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ABSTRACT

ULTRASONIC SPRAY COATED INORGANIC THIN FILMS FOR
ELECTROCHROMIC APPLICATIONS

Tiirel, Onur
MSc., Metallurgical and Materials Engineering Department

Supervisor: Assoc. Prof. Dr. Hiisnii Emrah Unalan

September 2017, 61 pages

Recently, thin film transition metal oxides have been an important topic of
optoelectronic device research due to high performance and low cost. Active layers
in chromic devices and sensors, charge injection/transport layers of optoelectronic
devices are only a few examples where transition metal oxide thin films are utilized.
Tungsten oxide (WQOsz), molybdenum oxide (MoOQs), titanium oxide (TiO2) and
vanadium oxide (V20s) are the most frequently investigated thin film chemistries.
Deposition of these materials in thin film form using different methods enables

researchers to explore their properties and improve their performance.

Vacuum and solution based methods are two main deposition routes for thin films. In
general, vacuum processes offer high homogeneity and purity, while solution based
methods are less costly and practical. Comparison of device performances fabricated

by these two branches yield critical data for the opportunity cost analysis.

Electrochromic devices have been a focus of research lately and they extensively
utilize thin film transition metal oxides and conducting polymers. Transition metal

oxides offer lower performance but higher stability compared to conducting



polymers. In addition, they adhere to the transparent conductive layer well and are
highly compatible with common electrolytes.

In this work, the effect of thin film deposition route on the morphology and
performance of MoOz based electrochromic (EC) devices was investigated. For
deposition, ultrasonic spray pyrolysis (USP), thermal evaporation and sequential
deposition (SD) of these two methods were used. MoOs thin films were then
characterized using X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Surface characteristics and chemical structure of the deposited thin films were found
to depend extensively on the deposition route. EC performance and reversibility of
the samples were evaluated using spectroelectrochemical methods and cyclic
voltammetry. Sample prepared by USP method showed low coloration efficiency
(CE) (16 cm? C1), but high stability. In contrast, sample prepared by thermal
evaporation had high CE (30 cm? C?), but low stability. Sample prepared by SD
method showed the highest CE (33 cm? Ct) among other samples and maintained its
stability with cycling. All in all, the SD route investigated in this work was found to
be highly promising and can be simply extended to other metal oxide systems.

Keywords: Ultrasonic spray pyrolysis, thermal evaporation, sequential deposition,
molybdenum oxide (M0O:s), electrochromics.
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ELEKTROKROMIK UYGULAMA iCiN ULTRASONIK SPREY
KAPLANMIS INORGANIK INCE FILMLER

Tiirel, Onur

Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii

Tez Yéneticisi: Dog. Dr. Hiisnii Emrah Unalan

Eyliil 2017, 61 sayfa

Son zamanlarda yiiksek performans ve diisiik maliyetleri sebebiyle gecis metal
oksitlerinin ince filmleri optoelektronik cihaz arastirmalarinda 6nemli bir yer
edinmistir. Kromik cihazlarin ve sensorlerin aktif malzemeleri, optoelektronik
cihazlardaki yilik enjeksiyon ve tasima tabakalari gecis metali oksitlerinin kullanim
alanlarindan sadece birkagidir. Tungsten oksit (WOs), molibden oksit (MoO:s),
titanium oksit (TiOz) ve vanadium oksit (V20s) metal oksitler arasinda en ¢ok
caligilanlardir. Bu malzemelerin ince film seklinde {iretilmesine olanak saglayan
kaplama yontemleri sayesinde arastirmacilar filmlerin o6zelliklerini kolaylikla

inceleyebilmekte ve performanslarini iyilestirebilmektedir.

Ince filmler, vakum ve ¢ozelti esashi ydntemlerle kaplanmaktadir. Vakum esasl
yontemler yliksek homojenlik ve saflik saglarken, c¢ozelti temelli yontemler daha
pratik ve diisiik maliyetlidir. Bu iki yontemle {iretilen cihazlarin performanslarinin

karsilastirilmas: firsat maliyeti analizi i¢in ¢ok 6nemli veriler saglamaktadir.

Elektrokromik cihazlar son yillarda arastirmacilarin yogun ilgisini ¢ekmistir ve bu
amagla genellikle ince film gecgis metal oksitleri ve iletken polimerler
kullanilmaktadir. Gegis metal oksitleri, iletken polimerlere gore daha diisiik
performans sunar ama daha yiiksek dayanima sahiptir. Ayrica, saydam iletken

katmana iyi yapisirlar ve yaygin olarak kullanilan elektrolitlerle uyumludurlar.
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Bu c¢alismada ince film kaplama yonteminin elektrokromik cihazlarda kullanilan
MoOs3 ince filmlerin morfolojisi ve performansi iizerindeki etkisi incelenmistir.
Kaplama islemi i¢in ultrasonik sprey kaplama (USP), termal buharlastirma ve her iki
yontemin art arda kullanilmasi ilkesine dayanan ardisik kaplama yontemleri
kullanilmistir. Kaplama sonrast MoOs ince filmler X-1ism1 kirmimi (XRD), X-1s1n1
fotoelektron spektroskopisi (XPS), taramali elektron mikroskobu (SEM) ve atomik
kuvvet mikroskobu (AFM) ile karakterize edilmistir. Kaplanan ince filmlerin yiizey
Ozelliklerinin ve kimyasal 6zelliklerinin olarak kaplama yontemine son derece bagh
oldugu gbzlemlenmistir. Numunelerin elektrokromik performansi
spektroelektrokimyasal yontem ve dongiisel voltametre ile degerlendirilmistir. USP
yontemiyle hazirlanan numune renklenmede diisiik verimlilik (16 cm? C1) ancak
yilksek dayanim gdstermistir. Buna karsilik, termal buharlastirma yontemiyle
hazirlanan numunelerin renklenme verimliligi (30 cm? C) yiiksek ancak dayanimi
diistiktiir. Ardisik kaplama yontemiyle hazirlanan numune diger numunelere gore
renklenmede en yiiksek verimliligi (33 cm? C) gdstermistir ve déngiisel olarak da
kararlidir. Sonug¢ olarak, bu calismada elde edilen sonuclar ardisik kaplama
yonteminin gelecek vadettigini ve diger metal oksit sistemlerinde de kolaylikla

kullanilabilecegini gdstermistir.

Anahtar Kelimeler: Ultrasonik sprey kaplama, termal buharlastirma, ardisik

kaplama, molibden oksit (MoOs, elektrokromizm.
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“No man ever steps in the same river twice, for it's not the same river and he's not

the same man.”
Heraclitus
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CHAPTER 1

INTRODUCTION

1.1. Thin Film Deposition Methods

Today, computers, micro and some of macro electronic equipment rely on thin film
technology. The industry of such devices created a major demand on thin film
technology for the improved quality and fabrication control to produce sophisticated
electronic devices. By the successful research conducted on thin film (thickness < 1
um) deposition, improved quality and economical ways for the deposition was
found. Another aspect that made such advancement possible was the progression on
physics, chemistry, and other fundamental sciences that improved the understanding

on the mechanism of thin films [1].

Thin film deposition technique has a great influence on the performance of the final
product. Even though the thin films are deposited using the same method, the
differences in crystal structure, microstructure and impurities result in thin films with
different properties. Surface area and porosity are some other key factors that affect
the device performance. Historical thick coating methods enable too less control over
the final product. Research in this field deliver practical and cost efficient alternative
methods that allow extensive control over the deposited film structure, which also
enables development of various devices. Progress in thin film research is therefore a
building block for the optoelectronic devices.

In principle, thin film deposition methods can be divided into two main groups.
These are chemical and physical methods. Chemical methods involve electroplating,
sol-gel and chemical vapor deposition methods, while physical methods consist of
thermal evaporation, sputter deposition and ion plating. A graph showing this

classification is provided in Figure 1.1.



