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ABSTRACT

The present thesis deals with the studies of solid-state electrochromic (EC) thin film device.
In addition to this, a brief study related to the gas-sensing properties of the transition metal
oxide (WO3) thin films was also undertaken. The Electrochromic device (ECD) controls the
optical properties such as optical transmission, absorption, reflectance, and/or emittance in a
continual but reversible manner on application of a voltage. This property enables the ECD

to be used for numerous applications like smart-window, EC mirror, and EC display.

The solid-state ECD consists of a multilayered structure of several thin film layers of
EC materials. The basic structure of solid-state thin film EC device consists of glass
substrate / transparent conducting electrode (TCO) / ion-storage layer (IS) / solid-electrolyte /
EC layer / TCO. Depending upon the applications, one of the TCO layers in the above
structure is replaced by a reflecting metal electrode. The EC layer is the most active layer of
ECD, in which coloration occurs when any charge is inserted in it or extracted out of it.
Tungsten trioxide (WO3) thin film has acquired considerable interest as an EC material for
the fabrication of an ECD. An electrolyte is a substance containing free ions, which behaves
as an electrically conductive medium for the ions to be injected into or ejected from the EC
layers. ZrO, acts as a solid electrolyte in the form of thin film. The ECD requires a counter
electrode or an ion-storage layer, which can supply ions, but remain colorless or have a
complementary color in the process. NiO thin film is a typical example of an ion-storage
layer used with WO3 EC layer. The ECD works on the application of an external voltage for
conducting electrodes were used. Indium tin oxide (ITO, InO3:Sn), which is conductive and
transparent for wavelengths near UV-Visible region, acts as a transparent conducting

electrode in ECD.

The overall performance of the ECD depends on the properties of the individual thin
film layers. Thus, it is necessary to optimize each individual thin film layer for best possible
performance of ECD. This thesis discusses certain physical vapor deposition (PVD)
techniques used for the preparation of thin films. The EC properties strongly depend on the
structural and compositional characteristics, which, in turn, depend directly on the deposition
conditions. In addition, various thin film characterization techniques are briefly discussed.
The following are some of the parameters required for quantifying the ECD: transmittance
modulation, switching time, open-circuit memory effect, and cycle-life. Transmittance

modulation is defined as the change in transmittance in colored and bleached states during the

v



device operation while, the switching time is the time required for the coloring <> bleaching
process. Depending on the polarity of the applied voltage, the ECD can exist either in
colored or bleached state, which will be retained by the ECD after removal of the voltage;
this effect is called “open-circuit memory effect.” Lastly, the cycle-life parameter is the
number of color-bleach cycles that can be performed by the ECD before any significant

extent of degradation in optical modulation has occurred.

The ITO thin film is prepared using radio frequency (RF) magnetron sputtering on
glass substrate at room temperature (RT) by varying the RF power and the working pressure.
The ITO thin films deposited with 75 W RF power and 0.5 mTorr working pressure shows a

high transparency of above average 80 % and the low sheet resistance of 4.7 Q/[].

Thin films of WO; are deposited by the thermal evaporation method. The insertion of
the cations H', Na', K" on the EC properties of WOj5 thin films grown at different substrate
temperatures are investigated. The EC measurements are done using two-electrode
electrochemical-setup with WOs thin film deposited on the ITO coated glass substrate acting
as the working electrode. A stainless steel plate is used as an auxiliary electrode and
solutions of 0.1M H,SO4, 0.1M Na,SO4, and 0.1M KCI are used for inserting H', Na', and
K", respectively, as an electrolyte. The thin film deposited at RT and intercalated with H"

ions are found to possess adequate transmittance modulation and switching time.

Solid electrolyte layer of ZrO, thin film is prepared by the e-beam evaporation
method. The effect of substrate temperature on the optical and ion-conducting properties is
investigated, which shows that the film shows high transmittance up to 80 % and the film
deposited at RT shows higher ionic conductivity. Ion-storage (IS) layer of NiO thin films are
prepared by the e-beam evaporation technique at different substrate temperatures. The EC
properties of NiO thin films were investigated in an aqueous alkaline electrolyte (1M KOH)
with the help of two-electrode electrochemical cell. The NiO thin film prepared at RT gives

better transmittance modulation compared to film grown at higher substrate temperatures.

The solid-state thin film of multilayered structure ITO / NiO / ZrO, / WO; / ITO is
grown one by one on a single glass substrate. The NiO and ZrO; thin film is deposited on the
ITO coated glass substrate. For the operation of the ECD the H' ions are required, which are
injected into the NiO film via ZrO, / NiO / ITO film structure is electrochemically cycled it
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in 0.1 M KOH electrolyte. Subsequently, the remaining thin film layers of WO3 and the top
ITO is deposited on above structure. Suitable shadow mask is used in order to avoid short-
circuiting in-between the layers. The performance of solid-state thin film ECD is studied by
electrochemical measurements. When a positive potential is applied to the bottom ITO thin
film electrode, H' ions are intercalated electrochemically into the WO; film from NiO film
via ZrO, electrolyte and the ECD change to colored state from transparent. When the
polarity of the applied potential is reversed, the H' ions are de-intercalated from the WO; thin
film and the color changes to transparent reversibly. For the optimization of the ECD
performance the thickness of the ZrO; electrolyte thin film was varied. A constant voltage (£
5 V) was applied for color and bleach state of the device, which showed the transmittance
modulation of 56 % in visible-near infrared range. The device showed good open-circuit
memory effect in which the states lasted for about 170 minutes. The switching time and
cycle-life of the EC device are measured by applying a square-wave voltage to the device and
the device shows the coloration and bleaching time of 120 s and 2 s, respectively, with a

desirable cycle-life.

As a spin-off, we are also fabricating the WO; thin film based gas sensor for NH; gas-
sensing applications operated at RT. Nowadays thin film based gas sensors are extensively
used due to its high sensitivity towards the various hazardous or non- hazardous gases and its
compactness. The basic mechanism of thin film based gas sensor is change in resistance by
chemisorption and catalysis reaction at the film surface when it is exposed to gas. The WOs3
thin film also shows good sensing properties towards a number of gases viz. NH3, LPG, NO,,
H,, CO. Tin (Sn) modified WO; thin film gas sensor was prepared on Al interdigitated
electrodes by thermal evaporation for detecting Ammonia (NH3) gas. The resistance of the
film was measured by the direct current two-point probe method. The important parameters
of the gas sensor are the response and response time. The response can be calculated as R./R,
for reducing gases where R, is the resistance of gas sensor in the air and R, is the resistance
in the gas atmosphere. The response time is defined as the time for the sensor’s resistance to
reach 90 % of its steady state value after exposure to or removal of the target gas. At RT, a
good response of 19 towards NH; and a response time of the order of 1 s was obtained for the
sensor having 125 A Sn film thickness deposited on the 2000 A WOs; thin film sensor

annealed at 300 “C temperature in air.
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1. INTRODUCTION

An electrochromic (EC) thin film device consists of a multilayered structure of
several thin film layers of EC materials, which are capable of changing the
optical properties of EC device (ECD) on application of a voltage and reverts to
its original state when the polarity of the voltage is reversed. This property
enables the ECD to be used for applications like smart-window, mirror, and
display devices. This theses deals with the fabrication of EC thin film devices
using all solid thin film layers. The present chapter gives an introduction and a
brief history of electrochromism. The EC materials, ECD structures, and criteria
for ECD are also described herein. Some of the applications related to ECD are
also presented in this chapter. As a spin-off, EC materials, like WO3 also give
good sensitivity towards the different gases, which is also discussed in the
penultimate section of this chapter. The organization of the thesis is given in the

last section of this chapter.

1.1 WHAT IS ELECTROCHROMISM?

The phenomenon of color change by chromic materials under particular environmental
conditions is called chromism. Chromic materials change their optical properties such as
optical transmission, absorption, reflectance, and/or emittance in response to change in their
ambient conditions, in a persistent but reversible manner. Chromism is due to the change in
electronic state of molecules. Hence, this phenomenon is induced by various external stimuli
such as electric field, temperature, pressure, light, solvent, etc., which can alter the electron
density of materials. Chromism is classified on the basis of the type of stimuli used.
Electrochromism is defined as a reversible color change of a material caused by an
application of an electric potential. The changes in the optical properties of Electrochromic
(EC) materials are due to an oxidation-reduction (redox) process [1]. Thermochromism is
the phenomenon in which the color change is caused by the absorption of heat leading to the
thermally induced chemical reaction or phase transformation [2]. Photochromism is induced
by light irradiation; the photochromic materials absorb electromagnetic energy and
absorption band in the visible part of the spectrum changes [3]. Piezochromism is defined as
the color change caused by mechanical pressure [4] and solvatochromism depends on the
polarity of the solvent [S]. However, the most promising chromic effect is electrochromism

induced by electric field. One of the prime advantages of electrochromism is that an electric



field is needed only during the color or bleach process which can be controlled at any
intermediate stage. Moreover, a low-switching voltage (1 to 5 V) is required for
electrochromic phenomenon, and varied range of colors viz., blue, grey, brown, etc. are its

other advantages.
1.2 A BRIEF HISTORY OF ELECTROCHROMISM

The history of coloration goes back to 1704 when Diesbach discovered Prussian blue
(hexacyanoferrate), which changes the color from transparent to blue under oxidation of iron
[6]. However, in 1815 Berzelius reported that pure tungsten trioxide changed its color when
it is heated in hydrogen (H,) gas atmosphere [7]. Ion intercalation/de-intercalation is
responsible for the change in coloration between deep blue to transparent states.
electrochromic device (ECD) based on electrochemical reaction involving color formation
was presented as a patent in London by F. H. Smith in 1929 [8]. In the 1930s, Kobosew and
Nekrassow first noted electrochemical coloration in bulk tungsten oxide [9]. They found that
tungsten oxide powder could be colored blue by electrochemical reduction in an acidic
solution. In 1951, Brimm et al. observed reversible color change during electrochemical
treatment of sodium tungsten bronze [10]. While working at Balzers in Lichtenstein, T.
Kraus provided a detailed description of electrochemical coloration in thin film of tungsten
trioxide (WO3) on 30" July 1953 [11]. A theoretical explanation of the phenomenon of
electrochromism was given by J. Platt in 1961. He explained that with the application of an
external electric field the absorption and emission spectra of certain dyes may be shifted and

the sharp change in color can be observed due to the Stark Effect in dyes [12].

In 1969, S. K. Deb demonstrated electrochromic coloration in WOs5 thin films. Deb
observed electrochromic color by applying electric field of the order of 10* Vem™ across
WO; thin film [13]. In fact, the real birth of the EC technology is usually attributed to S. K.
Deb’s seminal paper of 1973, wherein he described the coloration mechanism in WO; [14].
Since then WOs is one of the most studied EC materials. In the mid-1970s, electrochromic
devices were being developed for small digital information displays. The area of
electrochromics was started again in the mid-1980's for large area applications such as for

automotive mirrors and windows for cars and buildings.



1.3 ELECTROCHROMIC MATERIALS

The phenomenon of electrochromism occurs in numerous inorganic and organic materials.
These materials are currently of considerable interest for newer technological aspects and for
the construction of ECD. Today, a large group of materials are available which show a
reversible coloration change on application of an electric field. EC materials are grouped into
two main categories: organic materials viz. viologen, pyrazoline, and some conductive
organic polymers and inorganic materials viz. alkali halide and transition metal oxide
[15,16]. The coloration in organic material(s) is observed due to an electro-redox reaction
while in inorganic materials the coloration is due to a double injection of ions and electrons.
Most of the organic EC materials suffer from two major problems: one, because of the use of
aqueous solution, which introduces water electrolysis, and second, due to soluble colored
products that causes color diffusion and, hence, gives rise to fuzziness of the image so we
have concentrated on the inorganic materials, which show better stability and ‘cyclability’.
In inorganic EC materials, almost all of the materials are oxides of transition series that are in
the form of thin films [1,17]. Electrochromic materials could be divided into two types:
cathodic EC materials, which become colored under charge insertion (reduction process), and
anodic EC materials, which are colored under charge extraction (oxidation process). Table
1.1 shows the periodic table of elements in which the cathodic and anodic coloring materials
are highlighted differently. Cathodic coloration is found in WOs3, TiO,, Nb,Os, MoOs, and
Ta;Os, in which WO; is the most extensively studied one, which is transparent in oxidation
state and deep blue in the reduction state [1]. Anodic coloration is found in NiO, IrO,, Cr,0Os,
MnO;, FeO,, and CoO, with NiO and IrO; being the ones investigated widely [1]. V,0Os is
found to exhibit both anodic and cathodic electrochromism depending on its oxidation state.
In transition metal oxides only some of the oxides viz. WO3, TiO,, Nb,Os NiO, IrO; can be
fully transparent to visible light while the other oxides show some absorption in the visible
range of the spectrum. Table 1.2 gives an overview of the color change in the electrochromic
materials with fully transparent or not in visible range. Apart from the materials discussed
above many binary and tertiary mixed oxides [Ti0,-V,0s5, WO;-Li,0-FeO, WO3;-MoOs,
WO0O;-Ce0;] also show electrochromism [18,19].



Table 1.1: The periodic table of elements wherein cathodic and anodic electrochromic materials are

highlighted [1].

H Electrochromic Oxide He
Li | Be Cathodic coloration B C | N]|]O|F [Ne
Na | Mg Anodic coloration Al | Si| P | S |Cl|Ar
K | Ca r | Mn | Fe | Co | Ni [ Cu | Zn | Ga | Ge | As | Se | Br | Kr
Rb | Sr Tc |Ru| Rh | Pd | Ag [ Cd | In | Sn |Sb | Te| I |Xe
Cs | Ba Re | Os | Ir | Pt | Au | Hg | Tl | Pb | Bi | Po | At |Rn
Fr | Ra Bh | Hs | Mt | Ds | Rg | Cp

Table 1.2: Examples of some electrochromic materials with their color change properties [20].

Material Color change Full transparent
Cathodic WO; Transparent <> Blue Yes
MoOs3 Transparent <> Blue Yes
Nb,Os5 Transparent <> Pale blue Yes
TiO, Transparent <> Pale blue Yes
Anodic NiO Transparent <> Dark brown No
IrO, Transparent <> Blue Yes
Co0O», Red« Blue No
MnO, Yellow <> Brown No
PB Transparent <> Blue Yes
Cathodic & Anodic V5,05 Pale blue <> Brown / Yellow No

14 ELECTROCHROMIC DEVICE STRUCTURES

Electrochromic devices are one kind of electrochromic cells. The basic structure of ECD
consists of two-EC layers separated by an electrolytic layer. The ECD works on an external
voltage, for which the conducting electrodes are used on the either side of both EC layers.
Electrochromic devices can be categorized in two types depending upon the kind of
electrolyte used viz. laminated ECD are the one in which liquid gel is used while in solid

electrolyte EC devices solid inorganic or organic material is used. The laminated ECD is



easy to construct but rarely used owing to their tendency to dissolve EC thin film layers and
its leakage of liquid electrolytes [21]. Finally, as shown in Fig. 1.1 the basic structure of
electrochromic device embodies five superimposed layers on one substrate or positioned
between two substrates in a laminated configuration. Normally, the substrates are made of

glass or flexible polyester foil.

The basic structure of solid-state thin film EC devices is: glass / transparent
conducting oxide (TCO) layer / ion-storage layer (IS) / ion-conducting layer (electrolyte) /
EC layer / TCO layer / glass.
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Figure 1.1: The bare bones of an electrochromic device.

Transparent Conducting Oxide (TCO) Layer: For the electrochromic devices to be used in
a particular application, electrodes on both the sides need to be transparent in the visible
region and should be electrically conducting. Prior to this requirement, the TCO such as
Indium-doped tin oxide (ITO), Fluorine-doped tin dioxide (FTO), and/or Aluminum doped
Zinc oxide (Al-ZnO) deposited on glass or flexible substrate are used [22,23] . The electrical
conductivity of TCO is high but a surface resistivity of 10 (/[ is needed with more than 75
% transmission in visible region of spectrum. Among all above TCO materials, ITO is

conductive and transparent for wavelengths near UV-Visible region and acts as a transparent

conducting electrode in ECD [24].



Electrochromic (EC) Layer: It is the most active layer of ECD in which coloration occurs
when any charge is inserted in it or extracted out of it. The electrochromic layer was
deposited on the top of the transparent conductor. The crucial criteria for EC material’s
selection are: high-coloration efficiency, low-switching time, large number of coloration
bleaching cycles, and good-memory effects under open circuit conditions. We have already
discussed about the large range of EC materials and among these WOs; (a cathodically

coloring material) is most widely used because it satisfies all of the above criteria.

Ion-Conducting Layer (Electrolyte): An electrolyte is a substance containing free ions,
which behaves as an electrically conductive medium. It should be a good conductor for small
voltages, and a good insulator for open-circuit condition. It should have a high ionic
conductivity (10” < o; < 10® S/cm), low electron conductivity (. < 10" S/cm), and it must
be optically transparent. The electrolyte gives electrical contact and pathway for the ions to
be injected into or ejected from the EC layers. The ions should be ‘small’ enough so as to
pass easily through the electrolyte. Generally, protons (H"), lithium (Li"), sodium (Na"), and
potassium (K") are used for this purpose. ZrO, acts as a solid electrolyte in the form of thin

film.

Ion-Storage Layer: The ECD require a counter electrode or an ion-storage layer which can
supply ions, but remain colorless or have a complementary color in the process. The ion-
storage film is also electrochromic, but it is complementary to the electrochromic layer.
Thus, when the primary electrochromic film becomes dark due to the ion-intercalation, the
ion-storage film should darken upon de-intercalation of ions. NiO is a typical example of an

ion-storage layer with WOj; thin film as an electrochromic layer.

Typically, EC devices are of two types depending on the modes of electrochromic
device operation viz. transmission mode and reflectance mode, as shown schematically in
Fig. 1.2. In transmission mode, the conducting electrodes are transparent and they control the
light intensity passing through them; this mode is used in smart-windows application. In
reflectance mode, one of the transparent-conducting electrodes is replaced with a reflective
surface like aluminum (Al), gold (Au), or silver (Ag), which controls the reflective light

intensity; this mode is useful in rearview mirrors of cars and EC display devices.
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Figure 1.2: A schematic diagram of two basic modes of operation of electrochromic devices.

In both types of ECDs the working principles are same. As shown in Fig. 1.1, when a
small dc voltage is applied across the TCO films, the external and internal movements of the
ions in EC film via electrolyte is observed. Charge balances current flow from the external
circuit, which results in the change of the optical properties. If the device is initially
transparent (open-circuit situation) and if on sufficient application of a voltage the
transparency of the whole device changes to a darken-state then on reversing the polarity the
device will return to its original transparent state. If the ion-conductor has negligible
electronic conductivity, the device has open-circuit memory, that is, the device retains its

properties until another voltage is applied.

In the proposed ECD all layers used are of thin film form in multilayered structure.
We have selected thin film of ITO deposited on organically cleaned glass substrate as the
TCO electrode. The anodically coloring, NiO, thin film acts as an ion-storage layer deposited
on the ITO substrate. The ZrO, thin film acts as an ion conducting solid electrolyte and the
cathodically coloring WO; thin film acts as an electrochromic layer. So finally, the
electrochromic device structure is ITO / NiO / ZrO,/ WO / ITO on a single glass substrate.
Figure 1.3 shows a schematic diagram of the proposed ECD in which shadow mask is used
for different layer deposition on the glass substrate to avoid short circuit between the two-
electrochromic electrodes. The whole system should be electrochemically compatible is an
important criterion for the material’s selection. In addition, the different layers should be

adherent, and good contact between the different interfaces should exist.
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Figure 1.3: Proposed solid-state electrochromic device structure.

1.5 CRITERIA FOR ELECTROCHROMIC DEVICES

The following are some of the parameters required for quantifying the ECD: high
transmittance modulation, high-coloration efficiency, low-switching time, good-memory

effect, and long cyclic life. Here we have briefly defined and explained the ECD criteria.

Transmittance Modulation (AT): Transmittance modulation is one of the most important
electrochromic parameter for electrochromic device operations. It is defined as the
transmittance change in colored and bleached state. Since the transmittance modulation
depends on the wavelength, the change in the transmittance is measured by the optical
transmittance spectra of the bleached (T,) and the colored (T.) state of the sample as a

function of wavelength (A):

AT =T, -T, (1.1)

Generally, AT, lying between 70 — 80 %, is particularly used for device applications.

Coloration Efficiency (CE): Another key parameter for the electrochromic devices
application is the coloration efficiency (CE) also known as electrochromic efficiency. The
CE is described as how large is the magnitude of optical modulation formed by per
injected/extracted charge i.e., the change in the optical density (AOD) per unit of

injected/extracted charge density (Q) per unit electrode area:



CE()=20D%) (12)

The AOD depends on the light absorption ability of electrochromic materials. The change in
the optical density is measured from the optical transmittance spectra of the bleached (Ty) and

the colored (T,) state of the sample:

AOD(M)=log % (1.3)

C

The charge density i.e. the charge injected per unit electrode area of the film is obtained from

integration of the corresponding current for total time:

CIxt
Q A

where, I is the current (A), t is the total time (s) for which the current is passed and A is the

(1.4)

area of the electrode (cm?). CE is positive if coloration is generated cathodically and

negative if coloration is generated anodically.

Switching Time: Switching time (t) is the time required for the coloring <> bleaching process
of an ECD. Coloration time (t.) is defined as the time required to switch from the bleached
state to the colored state (90 % to 10 %) and the bleaching time (t,) is the time taken to switch
from the colored state to the bleached state (10 % to 90 %). Some applications do not require
a rapid color change such as the electrochromic office windows, which requires a very slow
response; however, applications such as display devices, require a more rapid response. The
switching time is influenced by certain factors viz. ionic conductivity of the electrolyte, the

applied electric field, device area, and film structure.

Memory Effect: Depending on the polarity of the applied voltage, the ECD can exist either
in colored or bleached state, which will be retained by the ECD after removal of the voltage;
this effect is called “open-circuit memory effect.” This is one of the excellent benefits of
electrochromic devices. In open-circuit condition, when the inserted charge is self-removed
from the electrochromic film, due to an electrical leakage current or ion diffusion it looses
memory, this phenomenon is called self-bleaching. Therefore, the ion conductor plays
crucial role for the optical memory effect. The electrochromic memory can be for several
days or weeks even without any current. However, some EC devices may require small
refreshing charges to maintain the charged state because, side reactions or short circuits may

change the desired color.



Cycle-Life: It represents the number of color-bleach cycles that can be performed by the
ECD before any significant extent of degradation has occurred. The cycle-life is therefore a
measure of the electrochromic durability testing. The maximizing of the cycle life is an
obvious aim of device fabrication and a minimum 10,000 cycles are acceptable. ECD are
generally used in window and display applications, deterioration is best gauged by eye vision,
and the same illumination that would be employed for normal device operation. However, 50

% degradation is often tolerable for display application.

