS OF SOLUTION-PROCESSED

ITO FILMS

The characterization in previous chapters proved that solution-processed ITO films have a
good combination of smooth surface morphology, high optical transmittance and low sheet
resistance. To demonstrate the applicability of these ITO films, several different electronic
devices were fabricated using multi-layer ITO films such as a LCD pixel device, a humidity

sensor and ITO transparent electrodes.

7.1 I1TOusedinalLCD

According to a recent research report [203], the display market was valued at $106.41
billion in 2015 and is expected to grow to $169.1 billion at a 7.5% annual growth rate from
2016 to 2022. As one of the main component of displays, the need for TCO thin films also
increases. As mentioned in Chapter 1, ITO is the dominant TCO material in these display
technologies that include liquid crystal displays (LCDs) [204], organic light emission
diodes (OLEDs) [205] and transparent displays [206]. LCD is the most commonly used
display in the current market. Most cell phones, tablets and monitors currently use LCD
techniques. OLED and other multi-functional transparent displays are newly emerging

applications that require flexibility and see-through functions.

The LCD is a display technique that uses liquid crystals to control the light direction. In
each pixel, the ITO thin films in the LCD are used as electrodes to sandwich the liquid
crystals in between. By changing the applied voltages on the ITO, the electrical field

between two ITO layers can modulate the arrangements of the liquid crystal molecules and
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thus switch the display on or off. The traditional methods of ITO deposition in LCDs
require vacuum-based methods and etching steps to fabricate designed ITO patterns, which

require more steps and waste a lot of ITO in the process.

Here we report an all solution-processed method to fabricate LCD pixel devices with ink-
jet printing method. The ink-jet printing method not only simplifies the fabrication of the
ITO films but also directly print ITO patterns without waste. This may greatly lower the

cost of LCD devices.

7.1.1 Fabrication of all solution-processed LCD device

The structure of an all-printed LCD pixel device is shown in Figure 7.1. All the ITO films
and ITO patterns were made by the ink-jet printing method discussed in Chapter 3. For
assembly of the LCD pixel devices, 5 wt% polyvinyl alcohol (PVA) water solution was
prepared with heating and mixing. PVA layers were deposited onto ITO-coated glass with
a spin coater and heated up to 100°C to remove any water residue. The surface of the PVA
layers was rubbed with cotton cloth in one direction [207]. ITO films were exposed by
wiping one edge of the PVA layers with a damp tissue. Then two pieces of PVA coated
ITO films were assembled together by binder clips after putting one drop of twisted
nematic liquid crystal 4’-pentyl-4-biphenylcarbonitrile on the PVA layer. The PVA layers
here worked as alignment layers to control the orientation of liquid crystal molecules under
no voltage conditions. Next, polarizer films were added to the outside of the glass
substrates making sure that one side was aligned perpendicular to the orientation of the
first. Finally, the properties of the LCD pixel device was tested by UV-visible spectroscopy

when connecting to a Keithley voltage source.
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Figure 7.1. The structure of our all-printed LCD pixel.

7.1.2 Results and discussion

To test the ink-jet printed ITO films, simple LCD devices were assembled as shown in
Figure 7.2. A small “GT” pattern was ink-jet printed on the glass substrate with ITO ink.
The printing and annealing steps were exactly the same as with the previously described
ink-jet printed samples on glass substrates. One 5L ink-jet printed ITO film and one 5L
“GT” ITO pattern were put together for the LCD device. As we know, photolithography
and etching processes are required for commercial ITO patterning, while they are not
needed for all-printed LCD devices. Even with two polarized films in orthogonal optical
directions, the small LCD devices were translucent (Figure 7.2(a)) with no applied voltage.
The reason is that twisted nematic liquid crystal layers can rotate the field by 90° between
the two ITO films. In this way, polarized light can still go through the whole device. After
applying a DC voltage to the ITO films, a clear “GT” pattern appeared on the device as
shown in Figure 7.2(b). The DC voltage affects the orientation of the liquid crystals,
making them parallel to the electric field. Thus, the liquid crystal cannot rotate the field

and the light cannot pass through the ITO regions.
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Figure 7.2. Visual images of an all-printed LCD device before (a) and after (b)
connecting to a voltage source.