THIN FILM

L ELECTROPLATING OPHYSICAL VAPOR
DEPOSITION
LU SOL-GEL
o THERMAL EVAPORATION
o SPRAY PYROLYSIS o ION PLATING
o SPIN COATING o LASER ABLATION
o DIP COATING o MOLECULAR BEAM
EPITAXY
LU CHEMICAL VAPOR o ELECTRON BEAM
DEPOSITION
LU SPUTTER DEPOSITION
o MOCVD
o PECVD o RF
o ATOMIC LAYER o DC
DEPOSITION o MAGNETRON

Figure 1.1 Thin film deposition methods.
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1.1.1. Physical Vapor Deposition (PVD)

Physical vapor deposition (PVD) processes involve atom by atom deposition to
fabricate thin film layers. To conduct a PVD deposition, a material is evaporated
from solid or in liquid form to transport its atoms or molecules to the substrate.
Environment for PVD is either a vacuum or low pressure gaseous environment. The
substrate used to deposit thin films can be in complex geometries and rate of
deposition can be 10-100 A/s.

Deposition of thin films, both as elements and alloys is possible through PVD
processes. Deposition of a compound thin film can be carried out with co-deposition,
which means evaporation of more than one materials simply through placing all into
the evaporation source. Another route to follow for the deposition of a compound
thin film is through the placement of deposited thin films under a reactive low

pressure environment [2].

PVD can be categorized as thermal evaporation (vacuum deposition), sputter
deposition, ion plating, laser ablation and molecular beam epitaxy. Schematic

representation of the physical methods is given in Figure 1.2.

1.1.1.1. Thermal Evaporation

To conduct deposition via thermal evaporation, source material is placed into the pot
(crucible) of the evaporator in a vacuum environment. Source material is then
evaporated by the heat generated though a heating filament. Temperature of the pot
must be high enough to conduct evaporation at the corresponding pressure. Pressure
of the environment must be as low as 10° to 10° Torr to prevent collision of the
evaporated molecules with the gas molecules in the chamber. A rotating substrate is

generally used to improve the homogeneity of the deposited thin films.



1.1.1.2. Sputter deposition

Another physical thin film deposition route is sputter deposition. In this method,
target material is not evaporated by the thermal effect. Unlike thermal evaporation,
particles are ejected from the target physically by the help of highly energetic
bombarding particles. With enough energy, molecules are transferred from the target
to the substrate. The distance between the target and the substrate is lower than
thermal evaporation method. Bombardment of ions onto the target can be performed
by an ion gun, a generated low pressure or high pressure plasma. Similar to thermal
evaporation method, compounds can be deposited by involving a reactive gas in the
plasma environment. Depending on the type of the power supply, radio frequency

(RF), direct current (DC) are the most frequently used sputtering types.

1.1.1.3. lon Plating

In ion plating method, target material is subjected to high current flow and low
voltage to evaporate particles. By this application, atoms with similar electric charges
are ionized. Particles emitted from the target is then delivered to the substrate with
the force produced by opposite charged electric voltage applied to the substrate.

Resulting thin film strongly adheres to the substrate [3].



a) Substrate b) Substrate ) Substrate

Plasma Plasma
Sputtering
Pl e — —
Pot Pressure Target Target
Thermal Evaporation Sputter Deposition Ion Plating

Figure 1.2 Schematic representation of the physical deposition methods, a) thermal

evaporation, b) sputter deposition and c) ion plating.

1.1.2. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a process that utilizes gas phase chemical
reactions to form a solid material on a substrate. There are basically 4 processing
steps; production of the required gas by heating the source, transportation of the gas
to the substrate, deposition of the film by a chemical reaction as a result of
adsorption of the gas and transportation of waste products away from the substrate.
CVD is operated under vacuum and generally conducted at elevated temperatures.
The main area of use is the application of solid thin-film coatings to surfaces. Wide
range of materials could be deposited by CVD. They can be in the pure elemental
form or in the product form, such as oxides and carbides. CVD has a lot of
advantages in the use of deposition of thin film materials. Most importantly, CVD
offers conformal deposition of thin films over a substrate. Since CVD utilizes
chemical reactions, thickness of the film is independent from the surface geometry.
Therefore, even complex shapes can be deposited homogeneously using this method.
Moreover, since CVD is operated under vacuum materials can be deposited with
very high purity. High deposition rates are possible due to its high temperature
requirement. On the other hand, CVD has a number of disadvantages. The major

disadvantage is the requirement of elevated temperatures. This restricts the kind of

5



substrates that can be used for the deposition. Besides that, complex processes used
for the depositions may generate toxic and corrosive gases which are difficult to be
removed [4]. To solve some of these problems and to enhance the performance of the
deposition system, some special CVD methods are used, such as plasma enhanced

chemical vapor deposition (PECVD) and atomic layer deposition (ALD).

1.1.2.1. Plasma Enhanced Chemical Vapor Deposition (PECVD)

PECVD is a type of CVD process in which thin film materials can be deposited onto
a substrate at a lower temperature than standard CVD. In PECVD, parallel electrodes
are placed around reactant gases. These electrodes excite the gases into plasma which
trigger the chemical reaction. In this way, thin films can be deposited onto the
substrates. The major advantage of PECVD over CVD is the reduction of the
substrate temperature. In PECVD method, the substrate is commonly heated to 250
to 350°C, while in CVD it is generally heated above 1000 °C. Therefore, a wider
range of substrate materials can be used for PECVD [5].

1.1.2.2 Atomic Layer Deposition (ALD)

ALD is a vapor phase technique which produces variety of thin film materials based
on self-limiting, sequential reactions. In ALD, there are 2 precursors and both of
them inserted as a series of sequential, non-overlapping pulses. Before inserting the
other precursor, the one in use is purged from the chamber. Therefore, in each cycle
only one monolayer of the material is deposited at the surface by the chemical
reaction between these precursors. The process is cycled until the appropriate film
thickness is obtained. The temperature requirement for ALD is modest that is lower
than 350°C. The major advantage of ALD is the precise thickness control. The
thickness of the film can be adjusted by utilizing layer-by-layer deposition [6].



1.1.3. Sol-Gel Methods

Sol gel methods involve formation of a substrate from a fluid solution. Process is
carried out phenomenon such by draining, condensation and evaporation of the
solvent. Mass production of thin film devices requires cost effective fabrication
methods. VVacuum processes enable deposition of highly pure and homogeneous thin
films [7]. However, it is time consuming and expensive. Ultrasonic spray pyrolysis
(USP) is such a solution based alternative method for the deposition of metal oxide
thin films [15-18]. This method involves a volatile precursor to be atomized by
ultrasonication, followed by the deposition of the thin film onto a hot substrate [12].
Thermal evaporation, on the other hand, is a physical vapor deposition (PVD)
process for the deposition of thin films. It is a vacuum based method and enables
deposition of high quality films. During evaporation, the deposited material

transforms physically, maintaining its chemical properties throughout the process [2].

1.1.3.1. Spray Pyrolysis

Spray pyrolysis is another thin film deposition method. It can be used for the
production of dense and porous films, coatings and also powders [13, 14]. In addition
to being a practical deposition method in terms of equipment and operation, it is also
cost effective in terms of the used precursors. Precursors for the thin film deposition
can be easily prepared through the dissolution of an appropriate salt in a common
solvent. The deposition substrate can be chosen from a wide range of materials and
deposition can performed over large areas using a moving stage. Deposition with
such a system results in the deposition of highly homogeneous thin films. Schematic

representation of the equipment is provided in Figure 1.3.