The three common reasons for the low cycle life or device failures are: The TCO layer
failure, electrolyte failure, or one or both of electrochromic layers failure. Most common
cause of TCO degradation is decomposition of TCO, which increases the resistance and
decreases the transparency [25]. The reason for electrolyte failure is due to solar irradiation
and generation of hydrogen gas, when electrolytes use proton for conduction. In
electrochromic layers failure, the layers gets dissolved when they come in contact with

electrolyte and, in other cases, layer changes volume during redox process [26].

1.6  APPLICATIONS OF ELECTROCHROMIC DEVICES

Electrochromism has remained an active area for basic [27] and applied research with large
possibilities for applications in emerging technologies since many years. Some of the
applications are already developed at the technological level and are commercialized
successfully whereas some are still in the developmental stage. Few of them are already
available in market such as electrochromic windows, which are used in office windows,
architectural and automobiles, rear-view mirror for car and vehicles, and large area EC
display devices. Some other application’s viz. eyewear, visors of helmets, electrochromic
paper will be available in near future. However, due to lack of manufacturing techniques and

durability of the available devices the ECD are not so common in markets.

Electrochromic Window: One of the most important applications of ECD, which are
available in market, is the EC window. The electrochromic windows, also known as smart
windows, are new technological arrangement for achieve energy efficiency in buildings, with
variable transmittance of light and solar energy [28]. The ‘‘smart windows’ can
automatically control the amount of light and solar energy passing through the windows and
provides indoor comfort [29]. It is also used in architectural glazing or skylights to control

the solar heat entrance and to save energy for air-conditioning in summer and heating in
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winter [30,31]. Furthermore, it is also used in automobiles, airplane, and trains in order to
avoid dazzling. Such a device needs a high transmittance modulation and lifetime of at least

20 years with switching time of few seconds to few minutes.

Electrochromic Mirror: The electrochromic mirrors are (operated in a reflectance mode)
one of the important applications of ECD. Reflecting intensity is reduced as an optically
absorbing color is induced over the reflecting surface [32]. Here total opacity is to be
avoided, to persist a slow reflection in the darkened state. The self-darkening EC rear-view
mirror generally available for cars and other vehicles is one of its important applications.
During daytime, the rear view mirror is adjusted in such a way that the electrochromic
component is in the bleached state resulting in a reflection from the back-reflecting part of
the mirror. At night, the mirror is adjusted in such a way that the headlights behind the car
only hit a photosensitive sensor on the front glass surface of the mirror. Therefore, it resists
the light from following vehicles and thereby improves driver’s comfort. The device need to
be able to switch at least 10* - 10° cycles without visible degradation, with a switching time

of less than 5 s.

Electrochromic Display Devices: Researchers have been working on information displays
since the discovery of electrochromic device [33]. The electrochromic display can act in
either reflectance or transmissive modes; the majority of devices work in the reflectance
mode. The EC display can be easily viewed from any angle so it is particularly useful where
people are walking (on railway station, airport, traffic direction boards, etc). People have
also put efforts to use it in television and digital watch display. Switching time and high
color reproducibility over a large number of switching cycles are the major shortcomings in

using such devices.

However, there are various other display applications where ECD can be used viz.
electrochromic paper [34], electrochromic goggles [35], motorcycle helmet-visors [36].
Electrochromic paper, which on touching it with a stylus electrode can create an image, has
been prepared by incorporating ECs in paper [37]. Furthermore, visors of helmets and
goggles can be colored to a chosen degree at day times and bleached during the night or when

entering tunnels.
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1.7  GAS SENSOR

There are several types of solid-state gas sensors, which can be used for detection of various
gases [38]. However, at present we will focus only on the transition metal oxide base
conductometric WO; thin film gas sensors. Generally, the conductance or the resistance of
the sensor is measured as a function of concentration of the target gases. In 1962, T. Seiyama
et al. [39] first reported ZnO thin film layer for detecting inflammable gases. As soon as the
target gas reacts with the surface of the metal oxide thin film, it causes change in the
concentration of charge carriers, which results in the change of material conductivity. Since
in an n-type semiconductor, the majority charge carriers are electrons an increase in
conductivity is observed when it interacts with a reducing gas. Moreover, an oxidising gas
interaction reduces the number of charge carrying electrons thereby resulting in a decrease in
conductivity. In a p-type semiconductor positive holes are the majority charge carriers and
the opposite effect is observed. In the presence of oxidising gas, an increase in conductivity
is observed and the conductivity decreases in a reducing gas [38]. A gas sensor element
normally contains a sensitive layer deposited over a substrate with electrodes for the

measurement of the electrical characteristics.

Metal oxide semiconductor (MOS) gas sensor is quite sensitive, chemically selective,
reversible, durable, small, easy to fabricate and eco-friendly. Apart from these, one of the
important parameters of the gas sensor is its response. Usually, the response can be defined
as R./R, for oxidizing gases or R,/R, for oxidizing gases, in n-type semiconductor and R./R,
for oxidizing gases or Ry /R, for oxidizing gases, in p-type semiconductor, where R, is the
resistance of gas sensors in the air and R, is the resistance in the gas atmosphere. WOj3 is an
n-type semiconductor, which has been extensively used for detection of various gases [40].
In order to improve the performance of a device, it should be doped with the metal or metal
oxide [41,42]. The doping of such a metal will increases the response, selectivity towards

the particular gas and reduces the operating temperature.

1.8  AIM OF THIS WORK

The aim of this work is to fabricate ECD of multilayered solid thin film structure grown one
by one on a glass substrate. The proposed solid-state electrochromic device structure is

already shown in Fig. 1.3. The overall performance of the ECD depends on the properties of

the individual thin film layers. Thus, our primary aim is to optimize each individual thin film
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layer of material as it plays an important role in ECD and make an attempt to fabricate the EC
devices using PVD techniques. The performance of solid-state thin film ECD is studied by
electrochemical measurement. The transmittance modulation, coloration efficacy, switching
time, and memory effect of the EC device are measured. For the optimization of the EC
device performance, the growth conditions of the individual thin film layers are varied. In
addition to this, in this work the WO3 based thin film gas sensor is also fabricated by thermal
evaporation techniques and its sensing properties towards the NH3 vapor was studied at room
temperature. The effect of different Tin (Sn) doping concentration on the sensing properties

of Sn-WO; thin film sensor is also investigated.

1.9 ORGANIZATION OF THE THESIS

CHAPTER 2: The experimental procedure of growing thin films and the techniques
required for its characterization are discussed in this chapter. The physical
vapor deposition (PVD) technique is used for the fabrication of thin films.
Various thin film characterization techniques used for the study of the
structural, compositional, electrical, and optical properties of the films are
discussed. This chapter also includes the experimental facility indigenously
developed and automated at our lab to study the electrochemical properties

viz. transmittance modulation, coloration efficiency, switching time.

CHAPTER 3: This chapter deals with the transparent conducting oxide (TCO) thin films.
The preparation and characterization of indium tin oxide (ITO) thin films by
RF magnetron sputtering under different growth conditions are discussed.
The effect of various growth conditions like the sputtering power and the
working pressure, on the electrical and optical properties of the thin films is
studied in present chapter. The lower resistive (~ 10™* Q cm) and excellent
transparency (~ 80 %) in the visible region of the light spectrum are

optimized for its use as a transparent conducting electrode in an ECD.

CHAPTER 4: This chapter contains optimization of cathodically coloring WOs thin films
as an active EC layer in ECD applications. The details of sample
preparation using thermal evaporation and characterizations are discussed.
The growth, structural, electrical, and optical properties of the WOs5 thin film

is discussed. Furthermore, we have discussed the effect of different growth
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CHAPTER 5:

CHAPTER 6:

CHAPTER 7:

CHAPTER 8:

conditions and insertion of different cations viz. H, Na", and K" on the EC

properties of the WOj3 thin films.

ZrO, thin films are grown by the e-beam evaporation technique on sapphire
and glass substrates. The effect of substrate temperature on the structural
and optical properties of ZrO, thin films is investigated. The ion-conducting

property of ZrO, thin films, as a solid electrolyte, is also optimized.

In this chapter, the optimization of anodically coloring NiO thin films as a
counter electrode or an ion-storage layer is discussed. The preparation of
NiO thin films using the e-beam evaporation techniques and various
deposition conditions are also discussed. The characterization of NiO thin

films related to its role as a counter electrode is also discussed over here.

This chapter deals with the fabrication of the overall solid-state thin film
ECD. The thickness of the ion conducting layers is varied to optimize for
ECD performance. The devices’ performance viz. transmittance
modulation, open-circuit memory, switching time, and cycle-life are

measured using electrochemical measurement.

This chapter gives an introduction to thin film transition metal oxide based
gas sensor and its sensing mechanism. The characterization setup for gas
sensing and fabrication of sensing devices are also explained. Finally, we
present the gas sensing properties viz. response and response time, towards

the NH; gas.
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2. THIN FILM PREPARATION AND CHARACTERIZATION
TECHNIQUES

In thin film based electrochromic devices the first step for device fabrication is
the film preparation and characterization. This chapter discuses some of the thin
film Physical Vapor Deposition (PVD) techniques like thermal evaporation, e-
beam evaporation and RF magnetron sputtering, to be used for the fabrication of
required quality thin film. Various thin film characterization techniques used as,
X-ray diffraction for structural properties, atomic force microscopy for surface
morphology, X-ray photoelectron spectroscopy for surface composition, and four-
point probe and Hall-Effect measurement for electrical properties measurement
are briefly discussed here. Transmittance measurement setup and electrochemical
measurement setup were established in our laboratory for investigating various

optical and electrochemical properties.

2.1 THIN FILM PREPARATION

Thin films, having high surface to volume ratio, are widely used due to very attractive
optical, electrical, and electrochemical properties. There are various techniques to grow thin
films viz. physical vapor deposition (PVD) [43], chemical vapor deposition (CVD), and
electrochemical deposition methods. A thin film deposition process can be done in vacuum,
plasma, gaseous, or electrolytic environment. In general, any film or device is grown on the
substrate, which provides the mechanical support. Therefore, the cleaning of the surface of
the substrate prior to deposition of thin films is a very crucial issue to ensure that the

adhesion of the thin film on the substrate is adequate.

Substrate Cleaning: In general, glasses are used for the deposition of thin films. Prior to
the deposition, the substrate must be cleansed from various contaminants. The substrates are
ultrasonically cleaned using liquid detergent and by de-ionized water in ultrasonic bath for
half an hour. Then the substrate is first degreased in warm trichloroethylene (TCE) and then
treated with acetone. Methanol is then used to remove acetone and finally, de-ionized (DI)
water is used to clean the substrates and, subsequently, they are dried in a nitrogen
atmosphere. This cleaning process effectively removes the dust particles and grease (oil

impurities) from the surface.
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2.1.1 Physical Vapor Deposition (PVD)

In the Physical Vapor Deposition (PVD) technique, there are three main steps:
(1) Emission of the appropriate atoms and molecules from the source material;
(2) The atoms and molecules are transported to the substrate through the medium;

(3) Condensation/Sticking of atoms and molecules on the substrate.

PVD, basically is a vacuum or low pressure gaseous environment deposition process
in which the material to be coated is vaporized from a solid or liquid source in the form of
atoms or molecules and the vapor phase is transported through a vacuum or low pressure
gaseous environment to the substrate, where it condenses and forms a thin film. The
deposition occurs in a vacuum of such a magnitude that the mean free path of the ambient gas
molecules is greater than both the dimension of the deposition chamber and the distance from

source to substrate.

When atoms or molecules land on the substrate surfaces, they can be physically
adsorbed on the surface. Adatoms are initially not in thermal equilibrium with the substrate.
Once if they have high mobility, they can move around on the substrate surface where as if
the adatoms are not mobile enough they can stick where they land. The nucleation and the
average nucleation size will depend on the temperature, the arrival rates of species, the
energy of the impinging species, desorption, thermal diffusion, nature of substrate, etc.
Depending on the deposition parameters, the nucleation and growth stages can be modeled as
Volmer-Weber type (island growth), Frank Van Der Merwe type (layer-by-layer growth), or
Stranski-Krastanov type (mixture of island and layer-by-layer growth) [44]. Figure 2.1 is a

schematic representation of three basic modes of thin film growth.

In island growth, atoms are more strongly bound to each other than to the substrate
and form three-dimensional islands. While in layer-by-layer growth atoms are more strongly
bound to the substrate than to one another and the two-dimensional film forms by completed
films prior to the growth of subsequent layers. In this case crystalline quality is ‘good’. In
the case of the mixed growth, initially layer-by-layer is formed and than three-dimensional

island forms on it.
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Figure 2.1 Schematic of the three basic modes of thin film growth including island, layer-by-layer, and

mixed growth.

In PVD processes atoms or molecules from the original source can be ejected by
thermal heating of the source or energetic particle bombardment by electrons, atoms, ions,
molecules, or photons. PVD is a line-of-sight process in which atoms travel from a metallic
source to the substrate on a straight path. Once the atoms or small atom clusters are removed
from the original source material surface, they travel within an evacuated chamber until they
impinge on a solid surface, and hence a probability for condensation arises. Depending on
the method of applying heat to the source material, the PVD is classified into various

techniques such as thermal evaporation, electron-beam (e-beam) evaporation, sputtering.

Thermal Evaporation Technique: Thermal evaporation is one of the well-known and
simplest PVD techniques. In this technique, materials are evaporated by resistive type joule
(I’R) heating effect. The material that is to be evaporated is placed into a container, known
as boat, which is thermally heated to vaporize. The simplest vapor sources are resistance-
heated wire and metal foils of W, Mo, Ta, or Pt. Figure 2.2 shows a schematic representation
of the thermal evaporation technique. The power supply is connected to the vapor sources
using electrode and current flowing through the boat, which supplies the heat for

vaporization.
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Figure 2.2: Schematic representation of thermal evaporation technique.

E-beam Evaporation Technique: The e-beam evaporation technique is similar to that of the
thermal evaporation method but in this technique, the material is evaporated by high
energetic e-beam. In this technique, the material to be evaporated is placed into a graphite
crucible in an open metal cup, called hearth, which is water-cooled. The energetic e-beam,
emitted by e-gun through thermoionic emission from a tungsten filament, is accelerated,
directed, and focused, onto the source material by means of permanent and/or electro-magnet.
The energetic e-beam imparts energy to the source material, melts it, and evaporates it. The
advantage of the e-beam evaporation is that the temperature at the focused spot is as high as
3000 °C so, the high melting point materials can easily evaporate. Figure 2.3 shows a

schematic representation of the e-beam evaporation technique.
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Figure 2.3: Schematic representation of e-beam deposition technique.

In thermal and e-beam deposition technique, the deposition occurs simply by placing
a sample in the direct line-of-sight of the source. Generally, the substrates are mounted at an
appreciable distance from the source to reduce radiant heating of the substrate by the
vaporization source and to cover larger deposition area. The flux emitted from the source has
cosine distribution. Most evaporative deposition systems require high vacuum to operate
efficiently. Apart from the issue of impurity incorporation, it is necessary for the mean free
path of evaporated-flux to be more than the distance of source to sample. The mean free path
is related to the density and pressure of atoms and molecules in the gas phase. From the
kinetic theory of gas, the mean free path ¢ , is calculated as:
kBTa

:—\/EPrz - (2.1)

14
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Here, kg is Boltzmann constant, T, is absolute temperature, r is molecular diameter, and P is

pressure in Pascal.

Typically, vacuum deposition takes place in the vacuum range of 10” to 10 Torr
depending upon the tolerance level of gaseous contamination in deposition system. In
vacuum evaporation method, the rate of deposition is very high compare to the other PVD

method.

RF Magnetron Sputtering: In sputter deposition, particles are vaporized by the physical
interaction among gaseous ions accelerated to form plasma and hence impacts on the source
material (target). There are a number of sputtering techniques that are currently used to
deposit thin films viz. direct current (DC) sputtering and radio frequency (RF) sputtering with
or without magnetron, ion beam sputtering and reactive sputtering. Among these techniques,
RF magnetron sputtering is the most commonly used technique as materials having high
melting point and electrically non-conductive ceramics can be evaporated easily. A

schematic picture of the RF magnetron sputtering system is shown in Fig. 2.4.

In RF magnetron sputtering, the RF generator and impedance matching networks are
used for supplying the power and a strong magnetic field is applied near target to confine the
plasma which results in the increase of the rate of deposition. The sputtering is done in low
vacuum or gaseous atmosphere such as argon (Ar). The gas plasma is created by RF power
source, which ionizes the gas ions. These ions impacts on the target vaporize the atom of
source materials and condense on the substrate. In sputtering process generally source-to-

substrate distance is short compared to other vacuum deposition methods.
2.1.2 Experimental

PVD is a vacuum or low pressure gaseous environment deposition process so prior to the
deposition certain level of vacuum is required. The high vacuum is created in coating
chamber using an oil diffusion pump backed by a rotary pump in a vacuum coating unit in
our lab (Hind High Vacuum Co. (P) Ltd.). For the e-beam evaporation, the 6 KW electron
beam evaporator equipped with 270° bend e-beam gun facility is used. For the RF magnetron
sputter deposition, the 2-inch magnetron (Angstrom science) is placed inside chamber and
600 W RF generator and impedance matching network (PFG 600 RF, Huttinger elektronik)
are used for power supply. Figure 2.5 shows the actual picture of the vacuum coating unit

with thermal evaporation, RF magnetron sputtering, and e-beam evaporation facility.
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Figure 2.4: A schematic picture of the RF magnetron sputtering system.

The in-situ thickness measurement is carried out using piezoelectric quartz crystal placed
inside the vacuum chamber. The oscillating frequency of the quartz crystal is varied from its
original frequency (6 MHz) in order to deposit the coating materials on the crystal. The rate
of change of the crystal frequency depends on the mass of the material deposited.
Consequently, the thickness of the coating on the crystal can be calculated by measuring the
fall of the crystal oscillation frequency, area of the crystal exposed to vapor and the density
data of the material. The e-beam evaporation system is also interfaced with thin film
deposition controller (SQC-122¢ SIGMA) to precisely monitor and control the thickness and

deposition rate of the thin film.

21



Figure 2.5: Photograph of the High vacuum coating unit with Thermal evaporation, 2-inch diameter RF

magnetron sputtering and 270 ~ bend e-beam gun facility.

2.2 THIN FILM CHARACTERIZATIONS

Thin film characterization can determine many material parameters required for
electrochromic device (ECD) point of view. There are wide varieties of characterization
techniques available for thin films. The structural properties crystallinity and surface
morphology are investigated using X-ray diffraction (XRD) analysis and atomic force
microscopy (AFM) technique, respectively. The surface composition of the thin films was
investigated using X-ray photoelectron spectroscopy (XPS) measurement. Impedance
spectroscopy (IS) was used for the characterization of solid electrolyte. Optical properties are
measured using the transmittance measurement setup. The electrical properties viz.

resistivity and mobility are measured using four point probe and Hall-Effect measurements,
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respectively. The electrochemical characterizations are done using electrochemical technique

with the help of an electrochemical cell.

2.2.1 Structural and Compositional Characterizations

Structural and compositional characterizations of thin films by XRD, AFM, and XPS

techniques are discussed below.

X-ray Diffraction (XRD): XRD is a versatile, non-destructive technique, which reveals
detailed information about the crystallographic structure and chemical composition of
materials and thin films. When X-rays interact with a crystalline substance’s parallel and
equally spaced atomic planes, one gets a diffraction pattern. The diffraction pattern is like a
fingerprint of the substance, i.e. the same substance always gives the same pattern under
identical conditions. So, it is used for the identification and determination of unknown
substances present in materials by comparing diffraction data with standard JCPDS database
maintained by international center for diffraction data (ICDD). The basic phenomenon
involved is the diffraction of X-ray by an ordered crystal structure. The interaction of the
incident rays with the sample produces constructive interference (and a diffracted ray) when
the Bragg’s condition is satisfied. nA = 2b sinf, where b is the spacing between diffracting
planes, 0 is the incident angle, n is any integer, and A is the wavelength of the beam [45].

Symmetric representation of Bragg’s constructive interference is shown in Fig. 2.6.

Incident Plane Wave

7
7
A%'in()

Constructive Interference
when ni = 2b sin 0

Figure 2.6: A schematic representation of Bragg’s constructive interference.
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The mechanical assembly consists of X-ray source (CuKal - 1.5406 A) and detector.
X-ray from the tube is incident on the sample, which may be placed at a desired angle 6 with
respect to the incident beam. The diffracted intensity of the X-rays from the sample is
measured using detector positioned at a desired angle. The angle between the diffracted
beam and transmitted beam is always 26, which is known as diffraction angle. In 26-
geometry measurement the X-ray source is stationary, the sample moves by the angle 6 and
the detector simultaneously moves by the angle 26. In the ® scan (rocking curve scan)
method, value of 20 (i.e. position of detector) is kept fixed and ® is varied. Symmetric

representation of 26 geometry is shown in Fig. 2.7.

Figure 2.7: A schematic representation of 20 geometry in XRD measurement.

From the XRD pattern, we can find the crystallographic structure, crystalline size and
preferred orientation of plans. The crystallite size (L) was determined from the full width
half maxima (FWHM) of specific XRD peaks using the Scherrer’s equation [46],

98
L =
FWHM e (cosh)

2.2)

where, k is the shape factor (0.9), A is the X-ray wavelength, and 0 is the Bragg’s angle.

Atomic Force Microscopy (AFM): AFM, a scanning probe microscopy, is a mechanical
imaging instrument that measures the three dimensional (3D) topography as well as physical
properties of a surface with a sharpened tip. The AFM consists of a cantilever with a sharp
tip at end made-up from silicon (Si) or silicon nitride (Si3Ny4), with a typically tip radius of

few tens of nanometers. The tip is positioned closed to the sample such that it can interact
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with the Van der Waals forces associated with the surface and the tip. Then the probe is
slowly scanned across the surface and the force due to deflection of the cantilever is
measured according to Hooke's law. The deflection of the cantilever is measured using laser
light reflected from the top surface of cantilever and is detected by the position-sensitive-
detector which is shown in the Fig. 2.8. Monitoring the X-Y and/or Z position of the tip 2-D

or 3-D image of the surface is constructed [47].

Laser Source . .
Position Sensitive

Detector

Mirror \

Sample

Tip

f—

Figure 2.8: A schematic representation of AFM measurement.

The main advantage of the AFM is its capability of measuring images with nanometer
resolution of conducting and non-conducting surfaces. With the image analyses, we can
measure the surface roughness and the average grain size of film surface. Depending upon
the application, in AFM the image can be obtained by three main modes viz., contact mode,

tapping mode and non-contact mode.