The voltage response properties of the all-printed LCD device was measured in a UV-vis
spectrophotometer at room temperature when the device was connected to a controllable
DC voltage source. Two commercial sputtered 1TO glass slides were used to fabricate an
LCD device with similar steps. These devices had no patterns. %Transmittance - VVoltage

(%T-V) curves of these two devices were recorded at A = 550 nm, as shown in Figure 7.3.
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Figure 7.3. % Transmittance vs voltage curves of commercial ITO LCD and ink-jet
printed ITO LCD at 550 nm wavelength.

It was found that the all-printed LCD device had a very similar driving voltage (voltage
when transmittance is at 10%) compared to LCD devices made by the commercial ITO

glass. It is noteworthy that the all-printed LCD devices had an earlier response to the DC
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voltage in the low voltage region. However, the transmittance of the all-printed LCD device
had some fluctuation between 4 and 6 V. The reason might come from the light interference

between multiple layers of the ITO films.

7.2 1TO as an electrical sensor

Sensors are electronic devices which can detect and respond to the changes in the
environment and send out different signals. Sensors are very common applications in
everyday life, such as light sensors, humidity sensors and temperature sensors [208-210].
As an example, humidity sensors can measure the presence of water vapor in the air. The
electrical property (impedance or capacitance) of humidity sensors changes when the
sensing component absorbs different amounts of water. One of the methods to quantify
humidity is to use relative humidity (RH), which can be expressed as shown in Equation

7.1[211];

RH = 2% x 100% (7.1)

ws

Where P, is the actual vapour pressure of water, B, is the saturated vapour pressure of
water at one temperature and pressure. Thus the relative humidity depends on the
temperature and pressure. The mass of saturated water vapour in air is not trivial. At 25°C

and 101.325 kPa, it can be about 23.1 g in 1 m® air [212].

ITO is a material which has great potential in sensor electronics. Actually, the capacitive
touch screen discussed before is a kind of position sensor, since the ITO-made capacitors
show different capacitance with different finger-touch positions. ITO can also be used to

detect a lot of gases such as CO,, CCls, NO, NO> and other reducing gases [213-216]. Patel
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et al. [215] reported E-beam evaporated ITO films with copper stimulator layer had high
sensitivity to detect methanol at room temperature. Jiao et al. [216] reported that sol-gel
prepared ITO thin films can detect various reducing gases with good long-term stability.
These examples prove that the surface of oxide semiconductors is chemically active and

able to react with gases.

In the next section, we provide evidence that solution-processed ITO films can work as

humidity sensors and compare the detection sensitivity with sputtered ITO films.

7.2.1 Experiments

The 1L solution-processed ITO films were made by spin-coating method as described in
Chapter 4. The comparison sample, 1L sputtered ITO film was purchased from Sigma
Aldrich with a sheet resistance around 100 Q/sq. A commercial glove box with
desiccant/pump drying system was used. The actual RH inside the glove box was read by
a commercial humidity sensor. To increase the RH, water was sprayed inside the chamber.
To reduce the RH inside, the pump drew air out from the chamber and circulated it back to
the chamber through the desiccator. Thus the pressure inside the glove box can remain the
same. A 4-probe station was put inside the glove box to measure the AC impedance
magnitude (|Z|) of all the ITO films at 0.1 Hz. At each RH, samples were measured three
times and the average numbers were obtained. All of the tests were conducted under the

same temperature of 23°C.
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7.2.2 Results and discussion

Figure 7.4 shows the variation of |Z| for 1L spin-coated ITO film and 1L sputtered ITO
film as a function of RH conditions. One measurement was done for each RH condition.
When the RH increases, the |Z| of the 1L spin-coated ITO film and 1L sputtered ITO film
both decrease. Although the |Z| of sputtered ITO films was enlarged 100 times, it is
apparent that the spin-coated ITO films have more significant drop in the values. The slope
of the linear fit for the 1L spin-coated film is -218 Q/sq-%, whereas the slope of the linear

fit for the 1L sputtered film is -2.20 Q/sq-%.
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Figure 7.4. Variation of |Z| for 1L spin-coated ITO film on quartz substrate and 1L
sputtered ITO film as a function of RH conditions. The dots are experimental data,

lines are the linear fitting. The |Z| number for sputtered ITO film was enlarged at 100
times for better comparison.