Spray Nozzle

Aerosol

Substrate

»
L

X-Y Moving Stage

Figure 1.3 Schematic representation of the spray pyrolysis equipment.

Spray pyrolysis equipment consists of a syringe pump, syringe, tube, x-y moving
stage, substrate heater and spray nozzle. Equipment should be placed in a fume hood
or a sealed ventilated medium to prevent inhalation of hazardous particles. Generally,
spray nozzle is located on top of the substrate and aerosol cone is sent perpendicular
to the substrate. Depending on the deposited material and device structure, an
inclined deposition can also be implemented. For powder and nanoparticle
fabrication with spray pyrolysis, a long line between nozzle to substrate is
established [15]. In such a setup, heating system is set into the line of aerosol
transport to initiate early evaporation and obtainment of particles at the end of the

deposition line.



The most significant processing step of spray pyrolysis is the aerosol creation. This is
provided by atomization of the precursor solution, which is the fragmentation of
incoming stream of liquid into tiny droplets. Gas atomization, ultrasonic atomization
and electrostatic atomization are the sources of atomization. When the aeresol
reaches the heating zone, solvent of the droplets vaporizes, yielding nanoparticles.
These particles build up thin film or larger particles depending on the desired end
product [12].

Spray pyrolysis is influenced by many parameters. These parameters are tabulated
and provided in Table 1.1. Substrate temperature, nozzle to substrate distance,
atomization power, precursor solution, rate of precursor transport and moving stage
travel speed are parameters that needs to be optimized to obtain good quality films.
As can be seen, there are a lot more parameters to be optimized compared to other
solution based deposition methods. Therefore, researchers must put extensive effort

to acquire mastership of spray pyrolysis.

Table 1.1 Parameters of the USP system.

PARAMETERS OF THE USP PARAMETERS OF THE
SYSTEM PRECURSOR

* Rate of deposition (ml/h)

*  Amount of deposition (ml) * Viscosity (kg/s.m)

* Distance between nozzle

and substrate (cm) *  Molarity (M)

- Substrate temperature ('C) ¢ Elements of solution

+ X-Y stage motion speed
(cm/s)

* Annealing temperature (OC)



1.2. Transition Metal Oxides

Transition metal oxides are formed by the reaction of oxygen atoms with transition
metals. Their unique layered structure are attractive for researchers, because of ease
of ion transfer into and out of their structure. These ceramic materials are found in
the nature and most of them are non toxic. Formation reactions of metal oxides are
effortless and they can be contained in ambient conditions due to being
thermodynamically stable. Some extensively investigated metal oxides in literature
include WOz, MoOs, TiO2 and V20s. Fabrication of these materials reproducibly in
thin film form using different deposition methods enable researchers to improve their
performance and compare different methods. Active layers in chromic devices and
sensors, charge injection/transport layers of optoelectronic devices are only a few

examples where transition metal oxide thin films are utilized.

1.2.1. Molybdenum Oxide (MoQOs)

MoOs is a metal oxide that has been widely used due to its unique layered structure
and electrochemical active. Mainly, three polymorphs of MoOs is investigated.
Orthorhombic MoOs (a-phase) [21-23], which is thermodynamically stable at
standard conditions, monoclinic MoOs (B-phase) [19] and hexagonal MoO3 (h-phase)
[20].

As the thermodynamically stable one, a-MoOs is the most researched phase. Its
crystal structure consists of molybdenum atoms and six fold coordinated oxygen
atoms that forms the MoOg octahedra. These octahedras are connected to each other
by edges, sharing [001] direction that form a zigzag chain. Linked along [100]
direction, chains of MoO3 octahedra form a double-layered sheet that elongates along
[010] to form orthorhombic MoOs structure [21]. Crystal structure of orthorhombic

a-MoOs3 is schematically provided in Figure 1.4.
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Figure 1.4 Crystal structure of orthorhombic a-MoOs.

Thin film a-MoO3z has been employed as functional layer in many different
electronic devices due to its unique characteristics. Favorable energy levels,
electrochemical activity, chromic behavior, low cost, non-toxicity, ability to
intercalate with ions (such as H*, Li*) and multiple oxidation states are among these
characteristics [20-23]. Typical devices include but not limited to, charge generation
layer of OLEDs [26], hole-injection layer of organic solar cells [27], electrochromic
layers [26-28], hole-extraction layer of polymer solar cells [31], gas sensing layer of
formaldehyde sensors [32]. It is also worth noting that MoOs is highly promising in
optical applications due to a spectral match between its optical absorption peak and

the human eye sensitivity [11-13].

A key application of MoOs3 was realized when it is vacuum deposited as thin film and
utilized as charge-generation layer of white light emitting stacked organic light

emitting diode (SOLED). A SOLED is identical to an organic light emitting diode
11



(OLED), but with multiple, stacked organic electroluminescent layers, resulting in
higher efficiencies. Introduction of a thin MoOs charge generation layer to the
SOLED device increased the current density and this had a major contribution on the
electrophosphorescence efficiency of the device [26]. Resulting phosphorescence

graph are given in Figure 1.5.
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Figure 1.5 Electrophosphorescence spectra of SOLED configurations [26].

MoO:s thin films were deposited through different methods. Some examples from the
literature include spray pyrolysis [34-37], thermal vaporization [38-40], vacuum
vaporization [43], atomic layer deposition [44], sputtering [43-45], dip coating [48],
electrodeposition [49] and spin coating [21, 48].

Reports suggested that vacuum based and solution based deposition of a-M0Os3 thin
films resulted in different oxidation states and work functions [50]. Similar to WO3
and polyaniline, EC properties of MoOs are heavily influenced and depend on the
oxidation state of the Mo ion within the MoOs structure [51]. Hence, the films

12



deposited with vacuum and solution based methods likely to differ in terms of
coloration efficiency (CE) and stability when utilized in EC devices.

Some studies on solar cells implementing a two-step or sequential deposition (SD) of
thin film layers with solution and vacuum based methods have reported promising
device performances [23-25]. An improvement in film quality and an increase in
charge transport efficiency were reported for the thin films deposited through SD.
However, the sequential deposition route is unexplored for the fabrication of EC
devices. Therefore, the fabrication of EC devices through sequentially deposited
MoOs3 thin films is highly appealing.

1.2.2. Tungsten Oxide (WO:3)

Similar to MoO3s, WOs is another transition metal oxide with comparable properties.
Its 6-fold octahedral crystal structure is identical to MoOz. Due to low cost, easy
supply and high performance in optoelectronic devices, thin film WOz has been
extensively utilized in electrochromic devices [53, 54]. It is an indirect bandgap
material and shows cathodic electrochromic coloration. Among metal oxides WOs is
the most researched electrochromic material due to its high transmittance difference
between the colored and bleached state (AT), CE and cyclic stability [55, 56].
Deposition of WOs thin films for electrochromic device applications by both solution
[57-59] and vacuum based [63] methods have been investigated in detail. In addition
to electrochromics, thin film WO3 have also been employed as charge injection layer
in solar cells [64-66]. In another study, WO3s and MoOz are deposited sequentially

and an enhanced gas sensing performance was reported for this multilayer film [67].

1.2.3. Titanium Oxide (TiOz2)

TiO> is the thermodynamically stable oxide phase of titanium at standart conditions.

Being mainly used in industry for coloring, it has some distinct applications. TiO>

13



attracted recent attention due to its photocatalytic activity in dye-sensitized solar cells
[64-66]. There are four known polymorphs of TiO2, which are rutile (tetragonal),
anatase (tetragonal), brookite (orthorhombic) and monoclinic B-phase TiO2 [71]. In
many applications, TiO2> was synthesized and employed as nanoparticles. It was
reported that application of TiO. nanoparticles has shown enhanced photocatalytic
activity compared to thin film TiO. [72].In addition, application of TiOz in various
morphologies as EC device has also been succesful in terms of EC performance [69—
72].