X-ray Photoelectron Spectroscopy (XPS): XPS, also known as electron spectroscopy for
chemical analysis (ESCA), is a spectroscopic technique to investigate the chemical
composition of surface based on the photoelectric effect. It is used for the elemental
identification (except H and He), chemical state information, and quantitative analysis on the
sample surface with the sensitive to as low as 0.1 atomic percent. It is non-destructive
method and it can be applied to all solid materials, including insulators such as polymers and
glasses. The XPS spectra are obtained by the core level electron escape from a surface when
the sample is illuminated with X-ray source generally Al-Ko (1486.6 e¢V) [48]. The

schematic representation of the XPS measurement system is shown in Fig. 2.9.
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Figure 2.9: Schematic representation of the XPS measurement system

When the photons of energy (hv) are bombarded on the sample surface, and if it is large
enough, than the core level electron escape from the atom and ejected out from the surface
with kinetic energy (Ex) also referred as photoelectron. The binding energy (Ey) of core level

electron is calculated by,

E,=hv-E, (2.3)
where, h is Planck’s constant and v the X-ray frequency. Binding energy for the core level
electron is a unique identity of each element so we can identify any element. For the
quantitative analysis, XPS spectrum that is the Kkinetic energy distribution of ejected
photoelectrons with the respective binding energies is recorded. All spectra were first
analyzed using software, i.e. peak shifts due to any apparent charging effect were normalized
with the help of Cis peak set to 284.8 eV. The background from each spectrum was
subtracted using a Shirley-type background to remove most of the extrinsic loss structure. To
determine the stoichiometry of the compound the peak areas are converted to atomic
concentrations with the use of elemental sensitivity factors. Furthermore, the binding energy
of core electron is very sensitive to the chemical environment of element, so small shifts in

the binding energy provide the information about the chemical state present on the surface.

26



2.2.2 Optical Characterization

To study the optical properties, viz. the transmittance (T) and optical energy band-gap (Ey),
of thin films, the main characterization necessary is the transmittance measurement. Figure
2.10 shows the transmittance measurement setup established in our laboratory for measuring
the wavelength range from visible-near infrared (400 - 1200 nm) region. Here, a Tungsten-
Halogen lamp is used as a polychromatic light source. The light from the lamp is focused on
the monochromator input slit using a convex lens. We have used 1/8m monochromator
(CVI-CM110). The output beam from the monochromator is chopped using a mechanical
chopper. This chopped beam is focused using a convex lens, and is then incident on the
photo-detector, after passing through the sample. The detector measures the intensity of the
beam with the help of a lock-in amplifier (SR-530) and the transmitivity of the sample is
measured with reference to the direct beam intensity, without the sample. The
monochromator and the lock-in amplifier have been interfaced with the computer using
communication (COM) port and general-purpose interface bus (GPIB), respectively. The

experiment is automated using the LabVIEW (Ver. 8.2) program.
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Figure 2.10: Block diagram of the experimental setup for transmission measurement.
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For the energy band-gap calculation, the transmission spectra were measured using
UV-Visible spectrometer (Thermo Scientific), in the wavelength range 200 — 900 nm. The
optical band-gap is the minimum energy required to excite an electron from the valance band
to the conduction band by an allowed optical transition. Quantitative values of E, can be
derived using the Tauc’s relation [49] in the spectral range where the absorption is strong,

which is given as

(ahv) =B(hv-E,)" (2.4)
where, B is a constant, hv is the incident photon energy, E, is the optical energy band-gap,
and o is the absorption coefficient, which is obtained near the absorption edge from the

transmittance, using the equation

a=- IHST) (2.5)

where, d is the thickness of the film. The exponent n depends on the kind of optical

transitions occurring in the material; when the transitions are direct allowed, direct forbidden,
indirect-allowed, and indirect-forbidden, the values of n are 0.5, 1.5, 2, and 3, respectively.
Thus, the optical energy band-gap of thin film is determined by plotting (ahv)" versus the
incident photon energy (hv) and linearly extrapolating to intercept the hv axis, which gives

the value of energy band-gap.

2.2.3 Electrical Characterizations

In electrical properties of thin films viz. sheet resistance (R;), resistivity (p), Hall mobility
(), and carrier concentration (n) are measured using various electrical characterization
method. The resistivity of the thin film is measured using four-point probe method while the
other properties viz. hall mobility and carrier concentration are measured using the Hall-

Effect measurement setup.

Four-point Probe Method: Four-point probe method is the standard method for the
measurement of sheet resistance (Rs) of thin films and solid materials. The Four-Point Probe
arrangement has four needle-like electrodes in a linear arrangement with a current (I) applied
via the outer two electrodes and the resultant voltage (V) is measured via the two inner

electrodes [50]. The schematic representation of the Four-Point Probe is shown in Fig. 2.11.
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Figure 2.11: Schematic representation of the Four-Point Probe method.

In Four-point probe method, the separate current and voltage electrodes are used for
eliminate the contact resistance between the electrodes and the material. In particular, in the
case of thin films, the distance between the two probe(s) is very high compared to the film

thickness (d), and hence the sheet resistance (€2/0) can be given as,

R, :k¥ (2.6)

where, k is a constant dependent on the configuration and spacing of the contacts. If the film
is large in extent compared with the probe assembly and the probe spacing is large compared

with the film thickness, k = n/In2 = 4.53, then

R, = (4.53)% (2.7)

The sheet resistance of film is independent of the film dimensions. The resistivity (€2 cm) of

thin film can be calculated by multiplying the sheet resistance with the film thickness (d);

p=Rxd (2.8)

Hall-Effect Measurement: For the measurement of the hall mobility and the carrier
concentration the Hall-Effect experiment is performed. In the Hall-Effect experiment the

current carrying conductor is placed in a transverse magnetic field, Lorentz force on the
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moving charges push them towards one side of the conductor producing a charge separation
and, as a result, a small voltage is developed in the direction perpendicular of both, the field
and the current [50]. The schematic representation of the Hall-Effect measurement is shown

in the Fig. 2.12.

If the sample with resistivity (p), thickness (d), and the width (w) are placed in the
magnetic field (B) then the Hall voltage (Vy) is developed perpendicular to both the magnetic

field and the current, and the hall coefficient (Ry) can be calculated using

V d
R,=| = [x= 2.9
()8 as
The mobility (cm?/Vs), a measure of how easily a carrier moves in a particular material, is
given by
R
p=—=1= (2.10)
p

where, Ry is the hall coefficient. The carrier concentration (cm™) as a function of the

mobility and resistivity can be derived using

1
n=———— (2.11)
uxpxq
where, q is the charge in coulomb.
A
Magnetic field (B)

Hall
Voltage

Figure 2.12: Schematic representation of the Hall-Effect measurement.

30



2.2.4 Impedance Spectroscopy

Impedance Spectroscopy (IS) is a very versatile electrochemical technique to characterize
intrinsic electrical properties of any material and its interface. Electrical measurements are
used to evaluate the electrochemical behavior of electrode and/or electrolyte materials. The
measurement is usually carried out with electrochemical cell structure having two identical
electrodes applied to the surfaces of a sample. In IS technique, an alternating current (AC)
signal of low amplitude at varying frequency is applied to the solid electrolyte cell and
comparison of the input and output signals is carried out to get information about phase shift
and amplitude. The impedance (Z) of the structure is the ratio of the voltage to current as

ohms law holds in the time domain.
V(t) = V,exp (jot) (2.12)

I(t) = I,exp (joot) (2.13)
The impedance is a complex quantity, having both magnitude IZ| and phase angle (¢), which

is expressed as,

Z(w) =|Z|exp(-j¢$) (2.14)
Z(0) = |Z|cosé - j|Z|sin g (2.15)
Z*¥=7Z"+jZ2" (2.16)

The resultant response of solid electrolyte can be displayed in the complex plane
either in the more commonly used impedance formulation i.e. as the imaginary (Z”) vs. the
real part (Z’), with frequency as a varying parameter. Equivalent, series, and parallel circuits
of resistors and capacitors can be fitted to these kinds of plots. This plot contains a wealth of
information regarding charge transport both at interfaces and inside the material [51]. The
intersection of the semicircle with the real axis gives the best bulk resistance (Ry) of the

material.

2.2.5 Electrochromic Characterizations

Electrochromic characterization ware carried out using electrochemical method with the help
of two-electrode electrochemical cell. The WOj; and NiO thin films, deposited on ITO coated
glass substrate, act as the working electrode, and a stainless steel (SS 304) plate is used as a

counter electrode. The different electrolyte solutions are used for the intercalation of

different ions viz. H,SO4, Na,SO,4, KCI, for WO; and KOH for NiO. In electrochemical
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measurement the chemical reactions, which take place in a solution at the interface of an
electrode and an ionic-conductor (electrolyte), and which involve electron transfer between
the electrode and the electrolyte, the chemical reaction is driven by either current or voltage
between the working and counter electrode. The oxidation and reduction take place, which
transfer electron and ions to or from atoms or molecules and change its oxidation state as
measured by the current or voltage during an electrochemical reaction. The different
electrochemical techniques are used to determine the different electrochromic parameters viz.
the cyclic-voltammetry (C-V) for the diffusion coefficient, constant current measurement for
transmittance modulation (AT) and coloration efficiency (CE) and the chronoamperometry
(CA) with concurrent change in transmittance for the switching time measurement. The
block diagram of basic experimental setup for electrochemical measurement is shown in Fig.
2.13. The experimental setups have been interfaced with the computer using data acquisition
(NI USB DAQ-6251) system. The dedicated virtual instrument made in LabVIEW (Ver. 8.2)

computes and displays the results simultaneously with data acquisition and storage.

Cyclic-Voltammetry Measurement: A cyclic-voltammetry, an electrochemical method,
shows the redox nature of the material that is used to determine the diffusion coefficients of

mobile ions in the material.
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Figure 2.13: Block diagram of basic experimental setup for electrochemical measurement.
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In C-V experiment, the potential across two electrodes varies linearly between two fixed
values with time at a certain scan rate and the cyclic voltammogram i.e. the current verses
voltage graph is plotted. Since redox reactions involve ion-intercalation and de-intercalation
from the EC thin films, there is a drastic increase in the current and hence the current peak is
obtained as soon as the applied voltage reaches to a certain level. During the negative
potential cycle cathodic peak is observed and for the positive potential cycle an anodic peak
is observed, which is further used to calculate the diffusion coefficient (D). Diffusion

coefficient of the ion in the thin film is calculated using Randles—Servcik equation [52],

3 1 1
i,=2.72x10°xn2xD?xCxv? (2.17)
where, D is the diffusion coefficient in cmzs_l, Cy is the concentration of active ions in the
electrolyte solution in molem ™, v is the potential scan-rate mV/s, ip, is the peak current
density in Acm * from cyclic voltammogram, and n is the number of electrons, which is

assumed to be unity.

The LabVIEW virtual instrument (VI) is used to automate and control the C-V
experiment. Figure 2.14 (a) shows the front panel controls and displays of the VI. The

corresponding programming code, called block diagram, is shown in Fig. 2.14 (b).

Constant Current Measurement: Constant current measurement technique is particularly
used for the comparative study of the transmittance modulation and CE. In all the cases, the
same constant current density (i) is applied for a certain time interval (t) for coloring or
bleaching the films, which ensures the same concentration of the intercalated and de-
intercalated species in the films. The CE is calculated using the equation (Eq. 1.2) explained
in chapter 1. The transmittance of the sample is measured in both bleached (Ty) and colored
(T.) states using the optical transmittance measurement setup in wavelength range from 400 -
1200 nm. The total inserted charge density (Q) can be calculated by multiplying the total

time by the applied current density, Q =1 x t, where 1 is current density and t is time.
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Figure 2.14: (a) Front panel and (b) Block diagram of the VI for C-V measurement.
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Chronoamperometry Measurement: Finally, the chronoamperometry (CA) is performed for
intercalation/de-intercalation of ions in the films for switching time measurement. CA is an
electrochemical technique, in which the square wave potential is applied to the working
electrode, and the resulting current from faradic processes occurring at the electrode is
monitored as a function of time and concurrently optical data is recorded between colored
and bleached state. The optical measurement is carried out with the help of a laser diode (A =
650 nm) and Si photo-detector. The constant current supply is used to drive the laser diode
and the photo-detector is used in photo conducting mode. Figure 2.15 shows the photograph

of CA measurement setup used for switching time.

Switching time is estimated from the current and optical transmittance data variation
as explained in chapter 1. The entire experiment is interfaced and automated using Lab
VIEW program. Figure 2.16 (a) and (b) shows the front panel (controls and displays) and
block diagram (programming codes) of the virtual instrument (VI) of the CA setup.
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Figure 2.15: Photograph of CA measurement setup.
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3. TRANSPARENT CONDUCTING INDIUM-TIN OXIDE (ITO)
THIN FILM LAYER

Transparent conducting oxides (TCO) are the materials that exhibit nearly
metallic electrical conductivity with “good” optical transmittance and act as the
transparent electrode in optoelectronic devices. The indium-tin-oxide (ITO) thin
film is the most widely used TCO for electrochromic device (ECD) applications.
The present chapter gives a brief introduction about ITO and its fundamental
material physics. Here the preparation of ITO thin films using RF magnetron
sputtering is discussed in detail. In particular, the deposition parameters such as

working pressure and RF power are varied to optimize the thin film.

3.1 INTRODUCTION

The transparent conducting oxide (TCO) materials have low electrical resistivity and
excellent transparency in the visible range. These are widely used in optoelectronic device
applications such as, solar cell, electrochromic devices, light emitting diode (LEDs), flat
panel displays (FPD). A good combination of transparency and conductance in the film can
be achieved in two ways. The first one is in thin metallic films (Ag, Au, or Cu), with typical
film thicknesses of a few times 0.01 um. In the second category a number of heavily doped
metal oxide semiconductor thin films are made, which are widely used nowadays compared

to the previous one.

The German scientist K. Badeker first reported the Cadmium oxide film prepared by
thermal oxidation of sputtered Cadmium (Cd) metal films as TCO in 1907 [53]. Similar
behavior in Indium oxide (as TCO) was reported by A. Thelen in 1956 [54]. Then,
approximately a decade later, doped SnO; and In;O3:Sn (indium tin oxide or ITO) with
excellent electrical and optical properties was reported in 1965 [55,56]. The intrinsic,
stoichiometric, oxide can not show the high transparency and simultaneously high
conductivity, which is only obtained by creating electron degeneracy in a wide band-gap
oxide by introducing non-stoichiometry and/or appropriate dopants [57]. Nowadays, various
materials are developed which are used as TCO viz. tin-doped indium oxide (ITO), fluorine-
doped tin oxide (FTO), and aluminum doped Zinc oxide (Al-ZnO) [23]. Different materials
behave differently, some have sharp transparency, some have metallic conductivity, and
hence, depending on the requirements, the materials are selected. While selecting the TCO

its cost should also be taken into consideration. Al-ZnO is a common choice of TCO because
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of its reasonable cost and good optical transmittance in solar spectrum. However, ITO
consistently overcomes Al-ZnO in almost every performance category, including chemical
stability and moisture, i.e., ITO degrades less compared to Al-ZnO. The ITO is formed by
substitution-doping of In,O3; with Tin (Sn). The structure and physical properties of bulk ITO

is discussed below.

Indium oxide has a cubic bixbyite structure. The bixbyite structure is similar to the
fluorite structure, but one-fourth of the anions are vacant, allowing for small shifts of the
cations. The two non-equivalent indium sites present in In,Os3 cubic bixbyite crystal structure
[58] are shown in Fig. 3.1. In In-1 site, In atom has six equidistant oxygen anion neighbors
and the oxygen atoms are at the corner of the cubes with two oxygen vacancies along one
body diagonally. While in In-2 site, In atom are separated from six oxygen anions at three
different distances, the oxygen anions are at the corners of the cube, with two oxygen

vacancies along one face diagonally.

Figure 3.1: Non-equivalent indium sites in cubic bixbyite crystal structure In,0;.
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ITO is formed by subsititutional doping of In,O3 with Sn, which replaces the In>" atoms from
the cubic bixbyte structure of indium oxide. The material retains its bixbyite structure and
has a lattice parameter close to that of In,Os;. The doped Sn forms an interstitial bond with
oxygen either as SnO or SnO; and accordingly it has a valency of +2 or +4. This valence
state plays an important role in the conductivity of ITO. At lower valence state i.e., SnO
state, a hole is created, which acts as a trap and as a result a reduction in carrier concentration
is observed. On the other hand, prevalence of the higher valance state i.e. SnO, state acts as
an n-type donor, releasing electrons to the conduction band and increasing the carrier
concentration. Nevertheless, in ITO, both substituted tin and oxygen vacancies contribute to
the high conductivity. However, too many oxygen vacancies and high Sn concentration may
lead to reduction in transmission [59]. In order to optimize the properties, the control of the
Sn doping and non-stoichiometric is necessary. In solid form ITO is typically pale yellow to
greenish yellow colored material which depends on SnO, concentration. The density of ITO
is 7.14 g/cm3 and the melting point is ~1900 °C. Nowadays ITO having low electrical
resistivity (~ 10 Q cm) and excellent transparency (~ 80 %) in the visible range, are being
widely used in optoelectronic devices such as, solar cells [60], light emitting diodes (LED)

[61], electrochromic devices [24] and transparent p-n junction diode [62].

The electrical, as well as the optical properties of ITO thin film can be modified by
controlling the deposition parameters. The variety of techniques viz. sputtering [63], thermal
evaporation [64], e-beam evaporation [65], spray pyrolysis, pulsed laser deposition (PLD)
[66] and screen printing techniques are used for depositing ITO films. The substrate
temperature as well as post-heat treatment also influences properties of the ITO thin film
[64,67]. Among these techniques, the radio frequency (RF) magnetron sputtering technique
is widely used because of its reproducibility and larger size sample using large area sputtering
systems [68,69]. In the case of RF magnetron sputtering, electrical, and optical properties of
ITO thin films are affected by the deposition conditions such as deposition temperature [70],
working pressure [63], RF power [59], target to substrate (T-S) distance [71], oxygen
pressure [72] etc. Although much work has been reported on ITO thin film deposition at
higher substrate temperatures (>200 °C) and/or with annealing above 200 °C [70,73], to
improve its transparency and conductivity, nevertheless this confines its use in some areas of
applications [74]. For example, multilayered device structure like a solar cell and ECD or
devices on plastic substrate, requires a low deposition temperature. At higher temperature,

the device structure or plastic substrate gets damaged. For instance, in the case of RF
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magnetron sputtering, the high RF power used to optimize ITO thin films may damage the
previously deposited layer or the substrate itself, which limits its use in multilayered
structures. J. B. Chu et al. reported the ITO thin film prepared without external heating for
solar cell application showing transparency between 80 to 90 % in the visible spectrum and
14 - 120 Q/[ sheet resistance under different Ar pressures [60]. Our attempt is to deposit
ITO thin films having lower sheet resistance with high transparency at low deposition
temperature and low RF power without post-heat treatment. We have deposited ITO thin
film with high transparency of above 80 % and a low-sheet resistance of 4.7 Q/[] at 75 W RF
power and 0.5 mTorr working pressure without externally unheated glass substrate [75]. The
film preparation condition and the characterization for optimization of ITO thin film are

discussed in next section.

3.2 FILM PREPARATION

The ITO thin films are deposited by RF magnetron sputtering (PFG 600 RF, Huttinger
elektronik) onto externally unheated soda lime glass substrates from a ceramic ITO target
(In,03 : SnOy, 90:10 wt.%, 99.99 %). The glass substrates employed are of dimensions 5 x 5
cm” and they were organically cleaned. Prior to deposition, the chamber is evacuated down
to 10> Torr by a rotary and diffusion pump and then the Argon (Ar) gas is introduced into
the chamber as the sputtering plasma gas. The working pressure of the chamber was varied
from 0.5 to 10 mTorr and the RF power is kept at 50 and 75 W. The substrate is continuously
rotated at 40 revolutions per minute (rpm) during the sputtering to improve the film’s
uniformity and, prior to the actual deposition, a 10-minute pre-sputtering period is required to
clean the ITO target surface. The sputtering time was adjusted in such a manner that all the
films studied had the same thickness viz. 5000 A. A quartz crystal-based thin film deposition
controller monitored the thickness and the rate of deposition. The deposition parameters used

in this study are shown in Table 3.1.

33 FILM CHARACTERIZATIONS

The crystallinity of the ITO thin films is ascertained using the Grazing Incidence X-ray
Diffraction (GIXRD, Bruker-AXS D8 Advance) analysis with Cu-Ka radiation in 20 range
from 20° to 70°. The incident angle is fixed at 0.5° at a scan speed 0.05°/3 s. The surface
morphology of the ITO thin films is examined using an atomic force microscope (AFM) in

non contact mode with the scan area 1 pm. The optical transmission spectra of the ITO thin

40



films are measured at room temperature (RT) using a UV-Visible spectrophotometer
(Shimadzu UV-2450) in the wavelength range 300 — 900 nm at RT. The sheet resistance (R;)
of the prepared ITO thin films is measured by Keithley 2420C source meter using the

standard four-point probe method.

Table 3.1: The deposition parameters and their typical values used in the present study.

Deposition parameters Values

Target composition In;O3: SnO;, 90:10 wt.%
Target size (cm) 5

Target-substrate distance (cm) 7

Film thickness (A) 5000

Sputtering power (W) 50 and 75

Working pressure (mTorr) 0.5-10

3.3.1 Effect of RF Power

Structural Characterization: In RF magnetron sputtering the rate of deposition of the films
and its properties depends on the RF power. On increasing the RF power at a given pressure,
an ionized Ar atom are bombard on the target (cathode) with higher energy which leads to the
ejection of more target atoms and thus an increase in the deposition rate of the film is
observed. The rate of deposition, at 1 mTorr working pressure, is found to be 1.3 A/s at 50

W RF power and it increased up to 2.6 A/s at 75 W.

Figure 3.2 shows the XRD spectra of the ITO thin films grown at 1 mTorr working
pressure and 50 and 75 W RF power on externally unheated glass substrates. From the Fig.
3.2, the XRD measurements show that the ITO thin films deposited at 50 and 75 W power for
1 mTorr working pressure gave strong (222) preferred orientations with small peaks observed
in (211), (400), (431), (440), and (622) planes, which indicates the cubic bixbyite structure of
the thin films [JCPDS 06-0416]. The bump under (222) peak is due to a two-phase structure.
In RF sputtering, the kinetic energy of sputtered particles arriving at the substrate surface is,
on the average, higher than those of the thermally evaporated atoms, and thus leads to a

crystallization of films even though the substrate is not externally heated. Furthermore, at 50
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W RF power the deposition rate is low, and for the same thickness longer deposition time is
required, which will lead to increase in the average substrate temperature during deposition,

this in turn will lead to an improvement in the crystallization of film.
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Figure 3.2: The XRD spectra of ITO thin films grown at 50 and 75 W RF power at 1 mTorr working

pressure.