To further compare the humidity sensor function of the spin-coated ITO film and sputtered

ITO film, the sensitivity of these ITO films was determined using Equation 7.2 [215]:

1| = 21 % 100% (7.2)

Ry
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Where R, is the impedance magnitude of ITO film at the measured humidity level, R; is

the impedance magnitude of ITO film at the lowest humidity level.

The variation of sensitivity for the 1L spin-coated ITO film and the 1L sputtered ITO film
as a function of RH conditions is shown in Figure 7.5. With increasing RH numbers, the
sensitivity of two ITO films both increased. The solution-processed ITO film shows much
higher sensitivity to the different RH than the sputtered ITO film. The sensitivity change

of the 1L spin-coated ITO films is approximately linear with the increasing RH.
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Figure 7.5. Variation of sensitivity for 1L spin-coated ITO film on quartz substrate
and 1L sputtered ITO film as a function of RH conditions.

The reason is that the microstructures of solution-processed ITO films and sputtered ITO
films are very different. The sputtered ITO films usually have a density approaching the
theoretical ITO density and very little porosity (<10%) [217], whereas the 1L spin-coated
ITO films had much lower ITO density and a large porosity of 57.3%. The surface as well
as the inner microstructure of spin-coated ITO films are more porous than the sputtered
ITO films. The water molecules can be physically absorbed on the ITO surface or

chemically absorbed by hydrogen bonding [218]. The porous surface and microstructure
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can increase the absorption of moisture in the air. Actually, pure water is a much better
conductor than the air. Considering the large pores and space inside solution-processed
ITO films, the water might fill in the pores and form a thin layer at the film surface, thus

greatly decreasing the final |Z| at high humidity conditions.

The sensitivity change of 1L spin-coated ITO films is in approximately linear relationship

with the RH, which makes it possible to work as a humidity sensor.
7.3 Transparent electrodes

The 5L ink-jet printed ITO films were tested with a blue LED light bulb. By putting the
ITO films inside a LED electrical circuit to work as an electrical path, both the transparency
and conductivity can be seen visually in Figure 7.6. By adding a 3V DC voltage, the LED
lights up without changing any transparency of the ITO films. This proves that solution-
processed ITO films can work as transparent electrodes. It is possible to use them in

electronic applications requiring transparent conducting films.

(@) > (b) n

Figure 7.6. Visual images of transparent ink-jet printed ITO films on glass substrates
working as transparent electrode for a blue LED light (a) without any voltage; (b)
with 3V DC voltage.
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7.4 Conclusion

To demonstrate the good properties of ink-jet printed ITO films, all-printed LCD devices
were first fabricated and tested. The all-printed LCD device, which displayed a “GT”
pattern, showed a sharp image shift when subjected to a DC voltage source. When
compared to traditional LCD devices, made with sputtered 1TO films, it was found that our
all-printed LCD device had an earlier response to the application of a low voltage with a

similar driving voltage.

Second, a prototype of a humidity sensor using one layer spin-coated ITO film was tested
and discussed. The |Z| and sensitivity of 1L spin-coated ITO films were measured under
RH from 10% to 70% inside a controlled glove box and compared with 1L commercial
sputtered 1TO films. The results showed that spin-coated ITO films have much better
sensitivity to detect RH than the sputtered ITO films. The possible mechanisms for the

changes under different RH were discussed.

Last, a simple demonstration of transparent electrodes using solution-processed ITO films
were made with an LED light, which proves their applicability as transparent electrodes

for electronic devices.
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CHAPTER 8. CONCLUSIONS AND SUGGESTED FUTURE

WORKS

8.1 Conclusions

This dissertation research covered the processing, characterization, modeling and
applications of solution-processed ITO films, focusing on buried microstructural analysis

and detailed studies of electrical properties for multi-layer ITO films.

Two solution-based processing methods were used to fabricate multi-layer ITO films with
a good combination of high optical transmittance, low sheet resistance and smooth surface
roughness under optimized processing conditions. The number of deposited layers can
affect the film thickness, crystallinity, optical and electrical properties of 1TO films. The
ITO films from ink-jet printed method are more homogeneous than the spin-coated films

considering the smoother cross section interphase and surface roughness number (~1 nm).