1.3. Electrochromic (EC) Devices

Electrochromism is defined as the reversible color (transmittance) change through
the application of an external voltage [77]. Utilization of electrochromic (EC)
devices as smart windows in buildings is suggested to lower the energy consumption
[78]. Both inorganic and organic materials were employed as an electrochrome layer
[79]. There are two types of electrochromism, namely cathodic and anodic. Oxides of
Ti, Mo, Nb, Ta and W are found to exhibit cathodic coloration. On the other hand,
oxides of elements Cr, Mn, Fe, Co, Ni, Rh and Ir exhibit anodic coloration.

Transition metal elements with cathodic and anodic electrochromic oxides are given

in Figure 1.6.
ELECTROCHROMIC OXIDES:
H Cathodic coloration : He
Li |Be Anodic coloration B|C|N|O/|F |Ne
Na (Mg Al |Si|P | S |Cl|Ar

NPd|Ag|cd| in[sn|sb|Te| 1 [xe
Au|Hg | TI [Pb| Bi [Po At [Rn

Rb(Sr| Y

%%@;\\ 3 A A SCU Zn|Ga|Ge|As|Se|Br |Kr
§.

Cs|Ba|La |Hf
Fr |Ra|Ac

Figure 1.6 Elements of the periodic table with electrochromic oxides. Type

of electrochromism is provided in the legend [86].
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Electrochromic transition occurs by a process termed as intercalation. By this
process, electrochrome metal reacts with the ion in the medium, which comes from
the electrolyte. Reaction occurs due to an applied voltage. Similarly, when the
polarity of the voltage is reversed transmittance of the device must turn back to its
initial value. This is termed as deintercalation. To make intercalation and
deintercalation possible, thin film must be in contact with a conductive layer for the
voltage and the electrolyte for the ions. For the most typical use of electrochromic
devices, smart windows, a transparent conductive layer is deposited onto a glass
substrate. Electrochrome layer is then deposited onto the transparent conductive
layer. In industrial applications, a symmetric layer is also formed and the electrolyte
is sandwiched between them. For the opposite layer, an ion storage film is used and
its coloration is opposite to the electrochrome material. Such a device is called a full

cell and it is schematically shown in Figure 1.7.

Figure 1.7 A full cell electrochromic device based on WOz and ITO [85].

Among inorganic electrochrome materials, WOs is the most widely used one. WOs3
based EC devices have shown high coloration efficiency, fast switching and
promising long term stability [4—6]. Electrochromic applications of MoO3z and WO3
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date back to 1960s [43, 82]. Until recently, most of the studies on WOs3
electrochromism was based on amorphous thin films with disordered structure.
Researchers used to believe that such a structure yields higher EC performance as
opposed to crystalline counterparts. To fabricate crystalline WOs, sputtering
technique was employed in literature, while amorphous films were deposited via
thermal evaporation without any post deposition process [83]. But then, EC devices
based on crystalline WO3 were reported to show high coloration efficiencies (42 cm?
C1) and they were much more stable than amorphous WO3 based ECs. An important
factor in this study was the fabrication of WO3 layer as crystalline nanoparticles [57].
Since most of the applications of ECs demand high stability under cyclic
transformation, crystalline transition metal oxide fabrication has been favored against
amorphous thin films [84]. When compared to WOz, MoOs is a relatively unexplored

material in terms of an EC device due to its lower coloration efficiency.

Although not as popular as WO3, EC devices based on MoOs thin films have also
been researched. Deposition of MoOs have been conducted by various precursor
compositions. Ammonium molybdate tetrahydrate ((NH4)sM07024 - 4H20) is one
such precursor for the deposition of MoOgz thin films. In a work employing
(NH4)sM07024 - 4H20), fluorine doped tin oxide (FTO) coated glass was used as the
substrate for the electrodeposition of MoOs thin films. As a post deposition process,
films were annealed at 450°C. Top-view SEM images of the as deposited and
annealed thin films are provided in Figure 1.8. Nanorod like features were observed
to occur in the film that is subjected to annealing. Optical transmittance of the films
was measured after coloration. Bleached state transmittance value was observed to
be reported from the initial transmittance value, although it should have been
reported from the transmittance value of the uncolored film after coloration state.
Generally, the state before coloration is termed as initial or virgin state of the device.
By calculating CE from the transmittance difference between initial and colored

states, a resulting value of 34 cm? C™* was obtained [87].
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Figure 1.8 SEM images of the (a) as deposited and (b) annealed (450°C) films
prepared by electrodeposition [87].

In another work, deposition of MoOs thin films for EC application was performed
with sol-gel spin coating technique. For this purpose, metallic molybdenum powder
was dissolved in hydrogen peroxide (H202) and acetic acid (CH3COOH) was added
as a surfactant. Deposition was carried out onto indium tin oxide (ITO) coated
glasses and prepared thin films were annealed at 100, 200, 300, 350, 400 and 500°C
for 1h. Thickness of these films were 700 nm. Top-view SEM images of the films is

given in Figure 1.9 [28].
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Figure 1.9 SEM images of the MoO3 thin films annealed at (a) 100, (b) 200, (c) 300,
(d) 350, (e) 400 and (f) 500°C [28].

Although no additional information was given for the high temperature compatibility
of glass and ITO used in the system, EC performance was reported for the films
annealed at temperatures of 500°C. In general, ordinary glass cannot endure such a
high temperature. To conduct a fabrication with high post annealing temperatures,
glass substrates with specific compositions should be used and it would add to the
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cost of the devices. Independent from this fact, CE values of the sample annealed at
500°C were reported as the highest CE for the thin film MoOg in recent publications
[88]. Also AT and CE measurement at a wavelength of 900 nm has no practical
meaning due to being out of visible spectral zone. This is because the major
application of EC devices is the smart windows, which operates within the visible
region (400-700 nm) of the optical spectra. EC performances obtained in this work
are given in Table 1.2. Maximum CE values of the samples annealed below 500°C
were 23.7 cm? C?t and 44.9 cm? C! at wavelengths of 550 nm and 700 nm,

respectively, within the visible region [28].

Table 1.2 EC performance of the MoOs thin films at different annealing

temperatures [28].

Annealing temperature 100 °C 200 °C 300 °C 350 °C 400 °C 500 °C
Inserted charge 14 127 139 158 127 126
density, O,
(mC/em®)
Extracted charge 05 98 11.0 145 11.0 11.1
density, O,
(mC/em®)
0.0, ratio 280 130 126 109 115 1.14
A=550 nm Thlcached 79% 83% B0% B0% 67% 64%
Teolorsd 75% 78% 37% 35% 36% 32%
AT 4% 5% 43% 45% 31% 32%
AOD 002 003 033 036 027 030
CE (cm’/C) 143 24 237 228 213 238
A=T700 nm Tblcached 82% 86% 87% 86% T1% 67%
Teoloted B1% 74% 25% 21% 19% 17%
AT 1% 12% 62% 65% 52% 50%
AQOD 001 007 054 061 057 0.60
CE(m’C) 7.1 55 388 386 449 476
A=900 nm Thleached 79% 81% 82% B80% 64% 58%
Teolored T7% 56% 28% 15% 14% 12%
AT 2%  25% 54% 65% 50% 46%
AOD 001 016 047 073 066 0.68

CE(em%C) 7.1 126 338 462 520 54.0
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Recently, utilization of MoOs thin films with and as an additive to the other
transition metal oxides are investigated. TiO> is one such example used with MoQOs,
where enhanced optical density (AOD) and stability were reported for this binary
system [89, 90]. In another example, thin film MoOs was electrodeposited onto
sputtered niobium oxide (Nb2Os) thin films again for electrochromic applications. To
conduct MoOs deposition onto Nb2Os thin films, a precursor was prepared with
sodium molybdate (Na2MoO4) and distilled water. A parametric study regarding the
deposition of MoOz with different number of deposition cycles was performed. Top-

view and cross-sectional SEM images of the samples are provided in Figure 1.10.
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Figure 1.10 Top-view (i) and cross-sectional (ii) SEM images of the (a) bare Nb2Os
and MoOs, (b) 40 cycles and (c) 120 cycles [88].