The root mean square (rms) surface roughness of the thin films, as estimated from the AFM
images shown in Fig. 3.3, decreases from 13.27 to 4.02 nm as RF power increases from 50 to
75 W. The thin films grown at 50 W RF power have relatively low kinetic energy of
sputtered particles compared to 75 W RF power, which leads to relatively more random
orientation and different size of grain growth is observed which results in the rough surface.
With increase in RF power, the sputtered particles have enough energy for uniform

distribution of grain growth and thus lead to a smoother surface.
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Figure 3.3: The AFM images of the different RF power and 1 mTorr working pressure grown ITO films.
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Optical Characterization: The optical transmittance of ITO thin films grown at 50 and 75
W, at 1 mTorr working pressure, are shown in Fig. 3.4 (a), which is further used to calculate
the optical energy band-gap. The optical energy band-gap of the ITO thin film is calculated
using the Tauc’s relation in which 1) is equal to 1/2, for direct allowed transitions [76]. Thus,
the optical energy band-gap of ITO is determined by plotting (ahv)® versus the incident
photon energy (hv), and by extrapolating the curve to ahv = 0 as shown in Figure 3.4 (b).
Fig. 3.4 (a) shows the small variations in the transmittance, decreasing from 89 to 85 %, with
increase in RF power from 50 to 75 W. The decrease in transmittance with increase in power
is due to decrease in the oxygen content in the film [59]. With the sputtering power
increasing from 50 to 75 W, as shown in Fig. 3.4 (a), the absorption edge shifts towards the
shorter wavelength and the band gap value increases from 3.34 to 3.42 eV. As the RF power
increases the oxygen vacancies are created in the film that leads to increase in carrier
concentration. The carriers are partially filling the conduction band of the tin oxide, thus the
band-gap shifts to a higher value. The shifting of the band-gap (AE,) in this type of

degenerate semiconductor, due to carrier concentration is explained by the Burstein—Moss

2 2/3
(B-M) effect [77,78] using the equation, AE, = 8h - (ij n?* where, h is Planck’s constant,
m \ 7z
m' is the electron effective mass in the conduction band and n is the carrier concentration.
Thus, according to the B-M effect the widening of the band-gap is directly proportional to the

increase in the carrier concentration.

Sheet Resistance Measurement: The electrical measurements show that the sheet resistance
and resistivity are influenced by the RF power. The values of the sheet resistance and the
resistivity, 117.23 /o and 2.3x10™ Qcm, respectively, for 50 W RF power grown thin films
reduces to 14.59 Q/o and 2.9x10™ Qcm, respectively, for the thin films grown at 75 W
power. This decrease in resistance with increasing RF power is attributed to the generation of
oxygen vacancies. The sputtering deposition of an oxide material from an oxide target results
in dissociation of some of the more volatile material viz. oxygen, which creates the oxygen
vacancy and it increases with increase in RF power. It is known that the conductivity of ITO
is related to the substitution of tin in place of indium and oxygen vacancies in the films. The
former generates one electron in the conduction band whereas the latter effectively leads to

two electrons in the conduction band and thereby increase in the carrier concentration is

observed [79].
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Figure 3.4: (a) The transmittance spectra and (b) the plot of (ahv)? versus (hv) of the ITO thin films

grown at 50 and 75 W RF power at 1 mTorr working pressure.
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For transparent conducting electrode, ideally, both parameters, electrical conductivity
and optical transmittance, should be large but actually, both are inversely correlated. Higher
conductivity usually causes low transmittance due to increase in carrier concentration. So the

performance of transparent conducting films is judged by a figure of merit, (¢rc), as proposed

by Haacke [80], ¢y =Toy / R, where, T, is the average transmittance in visible region of

avg
light and Ry is the sheet resistance. At 1 mTorr working pressure, the figure of merit
increases from 2.66 x 10° Q' to 13.5 x 10 Q' as the RF power increases from 50 to 75 W,

respectively.

3.3.2 Effect of Working Pressure

Furthermore, to study the effect of the working pressure on the properties of the ITO thin
films, we have characterized the films grown in the working pressure range of 0.5 to 10
mTorr at 75 W RF power on externally unheated glass substrates. One of the main factors,
which affect the deposition rate is the working pressure. Figure 3.5 shows the variation of the
deposition rate with the working pressure. As shown in Fig. 3.5, the rate of deposition of
ITO thin films significantly decreases from 2.7 to 0.8 A/s with increase in the working
pressure from 0.5 to 10 mTorr. The decrease in the rate of deposition with increase in the
working pressure is attributed to the increased number of collisions of the sputtered particles
with the gas molecules, which results in a partial loss of energy and randomizes the direction
of the sputtered particles during their transport to the substrate, and thus the decrease in the

deposition rate is resulted.

Structural Characterization: Typical XRD spectra of ITO thin films deposited at different
working pressure and 75 W RF power are represented in Fig. 3.6. ITO thin films prepared at
lower working pressure 0.5 mTorr has preferred orientation along (222) direction with other
dominant (400), (440) and (622) orientations. This indicates the cubic structure of the films
[JCPDS 06-0416]. As the working pressure increases the intensity of (222) peak decreases
and the films show preferred orientation along (622) at 5 mTorr. The variation in orientation
from (222) to (622) with other orientation is due to the presence of more oxygen in thin films
and lower energy of adatoms on the substrate at higher working pressure. For the higher
working pressure at 75 W RF power the deposition rate is low and for fixed thickness the
longer deposition time is required. Local heating will lead to increase in the substrate
temperature during deposition, which in turn, will have an effect on the crystallization of

films.
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Figure 3.5: The rate of deposition versus the working pressure at 75 W RF power
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Figure 3.6: The XRD spectra of thin films grown at different working pressures at 75 W RF power.
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Figure 3.7: The AFM image of the ITO thin films grown at different working pressure at 75 W RF power.
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Figure 3.7 shows the AFM image of the ITO thin films grown at different working pressures
at 75 W RF power. The values of the rms surface roughness are listed in Table 3.2. At 0.5
and 1 mTorr working pressure, thin films show a uniform grain distribution with the rms
surface roughness 2.52 nm and 4.10 nm, respectively; however, at higher working pressure
random orientation of big grains results in the rough surface [63]. At higher working
pressure, an increase in the number of collisions of the sputtered particles with the gas
molecules results in the reduction of energy of the sputtered particles, which leads to random

orientation of grain growth as observed and also an increase in the surface roughness.

Optical Characterization: The optical transmittance spectra in the visible region and the
(ohv)? versus (hv) plots are shown in Fig. 3.8 (a) and (b), respectively. The ITO thin films
grown at lower working pressure have little less transmittance due to the high oxygen
vacancy. Oxygen vacancy leads to generate free electrons, so, the more oxygen vacancy,
higher the carrier concentration [79]. Transmittance and carrier concentration are inversely
proportional and thus the absorption of light by the free carriers reduce the transmittance.
The absorption edge shifts towards lower wavelength and the widening of the band gap at
lower pressure is caused by the increase in the carrier concentrations as explained by the B-M
effect. This is due to the filling of the lowest levels of the conduction band by the charge
carrier. The average transmittance in the visible range and the energy band gap values as a

function of the working pressure are shown in Table 3.2.

Sheet Resistance Measurement: The sheet resistance and the resistivity value as a function
of working pressure are presented in Table 3.2. The ITO resistivity is found to decrease with
decrease in the working pressure and reach at 9.47 x 10™* Qcm for the films deposited at 0.5
mTorr working pressure. It is expected that the sputter deposition performed at low working
pressure results in the creation of more oxygen vacancy due to the dissociation of oxygen.
The oxygen vacancies increase the carrier concentration, and thus the decrease in the
electrical resistance takes place. The figure of merit calculated for ITO thin films grown at
different working pressures are shown in Table 3.2. The ITO films deposited with 75 W RF
power and 0.5 mTorr working pressure show good electrical and optical properties with high

figure of merit viz. 37.2 x 10 Q™.
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Table 3.2: The rms surface roughness, average transmittance, Energy band-gap, sheet resistance, and

resistivity as a function of the working pressure of ITO thin films grown at 75 W RF power.

Working pressure (mTorr) 0.5 1.0 5.0 10
rms surface roughness (nm) 2.52 4.10 14.05 17.16
Average transmittance, Tayg (%) 84 85 89 91
Energy band gap, E, (eV) 3.47 342 3.40 3.35
Sheet resistance, Ry (2 / 0) 4.7 14.6 277.3 330.6
Resistivity, p (Qcm) 9.47 x 107" 2.92x10°  56x107  6.6x107
Figure of merit, ¢rc (Q) 372x10°  135x10°  1.12x10°  1.18x 107

34  CONCLUSIONS

The RF magnetron sputtering is used for the deposition of the ITO thin films with low
resistivity and high optical transmittance without any post deposition heat treatment. The RF
power and the working pressure significantly influence the deposition rate, structural, optical,
and electrical properties. It is observed that with increase in RF power and decrease in the
working pressure the conductivity improves with band gap widening due to the formation of
oxygen vacancy. The ITO thin films deposited with 75 W RF power and 0.5 mTorr working
pressure shows a high transparency of above average 80 % and the low sheet resistance of 4.7
Q/l1. These types of conducting oxide thin films satisfied technical requirements of a variety

of applications, including TCO, optical coatings, and transparent electronics.
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4. ELECTROCHROMIC TUNGSTEN TRIOXIDE (WO;) THIN
FILM LAYER

Electrochromic (EC) layer is the most active layer of solid-state electrochromic
devices (ECD). The overall performance of ECD is predominantly affected by the
properties of the EC layers. In the present chapter, we discuss the preparation of
tungsten trioxide (WO3) thin films by the thermal evaporation method. We study
the effect of different growth conditions on the structural, optical, and electrical
properties of the WOg3 thin films. Finally, the EC properties viz. transmittance
modulation, coloration efficiency, and switching time, which are affected by the

insertion of ions and substrate temperature, are also discussed.

4.1 INTRODUCTION

Transition metal oxides represent a large family of materials possessing various interesting
properties in the field of electrochromic devices (ECD) [81], memory devices, and sensors
[82,17]. Among them, tungsten trioxide (WO;), an n-type semiconductor, is the most
extensively studied material due to its appreciable ectrochromic (EC) properties in the visible
and infrared region, high-coloration efficiency, and relatively low price [83]. It is used for

construction of smart-windows [81], mirrors, optical shutters, and display devices [84], etc.

Peter Woulfe was the first to recognize a new element in the naturally occurring
mineral, Wolframite (W, tungsten) during the 18" century. In 1841, Robert Oxland first gave
the procedure of preparing WOs3; compound. The WOs powder appears yellow in color
having density of 7.16 g/cm’. The melting temperature of WO; is ~ 1473 °C but its
sublimation starts at nearly 900 °C. WO; shows different crystal structures at different
temperatures. The most common monoclinic crystal structure of WOs is represented in Fig.
4.1. There is another stable tungsten oxide compound, also existing in the tungsten-oxygen
system, in which the oxidation state of W varies from 2 to 6. WOs; is the highest oxidation

state compound in tungsten-oxygen system.
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Figure 4.1: Monoclinic crystal structure of WO;,

Nowadays, WO; has been investigated extensively for its EC properties for the
fabrication of ECD. Electrochromic device employ both amorphous as well as crystalline
WO; film owing to their highly catalytic behavior both in oxidation and reduction processes
[85,86]. The amorphous films have their applications in transmittance modulation devices in
the visible region, whereas the crystalline WO; film, due to its better reflection modulation in
near-infrared region of the spectrum, is used for thermal modulation [85,87]. The coloration
in WO; thin film occurs due to ionic insertion but the coloration mechanism in crystalline
WO; films is different from that of the amorphous thin films. Many investigations have been
carried out to understand the mechanism of electrochromism in WO3 and different authors
have suggested various models. S. K. Deb was the first to suggest that the formations of F-
like centers are responsible for the coloration in WOs thin films [14]. The coloration in
highly disordered amorphous structure is due to the injection of electrons at cathode. The
electrons are localized on tungsten sites instead of oxygen vacancies, and hence positively

charged structural defects are responsible for the color center. It is believed that the
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formation of tungsten bronze is by double injection/extraction of an electron and a cation in

the film, which is given by,

WO, +xe'+xM <> M WO, (4.1)

where M denotes H', Li", Na" or other alkali metal ions. In this process, the number of the
color centers is increased due to the increase in W' ions. It has been assumed that the
inserted electrons are trapped at W sites and are then transferred to the neighboring sites by
absorption of photons i.e., the coloration is formed due to inter-valency transition between

W W° adjacent states [88].

hv + W7 (A)+ W (B) > W’ (B) + W (A) (4.2)

Schirmer et al. gave a new model for electrochromism in the WOj thin film which is
closely related to the above model with detailed interpretation in terms of the “small” polaron
theory [89]. According to this model, the inserted electrons are localized in W' sites and
polarize their surrounding lattice by short-range interactions. The concept of optical
absorption by polaron formation was introduced by L. Landau in 1933 [90]. Physically,
when an electron is inserted into a crystal structure, it can distort the surrounding lattice and
create a potential well that will be self-trapping the charge carrier. All the above models had
certain shortcomings and hence were not able to explain some of the experimental results like
the oxygen deficient WO; thin film which appears transparent [91] and the increases in
coloration with the increase in oxygen deficiency [92,93]. In 1997, J. Zhang et al. proposed
a model for the electrochromic mechanism in amorphous tungsten oxide films [94]. In this
model amorphous WOj; thin films are supposed to be oxygen deficient and a certain amount
of water is available in the film. The molecular formula should be expressed as WO3., nH,O,
where n is the amount of water bound in the film. The as-deposited film has mainly W®" and
W*" state and can be expressed as W', ,W*", nH,0. In these model coloration is based on
the inter-valence charge transition (IVCT) between the W™ and W*" state in place of W”"and

+ .
W states. This process can be expressed as;

hv + W7 (A)+ WY (B)—> W' (B)+ W (A) (4.3)
The above model is generally accepted [94] for the coloration between a bleached and a

colored state in amorphous WO; thin films, which is based on IVCT and double

injection/extraction of electrons and ions.

However, in crystalline WOs it is believed that the coloration mechanism is due to

Drude-like free electron absorption [95]. Svensson and Granqvist have developed a more
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detailed theory based on the band structure of WO; for optical properties of crystalline
electrochromic WO; films [96]. In crystalline materials, according to the double injection
model, when the same density of electrons and ions are introduced, the free electrons occupy
the lowest level of conduction band and ions are to a significant extent delocalized near the
surrounding lattice and act as a scattering center for the free electron. (This mechanism is
similar to heavily doped semiconductors with ionized impurities [97].) Free electron like
behavior in semiconducting film show the reflective optical modulation i.e., ion intercalation

into crystalline WOs films can lead to a high reflectance in the infrared region of wavelength.

The EC properties of WO3;, like the transmittance modulation (AT), coloration
efficiency (CE), switching time, and cyclic durability, strongly depends on its structural,
morphological, and compositional characteristics [98], which, in turn, depends directly on the
deposition method and deposition conditions. Electrochromic WOs thin films have been
produced by a large number of techniques, such as thermal evaporation [99], flash
evaporation [100], e-beam evaporation [101], pulsed laser deposition [102], RF magnetron
sputtering [103], and sol-gel coating [104]. Among them, the physical vapor deposition
(PVD) techniques such as the thermal evaporation and the sputtering are the most commonly
employed techniques. In the present chapter we discuss the EC properties viz. transmittance
modulation, and CE, of the WOj thin films, grown by thermal evaporation, for three different
inserted ions H', Na', and K". We also discuss the effect of substrate temperatures on the CE
and switching time of the WOs thin films. However, our aim is to fabricate ECD, so the low
temperature process is optimized in order to fabricate smart ECD. The WO; thin film
preparation method and different characterization techniques for optimization are discussed

below.

4.2 FILM PREPARATION

Thin films of WOs3 are deposited on organically cleaned glass substrates and ITO coated glass
substrates by thermal evaporation of high-purity WOs3 powder (Sigma Aldrich, 99.9 %). A
tungsten boat is used for the evaporation of WO;3; powder using a vacuum coating unit
(Hindhivac, Model-15F6). The films are grown at a base pressure of 10> Torr and substrate
temperatures ranging from room temperature (RT) to 510 °C, which is measured using a
Chromel-Alumel thermocouple. WO; thin films of thickness 2500 A are deposited at a
constant rate of 4 As™. The thickness of the film and the rate of deposition are monitored and
controlled using the automatic thin film deposition controller (Sigma Instruments, SQC-

122¢).
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43  FILM CHARACTERIZATIONS

The structural properties and crystallinity of the film are investigated by X-ray diffraction
(XRD) using CuKa radiation (Rigaku D-Max-III) whereas the surface roughness of the film
is determined by atomic force microscopy (AFM) (Nanosurf easyScan 2). The surface
composition of these thin films is determined using X-ray photo-emission spectroscopy
(XPS). The XPS measurement is carried out using VSW ESCA instrument, with Al-Ka
(1486.6 ¢V) X-ray source at base vacuum of 8.0 x 10" Torr. The electrical properties like
the resistivity (p), carrier concentration (n), and mobility (u), are obtained at RT by the four-
point-probe method using a Keithley source meter (2400C). The optical transmission spectra
are measured using UV-Visible spectrometer (Shimadzu UV-2450) in the wavelength range
300 - 800 nm. The electrochromic measurements are done using two-electrode
electrochemical-setup at RT, with WO3 thin film deposited on the ITO coated glass substrate
acting as the working electrode, a stainless steel plate is used as an auxiliary electrode, and
0.IM H,SO4, 0.1M Na;SO4, and 0.1M KCIl for H, Na’, and K* respectively, as an
electrolyte.  The various electrochemical parameters viz. diffusion coefficients (D),
transmittance modulation, CE are determined for the WOs thin films. The switching time (t)

is measured by concurrently measuring the transmittance spectra.

4.3.1 Structural and Compositional Characterizations

XRD Measurement: Figure 4.2 shows the XRD patterns of WO; thin films deposited at
different substrate temperatures. As shown in the Fig. 4.2, films grown at the substrate
temperature up to 400 °C shows a broad hump near 26 = 23°, which indicates its amorphous
nature. On increasing the substrate temperature, small overlapping peaks appear near 20 =
23.6°, as observed in the case of the film grown at 450 °C. This indicates the formation of
small crystalline grains in the films. Furthermore, at 500 °C substrate temperature the high
intensity peak at 20 = 23.6°, which corresponds to the d-value of 3.7605 A, becomes sharper,
indicating the crystalline nature of the film with (020) as the preferred plane of orientation
[105]. For thin films deposited at high temperature, adatom mobility at the surface is high

enough, which leads to induce crystallization with preferred orientation in the films.
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Figure 4.2: The XRD pattern of WO; thin films grown at different substrate temperatures.

AFM Measurement: The effect of the substrate temperature (Ts) on the surface morphology
of the WOs films is studied using an AFM. Figure 4.3 shows the three-dimension (3D) AFM
images of the WO; film deposited at different substrate temperatures. As shown in Fig. 4.3,
the films show grain like morphology with well-defined grain boundaries. The deposited
films at RT have comparatively smoother surface. The surface roughness and the grain size
of the films get increased on increasing the substrate temperature as measured using Nanosurf
easyScan-2 software. At RT, the root mean square surface roughness is found to be 0.92 nm.
As the substrate temperature is increased from 200 °C to 400 °C, the surface roughness
increases from 1.56 nm to 2.78 nm, respectively. The increment in the grain size with the
substrate temperature is attributed to an atomic rearrangement that takes place due to the
increased mobility of an atom on the surface of the substrate at higher temperatures, which

leads to the formation of larger grains [44].
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Figure 4.3: 3D AFM images of WO; thin films grown at substrate temperature (a) RT, (b) 200 "C, and (c)
400 °C.
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XPS Measurement: The compositional characterization of WOs thin films deposited on the
glass substrates is determined using the XPS spectra measurements. Figure 4.4 shows the
XPS survey scan spectra, in the 0 — 1000 eV binding energy range, of WO; thin films
deposited at different substrate temperatures. The survey scan spectra are particularly useful
for the identification of the elements present at the film’s surface. From the XPS spectra of
Fig. 4.4, we can infer that the WO; thin films prepared in the present work shows only the
characteristic peaks of W and O with C as a reference peak; hence, the compositional purity

of WOj3 thin films is borne out.

Intensity (a.u)

Binding Energy (eV)

Figure 4.4: The XPS survey scan spectra of the WO; thin films for different substrate temperatures.
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Figure 4.5: The XPS spectra of the (a) W4f and (b) Ol1s for different substrate temperatures.
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Furthermore, to reveal the ratio of O to W, a detail scan spectra of W4f and Ols, of
the as-deposited WOs thin films at three different substrate temperatures viz. RT, 300 °C, and
500 °C, are shown in Figure 4.5. The core level spectra of W4f, Fig. 4.5 (a), show the
doublet observed at the binding energies of 34.6 and 36.8 eV, corresponding to W4{7, and
Widfs),, respectively. Figure 4.5 (b), which shows the core level spectra of Ols, is
unsymmetrical; this can be resolved on further examination of the XPS spectra as shown in

Fig. 4.6.

Ols

Intensity (a.u.)

Binding Energy (eV)
Figure 4.6: The XPS spectra of the O1s for RT grown WOj; thin films.

It may be noted that typically there are two peaks in Fig. 4.5 (b) as depicted in Fig.
4.6: one due to the inherent O associated with W (tungsten) and another due to the
contaminated O on the surface of the thin film [106]. The latter contribution gives the
unsymmetrical nature of the plot of Fig. 4.5 (b). The major peak position of Ols level of
WO:; films is at binding energy 530.4 eV while the minor peak is at 532.5 eV. The binding
energy (eV) and atomic ratios of oxygen to tungsten (O/W), estimated from the intensity ratio

of XPS, Ols and W4f peaks, are shown in Table 4.1.
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Table 4.1 The binding energy and O/W ratio of WQ; thin films deposited at RT, 300 °C, and 500 °C.

Substrate Binding energy (eV) Atomic concentration (%)

O/W
temperature "
C) Wdf;,  Wafs,  Ols W o ratio
RT 34.65 36.78 530.67 25.18 74.82 2.97
300 34.73 36.84 530.47 26.70 73.30 2.74
500 34.71 36.83 530.40 27.18 72.82 2.67

The O/W atomic ratio decreases as the substrate temperature increases for the WO; thin
films grown by the thermal evaporation method. The concentration of oxygen decreases with
increase in substrate temperature, which spells out the formation of oxygen ion vacancy and
generation of W' in WOj thin films. This arises because at higher substrate temperature in
vacuum, the oxygen atoms have a lower sticking coefficient on the substrate than the

tungsten atoms [107].