The buried microstructure of solution-processed multi-layer ITO films were characterized
by neutron reflectometry in this dissertation for the first time. Detailed information about
film thickness and surface roughness were obtained from fitting of the NR data and
matched well with other experimental results. The microstructural porosity of the multi-
layer ITO films was quantified from neutron scattering length density and found to be
decreased with increasing number of deposited ITO layers. This is confirming that the ITO
films became denser and less porous with the multi-layer deposition procedure. The
existence of porosity also partially addresses the question that solution-processed ITO films

has higher sheet resistivity than the dense vacuum-processed ITO films. The NR is believed
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to be applicable to inspect microstructure of any type of multi-layer films non-destructively

and not only ITO films.

The electrical properties of multi-layer solution-processed ITO films were experimentally
characterized by impedance spectroscopy in a 2-probe in-plane configuration. The intra-
particle and inter-particle conducting mechanisms in ITO films were discussed. It was
proved that open circuit capacitance from measurement setup could have a significant
impact on the IS measurements, which was further supported by the experimental results.
This work demonstrates that correct measurement of impedance spectroscopy requires a
well-controlled instrument setup and well-defined sample-electrode geometry to interpret
the intrinsic impedance and capacitance of thin film samples. DC resistance and AC
impedance of same ITO films were compared and the reasons for their differences were

explained.

To further study the electrical properties, finite element analysis was used to simulate the
impedance spectroscopy of solution-processed ITO films in 2D and 3D models. The FEA
analysis gave an estimation of the intrinsic ITO capacitance values when it was difficult
for real experiments. Insulating substrate and air environment could strongly affect the
measured capacitance but had minimal effect on the measured impedance. This agreed well
with the behavior of experimental open circuit capacitance. The effects of sample
geometry, film conductivity and electrodes geometry were simulated. The simulation
results showed a reasonable match to experimental results. A tentative multi-layer ITO film
model was built and showed that different ITO layers were connected in parallel, which

proved the correctness of the proposed models in this work.
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Several electronic applications were fabricated using solution-processed multi-layer 1TO
films. All-solution processed liquid crystal devices can be assembled with ink-jet printed
ITO films, showing comparable properties to the LCD device made by sputtered ITO films.
A prototype of humidity sensor was built with spin-coated ITO film and had higher
sensitivity to the different RH conditions than a sputtered ITO film. A simple
demonstration of transparent electrodes using solution-processed ITO films was fabricated

with LED light.

The best ITO films made in this work had a combination of very low surface roughness
(<2 nm), high optical transmittance (> 95%) in visible light range and controllable low
sheet resistivity (102 to 10 Q-cm). These low-cost solution-processed 1TO films, with

sub-micrometer thickness, have great potential for most optoelectronic applications.

8.2 Suggested future work

The fabrication of solution-processed ITO films in this research were all done in the
atmospheric conditions. The different relative humidity conditions were proved to affect
the electrical measurements of ITO films. Also, different RH can affect the film properties
during the processing. It was found that ITO ink could not wet the substrate well and
formed individual droplets under high RH conditions. The possible reason is that moisture
can absorb to the substrate surface and affect the wetting of the ITO ink. A comparison of
film fabrication under different RH in controlled glove box may give a better fabrication

conditions for solution-processed ITO films.

The most frequently used annealing process in this research was 450°C annealing on a hot

plate, which is a relatively simple and convenient annealing process. However, with this
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temperature, most flexible polymer substrates can melt. Other annealing process should be
considered to achieve quick annealing without damage to the substrate, such as laser

sintering and infrared heating. Flexible ITO films have more broad electronic applications.

Other forms of ITO particles can be considered, such as ITO nanowires and
ITO/conductive polymer composites. Although these can increase the difficulty of
processing, these directions may produce ITO films with better flexibility than the ones
from normal round-shape ITO particles. Also, it may be possible to lower the annealing

temperature when other forms of ITO particles are used that have large surface areas.

Other impedance spectroscopy instruments should be considered to measure the ac
impedance of multi-layer ITO films. Different impedance instruments may give different
response for the same sample because the different compensation inside the instruments.
An expanded frequency range, especially high frequency range (GHz to THz) may show
more information about the ITO films. Other measurement configuration can be tried for
bulk ITO pellets to understand the relation between in-plane and parallel-plate
measurement. Very low impedance may be obtained and it will be a challenge to remove

the large inductance from cables and extract the ITO capacitance.