CE of the deposited binary system were calculated for MoO3z deposition cycles of 20,
40, 80 and 120. Initial values of 10-20 cm? C* CE were increased to 149 cm? C*,
found as the maximum CE for 120 cycle deposited thin film MoOs [88].
Spectroelectrochemical performance of the samples with different MoOs deposition

cycles are given in Figure 1.11.
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Figure 1.11 Kinetic transmittance change of the samples at the applied voltages from
+0.25 to 1.00 V [88].

In this work, USP and thermal evaporation methods are used for the fabrication of

MoO3 coated ITO electrodes. Sequential deposition by combination of these two

techniques is also used to investigate the resulting performance of the EC electrodes.
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CHAPTER 2

EXPERIMENTAL DETAILS

2.1. Ultrasonic Spray Pyrolysis (USP) System

A custom USP setup was prepared and utilized for the deposition of thin films. In
this setup, an ultrasonic atomizer nozzle (PNR B1 0103) was connected to a syringe
pump (TOP-5300) through a silicone pipe for precursor transfer. Ultrasonic
atomization was initiated through nitrogen (N2) gas at a flow rate of 90 ml/h.
Atomization of the precursor was materialized by two steps:

1) Incoming precursor was transferred into the nozzle and atomization was
conducted by shearing. High pressure air mixes with the precursor and pushes
it through the nozzle outlet orifice.

2) High speed atomized precursor then impacts onto the resonator device placed
in front of the nozzle to generate ultrasonication. By this process, a hybrid

atomization is carried out.

A hot plate carrying the substrate was placed onto a moving xy-stage for the
deposition of uniform thin films. Our current moving stage covers an area of 30 cm x
40 cm. However, substrate heater acts as the rate limiting factor, and makes it
possible to deposit an area smaller than it. Energy required for the movement of the
plates carrying the substrate in x- and y- directions is given by an external power
supply. X-direction of the moving stage is programmed to exhibit turning back
motion when it reaches to the end of the line. At the end of each x-direction
movement, stage moves 1 c¢cm in y-direction. Direction of movement in y-axis is
controlled manually by switching the polarity of the voltage. Applied voltage to

rotating motors under the plates conduct movements at x- and y-direction were 8 and
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14 V respectively. The whole setup was built in a fume hood for proper ventilation

during deposition. A photograph of the USP system is given in Figure 2.1.

Figure 2.1 Photograph of the home made USP system.

2.2. Deposition by USP

Molybdenum chloride (MoCls, 95% in purity, Sigma-Aldrich) was dissolved in ultra-
pure (UP) water (18.3 MQ). Dissolution process was performed in a fume hood due

to the formation of a strong acidic gas according to the following reaction:
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heat
MoCls; + H,0 — Mo0O; + HCl 1)

Prior to the deposition of thin films, precursor was ultrasonicated to accelerate the
dissolution. Afterwards, the precursor was transferred to the deposition system by a
25 ml syringe. Substrate temperature was set to 300°C. The deposition rate and
nozzle to substrate distance was set to 90 ml/h and 40 cm, respectively. Such a high
nozzle to substrate distance was used to prevent the reach of droplets to the substrate.
A photograph of prepared precursors is provided in Figure 2.2. A color variation is

observed for each molarity.

Figure 2.2 Precursor solutions prepared by dissolving MoCls in UP water. Molarities

of the solutions from left to right are 1, 5 and 10 mM respectively.

2.3. Deposition by Thermal Evaporation

Molybdenum oxide thin films (MoOs, 99.97% in purity, Sigma-Aldrich) were also
deposited by thermal evaporation. Since MoOs was in powder form, voltage applied

to evaporation boats was slowly raised to prevent its uncontrolled evaporation, which
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would otherwise lead to the deposition of a non-homogeneous film. Deposition was
performed at a rate of 1.5 A/s on rotating substrates to improve film homogeneity. In
order to obtain high purity thin films, evaporation was started at a base pressure of 2

x 107 torr.

2.4. Sample Preparation

Deposition was performed on glass substrates (1.27 x 2.54 cm) and on ITO coated
glass slides (50 ©/cm?) (0.5 cm x 5.0 cm). Both substrates were cleaned through
ultrasonication in acetone, isopropanol and UP water, consecutively, for 10 minutes
each. Films with different thicknesses were deposited and annealed prior to
characterization. 4 samples were prepared and named as the follows. First sample,
named as USP-A, was deposited and annealed at 400°C. Second sample prepared by
thermal evaporation was named as PVD. The third sample prepared by the same
route but annealed afterwards at 400°C was named as PVD-A. The last sample
prepared by USP followed by thermal evaporation and annealing at 400°C was
named as SD-A. EC devices were fabricated using thin films deposited onto ITO
coated glass substrates. Photograph of USP deposited samples are given in Figure
2.3. Sample designations and descriptions are provided in Table 2.1. Deposition was
performed on ITO coated glass substrates. By masking the samples during

deposition, desired visuals can be obtained.
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Figure 2.3 A photo showing various samples deposited by USP method on ITO

coated glass substrates.

Table 2.1 Designations and descriptions of the samples.

SAMPLE DEPOSITION METHOD ANNEALING
PVD Thermal evaporation Not annealed
PVD-A Thermal evaporation 400°C and 1 hour
USP-A USP method 400°C and 1 hour
SD-A SD method 400°C and 1 hour

2.5. Characterization and EC Characteristics

XRD method was employed to investigate the crystal structure and chemical
composition of the deposited thin films. For this purpose, a Rigaku D/Max-2000
diffractometer was used at Bragg-Brentanno geometry with Cu Ko radiation

operating at 40 kV. Diffraction angle was varied between 10 and 90° at a scan speed

of 1°6/min. Surface morphology and topography of the films were analyzed by
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atomic force microscopy method (AFM) using a Veeco MultiMode V instrument
under tapping mode. For AFM measurements, size of the coated glasses was reduced
to 1 cm x 1 cm. X-Ray photoelectron spectra (XPS) were collected using a PHI 5000
versaprobe spectrometer. 284.5 eV line of C (1s) was used as a reference value for
charge correction. Scanning electron microscopy (SEM, FEI Nova Nano FEG-SEM
430, operated at 10 kV) was also utilized for the morphological analysis of the
deposited thin film surface. A few nanometers of gold were sputtered prior to SEM
analysis. Spectroelectrochemical studies of thin films were carried out using a Varian
Cary 5000 UV-Vis spectrophotometer with lithium perchlorate (LiCls) electrolyte.
Cyclic voltammetry measurements of the EC devices were conducted using a Gamry

Reference 600 potentiostat.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Optimization of USP method

Optimization of USP deposition was performed by pilot studies. As stated before,
system has many parameters and deposition of thin films involved optimization of
these parameters. Most of the optimization was carried out by macroscopic
inspections. In order to deposit MoOgz thin film by USP method, first step was to
determine the correct molybdenum salt. Ammonium molybdate was commonly
utilized in literature. However, initial trials using ammonium molybdate in our USP
system did not result in the formation of MoOs thin films. Insufficient heating might
simply be the reason for this. The use of chloride salts for the formation of metal
oxides is quite common and is extensively used for the deposition of WOs.
Therefore, right after ammonium molybdate, molybdenum chloride (MoCls) was
used as the salt for the deposition of MoOz thin films. Initial trials with MoCls was

successful and thus further experiments were conducted using this salt.