4.3.2 Electrical Characterization

Electrical characterization shows that a WOj3 thin film behavior changes from high resistivity
type to a highly conductive one, when the substrate temperature increases from RT to nearly
500 °C. Since the thin film grown below 400 °C are highly resistive, hence we have studied
the electrical properties of the WO; thin films (like the resistivity (p), mobility (p), and
carrier concentration (n)) for the different samples grown at substrate temperatures 425 °C to
510 °C [108]. Figure 4.7 shows the variation in resistivity, mobility, and carrier
concentration, as a function of substrate temperature for WOs3 thin film prepared by thermal

evaporation on a glass substrate.

The resistivity of the WOs thin films decreases significantly while the carrier
concentration and mobility increases with increase in the substrate temperature as shown in
Fig. 4.7. The reduction in the resistivity can be attributed to the oxygen deficiency in the
WO; films due to its reduced sticking coefficient at higher substrate temperature. Moreover,
the oxygen deficiencies at higher substrate temperatures act as shallow donors that lead to the
higher carrier concentration. The increment in the carrier concentration with the substrate
temperature is also supported by the increased grain size. As observed in the AFM, the films
exhibit grain-like structure. The grain size, in such films, increases due to the growth and

agglomeration of grains at higher substrate temperature.
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Figure 4.7: The resistivity (p), mobility (i), and carrier concentration (n) of WO; films grown at different

substrate temperatures.

In the grain-like structure, the small crystallites are joined together by grain
boundaries, i.e., layers of disordered atoms, which produce a density of traps. Thus, the grain
boundaries contribute to the trapping centers for free charge carriers. Moreover, the charged
grain boundaries, due to trapping of free carriers, get surrounded by the space charge region
of opposite polarity, which act as scattering centers for the free charge carriers and reduce the
carrier mobility. A large grain means less grain boundaries existing in the film, which results
in the reduced density of trapped free charge carriers [109]. Thus, the free carrier
concentration increases with the substrate temperature. The less grain boundaries also result
in the less carrier scattering and, consequently, the increased carrier mobility at higher
substrate temperatures. Furthermore, the WOs3 films were found to be of n-type in nature, as
observed from the Hall-effect experiment. This was also confirmed by the simple hot-probe

method.

4.3.3 Optical Characterization

Figure 4.8 shows the transmission spectra of WO; thin films prepared at different substrate
temperatures. The transmittance of the films, in each case, decreases sharply at the
wavelength ~350 nm due to the fundamental absorption edge. The films prepared at substrate

temperatures ranging from RT to 300 °C are transparent in the visible region with more than
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80 % transmittance. The films deposited at and above 400 °C are semi-transparent blue
colored and the spectral transmittance decreases with increase in the substrate temperature.
The decrease in the film transmission with the increase in the substrate temperature is related
to the changes in the thin film stoichiometric as oxygen is released, i.e., reduction of W™ to
W and W and the formation of color centers [106]. This agrees with the XPS analysis,
which showed, albeit at the surface, the presence of oxygen vacancies at higher substrate

temperatures in WOj thin films.
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Figure 4.8: Transmission spectra of WQ; thin films deposited at different substrate temperatures.

The optical energy band-gap of these films is determined from the transmission
spectra using Tauc’s relation [49]. For indirect transitions, which is the case for WOs; film,
the exponent takes the value, 1 = 2. Thus, the optical energy band-gap of WO; films
deposited at different substrate temperatures was determined by plotting (ahv)"? versus the

incident photon energy (hv), as shown in Fig. 4.9 (a).

The variation of optical energy band-gap with the substrate temperature is shown in
Fig. 4.9 (b). As seen from the figure, the optical energy band-gap was determined to be 3.38
eV for the amorphous film deposited at the RT, whereas the optical energy band-gap for the
crystalline film deposited at 500 °C comes out to be 3.05 eV.
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Figure 4.9: (a) (ahv)"? versus hv plots for WO thin films deposited at different substrate temperatures

and (b) variation in optical energy band-gap (E,) with substrate temperature.
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These values of optical energy band-gap are in good agreement with the reported values of
optical energy band-gap, i.e. 3.27 ¢V and 3.05 eV for amorphous and crystalline WO; film,
respectively, deposited by thermal evaporation [110]. Optical energy band-gap decreases
monotonically as the substrate temperature is increased. The decrement in the optical energy

band-gap with the substrate temperature is due to the crystallization of films.
4.3.4 Electrochromic Characterizations

The electrochromic behavior of WOj5 thin films grown at different substrate temperatures and
different ions is tested by the standard two-electrode electrochemical technique viz. cyclic
voltammetry, constant current measurement, and chronoamperometry techniques. The effect

of different ions H', Na", and K" and substrate temperature are discussed here.

Effect of Different lons: The electrochromic behavior of WOj; thin films grown at 300 °C
substrate temperature is tested for different ions. EC properties of the thin films can be
related to the diffusion properties of the intercalated ions in oxides, in particular, to the ionic
radius of the ions. The ionic radius of H' (0.029 nm) is less compared to Na' (0.095 nm) and
K" (0.133 nm) [111]. The diffusion coefficient of the ions in the thin film was calculated
using cyclic-voltammetry (C-V) measurement in the range of —1.5 to +1.5 V. Figure 4.10
shows the cyclic-voltammogram recorded for WOs thin films for intercalated H', Na', and K"

ions at two different scan rates viz. 50 mV/s and 100 mV/s.
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Figure 4.10: The cyclic-voltammogram of WO; thin films grown at substrate temperature 300 °C for the

intercalated (a) H', (b) Na™, and (c) K" ions at two different scan rates 50 mV/s and 100 mV/s.
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The cyclic-voltammogram shows the cathodic spike current density (i,.) during negative
potential scans and anodic peak current density (i) during positive potential scans of the
working electrode. The values of both the iy and iy, for Na', K, and H' ions are used to
calculate the diffusion coefficient of the ions in WO; thin films using Randle-Servcik
equation. The electrochemical parameters i 1p, and diffusion coefficient (D) are shown in

Table 4.2.

Table 4.2: Electrochemical parameters iy iy, and D of WO; thin films grown at substrate temperature

300 °C for intercalated H, Na*, and K" ions at 50 mV/s and 100 mV/s scan rates.

Ions Scan Rate Current Density i (A/cmz) Diffusion Coefficient D (cmz/s)

v (mV/s)
Cathodic spike i, Anodic peak iy, for iy for iy,
H 50 1.86 x 10 1.47 x 107 2.40x 108 1.50 x 10°®
100 248 x 107 2.00 x 107 2.13x 108 1.38 x 10®
Na® 50 3.55 x 10™ 3.39x 10 8.73 x 107° 7.94 x 107°
100 3.98 x 107 3.84 x 10™ 548x 10" 5.09x 10"
K" 50 438 x 107 236 x 107 532x 10" 1.55x 107"
100 6.12 x 107 3.63 x 107 5.19x 10" 1.83 x 107"

It can be seen that the diffusion coefficient of the H ions in WO; thin films is an
order of magnitude or two more than that of Na” and K" ions, which is in agreement with the
fact that as the size of the ions increases, the diffusion coefficient, and hence, the rate of

diffusion decreases.

For a comparative study of transmittance modulation and CE for three different ions
H', Na', and K", the WO thin films deposited on the ITO coated glass substrates at T = 300
°C are used. The variation of the optical density of the WOs; thin films was measured by
applying a constant current density of 0.4 mAcm ° for 25 s both to color and bleach the thin
film and concomitantly measuring the transmission spectra for both the color and the bleach
states; this leads to the evaluation of the CE. Figure 4.11 shows both the wavelength
dependence in the visible and near infrared region of the transmittance spectra in the colored
and the bleached state and CE of WOj; thin films for the intercalated H', Na", and K" ions.
The transmittance modulation and the CE at 650 nm and 1000 nm of WOQOj thin films colored
using H", Na', and K are shown in Table 4.3. The results show that the maximum

transmittance modulation and CE is for H' ions intercalation compared to Na" and K'; the
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decrease in the transmittance modulation and CE is caused by the decrease in diffusion
coefficient due to the increase in the size of the ions [112]. Similar results were also reported

for H', Li’, and K" ions by K. D. Lee [113].
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Figure 4.11: The transmittance spectra in the colored and bleached states and the CE of WO; films
grown at T, =300 °C for the intercalated (a) H" (b) Na" and (c) K ions.

Table 4.3: The transmittance modulation and CE for different intercalated H', Na” and K" ions for the

WO; thin films grown at T, =300 °C.

Ions Transmittance Modulation AT (%)  Coloration Efficiency CE (em*/C)

A =650 nm A=1000 nm A =650 nm A=1000 nm
H 52 47 39.4 57.7
Na" 21 20 14.9 20.0
K" 19 19 11.2 14.6

Effect of Substrate Temperature: To study the effect of substrate temperature on the
electrochromic properties, three different substrate temperature grown WO; thin films are
used and the H' ions is inserted in all thin films. EC properties of the thin films can be
related to the diffusion properties of the intercalated ions in oxides. The diffusion coefficient
of the ions in the thin film was calculated using C-V measurement in the range of —1.5 to
+1.5 V. Figure 4.12 shows the cyclic-voltammogram recorded for WOs thin films for
intercalated H" ions at two different scan rates viz. 50 mV/s and 100 mV/s. The cyclic-

voltammogram shows the cathodic spike in current density (i,c) during negative potential
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scans and anodic peak in current density (ip,) during positive potential scans of the working

electrode.
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Figure 4.12: The cyclic-voltammogram of WQ; thin films grown at (a) RT (b) 300 °C and (c) 500 °C

substrate temperature and intercalated with H" ions at two different scan rates 50 mV/s and 100 mV/s.

The values of both the i, and ip,, for H" ions are used to calculate the diffusion
coefficient of the ions for different substrate temperature grown WO; thin films using the
Randle-Servcik equation. The peak current density decreases as the substrate temperature
increases from RT to 500 °C. The electrochemical parameters ip, 1p., and diffusion

coefficient (D) are shown in Table 4.4.

From the C-V measurement, the diffusion coefficient of the RT to 300 °C films is
three to four orders of magnitude grater than the 500 °C films for H' ions, which is due to the
crystallization of films at higher substrate temperature. A crystallized structure is less

favorable for ions to diffuse through because of the densely packed atomic structure.

The electrochromic behavior of WO; thin films grown at different substrate
temperatures is tested for H' ions and the same amount of charge is inserted in all the thin
films. Coloration and bleaching processes were carried out at constant current density of 0.4
mA/cm” applied for 25 s. Figure 4.13 shows the transmittance spectra in both the colored and
bleached state, and the CE, of WOs3 thin films grown at different substrate temperatures viz.

RT, 300 °C, and 500 °C.
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Table 4.4: Electrochemical parameters ip iy, and D of WO; thin films grown at different substrate

temperature and intercalated with H' ions at 50 mV/s and 100 mV/s scan rates.

Substrate Current density (i) Diffusion coefficient D
Temperature Scan rate v (A/em?) (cm?/s)
(oC) (mV/s)
Cathodic spike i, Anodic peak iy, for ipc for ip,
50 2.87x 107 243 x 107 571 x10%  4.10x10?
RT
100 3.62 x 107 2.96 x 107 455x 10  3.04x 1038
50 1.86 x 107 147 x 107 24010 1.50x 1078
300
100 248 x 107 2.00 x 107 2.13x10% 1.38x10®
50 4.99 x 107 1.70 x 10> 1.66 x 107" 2.00 x 107"
500
100 5.54 x 107 2.15%x 107 1.06 x 107" 1.60 x 107"
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Figure 4.13: The transmittance spectra in the color and bleach state and the CE of WOj; thin films grown

at different substrate temperature viz. (a) RT (b) 300 °C (c) 500 °C.
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Table 4.5: The transmittance modulation and CE for WO; thin films grown at different substrate

temperature.
Substrate Transmittance Modulation, AT Coloration Efficiency, CE
Temperature, (%) (em?/C)
Ts CC)
A =650 nm A =1000 nm A =650 nm A=1000 nm

RT 55 61 454 58.8

300 52 47 394 57.7

500 11 4 24.5 35.8

Table 4.5 shows the transmittance modulation and CE of WO; thin films, at
wavelengths 650 nm and 1000 nm, grown at different substrate temperatures viz. RT, 300 °C,
and 500 °C. The RT grown film shows a larger transmittance modulation and CE as
compared to the higher substrate temperature grown thin films. The 300 °C substrate
temperature grown WO3 thin film shows only a slightly lower transmittance modulation and
CE than that of the RT, whereas the transmittance modulation and CE for the 500 °C
substrate temperature grown thin films are significantly low. As the substrate temperature
increases the transmittance modulation as well as the CE decreases due to the improvement in
the crystallinity: a crystallized structure is less favorable for ions to diffuse through because

of the densely packed atomic structure [112].

The transmittance spectra for different levels of intercalation for insertion of H" ions
in the RT grown WO; thin film a constant current density of 0.2 mA/cm’ applying for the
insertion of H' ions and concomitantly, recording the transmittance spectra are shown in Fig.
4.14 (a). The transmittance decreases with the increase in insertion of H' ions and electrons.
This is due to the increased absorption by creation of W' state in the films [114]. A nearly
linear relationship is observed between change in optical density (AOD) and the inserted
charge density, as shown in Fig. 4.14 (b). The slope of the linear part of the optical density
(OD) and the inserted charge density graph directly give the CE value. The photographs of
WOj thin films grown at RT and intercalated using H' ions in bleached and colored state are

shown in Fig. 4.15.
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Figure 4.14: (a) The transmittance spectra for different levels of intercalation (b) relation between change
in optical density (AOD) and the inserted charge density for insertion of H' ions in the RT grown WO,
thin film.
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Using the chronoamperometry technique, the switching time of the different substrate
temperatures grown WOj thin films is measured by applying a square-wave potential of 1.5
V, at a frequency of 0.05 Hz, between the electrochromic electrode and the auxiliary
electrode, both in 0.1M H,SOj electrolyte solutions. In addition, concurrently, both the
current and the variation in the optical transmittance with time are recorded. Figure 4.16
shows the current density and transmittance versus time, at 650 nm wavelengths, for a

square-wave potential of + 1.5 V.

The lower transmittance for the thin films in their coloration and bleach process for
the film deposited at a higher temperature than at the RT is due to the absorption of light from
some of the W' states already present in the thin films. The switching time, at 650 nm
wavelength, is estimated from Fig. 4.16 (a) and (b) for the thermally evaporated WO; thin

films grown at different substrate temperatures, as shown in Table 4.6.

(a) (b)

Figure 4.15: The photographs of WO; thin films grown at RT and intercalated using H' ions in (a)
bleached and (b) colored state.
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Figure 4.16: (a) The variation in the optical transmittance at 650 nm and, (b) the current density for WO;
the thin films, grown at different substrate temperature, when the electrochemical cell is subjected to a

square-wave potential of £ 1.5V and frequency 0.05 Hz is applied.
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Table 4.6: Switching time of thermally evaporated WOj; thin films for different substrate temperature at
650 nm.

Substrate temperature, T (C) Bleaching time, t;, (s) Coloration time, t. (s)
RT 2 7.5
300 4 10
500 10 10

The differing rates of ion intercalation/de-intercalation during the coloration and
bleaching processes involve an intricate interplay of various factors like the oxygen
deficiency, amorphous or crystalline nature of the film, the substrate temperature, the
development of back emf, the formation of the depletion layer, etc. The oxygen deficiency of
the substrate temperature 300 °C thin films is more than that of the RT film. This leads to,
initially, more intercalation and generation of back emf compared with the RT film. Thus a
faster rise and decay in current density but subsequently, however, the partial crystallinity of
the substrate temperature 300 'C film leads to a slower decay compared with the RT film,
which is amorphous. In the case of the substrate temperature 500 °C, the crystalline nature
provides a more dense structure than the partially crystalline substrate temperature 300 "C,
and thus the differences in the rates, in spite of the former having more oxygen deficiency

than the latter.

The change in transmittance of the WO; thin films occurring during the coloration
and bleaching processes also depends on the number of ions intercalation/de-intercalation.
The lower transmittance for the thin films in the coloration and bleaching processes for the
film deposited at a higher temperature than at the RT is due to the absorption of light from
some of the W’" states already present in the thin films. For the coloration process, in all
cases, the WOs thin films take nearly the same coloration time except that the RT grown
films shows a little less time. From the current versus time transients, in the coloration
process, the current decreases slowly to zero, and shows that more time is needed for

coloration than bleaching [115].

44  CONCLUSIONS

The structural, electrical, optical and electrochromic properties of the WOs; thin films grown
by thermal evaporation depends strongly on the substrate temperature. Crystalline films are

obtained at the substrate temperature above 450 °C. The optical energy band-gap also
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decreases from 3.38 eV to 3.05 eV as the substrate temperature increases from RT to 500 °C,
respectively. The WOj thin film, intercalated using H' ions, shows greater CE compared to
bigger ions Na" and K", because of the high diffusion coefficient of H" ion in the WO3 thin
films. The transmittance modulation and CE are observed to be high for lower substrate
temperature grown films. The electrochromic characterization shows that the amorphous

nature of the films is desirable for high CE and low switching time.
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3. ELECTROLYTE ZIRCONIUM OXIDE (Zr0O,) THIN FILM
LAYER

In solid-state electrochromic devices the ion conducting electrolyte is the most
important layer for ion transport between electrochromic layer and ion-storage
layer. The device performance includes switching-time and cyclic-life, which is
affected by the electrolyte used in the devices. In the present chapter, the ZrO;
thin films are optimized and are used as a solid electrolyte. The physical
properties, structure, and ion conduction mechanism are briefly discussed in
this chapter. The ZrO; thin film preparation and characterizations are also
discussed over here. The effect of substrate temperature on the growth,

structural, compositional, optical, and dielectric properties is investigated.
51 INTRODUCTION

In the multilayered solid-state devices viz. electrochromic (EC), fuel cell, rechargeable
batteries, one of the important elements of the device is electrolyte layer. Electrolyte is a
material containing a large number of free ions and vacancies, which makes it ionically
conductive. The activation energy is also low so that the ion can easily jump to nearby site.
Small ions such as Hydrogen (H"), Lithium (Li") are preferred because they can be moved
easily through the electrolyte. Some factors of electrolyte like ionic conductivity, ion
transport through the bulk and interface, and thermal stability can affect the performance of
the devices. The electrolyte can be a liquid, a gel, or a solid, which also affects the device
performance. Among them, a liquid or a gel electrolyte shows a high ionic conductivity
compared to solid electrolyte. But solid electrolytes have attracted attention because their use
improves the leakage problems often observed within liquid or gel electrolyte and their

simple preparation.

In solid-state electrochromic devices (ECD), electrolyte is the ion containing layer
between EC and ion-storage layer, which gives path to the ions for movement. Depending
upon the polarity of applied voltage the ions are able to move between the EC layer and the
ion-storage layer. The ionic conductivity, transparency, and stability of solid electrolyte are
important for the ECD application. The number of defects present in the material plays an
important role in ionic conductivity. In order for an ion to move through a crystal it must
‘jump’ from an occupied site to a vacant site. Schematic representation of ion-movement in a

solid electrolyte is shown in Fig. 5.1.
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Figure 5.1: A schematic representation of ion-movement in a solid electrolyte.

The main advantage of the solid-state multilayered ECD is its memory effect, which
is directly related to the electrolyte properties. The thickness of the electrolyte must be
optimized. If the thickness is less then it will result in short circuiting between the two
electrochromic layers and the device will fail or damaged and if the thickness is high then the
coloration and bleaching time goes high which is not beneficial, and hence it should be

properly optimized.

Mino Green in 1974 reported a solid-state electrochromic cell with RbAgsls/WO;
system in which Rubidium silver pentaiodide (RbAgals) was used as solid electrolyte [116].
In 1977, John H. Kennedy gave a review of thin film solid electrolyte including silver
compounds, metal fluorides, metal chlorides, and metal oxides [117]. There are a large
number of oxides which are used as solid electrolyte viz. Zirconium oxide (ZrO,), B-alumina,
Yttrium oxide (Y;03), Tantalum pentoxide (Ta,0Os), and exhibit high ionic conductivity and
negligible electronic conductivity [117,118]. Among them today ZrO, is widely used as
solid electrolyte due to its high ionic conductivity (10~ < oi < 10™® S/cm) with ideally zero
electrical conductivity and good mechanical and adhesive properties. ZrO; is an inorganic
transition metal oxide having high dielectric constant (~25) and high thermal stability. The
ZrO, powder appears white in colour with density 5.68 g/cm’ and melting point of 2715 °C.
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Pure ZrO; exists in three crystal phases at different temperatures: For very high temperature
ranges (> 2370 °C) it has a cubic structure, whereas at intermediate temperature ranges (1170
to 2370 °C) it has a tetragonal structure, and for low temperature ranges (below 1170 °C) the
material has a monoclinic structure [119]. The high temperature phases can be stabilized

down to room temperature (RT) by an addition of Al,Os, Sc,03, and Y,05 [120].

Zirconium dioxide is being investigated for its future potential applications as an
insulator in transistors in nano-electronic devices [121]. It is also used to replace SiO; as the
gate dielectric material in metal-oxide-semiconductor devices because of its high dielectric
constant, good thermal stability on silicon, and large band-gap [122]. Zirconia-based
ceramics are often used as thermal insulators because of their low thermal conductivity (2.2
W/mK) over temperatures ranging from cryogenic to >1200 °C, e.g., for thermal barrier
coating (TBC) [123]. Zirconium dioxide is the most popular electrolyte material for solid
oxide fuel cells and electrochromic devices due to its high ionic conductivity [124].
Zirconium dioxide is used as a thin film coating on the facets of high-power laser diode in
order to protect the laser facets from degradation and to ensure long-term reliable operation
[125]. As a semi-conducting oxide, zirconium dioxide is also used as a gas sensor to detect

oxygen (O;), carbon monoxide (CO), etc. [126,127].

Zirconium dioxide thin films can be prepared by a wide variety of techniques
including e-beam evaporation [128,129], sputtering [ 130], chemical vapor deposition [131],
and sol-gel process [132]. Each method has its advantages and disadvantages, but whichever
technique is used it must be optimized first. In any deposition technique, the growth
condition strongly affects the microstructure and the chemical compositions of the thin films,
which directly affects the ion movement in electrolyte. In this chapter, the preparation of
ZrO; thin film and the influence of the deposition conditions on the microstructure and the
properties of thin films are discussed which can be used as the ionic conducting layer in

solid-state EC devices.