Computers with better calculation ability could be used to simulate multi-layer ITO films
with full-fidelity 3D dimensions, which was difficult for current research. The contact
resistance can be added into the model between electrodes and ITO film. The result will be
closer to the experimental data. Another improvement can be done by simulating ITO
nanoparticles with air pores instead of assuming homogeneous ITO layer. This may reveal

the detailed conduction mechanism inside porous ITO films.
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APPENDIX A. COMPARISON OF DIFFERENT ITO INKS

In this chapter, we compared three different ITO inks for making solution-processed ITO
films. ITO films were all fabricated by spin coating and annealed by hot plate as described
in Chapter 3 using glass substrates. The electrical resistivity, optical transmittance and
surface morphology of these ITO films were characterized and compared using several
different characterization tools, including confocal microscopy, SEM and AFM. The goal
was to find out which ITO ink had the best combination of different properties. Many of

the figures in this section appear in a previous publication [126].

A.1 Three different ITO inks

All of the ITO inks used in this chapter are shown in Figure A.1(a). The first ITO ink is
nanopowder-water suspension made from commercial ITO. For this suspension, the ink
cannot be directly used right after the mixing steps, since the large agglomerates in the
suspension will lower the film quality. Therefore, the ink was put into a centrifuge for 30s
to allow partial precipitation, as shown in Figure A.1(b). The top, middle and bottom

dispersion were extracted to make separate ITO films.

The second ITO ink is made by dissolving sol-gel ITO precursors in acetylacetone to form
a colloid as described in Chapter 2. For this ITO ink, the quality of each deposition for

multiple layers is good, so one to five layer ITO films were made by sol-gel ITO ink.

The third ITO ink is obtained by dispersing ITO colloidal nanoparticles in hexane. For this

hexane solution, it is difficult to deposit more than three layers, because the ITO films will
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become very rough and cloudy on the surface after three layers. Therefore, only one, two,

three layer ITO films were fabricated.

Figure A.1. (a) Image of three different ITO inks in glass vials. From left to right:
commercial ITO nanopowder-water dispersion, sol-gel ITO ink, ITO colloidal
nanoparticle hexane dispersion. (b) The partial precipitation of a commercial ITO
nanopowder-water dispersion.

A.2 Characterization results and discussion
A.2.1 Optical and electrical properties

All of the ITO films were highly transparent after annealing except for the bottom
dispersion ITO films (made from commercial ITO nanopowder ink), which showed a light
yellow color. The high transparency was proved by the transmittance characterization
using a UV-vis spectrophotometer shown in Figure A.2. Since the commercial ITO
nanoparticles don’t have surface modification, the ink will gradually form stratification
layers. Different parts of the dispersion can produce ITO films with very different
properties. In Figure A.2(a), the top dispersion ITO films had a transmittance as high as
99.36%, whereas the bottom dispersion ones had only 67.56% at 550 nm wavelength. This

is the reason that bottom dispersion ITO films are yellow in color. For the synthesized ITO
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colloidal nanoparticle dispersion, all the ITO films had a transparency higher than 90%
(Figure A.2(b)). The sol-gel ITO ink can also produce highly transparent ITO films with
multiple layers. The transmittance for five layer ITO films was 92.66% at 550 nm. The
only difference from other UV-vis spectroscopy results is that the sol-gel ITO films had
wave-like features, while others did not. The possible reason might be the light interference

between the upper and lower surfaces in each layer of thin films and the porous structure

inside films.
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Figure A.2. UV-vis spectroscopy for all ITO films on glass substrates after annealing
using the three ITO inks: (a) commercial ITO nanopowder-water dispersion; (b)

synthesized ITO colloidal nanoparticle hexane dispersion; (c) sol-gel ITO ink (Figure
A.2(a) and (c) are from [126]).
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All of the ITO films were characterized by 2-probe AC impedance spectroscopy after
annealing at 450°C using a hot plate. Figure A.3 shows representative impedance

magnitude vs. logarithm of frequency curves for all three sets of samples.
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Figure A.3. Bode plots of |Z| for ITO films on glass substrates made from three inks.
(a) Commercial ITO nanopowder-water dispersion; (b) synthesized ITO colloidal
nanoparticle hexane dispersion; (c) sol-gel ITO ink.