Next step was to optimize the solution concentration. For this purpose, precursors
with different molarities (1, 5, and 10 mM) were prepared. In all of the precursor
solutions, agglomerate formation was observed after some time. Rate of
agglomeration was the slowest for 1 mM solution and because of this reason it was
used for the depositions. For concentrations lower than 1 mM, rate of deposition

(increase in thickness) was too low and the overall deposition became impractical.

As for solvent selection for the preparation of the precursor solution, ethanol and UP
water were compared. MoOs thin films deposited using ethanol as a solvent did not

show EC response; thus, UP water was decided to be used as the solvent.
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Thickness of the thin films determined their transparency. Films with thicknesses
higher than 200 nm have shown low optical transmittance for EC electrodes.

Substrate and annealing temperature of the thin films were evaluated by various
methods. For the substrate temperature, SEM and macroscopic imaging were used.
In general, when the substrate temperature is insufficient, droplets reach to the
substrate. If this happens, oxidation of precursor does not reach to completion and
surface of the thin film becomes rough. For high substrate temperatures, evaporation
of the droplets occurs earlier and particles form over the substrate and reach to the
surface. These particles may even be too large to disrupt the film formation.
Annealing temperature was evaluated in the range of 300-500°C. Films below 400°C
did not show EC response and for those annealed over 400°C, substrate glass and
transparent conductive layer was observed to be damaged. Effect of parameters on
the end product of the USP deposition is given in Figure 3.1. Following these pilot
experiments for the optimization of USP parameters, deposited thin films were

structurally characterized and their EC performance was evaluated.
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Figure 3.1 Effect of USP parameters on the end product and SEM images collected

3.2. Characterization

3.2.1. XRD Measurements

from such cases.

XRD pattern of the samples PVD, PVD-A, USP-A and SD-A are provided in Figure

3.2. Na-PVD sample was observed to have an amorphous nature, due to the absence

of any sharp peaks. Pattern for the USP-A sample contain sharp peaks at 13, 26 and
48°, which can be attributed to the diffraction from (020), (040) and (002) planes of

stoichiometric MoOg, respectively. Upon annealing the film deposited by thermal

evaporation, sharp peaks were formed as shown in the XRD pattern of the PVD-A

sample. This points out the crystallization of the film layer through annealing. As

will be shown later, EC performance improves upon crystallization, since ions that

conduct electrochromic transformation recites in the octahedral cites of crystalline
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MoO:s structure [86]. For the SD-A sample diffraction pattern, peaks originated from
PVD-A was traceable. On the other hand, sharp peaks of high intensity at diffraction
angles of 24, 26 and 28° can be attributed to (110), (040) and (021) planes of
stoichiometric MoOs, respectively (JCPDS card No: 05-0508).
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Figure 3.2 X-ray diffraction pattern of the samples (JCPDS card No: 05-0508).

3.2.2. XPS Measurements

XPS analysis was carried out to further characterize the film and determine the

oxidation state of Mo. Survey spectra of SD-A is provided in Figure 3.3.
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Figure 3.3 Survey spectra of SD-A sample.

Mo 3d and O 1s core level XPS peaks are provided in Figures 3.4 (a) and (b)
respectively. Binding energy of Mo 3d peaks are characteristic and used to identify
the presence of oxide phase within the structure. In Figure 3.4 (a), Mo 3d core level
spectra of the samples are shown. The doublet separation energy of each sample is
3.1 eV and it is characteristic to MoO3z [91]. Binding energy of Mo 3d 5/2 peak of
stoichiometric MoOsz has been previously reported as 232.5 eV [84, 85].
Stoichiometric MoOjs structure contains dominancy of Mo*® ions relative to Mo*®
and Mo™ and from the obtained results, we expect a similar structure for SD-A
sample. On the other hand, binding energy of 3d 5/2 peak of PVD sample has a
comparable value (232.6 eV), which indicates a similar valence composition of Mo
atoms in the structure. Similarity of SD-A and PVD-A samples in terms of XPS
results was expected, since thermal vaporization was used to deposit the outmost
layer of both samples and XPS is a surface sensitive method with low penetration
depth [94]. Mo 3d doublets of USP-A sample are located at 232.1 eV, which points

out lower oxidation states within the structure. The value of Mo*™ and Mo™ states
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was found to be 229.5 and 231.0 eV, respectively [93]. Binding energy differences of
2.6 eV and 1.1 eV of Mo 3d 5/2 peak of USP-A sample with lower oxidation states
suggested that Mo*® has the relatively highest concentration among the other
oxidation states. A slight difference of 0.2 eV between PVD and PVD-A samples
showed that no significant change in terms of oxidation state or chemical structure
was recorded following annealing of the thermally evaporated sample. In Figure 3.4
(b), O 1s core level spectra of the samples are provided. For stoichiometric MoOgz, O
1s peak should be located within 530-531 eV range [24]. For the USP-A sample, the
peak is shifted towards higher binding energies, which could have been caused by an
impurity among the structure. Presence of lower oxidation states of Mo or utilization
of UP water as the solvent, which produces —OH bonding among the structure, may
be responsible for the shift of O 1s peak towards higher energies [95]. For SD-A
sample, existence of a high intensity doublet was observed. The reason behind this
cannot be double spin of the electrons emitted, since O 1s peak is single for MoO:s.
The intensity of the additional peak is too high to be caused by contamination.
Intensity of both peaks of the SD-A sample are nearly equal. Comparison of the
binding energy values of SD-A sample peaks (532.4 and 530.4 eV) with other
samples shows that these peaks are originated from USP and thermal evaporation
deposited parts of the sample. From this data, it can be said that SD method produces

two separate phases of MoOz that shows different binding energies.

34



(a) 2325

235.6
SD-A
232.6
235.7 i
PVD-A

Intensity (a.u.)

i
235.2 : |
USP-A -
2328 : |

235.9
PVD I I

+

6 +5 +4
Mo Mo—Me
237 236 235 234 233 232 231 230

Binding Energy (eV)
(b) 532.4  530.4
SD-A ‘/k
-
= 530.4
S PVD-A 532.5
>
~
@ 532.9
=
L
= | USP-A
P
530.7

536 534 532 530 528
Binding Energy (eV)

Figure 3.4 High-resolution regional XPS spectra of the samples corresponding to (a)
Mo 3d 3/2 and Mo 3d 5/2 and (b) O 1s for the samples.
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3.2.3. SEM Imaging

SEM images of the PVVD and PVD-A samples are provided in Figures 3.5 (a) and (b),
respectively. These images allowed the analysis of the effect of annealing on the
thermally evaporated sample. PVD sample had a relatively homogeneous and smooth
surface compared to the other samples. Upon annealing at 400°C, rod-like features
were observed to grow on its surface (Figure 3.5 (b)). These features are comparable
to previously synthesized MoOs nanorods, which was significantly denser due to a
catalyst based growth [96]. They may be preferable as they increase the surface area
of the deposited thin film in contact with the electrolyte during EC measurements.
More active sites for intercalation could lead to an increase in the device
performance. SEM image of the USP-A sample is provided in Figure 3.5 (c). A
rough layer on the surface is observed with nano-sized holes. Average grain size of
the sample was apparently smaller compared to the other samples. A similar rough
surface was observed for thin films in a previous work, which utilized spray
pyrolysis method [49]. SEM image of the USP-A sample is provided in Figure 3.5
(d). Deposition route for the SD-A sample is evident from the SEM image as similar
features from both PVD and USP-A samples are observed in this figure. Although
surface layer of PVD and SD-A samples were expected to be identical, similar
nanorod features were absent in SD-A sample. This observation suggested that the

application of SD method acted as a surface modification for the USP-A sample.