5.2  FILM PREPARATION

Thin films of ZrO, were deposited on organically cleaned glass, sapphire, and indium tin
oxide (ITO) coated substrate using an e-beam evaporation technique. The zirconium dioxide

powder (Sigma Aldrich, 99 %) placed in a graphite crucible is used as the source material.

The films were grown, at a base pressure of 10> mbar, at different substrate temperatures
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ranging from room temperature (RT) to 400 °C. The substrate is heated using infrared (IR)
heater, and its temperature is measured by a Chromel-Alumel thermocouple. Zirconium
dioxide thin films of thickness 3000 A at 5 A/s rate are grown. The thickness measurement
involves piezoelectric quartz crystal placed inside the vacuum chamber. The rate of
deposition is controlled and monitored with the help of quartz crystal based thin film
deposition controller (Sigma Instruments, SQC-122c). The small silver paste dot (2 mm) is
placed on the ZrO; thin film prepared on an ITO coated glass substrate for the impedance

spectroscopy measurement.
5.3 FILM CHARACTERIZATIONS

The microstructure of the ZrO, thin films is characterized by glancing incident X-ray
diffraction (GIXRD) using Cu Ka radiation at incident angle 0.5° (Bruker DS). The surface
morphology of the films is carried out using AFM (Nanosurf easyScan 2) and the root mean
square (rms) surface roughness is calculated using the instrument’s software. The surface
composition of these thin films is determined using X-ray photo-emission spectroscopy
(XPS). The XPS measurement is carried out using VSW ESCA instrument, with Al-Ko
(1486.6 eV) X-ray source at a base vacuum of 8.0 x 107'° Torr. The optical measurement,
transmittance, in the range of 150 — 900 nm is measured using ultraviolet visible (UV-Vis)
spectrophotometer. The impedance spectroscopy is performed using (Solartron SI 1260)

impedance/gain phase analyzer in the frequency range of 10 Hz to 1 MHz at RT.
5.3.1 Structural and Compositional Characterizations

XRD Measurement: X-ray diffraction measurement is carried out in order to examine the
crystallization behavior of ZrO; thin films deposited on glass substrate as a function of
deposition temperature. Figure 5.2 shows the XRD patterns of ZrO, thin films prepared at
different deposition temperatures ranging from RT to 400 ‘C. From the XRD patterns as
shown in Fig. 5.2, it is observed that the films grown at RT to 100 °C show the amorphous
nature with hump at the 20 range of 30 to 32°. While films grown at 200 °C show small

peaks, which appear at 24.6°, 28.25°, 31.55°, 34.5°, and 50.4° corresponding to (110), (i 11),
(111), (002), and (220), respectively. As the substrate temperature increases up to 400 “C the

intensity of (i 11) and (111) increases and the other peaks almost disappear, which indicates

the monoclinic structure [JCPDS-83 0940]. The average crystallite size, determined using

Scherrer equation for (ill) is found to be 8.55 nm and 15.0 nm for 300 'C and 400 °C
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substrate temperatures, respectively. At higher substrate temperatures, the mobility of the
condensing particles on the substrate surface is more, which favors the crystallization and the

growth of large crystallites.
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Figure 5.2: XRD spectra for ZrO, thin film deposited at different substrate temperatures.
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AFM Measurement: Figure 5.3 shows the surface morphology of the ZrO, thin films
deposited at different substrate temperatures as determined from the AFM with a scan area of
1 um x 1 pm. The rms surface roughness of the films is determined using Nanosurf easyScan

software.

12 4 16 15

1n

nm

Figure 5.3: AFM image of ZrQ, thin film deposited on at (a) RT, (b) 200, and (C) 400 "C substrate

temperatures.

Room temperature deposited films have well-defined grains with a surface roughness
rms value of 2.92 nm, while at 200 °C, the surface becomes smoother, with rms value of
about 2.43 nm. Furthermore, with the increase of the substrate temperature to 400 °C the
surfaces get much rougher again with the rms roughness of 5.46 nm. At the RT, the grain
growth is observed but due to the porous structure of the film, the roughness is high
compared with that at 200 °C. At 200 °C, substrate temperature the density of the grain

increases due to uniform distribution and thereby the rms roughness slightly decreases.
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Furthermore, with the increase in the substrate temperature to 400 °C some of the grains
diffuse and clusters are formed, which results in the increase of the rms roughness of the

film’s surface.

XPS Measurement: The chemical composition of the surface of the ZrO, thin film is
investigated using XPS measurement. Figure 5.4 shows the survey scan XPS spectra of

zirconium oxide thin films on glass substrate in the binding energy range of 0 - 1000 eV.
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Figure 5.4: The XPS survey scan spectra of the ZrQ, thin films grown at RT and 400°C substrate

temperatures.
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From Fig. 5.4, one can reckon the presence of zirconium (Zr), oxygen (O) and carbon (C)
atoms on the surface of the films. Figure 5.5 (a) and (b) shows XPS core level spectra for

zirconium Zr3d, and oxygen Ols at the surface of the ZrO, thin film, respectively.
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Figure 5.5: The XPS spectra of the (a) Zr3d and (b) Ols for ZrO, thin films grown at RT and 400 °C

substrate temperature

In Fig. 5.5 (a), the doublet peaks centered at 182.1 eV and 184.5 eV, correspond to Zr3ds,
and Zr3ds,, respectively. The binding energy of Zr3ds, is expected to be observed at 179 eV,
and in our case, the Zr3ds, peak is located at 182.1 eV, which shows the formation of
zirconium oxide in its +4 state [133]. The XPS spectra of the ZrO, thin film reveal that the
binding energy of the Ols peak is 529.8 eV. The higher energy shoulder observed at 531.6
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eV is perhaps due to the surface oxidation. The peak intensity is nearly the same for both the
cases except for a slight higher intensity observed at 529.8 eV Ols peak, which indicates that
there is an improvement in the chemical composition with increase in the substrate

temperature.

5.3.2 Optical Characterization

The optical transmittance of the ZrO, thin films is measured in the range of 200 — 900 nm
using UV-Vis spectrophotometer.  The sapphire substrate is used for the optical
measurement, which is nearly transparent from 200 — 900 nm wavelengths. The
transmittance spectra of the sapphire substrate and the ZrO, thin film grown on sapphire

substrate at different substrate temperatures are shown in Fig. 5.6.
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Figure 5.6: Transmission spectra of ZrO, thin films deposited at different substrate temperatures with

the sapphire substrate.
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From the optical transmittance spectra of the ZrO; thin films, all thin films show an average
80 % transmittance in the visible region of light. The thin film deposited from RT to 400 “C
substrate temperature does not show any major change in the absorption edge. The band-gap

is calculated using the Tauc’s relation [49], (Eq. 2.4 in Chapter 2)
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Figure 5.7: The plot of (ahv)? vs. (hv) for the optical energy band-gap of ZrO, thin films.

From the Fig. 5.7 the optical energy band-gap of thin film is determined by plotting (ahv)
versus the incident photon energy (hv) and linearly extrapolating the intercept of hv axis.

This gives the energy band gap value which is presented in Table 5.1.

Table 5.1: The energy band-gap value and the corresponding substrate temperature for ZrO, thin films.

Substrate temperature ("C) RT 100 200 300 400

Energy band-gap (eV) 5.68 5.68 5.66 5.65 5.63
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There is a very small change observed in the energy band-gap with substrate
temperature from RT to 400 °C because the substrate temperature is low compared to the
high melting point (2715 °C) of ZrO,. Furthermore, the small variation in the band-gap from
5.68 to 5.63 eV with increases in substrate temperature from RT to 400 °C is due to the
improvement in the crystallization of the film. The optical energy band-gap is almost same

as obtained by other methods as reported by H. Nohira et al. [134].
5.3.3 Impedance Spectroscopy

For Impedance measurement, the ZrO, samples are deposited on ITO coated glass are used.
The measurements are performed in the frequency range 10 Hz to 1 MHz at RT using
frequency analyzer. The impedance spectroscopy measurement gives the magnitude 1ZI and

phase angle (0) of impedance, which were further used to calculate the real and imaginary

parts Z', Z", of the impedance using |Z|cos¢ and |Z|sing, respectively, Fig. 5.8 show the

frequency dependence of the real and imaginary parts Z', Z", of the complex impedance at
different substrate temperatures. It is observed that the magnitude of Z' and Z” both decrease
with increase in frequencies, which indicates an increase in the AC conductivity. The values
of Z' merge at higher frequency, which indicates that the contribution from the grain
dominates due to the absence of the space charge effect [135]. Complex impedance
(Nyquist) plot i.e., the real vs the imaginary part of impedance ZrO, thin films are shown in

Fig. 5.9.

The bulk resistance (Rp) of the ZrO, thin film is determined from the complex
impedance representation by the intercept of the semi-circle with the real impedance axis.
The bulk resistance of the ZrO, thin film is found to be 7.98x10” Q for RT deposited film and
the value increases up to 2.23x10% Q for 400 °C deposited film. The bulk conductivity is

calculated usingo, = (t/A)x(1/R,), where t, A and Ry, are the thickness, electrode area, and

the bulk resistance of the film, respectively. The bulk conductivity has been found to be
1.88x107"%,0.94x10"? and 0.67x10 "2 S/cm for RT, 200 °C and 400 °C substrate temperature
respectively for ZrO, thin film. At 400 °C substrate temperature the film is crystalline in
nature, however at lower substrate temperature (RT) the film is amorphous in nature, and
some oxygen vacancies are also present in the film, which dominates the increased

conductivity.
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Figure 5.8: (a) real part of impedance (Z’) and (b) imaginary part of impedance (Z”) as a function of

frequency for the ZrQO, thin films deposited at different substrate temperature.

93



60x10°

50x10° H A
[ /X
/X
40x10° 7
> , g
£ A
- p = /X
O 30x10 5
A4 . A o O
= O
20x10° oy O
] /X O
[] A O O
] AA 5 O
10x10¢ 4 5 £ 0° RT o
__-,g;a —4— 200 °C
=S4 —0— 400 °C
0 LU R L L L L L L R L L L L L L L L L Y L L N L L L L L L SO L I B S L B B L B
0 10x10° 20x10° 30x10° 40x10°
7' (Ohms)

Figure 5.9: Complex impedance (Nyquist) plot for the ZrO, thin films deposited at RT, 200 °C, and 400

°C substrate temperature.

The frequency-dependence real part of the conductivity (c') for different substrate

temperatures grown ZrO, film is shown in Fig. 5.10. The frequency dependent AC

conductivity is given by, 6,.=c, +0,.(®) [136], where o, is related to drift electric charge

carriers. It is frequency independent and represents DC electrical conductivity. o.c(®) is a

frequency-dependent component of the conductivity. The frequency-dependent conductivity
can be described in a form of power law o,.(®)=A_ o' [137] where ® is the angular

frequency, A, is the constant, and s is a frequency-dependent parameter having values less
than unity. The increasing conductivity with increasing frequency may be interpreted by
Maxwell-Wagner-type and by hopping conduction take place in ZrO, thin films. The
Maxwell-Wagner dispersion is caused by interfacial polarization set up from in-homogeneity
of the material. The hopping conduction is a mechanism in which carriers’ transit from one
localized state to another under the assistance of phonons. As the frequency of the applied
field increases, the hopping of the charge carriers also increases thereby increasing the
conductivity. The RT deposited film has oxygen vacancy, which is favorable for the

conduction mechanism and shows slightly high conductivity.
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Figure 5.10: Frequency dependence real part of the conductivity (¢') for ZrO, thin films deposited at RT,
200 °C, and 400 °C substrate temperature.

5.4  CONCLUSIONS

Zirconium dioxide (ZrO,) thin films were deposited on different substrates and at different
temperatures using the e-beam evaporation method. The XRD measurement shows that the
crystallization improves with increase in the substrate temperature and also the surface
roughness increases as observed by AFM measurement. The optical properties of the thin
films show that there is a small variation in the transmittance observed and the band gap
varies from 5.68 to 5.63 eV with increase in substrate temperature from RT to 400 °C,
respectively, due to the improvement in the crystallization of the film. The impedance
measurement data shows that the conductivity decreases with increase in the substrate
temperature, which is due to the crystallization as well as compositional changes. The RT
deposited film shows 1.88 x 10~'* S/cm bulk conductivity slightly higher compared to 0.67 x
107" S/cm value at 400 °C substrate temperature. Thus, an amorphous ZrO, thin film is can

be used as an electrolyte layer in solid ECD.
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6. ION-STORAGE NICKEL OXIDE (NiO) THIN FILM LAYER

In the present chapter, we discuss about an ion-storage layer, which can supply
ions, but remain colorless or have a complementary color in the electrochromic
(EC) process. Nickel Oxide (NiO), an anodic coloring material, is used as ion-
storage layer in EC devices in combination with WO3 as an EC layer. Here, the
electrochromic mechanism in NiO is discussed. The NiO thin film is grown by the
electron beam evaporation method. The EC properties affected by the different
structure and composition of the NiO thin films are investigated. Finally,
optimization of NiO thin film as an ion-storage layer in electrochromic device is

discussed.

6.1 INTRODUCTION

The electrochromic devices (ECD) work on the principle of ion exchange between two
electrochromic (EC) layers. Therefore, ion will reside in one of the EC layers which can
supply the ions during coloration process, but remain colorless or have a complementary
color i.e., the primary EC film gets colored cathodically while the other EC layer, the ion-
storage thin film layer gets colored anodically. The complementary coloring effect will
enhance the optical modulation by simultaneously changing the color of both EC layers. Ion-
storage layer is also used to protect the TCO coating from ion insertion process. In most of
the thin film ECD, WOs thin film have been used as a primary EC layer due to it’s high
coloration efficiency and good durability [138]. On the other hand, a number of inorganic
materials like NiO, V,0:s, IrO,, CeO,, TiO, are used as counter electrodes in ECD. But when
certain factors viz., economical, toxicity, and durability are taken into consideration then it
will result in the limitation of the use of certain materials as ion-storage layer. These
problems broaden the possibility of NiO thin films as an ion-storage layer with WO3 as an EC
layer [139].

NiO is a transition metal oxide and the most common oxidation state of nickel is 2.
The bulk powder of NiO is a green colored substance with a density of 6.67 (g/cm’) and
melting point 1984 °C. Heating of NiO powder in oxygen or atmosphere leads to black NiO
powder, which indicates non-stoichiometric nature of it. NiO has a simple structure,

commonly known as the rock salt structure, as shown in Fig. 6.1.
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® Ni M O

Figure 6.1: Rock salt crystal structure of NiO.

The color change from green to light black in NiO is due to the excess of oxygen in it
produces Ni vacancies in NiO. For the charge neutrality, some of the Ni*" converted to Ni**,
which are responsible for the color. It has also been found that NiO thin film is nearly
transparent, wide band-gap semiconductor, and nonstoichiometry which shows p-type semi-

conducting behavior [140], which is used in many opto-electronic applications [ 141].

In NiO, the coloration, transition from a bleached to a colored (brown) state, is related
to a charge-transfer process between Ni°" and Ni** associated with the de-
intercalation/intercalation of OH™ ions or H' ions and electron [1]. The stoichiometric NiO
contains only Ni*" ions and are transparent in the visible light, while the higher oxidation
states are absorbing with Ni,O; and NiOOH compounds. Electrochemical properties of
nickel oxide based thin films have been mainly investigated in alkaline electrolyte, mostly
aqueous KOH electrolyte.  Electrochromism in NiO thin films is complicated. The
transformation of nickel oxide, hydroxides, and oxyhydroxides into one another upon H' or

OH" exchange is explained by the Bode reaction scheme [ 142].
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B-Ni(OH), <> pB-NiOOH (6.1)
T 2

a-Ni(OH), <« vy-NiOOH
According to the Bode reaction scheme NiO reacts with hydroxyl ions and produces o and -
phases Nickel hydroxides (Ni(OH),). The difference between o and  phase Ni(OH); is only
the quantity of water needed for stabilization; the o phase occurs at a low content of water
while the  phase occur at a higher content. These both phases can be further oxidized to the
v and P oxy-hydroxides, respectively. Bode reaction scheme restricts the information of the
change of valency from 2+ to 3+ upon coloration in the case of NiO phase, thus an extension
of this model is put forward to study the changes from NiO to Ni,O3 as shown below [143,
144].

Ni(OH), <> NiOOH + H" + ¢’

(Bleached)  (Colored) (6.2)
NiO + Ni(OH), <> Ni,O,+ 2H"+ 2¢’
(Bleached) (Colored) (6.3)

According to these reactions, the extraction of H' ion causes a transformation from
Ni(OH), to NiOOH, and the extraction of another H' is compensated by the creation of a hole
on the Ni** in the NiO and created Ni,Os.

Alternately, OH™ groups may contribute some reaction mechanisms for charge

extraction/insertion as given in Eq. 6.4 [145] or 6.5 [146].

NiO + OH" «——> NiOOH + ¢’

(Bleached) (Colored) (6.4)
OR

Ni(OH),+ OH «—— NiOOH + H,0" + ¢’ (6.5)

(Bleached) (Colored)

The EC properties of the films show that NiO exhibit coloration associated with the
extraction of H' or intercalation of OH™ for the formation of Ni** color centers. From the
theoretical point of view, in NiO, the top of the valance band consists of nickel 3d states and
it is assumed that the electrochromism in NiO is related to the reversibly extraction and
insertion of Ni 3d electron. Equation (6.3) and (6.4) are the generally accepted model for the
coloration in NiO materials. Furthermore, during the bleaching process certain oxides (viz.
WO;, Nb,Os) have high transparency in the bleached state, whereas NiO has a residual brown
color in the bleached state, which can be reduced using additives such as Mg, Al, Si, Zr, Nb
or Ta in the NiO thin films [147].
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Electrochromic NiO thin films have been grown by various physical and chemical
thin film preparation methods viz. sputtering [148], pulsed laser deposition, Electron beam
evaporation [149], sol-gel [150], spray pyrolysis [151]. The stoichiometry, structure,
crystalline size, etc. change with different deposition methods and growth conditions; as a
result the EC properties and CE vary once a wide range. The variation in the EC properties
with different growth and annealing condition in the e-beam evaporation of NiO thin film
was discussed by Y.G. Wu et al. [152]. In the present chapter, optical and EC properties of
e-beam deposited nickel oxide thin films have been studied. The EC behavior was
investigated in 1M KOH electrolyte by electrochemical characterization. In addition, the
effect of the operating voltage on the transmittance modulation and the response-time was

also measured.
6.2 FILM PREPARATION

NiO thin films were deposited on organically cleaned soda-lime and ITO coated glass
substrate by e-beam evaporation system (Hindhivac, Model-15F6). NiO powder (Sigma
Aldrich, 99.9 %) was used as a source material. The substrate temperature was varied from
room temperature (RT) to 400 °C using radiant substrate heater and the temperature was
monitored using Cr-Al thermocouple. The thickness of the film, 2500 A, at the rate of
deposition, 4 A/s, was monitored and controlled by quartz crystal based thin film deposition
controller (Sigma Instruments, SQC-122¢). The ITO coated glass substrate has a sheet-

resistance of 5-10 Q/o.

6.3 FILM CHARACTERIZATIONS

The crystal structure of the thin film was investigated by Bruker D8 glancing incident X-ray
diffractometer (GIXRD) using monochromatic high-intensity Cu ka radiation (A = 0.15406
nm) with angle of incidence 0.5° in a 260 range from 20 - 65°. The surface morphology of the
thin film was investigated by atomic force microscope (AFM) (Nanosurf easyScan 2). The
surface composition of these thin films is determined using X-ray photo-emission
spectroscopy (XPS). The XPS measurement is carried out using VSW ESCA instrument,
with Al-Ka (1486.6 eV) X-ray source at a base vacuum of 8.0x10™'° Torr. The optical
transmittance was recorded with UV-Visible spectrophotometer (Shimadzu UV-2450) in the
wavelength range 300 - 900 nm in order to find the energy band-gap. The EC properties of
NiO thin films were investigated in an aqueous alkaline electrolyte (1M KOH) with the help
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of two-electrode electrochemical cell, in which the NiO/ITO on glass substrate, acts as the
working electrode and a stainless steel plate was used as a counter electrode. Concomitantly,
the transmittance spectrum for electrochromic measurement was recorded in the range of 400

- 1200 nm using the transmittance measurement setup.

6.3.1 Structural and Compositional Characterizations

XRD Measurement: The XRD spectra of NiO thin films deposited on glass substrates held

at different temperatures are shown in Fig. 6.2.
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Figure 6.2: XRD spectra of NiO thin films at different substrate temperatures.
From the Fig. 6.2 it is observed that the film deposited from RT to 400 °C are
polycrystalline in nature with a cubic structure. The films deposited at RT to 300 °C shows

the (111) preferred orientation with (200) and (220) minor orientations. The intensity of the
(111) peak decreases while the intensity of the (200) peak increases with the substrate
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temperature i.e. the (200) preferred orientation improves with the substrate temperature. The
intensity of (220) peak increases up to 200 °C and then a slight decrease in intensity is
observed with further increase in substrate temperature. At 400 °C the preferred orientation
changed from (111) to (200) directions. At the higher substrate temperature (400 °C) in NiO
thin films the non-stoichiometry decreases and thus the films orientation changes from (111)
direction into (200) directions [153]. The inter-plane spacing (d-value) can be calculated
using d = A / 2sinf, and is presented in Table 1, where A is the X-ray wavelength and 0 is the
Bragg’s angle. The d-value decreases with substrate temperature due to the change in the
composition and the crystal structure of the films with respect to the substrate temperature.
The crystalline size was determined from the full width half maxima (FWHM) of major XRD
peaks using the Scherrer’s equation [45]. The d-value of the peak, the FWHM, and the
crystalline size of the NiO thin films with different substrate temperatures, which were
estimated from the XRD spectra, are presented in Table 1. The FWHM of the (200) and
(220) decreases at the higher substrate temperature induces an increase in crystalline size. At
the higher substrate temperature the deposited atoms or molecules have enough kinetic

energy to produce batter crystalline film.

Table 6.1: The d-value, the FWHM, and the crystalline size of the NiO thin films in (111), (200) and (220)

orientations for different substrate temperatures.