For different types of ITO inks, building up thickness is always an effective method to
lower the impedance magnitude. The films from ITO colloidal nanoparticles have
impedances ranging from 10* Q to 10’ Q. The lowest impedance magnitude of the three
layer films was 8.31 x 10* Q with a thickness of 1.4 um. For commercial ITO nanopowder

ink, there is a huge gap in the impedance magnitude between the middle dispersion ITO
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films and the bottom dispersion ITO films. The reason might be the big difference in the
film thickness. The middle dispersion ITO film is 7.52 x 10* Q with 200 nm thickness
when the bottom dispersion 1TO film is 2.88 x 10° Q with 3 um thickness. As a
comparison, the five layer sol-gel ITO films have the lowest impedance magnitude at 1.07

x 10% Q only with 460 nm thickness.

A.2.2 Surface morphology

Figure A.4 shows the surface morphology of ITO films made from the three different ITO
inks after 450°C annealing. The top set of images represent thinner samples and those on
the bottom are thicker samples in the same series. These images were scanned by AFM in
non-contact mode. The topography images contain a lot of surface information about the
ITO films. For the commercial ITO nanopowder ink, the surface morphology of the ITO
films looks smooth and the root mean square roughness (R,,s) increases with the film
thickness. A small R,,,; number means a smooth surface morphology. The R, of the top
dispersion, middle dispersion and bottom dispersion ITO films were 12.2 nm, 13.5 nm and
33.1 nm, respectively (Figure A.4(a) and A.4(d) show top and bottom ones). One reason
for a large R,,s number for the bottom dispersion ITO films may be the big ITO
nanoparticles and nanoparticle aggregates at the bottom of the ITO ink. For synthesized
ITO nanoparticle ink, the one layer film looks similar to the top dispersion ITO film and
has an R, of 7.4 nm (shown in Figure A.4(b)). The three layer films are much rougher
with an R, of 19.0 nm (Figure A.4(e)). For sol-gel ITO films (Figure A.4(c) and A.4(f)),
the surface morphology of these films is very different from the other two methods.
Volcano-shaped voids can be found on the film surface. This effect may be due to wetting

phenomena of the sol-gel precursor [118] and/or fast solvent evaporation which increases
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the viscosity of the sol-gel solution [129]. Since sol-gel ITO solids had the lightest residue
left after TGA testing, these voids might also be formed by fast evaporation of
acetylacetone and quick decomposition of [NO*] and [CI7] into gas during the annealing
steps. Even with these voids, the sol-gel ITO films still had better R,,,; values than the films
made from the other inks. The number increased from only 3.7 nm to 8.0 nm for the one
layer and five layer films, respectively. This means that the sol-gel ITO films have the

smoothest surface morphology in all three types of ITO films when considering the R,,,,.
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Figure A.4. 10 x 10 pm?> NC-AFM images of ITO films on glass substrates made from
three different inks. (a, d) Top and bottom commercial ITO nanopowder-water
dispersion films; (b, e) 1-layer and 3-layer synthesized ITO colloidal nanoparticle
hexane dispersion films; (c, f) 1-layer and 5-layer sol-gel ITO ink films (Figure A.4(a,
¢, d, f) are from reference [126]).

Non-contact AFM imaging can also provide particle size information on ITO films by
looking at 1 x 1 pum? images as shown in Figure A.5. While the commercial 1TO

nanopowder had a particle size of 50 nm (Figure A.5(a)), the size of the nanoparticles for
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the synthesized ITO particle films was about 20-30 nm in diameter (Figure A.5b). The sol-
gel ITO ink had the smallest particle size on the film surface, which was about 10 nm
(Figure A.5(c)). The particle size can strongly affect the surface morphology of thin films.
In this image size (1 x 1 um?), the bottom dispersion ITO films had an R, of 24.7 nm,
whereas the three layer synthesized ITO nanoparticle films had an R,,,; of 15.5 nm. The
sol-gel 5L ITO film has an R,,; of 1.14 nm, which is comparable to sputtered ITO films
(1.2nm) [219]. Also, the changes of surface roughness numbers show that different image

sizes can have different Rms as was shown in Chapter 3.
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Figure A.5. 1 x 1 pm? NC-AFM images of ITO films on glass substrates made from
three different inks: (a) commercial ITO nanopowder-water dispersion; (b)
synthesized ITO colloidal nanoparticle hexane dispersion; (c) sol-gel ITO ink (Figure
A.5(a, c) are from reference [126]).