36



Figure 3.5 Top-view SEM images of (a) PVD, (b) PVD-A, (c) USP-A and (d) SD-A

samples. All scales are the same.

3.2.4. AFM Imaging and Measurements

Topographical 3D and 2D AFM images of the USP-A sample are provided in
Figures 3.6 (a) and (b), respectively. Similar to SEM images for the USP-A sample, a
rough surface containing nanoparticles are evident within the AFM images. The
formation mechanism of USP deposited thin film is traceable from these two images,
as nanometer sized particles released from droplets by thermal effect joined together
to form the thin film. In Figures 3.6 (c) and (d), AFM topographical images of PVD
sample are provided. It is evident from these images that the PVD sample have a
smoother surface compared to USP-A sample. Large grains on the film are predicted
to occur during thermal annealing. Vertically grown nanorods observed on the
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surface of the PVVD-A sample are also evident in the AFM image. In Figures 3.6 (e)
and (f), AFM topographical images of SD-A sample are provided. Vertically grown
features were also present on this image, yet they are more widespread than those of
the PVD sample. Grains of the PVD sample were clear, in contrast to those in USP-A
sample, where they are tangled. For the SD-A sample, surface morphologies from
both samples are present. This proves that the thermal evaporation does not
completely cover and hide the features of the USP deposited thin film for SD sample.

(2)

500.0 nm

(b)

0.0 nm

Figure 3.6 Topographical AFM 3D and 2D images of the USP-A (a,b), PVD-A (c,d)
and SD-A (e,f) samples.
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In Table 2, data obtained from AFM measurements were displayed. Roughness
values of the films were collected from an area of 5 um x 5 um. RMS roughness
value of the USP film (41.5 nm) was measured to be the highest among all films
investigated in this work. This roughness value might be too high for solar cell
applications, yet for EC layers it might be advantageous in shortening the diffusion
length of ions within the electrolyte [86]. RMS roughness value of the PVD-A
sample is the lowest (12.4 nm), while the RMS value of the SD-A sample (15.5) nm
is higher than that. For these two samples, high roughness was attributed to the
presence of nanorod features. Average grain size measurements were also performed.
Although both films were annealed at 400°C, average grain size of PVD-A was
656.5 nm, which was significantly higher than that of the USP-A sample (396 nm).
Value of average grain size for the SD-A sample (535.5 nm) was placed in between
that of the USP-A and PVD-A. A low grain size might be advantageous for

reversibility, as grain boundaries may act as tunnels for ion transport.

Table 3.1 Ra (average roughness) and RMS (root mean square roughness) average

grain size and film thickness values of each film.

Ra(nm) RMS (nm) Average Grain Size (nm) | Film Thickness (nm)
| USP-A 332 415 ' 396 140 |
PVD-A 77 12.4 656.5 98.1
| SD-A 10.7 15.5 ' 5355 1822

3.3. EC Performance

During CV measurements, when electrode is immersed into the electrolyte solution

following reactions can occur:

1) Cations from the electrolyte (Li* for this setup) can react with electroactive
materials and form new phases or compounds.

2) Intercalation of cations into the gaps between the interlayers or van der Waals
gaps (the gaps between octahedra of MoOz3) can occur. This is a reduction
process and charge neutrality is maintained.

3) The faradaic absorption of cations onto the surface of the material.
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For (2) to occur, a long range diffusion of cations through the interlayer gaps are
needed. Similarly, for this process to be reversible, cations should be able to diffuse
back to the electrolyte and complete the deintercalation. For both to occur
sequentially, cations have to perform a long range diffusion. This is a major reason
why devices operate with the mechanism of (2) tend to respond slower than devices
operate with the mechanism of (3). In mechanism (3), the need for diffusion is

eliminated and the intercalation occurs at the surface of the active material [97].

Cyclic voltammogram (CV) of the samples USP-A, PVD-A and SD-A are given in
Figures 3.7 (a), (b) and (c), respectively. CV measurements were conducted prior to
EC measurements to evaluate the electrochemical response of the MoOs thin films.
For the evaluation, working electrode potential was switched between -2 to 2V.

Samples were tested in 0.1 M LiCls solutions.

40



.
)

Current Density (mA/cmz)

0 -
1
-2 -1 0 1 2
Potential (V)
(b)
£ 1f
L
<
E
Z
‘@w O
=
=’
e
=
£
= -1r
U 1 1 1 1 Il
-2 -1 0 1 2
Potential (V)
C) &
(©)
L 1r
<
E
2
® OF
=
*]
=]
=
2 af
b
-
U Il 1 1 1 1
2 -1 0 1 2
Potential (V)

Figure 3.7 CV results of the samples (a) USP-A, (b) PVD-A and (c) SD-A.
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Spectral transmittance graph of the USP-A, PVD-A and SD-A samples are provided
in Figures 3.8 (a), (b) and (c), respectively. PVD sample is not reported in this part of
the work since no EC response was observed. Reversible intercalation of the samples
was tested through CV as the initial step. After testing the reversibility, EC response
measurements were conducted. As the first data, transmittance change of USP-A
sample with an applied voltage between 2 to -2 V was recorded and presented in
Figure 3.8 (a). At a wavelength of 700 nm, a maximum transmittance change of 19%
was observed. Similar EC transmittance change for MoOs thin films deposited
through spray pyrolysis technique has been reported in literature [36]. A steady
increase in the transmittance difference between bleached and colored states (AT) of
USP-A sample was observed with the wavelength. Transmittance change for PVD-A
sample is provided in Figures 3.8 (b). AT of this film within the visible spectrum was
significantly higher than of that of USP, reaching 46 % at a wavelength of 570 nm.
An increasing trend with an increase in wavelength was not observed for this sample
unlike USP-A. In a previous research, highly crystalline and multi layered MoOs
production was reported by thermal evaporation technique [36—38]. Thus, obtained
high transmittance change is comparable and is attributed to the higher film quality
of PVD-A sample compared to that of USP-A. In Figure 3.8 (c), transmittance
change for SD-A sample is provided. Maximum transmittance change recorded in
the visible portion of the spectrum was 27 % at a wavelength of 656 nm. Unlike
USP-A and PVD-A samples, AT for the bleached and colored states of SD-A sample

was constant within the visible spectrum.
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bleached and colored states.
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Short-term stability of the samples was evaluated by switching them between
bleached and colored states at a wavelength of 700 nm. Although 700 nm was not the
peak optical contrast point for some samples, comparison between the samples was
performed at this point for convenience. Also 700 nm is at the boundary of the
visible region, which would vyield better practical information. In general,
stoichiometric MoOz is known to have poor cycling performance when used in Li-
ion battery applications [96, 97]. Since a Li based electrolyte is utilized for this work,
testing of reversibility is an essential step. Evaluation of short-term stability was
performed through the application of 0.01 C to all the samples in each cycle. It is
important to note that transmittance changes were not the maximum values of each
sample. By this method, the CE was extracted and the cyclic stability of the samples
were monitored. Switching behavior of USP-A sample is shown in Figure 3.9 (a). A
AT of 15% was obtained between the cycles for this sample. Electrode was found to
be stable over the course of 4-minute cycling. In Figure 3.9 (b), cycling data for
PVD-A sample is provided. Cycling is performed through the application of the same
current for 4.8 seconds in each cycle. AT started with 21% at the first cycle, but
decreased with each consecutive cycle. At the 20" cycle, AT was measured as 4%.
Based on this data, PVVD-A sample was found to be unstable under cycling. Lastly, at
Figure 3.9 (c), switching behavior of SD-A sample is shown. Current with respect to
time graphs of each sample is given in Figure 3.9 (d), (e), (f). Over the course of
cycling, AT was found to be stable at 23 %. Compared to the USP-A sample,
transmittance change was 7 % higher and unlike PVD-A, it was stable. In a previous
work, addition of nanoparticles for the enhancement of stability of MoOs thin film
based battery was reported [102]. Similarly, SEM and AFM images obtained from
the USP-A sample investigated in this work show both nanoparticle and thin film
morphology coexisting in the same structure. In addition, low average grain size
value of the USP-A sample is an important contribution for the ease of ion transport
and increased reversibility of the device. Thus, the high performance of SD-A
sample, when compared to other samples fabricated in this work, was attributed to