Substrate d-value (A) FWHM (degree) Crystalline size (nm)
temperature
O (111) (200) (220) (111) (200) (2200 (111) (200) (220)
RT 2.4141 - 1.4791  0.439 - 1.148 20 - 8
100 24116 - 1.4773  0.544 - 0.770 16 - 13
200 2.4109 - 1.4775  0.402 - 0.596 22 - 17

300 24079 2.0834 14760 0328 0.772  0.545 27 12 18
400 24073 2.0838 1.4692 0380 0.361 0.544 23 25 18

AFM Measurement: The surface morphology of the NiO thin film deposited at different
substrate temperature was observed using AFM. Figure 6.3 shows the AFM images with the
area of 1 pum x 1 um of the NiO thin films on the glass substrates deposited at RT to 400 °C

substrate temperatures.
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Figure 6.3: AFM image of NiO thin films at (a) RT, (b) 100 °C, (c) 200 °C, (d) 300 °C and (f) 400 °C

substrate temperatures.
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The AFM observation shows that the grain size of the films increases up to 200 °C
and then it starts decreasing as the substrate temperature is increases due to change in the
preferred orientation and the columnar grain growth [154]. The root mean square (rms)
surface roughness of the thin films was measured from the AFM images, which is shown in
Fig. 6.4. The film deposited at RT to 200 “C shows less surface roughness compared to other
higher substrate temperature deposited films. Further increase in the substrate temperature (>

200 °C) the surface roughness of the film increases due to the columnar grain growth.

16
14 -
A
=
= 12
N’
17 ,]
3
= 10 -
=
)
2 s
h m
[<P]
(5] i
£ 67
= ]
= ]
7] i
w4 -
E 4
| S
2 -
0- ------ AL R UL [T AL R LR 7T 7T T T 7T T T
0 50 100 150 200 250 300 350 400

Substrate temperature (°C)

Figure 6.4: The rms surface roughness of the NiO thin films deposited at different substrate

temperatures.

XPS Measurement: The compositional characterization of NiO thin films deposited on the
glass substrates is determined using the XPS spectra measurements. Figure 6.5 shows the
XPS survey scan spectra, in the 0 - 1000 eV binding energy range, of NiO thin films

deposited at different substrate temperatures.
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Figure 6.5: The XPS survey scan spectra of the NiO thin films for different substrate temperatures.

The XPS survey scan spectrum of the films shows the presence of Nickel, Oxygen,
and carbon (reference) in the films. The Ni 2ps,; and 2ps;; peaks were located at 854 eV and
872 eV, respectively, and the Ols peak was detected at 529.2 eV, so the detailed scan spectra

were recorded in the range of 840 to 890 eV for Ni 2p and 524 to 536 eV for Ols peak as
shown in Fig 6.6.
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Figure 6.6: The XPS spectra of the (a) Ni 2p and (b) O1s for different substrate temperatures.
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Figure 6.6 (a) shows the Ni 2ps;, and 2ps;, peaks, which were located at 854 eV and 872 eV,
respectively; with their respective satellite peaks located at 861 eV and 879.5 eV. The
satellite peak in NiO is caused due to various reasons: the multi-electron excitations, multiple
splitting or surface plasmon loss [155]. As-deposited NiO contained not only Ni*" but also
some amount of Ni** ions so the Ni 2ps, peak fitted two peaks located at nearly 853.5 eV and
855.5 eV for Ni*" and Ni’", respectively. Although the fitted peaks do not give exactly the
peak values but analyze which part of the spectra having larger influence. The fraction of
Ni*" state increases with respect to Ni** as the deposition temperature increases. This was
also supported by the O 1s XPS spectra of the NiO thin film deposited at different substrate
temperatures as shown in Fig. 6.6 (b). The O 1s spectra also got fitted in two peaks, higher
binding energy peak nearly 529.2 eV is due to the Ni*" and the lower binding energy peak are
due to the Ni’". As the substrate temperature increases the content of Ni’" ions decreases and
the content of Ni*" ions increases in the films. The excess O in the NiO produces the Ni**

vacancies and some of Ni*™ ions oxidized to Ni’" ions to keep the charge neutral [156].
6.3.2 Optical Characterization

The optical transmittance spectra of NiO thin films deposited on glass substrates at different
substrate temperatures are presented in Fig. 6.7 (a). It can be seen that the film prepared at
RT exhibit light brown in color with ~50 % transmittance. The increase in substrate
temperature of the films causes an increase in the transmittance. The lower transmittance is
associated with an excess of oxygen in the lattice which creates Ni*" ions and this appears as
the color centers. This is also supported by our XPS data. Increase in transmittance with
substrate temperature is due to the less defect-scattering (Ni*") and improvement of

crystalline microstructure of the films.

A strong absorption in the UV region is observed at wavelength ~325 nm which
results in the fundamental band edge of NiO. The optical absorption coefficient o of the NiO
thin films as a function of transmittance was given by a = 1/d In(1/T). The optical energy
band-gap of the NiO thin films can be determined from the dependence of absorption
coefficient on the photon energy using the Tauc’s relation ahv = B (hv - E,)" [49], where n
depends on the nature of transition taking place in the materials. NiO allows the direct
transition so the energy band-gap could be obtained by ploting (ahv)® vs. (hv) plot and
extrapolating the linear portion to (ahv)” = 0 as shown in Fig. 6 (b). The value of E, varies in
the range 3.76 to 3.80 eV as the substrate temperature increases from RT to 400 °C. The
change in the optical band-gap is due to the change in stoichiometry and crystallinity in the
film.
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Figure 6.7: (a) Transmittance spectra and (b) (ahv)’ vs. (hv) plot for NiO thin films deposited at different

substrate temperatures.
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6.3.3 Electrochromic Characterizations

The electrochromic properties of the NiO thin film were investigated using two-electrode
electrochemical cell in 1 M KOH electrolyte. The cyclic-voltammetry (C-V) was performed
to exhibit the electrochemical behavior of the film. Transmittance modulation (AT), was
determined for the NiO thin film in the wavelength range of 400 - 1200 nm by constant
current measurement technique. The switching time (t) measurement was done by chrono-

amperometry with concurrently measuring the transmittance at ~ 650 nm wavelength.

Cyclic-Voltammetry Measurement: The coloration and bleaching in NiO thin film is due to
the transition between Ni*" and Ni3+, which in turn is associated with insertion and de-
insertion of OH™ ions and electrons in the film. Cyclic-voltammetry measurement of the NiO
thin films, recorded in 1M KOH electrolyte at different scan rate, in the voltage range, -1.5 V
to +1.5 V, to evaluate the electrochromic behavior of films, are shown in Fig. 6.8. During the
anodic potential scan the current increases resulting in oxidation of NiO causing brown
coloration of the film. Two different peaks appear in C-V, due to couple of redox processes
taking place in NiO thin film [151]. Usually the redox processes are caused by the transition
between NiO, Ni(OH),, NiOOH or Ni,Os.
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Figure 6.8: Cyclic-voltammogram for NiO thin film grown on (a) RT (b) 200 °C and (c) 400 °C substrate

temperature recorded at 20 mV/s and 50 mV/s scan rates.
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From Fig. 6.8 the anodic peak current density (jp.) and the cathodic peak current density (jpc)
increases with the scan rate according to Randles—Servcik equation, which is further used to
estimate the diffusion coefficient of ions in the NiO films. The peak current density and the
diffusion coefficient at different substrate temperatures for 20 mV/s and 50 mV/s scan rate

are shown in Table 6.2

Table 6.2: Electrochemical parameters iy i, and D of NiO thin films grown at different substrate

temperatures in 1M KOH electrolyte at the scan rate 20 mV/s and S0 mV/s.

Diffusion coefficient D

TeS;ll;trr;tlfre Scan rate  ‘Current density I (A/em?) (em?s)

. v (mV/s)

O Anodicj,,  Cathodicjp.  for jp for jpa
20 7.68 x 107 569x10%  4.09x10"° 224 x107"

o 50 1.53 x 107 1.07x10°  649x 10" 3.18x 107
20 1.05x 10 542x 10" 7.59x 10" 2.04x 10"

200 50 2.10x 10° 1.17x10° 1221 x 10" 3.82x10"
20 9.01 x 10™ 3.88x 10  5.62x10"°  1.04x 107

0 50 1.37 x 107 758x10*  521x10"°  1.59x 107

The current densities of the anodic and cathodic peaks density decreases with increase in
substrate temperature, i.e., the diffusion of ions in the film decreases. At the higher substrate
temperature the crystallinity of the NiO thin film increases and thus the space between
crystallites decrease, which make it difficult for the ion intercalation or de-intercalation and

the diffusion coefficient also decreases.

Constant Current Measurement: In the measurement of transmittance modulation (AT) and
coloration efficiency, the transmittance spectra of the samples for both colored and bleached
states were recorded in the wavelength range of 400 - 1200 nm at RT. Coloration and
bleaching processes were carried out at constant current density of 0.2 mA/cm? applied for 25
s. Figure 6.9 shows the spectral transmittance of the NiO thin films deposited at different
substrate temperature in the colored and bleached states. It is seen that the variation in the
colored and the bleached state decreases with increase in substrate temperature. The films
deposited at RT shows the highest variation in the colored and the bleached state. The
transmittance modulation and CE at 650 and 1000 nm wavelengths for NiO thin films grown

at different substrate temperatures are summarized in Table 6.3 for comparison.
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Figure 6.9: The transmittance spectra in the color and bleach state and the CE of NiO thin films grown at

different (a) RT, (b) 200 ‘C, and (c) 400 °C substrate temperatures.

The CE and AT decreases with increase in substrate temperature for a given
wavelength. It is believed that the higher substrate temperature is favorable to the formation
of compact crystalline nickel oxide films. The EC process is associated with the double
injection (extraction) of ions and electrons to (from) the film. At the lower substrate
temperature the crystalline size are small and the space between the crystals are large enough
for ion intercalation. However, with the increase in the substrate temperature the crystalline
structure of the sample improves and thus the space between crystallites decreases which

unfavorable for the ion intercalation or de-intercalation.

Table 6.3: The transmittance modulation and CE for NiO thin films grown at different substrate

temperatures.
Substrate Transmittance modulation, AT Coloration efficiency, CE
temperature, (%) (em* C™)
T, (C) L=650nm  A=1000nm  A=650nm  A=1000 nm
RT 29 16 345 22.8
200 25 13 22.8 15.1
400 15 8 14.3 8.6
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To study the change in transmittance at the different levels of charge intercalation a
constant current density of 0.2 mA/cm” is applied for the insertion of OH™ ions in the NiO
thin film. Concomitantly, the transmittance spectrum for different levels of charge exchange,
up to 12 mC/em?, were recorded in the range of 400 - 1200 nm, as shown in Fig. 6.10. The
change in the optical density (AOD) with the inserted charge density is shown in Fig. 6.10
(b). A linear relationship was observed between AOD and the inserted charge density. The
photographs of NiO thin films grown at RT in bleached and colored state are shown in Fig.
6.11.

Chronoamperometry Measurement: The rate at which an ECD can be switched from one
state to another state is importance for some potential application. The electrochromic
switching time of NiO thin film was determined by chronoamperometry measurement at a
potential of + 1.5 V and frequency 0.05 Hz. Figure 6.12 shows the response of optical power
and current density with time during application of pulse potential for the NiO thin films

deposited at different substrate temperatures.
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Figure 6.10: (a) Transmittance spectra for different intercalation level in step of 0.8 mC/cm’ (b) The
change in the optical density with inserted charge density and CE at different wavelengths of NiO thin

films.

(a) (b)
Figure 6.11: shows the photographs of NiO thin films grown at RT in (a) bleached and (b) colored state.
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The decrease in current with time is due to the increase in the chemical potential of the
injected anions (OH") or cations (H"), as intercalation proceeds. The switching time, at 650
nm wavelength, is estimated from Fig. 6.12, for the NiO thin films grown at different

substrate temperatures and presented in Table 6.4.

Table 6.4: Switching time data of NiO thin films for different substrate temperature at 650 nm.

Substrate temperature (T;) °C  Bleaching time (tp)s  Coloration time (t.) s

RT 2 10
200 1.5 10
400 3 10

The coloration and bleaching process is associated by the ion intercalation/de-
intercalation and thus the switching time is directly affected by several factors such as applied
potential, crystal structural, or the composition of the films. The film grown at 200 °C
substrate temperature show ‘low’ bleaching time, 1.5 s, and as the substrate temperature
increases the bleaching time increases up to 3 s for 400 °C temperature. The increase in
bleaching time may be due to crystallization or improvement in composition. The coloration
time for all the samples is same as ~ 10 s. The response time during the coloring process was
higher than that during the bleaching process, due to differences in conductivity between
Ni(OH), and NiOOH. The conductivity of Ni(OH), was lower than that of the NiOOH.
Therefore, it would be expected that the coloring process, which involves the transition of
Ni(OH), to NiOOH, is slower than the bleaching process, which results in the transition of
NiOOH to Ni(OH)s.

6.4  CONCLUSIONS

NiO anodic EC thin films are prepared by the e-beam evaporation technique at different
substrate temperatures. From the GIXRD measurement, the preferred orientation changes
from (111) to (200) direction with increase in substrate temperature. At the higher substrate
temperature say 300 - 400 °C, there is a columnar grain growth, which results in the increase
of the surface roughness. The XPS spectra results show improvement in the composition,
which was also confirmed by the optical data i.e. the transmittance of NiO thin film increases
with substrate temperature. The EC result shows that the film prepared at RT gives the good
electrochromic performance i.e. the good transmittance modulation with 34.5 cm’C’

coloration efficiency, compared to film grown at higher substrate temperature.
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7. ELECTROCHROMIC DEVICE FABRICATION AND
CHARACTERIZATIONS

Electrochromic devices (ECD) are of considerable interest in many commercial
applications due to their controllable transmission, absorption, and/or
reflectance. In this chapter, we discuss a few ECD structures reported in earlier
days and present a study of a solid-state ECD structure prepared in our
laboratory consisting of layers ITO / NiO / ZrO,/ WO3/ ITO on a glass substrate.
The aim of this chapter is to illustrate the construction and working of an ECD.
To improve the performance of an ECD, the thickness of the ion-conducting, ZrO,
thin film layer need to be optimized. The indigenously developed devices’
characteristic like optical modulation, memory effect, switching time, and cycle-

life are presented in this chapter.

71  INTRODUCTION

Today, electrochromic devices (ECD) are extensively studied due to its widespread use in
many applications. The ECD operated in the transmittance modulation mode is used in smart
windows and optical displays, while reflectance modulation is used for automobile rear-view
mirrors and thermal control. In the past, many authors have proposed different types of
device structures. The first ECD having a sandwich structure of WO; thin film on transparent
conducting oxide (TCO), followed by a thin film (~ 100 A) of Au was reported by S.K. Deb
in 1969 [13]. However, in this device when the polarity of the applied field was reversed
then the bleached state was not observed due to the symmetrical structure. This was soon
followed by the completely reversible structure achieved by introducing an asymmetry in the
device structure, viz. by introducing an insulating layer of SiO at one of the oxide electrode
interfaces. Thus the device structure consisting of multilayered thin films of Au-SiO-WOs-

SnO, was deposited on a single substrate, which shows the reversible coloration [157,158].

Over the past few decades many articles have been published which are related to
electrochromic (EC) effect. There are many possible device structures reported in the
literature [1,159,160,161]. The ECD structure may have five layers (transparent conducting
oxide (TCO) layer / ion storage layer (IS) / solid electrolyte / EC layer / TCO layer)
superimposed on one substrate or may be positioned between two substrates in the laminate

configuration (see Fig. 1.1). The central layer is a pure ionic conducting layer for small ions
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such as H', Li', and Na". The EC layer is located on one side of the ion-conducting layer,
and an ion-storage layer serves as a counter electrode on the other side of the ion-conducting
layer. Furthermore, TCO layers, one on the outer side of the EC layer, and the other on the
outer side of the counter electrode layer are used to induce the EC effect by an applied
electrical field. In laminated EC devices, liquid or gel is used as an electrolyte as it is easy to
construct but it has a problem related to its tendency to dissolve the EC thin film layers and
thus leads to leakage of liquid electrolytes. So, in solid thin film ECD, solid inorganic or

organic material is used as an electrolyte.

C. G. Grangvist et al. have reviewed a brief discussion of ECD, which was
investigated between 1998 to 2001, and in 2003 [162]. In the year 2003, A. Azens et al. also
reported a six-layered device, which was made by reactive dc magnetron sputtering, in which
WOs3 and NiO are EC layers and ion-storage layers, respectively and the WO3 film between
the acidic ZrO2 and the NiOxHy film was used to serve as an optically passive protective layer
[163]. They have also reported the EC device structure like ITO / WOs3 / electrolyte / ZrO, /
NiOyx / ITO configuration using Polymer electrolytes [164]. Recently, Yanchun He et al.
reported a solid-state ITO / WO;/ Ta,Os/ NiO / Ag / Glass ECD structure for thermal control
[165].

Over the years, people have shown more interest in EC technology for commercial
applications. The EC devices fabricated in commercial and university labs are reviewed by
C. Lampert in 1998 [166]. The review article by R. Baetens et al. gives the survey of smart
windows that are currently available in the market [167]. Large-area commercial EC
windows for buildings are produced by SAGE Electrochromics [http:/www.sage-ec.com/],
EControl-Glas [www.econtrol-glas.de] and Gesimat [www.gesimat.de] companies. Some other
companies like Saint Gobain Sekurit (France), ChromoGenics (Sweden), and Gentex (MI,

USA) produce EC glass on small scale, mainly for automotive applications.

In the present chapter, we study a solid ECD consisting of layers ITO / NiO / ZrO, /
WO; / ITO on a single glass substrate fabricated in our laboratory. In our proposed ECD
structure, cathodically colored WOs is the EC film responsible for the optical modulation.
The ZrO, thin film acts as an ion-conducting layer that passes the hydrogen ions when a
voltage is applied to the electrodes. The NiO thin film acts as an ion-storage layer, which
provides the ions during the coloration of the device. The ITO thin films acts as a transparent

conducting electrode. The fundamental properties of ITO, WO3, ZrO,, and NiO films were
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previously examined in the earlier chapters of this thesis and therefore in this chapter we

focus on the fabrication of the solid-state ECD and investigate its EC properties.

7.2 ELECTROCHROMIC DEVICE FABRICATION

The different layers of solid ECD are deposited by different physical vapor deposition
techniques in a vacuum chamber. Organically cleaned glass slides are use as the substrate
material. The ITO thin films are deposited by RF magnetron sputtering onto the externally
unheated soda-lime glass substrates having an area of 2 x 2 cm®. The ITO coated glass
substrate has a sheet resistance of 5-10 Q/o. Subsequently, NiO and ZrO, are deposited by e-
beam evaporation method on the ITO coated glass substrate. H' ions are injected into the
NiO film, via ZrO, / NiO / ITO film structure by electrochemically cycling it in 0.1 M KOH
electrolyte. After removing the film structure from the KOH electrolyte it is washed with
distill water to get rid of KOH and dried using dry air. Now the WOj; thin film is deposited
by thermal evaporation method on the above structure. Finally, the ITO thin film is deposited
on the top of the above device structure using RF magnetron sputtering. The film preparation
method, the rate of deposition, thickness of the film, and the substrate temperature are listed

in Table 7.1.

Table 7.1: Thin film deposition method and deposition parameters for the fabrication of the ECD.

Thin  Film preparation Substrate Thickness of Rate of

film method temperature (°C)* the film (A)  deposition (A/s)
ITO RF magnetron sputtering RT 4000 3.5

NiO e-beam evaporation 200 2500 2.5

71O, e-beam evaporation RT 2000-5000 2

WO; Thermal evaporation 200 2500 4

ITO RF magnetron sputtering RT 4000 3.5

* Deposition temperature is the temperature at which the substrate is held, the temperature increases during
deposition is not considered

As discussed in earlier chapters that the NiO and WOs; thin film deposited at lower
substrate temperature (RT - 100 °C) shows good EC properties. Nevertheless, in device’s
fabrication, NiO and WOs thin films are deposited at 200 °C substrate temperature to provide
better adhesion and to protect it from being damaged while ZrO, and ITO thin films are

deposited on it via high kinetic energies. A frame-shaped shadow mask having an area 2 x 2
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cm? is used to avoid short-circuiting between the different layers from the edge. During the
deposition of the different layers of the solid-state EC device, the structure is taken out from
the vacuum chamber to change the source material and the shifting mask. The active area of
the device is ~1.6 cm”. The final configuration of the multilayered EC structure is shown in

Fig. 7.1.
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Figure 7.1: A schematic diagram of the ECD’s structure with a frame-shaped shadow mask (2.0 x 2.0

cm’).
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7.3 ECD CHARACTERIZATIONS

The ECD can be characterized by the following: transmittance modulation, open-circuit
memory effect, switching time, and cycle-life. The transmittance modulation of the ECD is
measured by applying a constant voltage difference between both ITO electrodes to color and
to bleach the device and concomitantly measuring the transmission spectra for both the fully
color and the bleach states. For the open-circuit memory effect measurement, voltage pulse
was applied for the coloration of the device and the optical behavior in an open-circuit
condition with time was measured. A square wave pulse voltage was applied to the device
for evaluating the switching time of the ECD and concurrently the optical measurements
were performed using a Laser diode (650 nm) and a Si photo-detector. For the cycle-life time
measurement of the device, it was subjected to continually color-bleach cycling in the same

way as for the switching time measurement.

7.3.1 Transmittance Modulation

The ZrO,; electrolyte gives pathway for the ions to be injected into or ejected from the EC
layers. Thus, the effect of ZrO, thin film’s thickness on transmittance modulation was
investigated. The transmittance modulation (i.e., change in the transmittance of bleached (Ty)
and the colored (T,) state of the ECD) is measured by applying a constant voltage (= 5V) for
color and bleach states of the device. When a positive potential is applied to the bottom ITO
film, the color changes to dark from transparent and when a negative potential is applied, the
color changes to transparent reversibly. During coloration, H' ions are intercalated
electrochemically into the WOs3 film from NiO film via ZrO, electrolyte, while during the
bleaching process H™ ions are de-intercalated from the WO; thin film. The optical
transmittances for the as-deposited, colored, and bleached states of devices with varying ZrO,

thickness are presented in Fig. 7.2.

The ZrO, thin film has more than 90 % transmittance so it does not affect the overall
transmittance of the device and thus all the devices have ~59 % transmission in the as-
deposited state. The transmittance modulations of the device are calculated from Fig. 7.2 and

are presented in Table 7.2.
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Figure 7.2: The transmittance spectra in the as-deposited, color, and bleach state of ECD with different

ZrQ, thickness.
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Table 7.2: The transmittance modulation of ECD for different ZrQO, thicknesses.

70, thickness (A) Transmittance T, (%) Transmittance Modulation
Bleach Color AT (%)
2000 59 19 40
3000 59 16 43
4000 59 12 47
5000 59 3 56

The transmittance modulation of the ECD increases with increase in ZrO, film’s
thickness and the maximum transmittance modulation was 56 % for the device having 5000
A ZrO, film thickness. Optimization of the electrolyte thickness layer is also important for
the memory effect in ECD. Thus, we have also monitored the open-circuit memory effect

behavior for different ZrO, film’s thicknesses.