A.2.3 Cross sectional images

SEM was used to take cross sectional images of the bottom dispersion ITO film and the
sol-gel 5L ITO film (shown in Figure A.6). The average thickness for the bottom dispersion
ITO film is around 3.1 pm. From the high magnification inset images, the porous structure
and cracking in the middle of the cross section demonstrated that ITO nanoparticles were

loosely connected to each other. This is mainly owing to the large ITO nanoparticles and
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aggregates. Sol-gel 5L ITO films had a closed packing as well as five clearly distinguished
deposited layers. The bottom layer is thicker than the other layers, whereas the top layer is
thinner than the other layers. The total thickness is around 460 nm, which matched the

contact AFM results.

Figure A.6. SEM cross section images of (a) bottom dispersion ITO films and (b) sol-
gel 5L ITO films on glass substrates (inset: higher magnification SEM images to show
details) [126].

A.3 Conclusion

In this appendix, ITO films were fabricated by spin coating using three different custom-
made ITO inks. Several characterization techniques were used to investigate these ITO
films. The results show that the optical and electrical properties of ITO films are highly

affected by the choice of the ITO ink and film thickness.

Among the three ITO inks, sol-gel ITO ink had the best combination of high optical
transmittance and low sheet resistance although the surface morphology still can be
improved. The sheet resistance of sol-gel 5L ITO films can be as low as 174 Q/sq with a
transmittance higher than 90%. In small areas, the surface roughness number can be

comparable to that in sputtered ITO films.
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APPENDIX B. ADDITIONAL IMPEDANCE SPECTROSCOPY

FIGURES

B.1 Other dielectric functions for 1L ITO film

All the other dielectric functions from experimental data and equivalent circuit fitting
results are presented to demonstrate that the equivalent circuit model fits all of the dielectric
functions for 1L ITO film in Chapter 4. Black dots are experimental data, red lines are

fitting curves. The equivalent circuit model is in Figure 5.18 inset.
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Figure B.1. Bode plots of (a) impedance magnitude |Z| and (b) phase angle with
equivalent fitting results for 1L ITO film on quartz substrate.
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Figure B.2. (a) Nyquist plots and (b) Bode plots of capacitance (C*) with equivalent
circuit fitting results for 1L 1TO film on quartz substrate.
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Figure B.3. (a) Nyquist plots and (b) Bode plots of admittance (Y*) with equivalent
circuit fitting results for 1L ITO film on quartz substrate.
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Figure B.4. (a) Nyquist plots and (b) Bode plots of modulus (M*) with equivalent
circuit fitting results for 1L ITO film on quartz substrate.

B.2 Other dielectric functions for 5L ITO film

The equivalent circuit model in Figure 5.19 inset also gives good fitting for other dielectric

functions of 5L ITO film in Chapter 4. Black dots are experimental data, red lines are fitting

curves.
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Figure B.5. Bode plots of (a) impedance magnitude |Z| and (b) phase angle with
equivalent fitting results for 5L ITO film on quartz substrate.
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Figure B.6. (a) Nyquist plots and (b) Bode plots of capacitance (C*) with equivalent
circuit fitting results for 5L ITO film on quartz substrate.
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Figure B.7. (a) Nyquist plots and (b) Bode plots of capacitance (Y*) with equivalent
circuit fitting results for 1L ITO film on quartz substrate.
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Figure B.8. (a) Nyquist plots and (b) Bode plots of modulus (M*) with equivalent
circuit fitting results for 1L ITO film on quartz substrate.

B.3 Effect of annealing temperature on IS

The 1L ITO films were spin-coated on quartz glass substrates with the same method
described in Chapter 3. The as-coated ITO films were quickly annealed at 120°C on hot
plate for 10 minutes to remove moisture and residual solvent. Then the ITO films sample
were annealed at different temperature from 300°C to 400°C on a hot plate for 10 minutes
to find the critical temperature. Higher annealing temperature of 450°C, 550°C, 650°C and
750°C for 10 minutes (dwell time) were tested to anneal ITO films in a tube furnace under
compressed air flow. Since the substrate was changed to quartz glass, much higher
annealing temperature can be used. The samples were measured by Gamry 5000 for
conducting ones and Gamry 3000 for insulating ones using 2-probe in-plane configuration.
The ac voltage is fixed at 500 mV without dc bias. The frequency range is from 0.1 Hz to

1 MHz.

Figure B.9 shows that the impedance magnitude of 1L ITO films decreased with increasing

annealing temperature from 300°C to 400°C. The difference of impedance magnitude is
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more than 2 orders of magnitude between 360°C to 370°C when other 10°C range only
have change less than 1 order. After 370°C, the change of impedance magnitude is small.
It is possible that the a temperature between 360°C to 370°C is the point where the annealed
1L ITO film transitioned from insulating film to more conducting films. This phenomenon
is similar to a percolation threshold effect in composite, which means a better conducting

network forming inside ITO film.
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Figure B.9. Representative Bode plots of (a) impedance magnitude |Z| and (b) phase
angle for 1L ITO films on quartz substrates annealed from 300°C to 400°C with 10°C
interval on hot plate measured by Gamry setup.

Higher annealing temperature is one approach to reduce the resistance of solution-
processed ITO films. Most hot plate cannot heat up to more than 500°C, thus a tube furnace
is required to anneal the samples. The ramping rate is 50°C/min and the holding time is 10
minutes. Figure B.10 shows that the 1L 750°C annealed ITO films can have |Z| one order
of magnitude smaller than the 1L 450°C annealed ITO films. The high temperature may
further remove the impurities inside ITO films and improve the conducting network. Also,
the tube furnace annealing may increase the grain size (polycrystalline ITO film) since the

annealing time takes longer, considering ramping and cooling.
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Figure B.10. (a) Representative Nyquist plots of impedance; Bode plots of (b) |Z| and
(c) phase angle for 1L ITO films on quartz substrates annealed from 450°C to 750°C
with 100°C interval in tube furnace measured by Gamry setup.

B.4 Impedance spectroscopy measured by different instruments

For the same ITO films, different instruments can give different results. Figure B.11 shows
the Bode plots of impedance magnitude and phase angle for 300°C-400°C annealed 1L
ITO films measured by Solartron instrument setup with the in-plane configuration. The
Solartron instruments setup is designed for insulating samples whereas Gamry setup is
ideal for conducting samples. At frequency of 0.1 Hz, the impedance magnitude of 300°C
annealed 1L ITO film is about 10 Q measured from Solartron, about one order of
magnitude higher than the result (10* Q) from Gamry in Figure B.9. Other ITO film
samples have similar |Z| at low frequency from two instruments. When the overall shapes
of Bode plots of |Z| are similar, it is noticed that there are small humps near the relaxation
frequency in the Figure B.11(a). In addition, the Bode plots of phase angle from Solartron
(Figure B.11(b)) show positive numbers, which indicates the existence of inductance or
negative capacitance. In contrast, all the phase angle numbers measured from Gamry are

from -90° to 0° without inductive behaviours in Figure B.9(b). The Solartron results are
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similar to a previous group member’s results of ITO films which were made from
synthesized ITO nanoparticle colloid [176]. The explanation for the inductive behaviour
was that negative resistance and negative capacitance both existed in the ITO films, which

needs further experiments to confirm.
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Figure B.11. Representative Bode plots of (a) |Z| and (b) phase angle for 1L ITO films
on quartz substrates annealed from 300°C to 400°C with 10°C interval on hot plate
measured by Solartron setup.

B.5 Impedance spectroscopy for other multi-layer 1TO films

In Chapter 3, multi-layer ITO films made from spin-coating and ink-jet printing on glass
substrates were only measured by 4-probe DC resistance method. The electrical properties
of these ITO films were also measured by 2-probe AC impedance spectroscopy with
Gamry instrument as shown in Figure B.12. The shape of Nyquist plots of these ITO films
are similar to the ones shown in Chapter 5 and the same equivalent circuit model can be
used. The fitting results from equivalent circuit model (inset of the images) match well

with the experimental data, which further proves that our impedance models are correct.
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Figure B.12. Representative Nyquist plots of impedance for (a, b) multi-layer spin-
coated (SC) ITO films and (c, d) multi-layer ink-jet printed (IP) ITO films on glass
substrate. Different scales were used to better show all the curves. Symbols are the

experimental data, curves are the fitting results from equivalent circuit model in the
inset image.
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