7.3.2 Memory Effect

The memory effect is one of the excellent benefits of ECD. As discussed in Chapter 1, open-
circuit memory effect is defined as the time duration in which the material remains in steady
state even after switching off the applied voltage. In the bleached state, the WOz and NiO
thin film layers are thermodynamically stable and thus no change was observed if ECD was
initially in the bleached state. In this experiment, we applied a voltage of +5 V for the
coloration of the device and then measured the optical behavior in an open-circuit condition.
The transmittance of the device was monitored after various open-circuit times and is

presented in Fig. 7.3.

As shown in the Fig. 7.3, if the ECD is initially in the color state, the transmittance of
the device increases with time and reaches the bleach state. The self-bleaching rate decreases
monotonically with increasing ZrO, electrolyte thickness. For the 2000 A ZrO, thickness the
transmittance in colored state was 19 %, and as the open-circuit time increased the
transmittance increased slowly and reached ~55 % after 6 min. In contrast, 5000 A ZrO,
device showed excellent long-term memory, with transmittance in colored state below 3%,

and the colored state remained constant up to 20 % after 170 min.
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Figure 7.3: The change in the optical density with time in open circuit conditions of ECD having different

ZrO, thickness.
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This self-bleaching of the ECD was observed due to the short-circuiting between WO;
and NiO layer originating from “pin-holes” during ZrO, film depositions, producing
oxidation and reduction (de-intercalation and intercalation) of WO; and NiO, respectively. In
case of lesser thickness of ZrO, film, there is a large possibility for the short-circuiting
between WO; and NiO and thus less transmittance modulation and memory effect were
observed. Another reason for the self-beaching is due to the chemical reaction at the edge or
the film surface with oxygen from the atmosphere. However, a new voltage pulse easily
regains the optical loss. The ECD having 5000 A ZrO, thickness shows the high
transmittance modulation and open-circuit memory effect, so this ECD was used for further

EC measurement i.e. switching time and cycle-life.

7.3.3 Switching Time

The switching and stability of the devices were measured by applying a square wave voltage
to the device. In addition, concurrently, the variation in the optical transmittance with time
was recorded. Figure 7.4 shows the transmittance versus time, at 650 nm wavelengths,

subjected to different square-wave potential for the ECD having 5000 A ZrO, thickness.
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Figure 7.4: The variation in the optical transmittance at 650 nm wavelength for ECD having 5000 A ZrO,

thickness.

128



The switching time, at 650 nm wavelength, is estimated from Fig. 7.4 for ECD under
various applied voltages. The changes in transmittance take place within a few tens of a
second after application of the voltage pulse but coloration does not reach saturation even
after several minutes. The change in optical density increases with increase in applied
voltage. The maximum transmittance change was observed for an applied voltage of £5 V
with coloration and bleaching time of 120 and 2 s, respectively. The photographs of the
corresponding colored and bleached state are presented in Fig. 7.5. The application of high
voltage leads to fast coloration but also increases the possibility of side reaction, and thereby
reducing the devices performance and the life. Low voltage make switching safer, thereby
increasing the life of the devices but the switching time increases and the optical modulation
is also less compared to that at a higher voltage. Thus, it is important to optimize the device’s
operating voltage to achieve a reasonable switching time and an optical modulation with a

better lifetime.

(b)
Figure 7.5: The photographs of the (a) colored and (b) bleached state of ECD.

7.3.4 Cycle-Life

Cycle-life represents the number of color-bleach cycles that can be performed by the ECD
before any significant extent of degradation has occurred. For the cycle-life measurement of
the device, the device was continually subjected to color-bleach cycles by application of +5
V. Figure 7.6 shows the initial color bleach cycle of transmittance modulation of ECD with

time.
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Figure 7.6: The transmittance modulation of ECD with number of cycles.

From Fig. 7.6, one can see that there was no obvious decrease in transmittance modulation
(60 % - 20 %) even after 225 cycles, which indicates that this ECD has a good stability.
Furthermore, this is not the maximum number of cycles performed by ECD, also the

degradation of the device could not be observed until after a long time operation.
7.4  CONCLUSIONS

We have made an effort to fabricate thin film ECD having structure of ITO / NiO / ZrO, /
WO; / ITO on a glass substrate. The transmittance modulation and memory effect was
improved with increases of ZrO, electrolyte thickness. The device having optimum ZrO,
thickness shows good transmittance modulation (56 %) in wavelength range of 450 - 1000
nm with good open-circuit memory effect of 170 min. The fabricated ECD shows the

coloration and bleaching time of 120 s and 2 s, respectively with desirable cycle-life.
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8. WO; BASED THIN FILM GAS SENSOR

Many gases in the environment are injurious to our health if they are in higher
concentration. Thus, the detection of various gases in the environment is
necessary for the pollution control. The electrical properties of some metal-
oxide-semiconductor (MOS) have been found to be sensitive to the gas
composition of the surrounding atmosphere. So in the present chapter we discuss
about the MOS gas-sensing mechanism and device’s fabrication. Tin (Sn)
modified WO; thin film gas sensor was prepared on Aluminum interdigitated
electrodes by thermal evaporation for detecting Ammonia (NH3) gas. Gas sensing
measurement set up is briefly discussed here. We have also made an effort to

fabricate a sensor that shows the response at RT towards NHs.

8.1 INTRODUCTION

Gas sensor is used to detect various explosive, flammable, and toxic gases, which are widely
used in the industrial and commercial application for pollution control and safety purposes.
Compared to the organic and elemental semiconductors, metal-oxide-semiconductor (MOS)
is a more suitable material for the fabrication of gas sensors due to long-term cyclic stability
in air atmosphere, simplicity, low-cost, and compact size [168]. The MOS gas sensor is
conductometric type gas sensor i.e., the MOS material changes its conductivity when the gas
atoms or molecules interact with the semiconductor surface. W. H. Bardeen and J. Brattain
in 1953 demonstrated that the gas molecules interacting with semiconductor surfaces can
change the electrical conductivity [169]. In the same year, S. R. Morrison also reported the
change in conductivity and the contact potential in germanium as a function of the ambient
atmosphere [170]. Subsequently, in 1962 T. Seiyama et al. [39] reported ZnO thin film layer
for detecting inflammable gases and R. Taguchi [171] fabricated a gas sensing alarm system

using resistive type gas sensing devices.

Semiconductors of n- and p-type have opposite ‘direction’ of conductivity change
when they interact with the same gas. It is known [172] that p-type oxides are relatively
unstable because of the tendency to exchange lattice oxygen easily with air. Consequently, in
recent years MOS gas sensor based on n-type semiconductor metal oxide such as In,Os3,
WOs;, TiO,, ZnO, SnO, have been widely studied for detect various gases [173]. In n-type
semiconductor gas sensors when exposed to oxidizing gas atmosphere the overall

conductance reduces while exposed to a reducing gas the conductance of the sensors
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increases. The most important parameter of the gas sensor is the response and selectivity
towards the particular gas. Usually, response can be calculated as R./R, for reducing gases or
R,/R, for oxidizing gases, where R, is the resistance of gas sensors in the air and R, 1s the
resistance in the gas atmosphere. The gas sensing properties is related to gas adsorption on
the surface of the thin films, so in practice, enhanced response and selectivity is achieved by
surface modification and bulk doping. The surface modification will increase the active area
of the sensor with the gas and the doping of materials promoting chemical reactions with the
surface. The most of MOS gas sensor gives the response towards the gas at high operating
temperature from 200 to 400 °C. The working temperature varies depending on the gas and
on the sensing material. The design of the sensor operated at a high operating temperature is
complicated due to the need for integration of heater and temperature sensor, which, in turn
increases the power consumption and reduces the life of the sensor. But the doping of metal
in the oxide film surface will reduce the operating temperature as well as enhance the sensor
response. Doping of some material modifies the surface and hence affects the gas sensor
response [42]. Surface dopant also acts as a catalyst and increases the chemical reaction at
the surface as well as the sensitivity. The surface metal doping can lead to two different
sensitization mechanisms: chemical sensitization, and electronic sensitization. In the
chemical sensitization, generally the noble metal platinum, palladium, and gold are used,
which promote the gas sensing by enhancing the ‘spill-over effect’ on surface. In the
electronic sensitization, doping of fine particles of some metals to n-type metal oxides, the
electron transfer from the metal oxide to the metal loaded onto its surface and which
corresponds to an increase of the width of space-charge, results in a rise of the base
resistance in air. When the metal oxide surface is exposed to reducing gas, consumption of
oxygen adsorbed on the metal react with gases and enhances the sensitivity. Surface doping
can also modify the microstructure of the base material, and control the grain growth
mechanism. One of the major drawbacks of MOS gas sensors is that it is not selective to one

particular gas.

Among n-type semiconductor metal oxides, WOs thin films are particularly attractive
material as gas sensors because they have high catalytic behaviors both in oxidation and
reduction reactions [174], which is widely useful for the detection of various toxic and
flammable gases. First work on WOj thin films as gas sensor was reported by P. J. Shaver,
who showed that the conductivity and physical properties of Pt-activated WO; thin films
changed in the ambient concentration of hydrogen [175]. A number of experiments has
demonstrated that WO; thin film is particularly interesting for their sensing properties

towards the various gases CO, CO,, NHs, NO etc [176,177]. The WO; layer is highly
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resistive, therefore, interdigitated electrodes are used in order to reduce the resistance to be
measured. There are many deposition techniques like thermal evaporation, e-beam
evaporation, sputtering, etc, used for the deposition of active layers of the gas sensor. In the
present study we have investigate the gas sensing properties of WOs thin film, deposited by
thermal evaporation technique, towards the NH3 gas. Nowadays, ammonia (NHj3) is widely
used as a food preservative, fertilizer, and a refrigerant. It is also used in pharmaceutical and
chemical industries. Owing to its widespread use and the fact that it is hazardous for life, its
detection is extremely important [178]. Different authors have already reported the sensing
of NH; using WOs thin films but in most of the cases the operating temperature of the device
is high, usually varying from 200 to 400 °C [177,179]. In the present study, our attempt is to
fabricate WO; gas sensor operated at nearly room temperature by modifying it with Tin (Sn)
metal. The bare WO; and Sn modified WO; thin films are prepared by the thermal
evaporation method. The films annealed in air at 200 °C do not show measurable sensing
properties towards the NH; gas. Thus, in the present study, we discuss the different Sn
amount in WO; thin film annealed at 300 °C in air. The fundamental of gas sensing

mechanism at RT of WO; towards the NHj is briefly explained.

8.2 GAS SENSING MECHANISM

In nonstoichiometric n-type semiconductor oxide, conduction is due to the oxygen vacancy
present in it. When n-type semiconductor oxide interacts with air or oxygen, the oxygen
molecules are adsorbed on the surface of the metal oxide and the adsorbed oxygen extracts
electron from the conduction band, which leads to the formation of a surface depletion region
that results in the reduction of the overall conductance. However, a reducing gas (such as
hydrogen, carbon monoxide, ammonia, and hydrocarbon) will react with chemi-adsorbed
oxygen on the film surface, which will re-inject the carriers and, hence, decrease the width of
the depletion region thereby resulting in the increase of the sensor’s conductance. The
dissociation of oxygen on the film surface is responsible for the gas sensing at high
temperature and the principle of WO3; ammonia gas detection at high operation temperature is

well-known.

At room temperature, there would be no oxygen adsorption taking place and also for
the oxygen to dissociate into oxygen ions for its reaction with the gas need some kind of
energy (i.e. temperature). Therefore, the oxygen adsorption-desorption mechanism is not
adequate to explain the sensing of the NH3 gas at room temperature. There are some reports,

which show evidence of NH; sensing at room temperature but at present the room
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temperature NH; sensing mechanism is still unclear [180,181,182]. At low temperature,
near to room temperature, there is always a thin layer of moisture (H,O) adsorbed on the
film’s surface and the sensor’s response may be due to the NHj3 gas reaction with the water
molecules [183]. As a result, the response is measured in terms of the ratio of the resistance
of the gas sensor in air R,, and the resistance of the gas sensor in the presence of a reducing

gas Ry, i.e., Ro/Rg.

8.3 GAS SENSOR FABRICATION AND CHARACTERIZATIONS

8.3.1 Sensor Fabrication

The Sn-modified WOs; gas sensor was fabricated on a glass substrate having aluminum (Al)
interdigited electrode. Interdigited electrode, of thickness 1000 A, was grown by thermal
evaporation of Al on organically cleaned soda-lime glass substrate with a copper mask. The
interdigited electrode’s width as well as the inter-electrode spacing is 0.25 mm. The active
layer of WOj thin films were grown by thermal evaporation of WO;3; powder (Sigma Aldrich,
99.9 %). The active area of the WOs5 thin film sensor is 5 mm x 5 mm with 2000 A thickness
at the deposition rate 4 A/s. The thickness and the average rate of deposition were monitored
by the quartz crystal based thin film deposition monitor. The substrate temperature during
the film’s deposition was kept constant at 200 °C. To modify the WO; thin films, Sn metal
films was deposited on WOj3 layer by the thermal evaporation method. The Sn thickness was
varied from 25 A to 150 A at a deposition rate of 1 A/s. The sensing device was annealed at
300 °C temperature in air for 4 hr. Figure 8.1 shows a step-by-step process involved in the

fabrication of MOS gas sensor.

8.3.2 Sensor Characterization

The composition and the surface morphology of Sn modified WOs; thin film was investigated
using energy dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM)
measurement, respectively. The gas-sensing measurements were carried out by resistance
measurement using two-point probe method with the Keithley 2420C source meter. A brief

introduction about gas sensing measurement setup are discussed below.

Gas Sensing Measurements: The NH; gas-sensing measurements were carried out by
placing the sensor in a chamber and the liquor ammonia (25 % NH3), as NH; gas, was

exposed to the sample surface by operating a mechanical valve.
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Figure 8.1: Schematic representation of the steps involved in the fabrication of MOS gas sensor devices:
(a) Glass substrate, (b) Mask for interdigited electrode, (c¢) Interdigited electrode on glass substrate, (d)
Mask for WO; thin film and Sn metal, (e) Complete device structure, and (f) Sensor consisting of the

electrode and the sensing layer on the substrate.

The resistance of the sample was measured by direct current (DC) two-point probe method
using Keithley 2420C source meter. Mechanical shutter and the exhaust pump were operated
one at a time for exposing the gas to the sensor and removing the gas from the chamber,
respectively. All gas-sensing measurements were performed in air atmosphere at RT (~ 25 +
1 °C). The measurement setup was interfaced with computer and automated with the help of
LabVIEW (ver. 8.2) program. The block diagram of the experimental setup for NHj3 gas
sensing and the LabVIEW VI front penal are shown in Fig. 8.2 (a) and (b), respectively.
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Figure 8.2: (a) The block diagram of the experimental setup for gas sensing measurement and (b) the
front penal of LabVIEW program VI.
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With the help of the LabVIEW program we can control the mechanical shutter and the
exhaust pump operation time. The data are continually measured with time and stored in
specified location, which were further used for the calculation of gas sensor response and

response and recovery time.

8.4  RESULTS AND DISCUSSIONS

8.4.1 EDX and SEM Analyses

The Sn concentration in WO; thin films grown on Al interdigitated electrode were analyzed
using an energy dispersive spectrometer. Figure 8.3 shows the EDX spectra of the 25 and
150 A thicknesses of the Sn on the WOj5 thin film surface. The peaks in the spectra occur due
to tungsten (W), Tin (Sn), and Aluminum (Al); the detector cannot measurably detect oxygen
due to the presence of the sodium (Na) window in front of it, which absorbs the low-energy
X-rays. The variations in the concentration of Sn with different deposition thicknesses are
analyzed from the EDX spectra and presented in Fig. 8.4. It can be observed from Fig. 8.4
that the concentration of Sn increases from 2.13 to 6.85 (at %) as the thickness varies from 25
to 150 A, respectively. The effect of Sn concentration on the surface morphology of WO;
thin films is observed by SEM and the results are presented in Fig. 8.5.

From the SEM images, we observed that the WOs; thin film having 25 to 75 A Sn
thicknesses has uniform flat surface. As the Sn thickness increases irregular shaped particles
form on the surface and the highest particle size is observed at 125 A Sn thickness. On
further increasing the Sn thickness, up to 150 A, a drastic change is observed in the surface
morphology, the surface becomes flat again. This shows that there must be an optimum

amount of Sn concentration required for surface modification.
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Figure 8.3: EDX spectra of 25 and 150 A Sn thicknesses on WO thin films annealed at 300 °C in air.
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8.4.2 Gas Sensing Properties

To investigate the effect of Sn concentration on the gas-sensing properties, different
thicknesses of Sn film varying from 25 to 150 A, was deposited on 2000 A WOs thin film
and then the sensor was annealed in atmospheric air at 300 °C for 4 hr. The sensor was
exposed to NH; gas for 20 s and, subsequently, for removing the gas from the chamber, the
exhaust pump is operated for 20 s. Resistance of all the sensing films decreases drastically
when NH; was exposed to the sensor, the transient response characteristics, (Ro/Rg), of
different concentrations of Sn on WOj thin films is presented in Fig. 8.6 (a). The variation in

the response with different Sn thickness is shown in Fig. 8.6 (b).
As shown in the Fig. 8.6, when the Sn amount increases, the response also increases

up to 125 A Sn thickness and thereafter the response decreases drastically. The maximum

response (R./Ry = 19) was attained for the sensor modified with 125 A of Sn thickness.
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Figure 8.5: The SEM images of (a) 25 A (b) 50 A (¢) 75 A (d) 100 A (e) 125 A and (f) 150 A Sn thickness
on WO; thin film annealed at 300 °C in air.
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Response and Recovery Time: The sensor’s response-time and recovery-time is defined as
the time for the sensor’s resistance to reach 90 % of its steady state value after exposure to or
removal of the target gas, respectively. In fact, the voids and islands of particle formulation
play a crucial role in gas sensing response and recovery time. It is found that the 125 A Sn
thickness film show a large active surface area (Fig. 8.5) on the WOj; film surface. Figure 8.7
shows the response and recovery towards the NHj gas for the WO; thin film modified with
125 A Sn and annealed at 300 °C in air.

/ NH, Injection \>
800 - f >
600 -
@
£
=
o
2 400 -
=7
200 |
f Cleaning

Figure 8.7: Response and recovery towards the NH; gas of WO; thin film modified with 125 A Sn

thicknesses annealed at 300 °C in air.

From Fig. 8.7, we see that when NH; was injected into the chamber the resistance
decreased and reached the steady state value in 1 s. On the other hand, on removal of NH;
from the chamber, the resistance rose slowly and reached its initial value after 20 s.
Therefore, it is apparent that an optimum amount of additive concentrations will increase the
response as well improve the response time of the thin film sensor. Although the above result
may not be undermined, nevertheless, the precise role of WO; and Sn, at RT remain

inexplicable.
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8.5 CONCLUSIONS

The sensing properties towards the NH; gas was investigated using Sn modified WO; thin
film gas sensor. The sensor was prepared on an Al interdigitated electrode by thermal
evaporation method and subsequently annealed at 300 °C. At RT the optimum amount of Sn
sensing layer of 125 A on 2000 A WOj; thin film, shows the highest response of R/Ry = 19
with the fastest response and recovery time of 1 and 20 s, respectively. The results warrant a

satisfactory explanation in terms of the role of WO; and Sn at RT.
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9. SUMMARY AND FUTURE OUTLINE

9.1 SUMMARY

Electrochromic device (ECD) modulates the light transmission, which decreases energy
consumption, when it use as windows in buildings, in automotive vehicles or display. We
have made an effort to fabricate solid-state thin film multilayered ECD structure, grown one
by one on a single glass substrate using physical vapor deposition (PVD) technique. ECD
having a layer of ITO / NiO / ZrO, / WO;3 / ITO on a glass substrate were prepared. The
overall performance of the ECD depends on the properties of the individual thin film layers.
Thus, it is necessary and useful to optimize each individual thin film layer of material as it
plays an important role in ECD. We have optimized the different growth parameters for

improvement of the device’s performance.

The ITO thin film, prepared by RF magnetron sputtering, is used as a transparent
conducting electrode for ECD, having a high transparency of above average 80 % and a low-
sheet resistance of 4.7 Q/[]. In the next step, the WO; thin film was optimized as
electrochromic (EC) layer using thermal evaporation method. The WO; thin film deposited
at lower substrate temperature (RT) and intercalated using H' ions show greater EC
performance i.e., ~55 % transmittance modulation with lower switching time of 7.5 s for
coloration and 2 s for bleaching at 650 nm wavelength. Further, we have optimized ZrO, thin
film deposited using the e-beam evaporation method. The ZrO, thin film deposited at lower
substrate temperature having amorphous nature shows high ionic conductivity, which is used
as a solid electrolyte for ECD fabrication. Finally, the NiO thin film layer was optimized as
an ion-storage layer using e-beam evaporation method. The NiO film deposited at lower
substrate temperature gives ~29 % transmittance modulation with the fastest switching time

of 10 s and 2 s for coloration and bleaching, respectively, at 650 nm wavelength.

We have prepared solid-state ECD in our laboratory by varying ZrO, electrolyte
thickness. The transmittance modulation and open-circuit memory effect of the ECD
increases with increase in ZrO, film thickness. The ECD having 5000 A ZrO, film thickness
shows the maximum transmittance modulation of 56 % with good open-circuit memory effect
up to 170 mins. The fabricated ECD also shows the coloration and bleaching time of 120 s

and 2 s, respectively, with a desirable cycle-life.
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As a spin-off, we have also attempted to fabricate Sn modified WOs thin film gas
sensor for NH; gas detection at room temperature. Optimum amount of Sn (125 A) modified
WOs; (2000 A) thin film gas sensor shows the highest response (Ro/Ry) of 19 with the fastest

response and recovery time of 1 and 20 s, respectively.

9.2 FUTURE OUTLINE

In the present case, the ECD has ~60 % transmittance in bleach state. The residual brown
color in the bleached state of NiO thin film is responsible for that. To overcome this, one can
introduce additives such as Mg, Al, Si, Zr, Nb, or Ta in the NiO thin films. The major issues
in all-solid-thin film ECD are to reduce the coloration time and to get a long-term stability.
One of the reasons for all-solid-thin film ECD failure is short-circuiting between EC and ion-
storage layer, which is originates due to the pinhole formed in the electrolyte. One can divide
the ECD into individual sub devices, so that the major part of the device works if one of the

sub-devices fails due to pinhole formation.

Integration of EC technology with photovoltaic (PV) for the self-power ECD
operation is a new direction [184]. Photovoltaic electrochromic (PV-EC) device can show
color change in EC layers without additional power source. This results in enormous energy
saving which is perhaps a major application on the part of ECD. At present, people have also
tried to develop ECD, which show high optical modulation with different colors. Due to the
complex fabrication of multilayered structure, the cost of the device is high. Thus, this area

is still open for new and innovative solutions in developing high efficient low price ECD.
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