these parameters.
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Figure 3.9 Electrochromic repeated switching and optical transmittance change and
applied current with respect to time graphs of (a,d) USP-A, (b,e) PVD-A and (c,f)
SD-A sample monitored at 700 nm.
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EC switching time of the samples can also be evaluated from kinetic measurements.
Transformation time of the samples were calculated for a AT of 10 % and they are
given in Table 3.2. SD-A sample was observed to have the lowest switching time
(1.7 sec). USP-A sample switched in 2.4 sec and PVD-A sample was the slowest

with 2.9 sec.

Table 3.2 Switching time of the samples for a AT of 10 %.

SAMPLE SWITCHING TIME (sec)
PVD -
PVD-A 2.9
USP-A 2.4
SD-A 1.7

CE of the samples were calculated from AT, obtained by injection of 0.01 C to each
sample. A high CE means easier optical modulation per inserted charge. Calculation
of the optical density (OD) was simply performed according to the following

formula:

AOD = log (T(bleached)) (2)

T(colored)

Once the OD values for each sample was obtained, CE values were calculated using

the following formula:

CE = AOD/Q
Calculated values of the samples are tabulated and provided in Table 3.3. Calculation
of CE is critical for EC applications for the purpose of evaluating their overall
performance [42, 43]. Since PVD-A sample showed lower short-term coloration
stability compared to other samples, calculations were carried out both for the values
of initial and 20" cycle. USP-A sample maintained its CE, which was about 18 cm?
CL. As obtained from Table 3.3, PVD-A sample had a CE of 30 cm? C™* at initial
cycle, which decreased down to 4 cm? C* at the 20" cycle. SD-A sample had the
highest value of CE for both cycles, which is around 33 cm? C™. Results showed that,
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application of SD method resulted in films with high AT and CE, while being stable
in short-term cycling.
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Table 3.3 Injected charge, transmittance values of bleached and colored states, OD and CE of the samples at the initial and 20" cycle.

Q) T (bleach %) T (color %) | T (bleach%) 20th | T (color %) 20th | AOD AOD 20t CE CE (20'
USP-A 0.01 49 34 47 32 0.16 0.17 16 17
PVD-A 0.01 42 21 28 24 0.3 0.07 30 7
SD-A 0.01 44 21 43 20 0.32 0.33 32 33
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3.4. Effect of SD Technique

EC performance of the SD sample found to be was superior compared to the samples
prepared by thermal evaporation and USP method. EC transformation is initiated by
an externally applied voltage, which then continues with ion movement towards and
away from the thin film electrochrome. Intercalation reaction executed by these ions
results in an optical contrast. Characteristically, this mechanism is heavily influenced
by the factors such as diffusion length of ions, reversibility of the reaction and
amount of residing sites for ions. When ions are able to diffuse in and out effectively,
reversibility is enhanced. Also, efficient intercalation in the structure yields high

optical contrast and AT.

For the SD technique, deposition of MoOs thin film layers with both USP and
thermal evaporation methods has been conducted. Characterization of the final
products proved the formation of MoOz for all methods. Characterization with XRD
and XPS methods have shown that chemical structure of the thin films fabricated by
these methods are not identical. From XPS measurements, peaks at different binding
energies suggested presence of different oxidation states for the samples deposited
through thermal evaporation and USP methods. When these deposition methods are
combined in SD method, resulting structure is expected to have a richer chemical

structure due to varying oxidation states.

SEM and AFM images have shown that thin film structure deposited with USP
method is porous, richer in terms of grain boundaries and presence of nanoparticles.
Due to the nature of the deposition technique, some nanoparticles formed by the
vaporization of solvent within the aerosol reach the substrate and initiate a porous
film growth. This is visible by both monitoring techniques. This phenomenon creates
a thin film with higher surface area compared to a smooth one. As it is a beneficial
part of the USP technique, MoOjs thin film formed by USP contains Mo** and Mo*®
states in higher concentration than the other samples. An enhanced p-type behavior is
expected by this layer compared to thermal evaporated one due to higher

concentration of oxygen vacancies in the structure. Overall, this yields a highly
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stable structure in terms of EC performance; but, lower optical contrast due to
inefficient oxidation states. This is also proved by the EC measurements taken from
the thin film MoOz prepared by thermal evaporation. Being lowest in roughness,
having highest concentration of Mo*® among the other samples, it had the highest
optical contrast; but, it was only reversible for a few cycles. As stated previously,
chemical nature of the thin film is not the only criteria for the optimum EC
performance, while efficient ion penetration, high number of residing sites for these

ions and efficient ion removal after deintercalation are also compulsory.

For the application of SD, a base structure with USP method is formed. From the
characterization steps, it can be stated that this base structure has high surface area,
porous structure, rough surface and high density of grain boundaries. Higher
concentration of Mo*™ and Mo™ oxidation states suggests an analogy with non-
stoichiometric MoOs layer. On top of this layer, another MoO3 layer is deposited but
through thermal evaporation this time. This layer is stoichiometric in nature and is
formed by high amount of Mo™*®. In light of the results, it can be stated that USP base
layer provides porosity, sites for ions to reside and enhances ion diffusion length. As
stated before, variety of oxidation states among a metal oxide thin film in contact
with an electrolyte is beneficial. This would enhance the chemical activity of the

overall layer.

In summary, MoOz thin films deposited by SD method have beneficial
characteristics over the counterparts deposited by USP and thermal evaporation
methods. These characteristics were observed to contribute to the EC performance in
this work. To evaluate the possibility of adaptation of SD technique to industry,
opportunity cost analysis is required on the end product. Purchasing of two different
thin film deposition equipments, slow deposition time of thermal evaporation due to
vacuum requirement are the two disadvantages of SD method. On the contrary,
possibility of fabrication of stable and high optical contrast EC devices is the

advantages of this method.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

EC electrodes based on MoOs thin films were fabricated and their EC performance
was evaluated. Application of SD through combination of thermal evaporation and
USP methods are found to yield high CE, stability and high AT values between
colored and bleached states of the EC devices. Results suggest that thermal
evaporation of MoOs onto USP deposited MoOs acts as a surface modifier. It was
observed that, SD method is applicable for the reduction of the surface roughness of
MoOs, providing an increase in EC performance of the thin films. The oxidation
level of MoO3 was found to depend on the deposition method used. High CE (33 cm?
C?1) and stability of SD deposited sample investigated in this work was highly
promising and necessitate further research on SD deposition of MoOgz and as well as
other metal oxide thin films for various optoelectronic applications. As a future
work, testing of the devices with CV method with longer number of cycles can be
performed. Long term stability is a major problem for transition metal oxide based

EC devices and addition of TiO2 can be implemented to solve stability issues.

It is clear that spray pyrolysis method is highly suitable for the fabrication of
electrochromic layers since a film roughness is highly critical in electrochrome
layers. This is due to ease of ion diffusion into the thin film. lons can travel through
MoOs octahedra and reside there, which would similarly establish reversibility of the

films.

High temperature compatibility of the transition metal oxides was also advantageous
here. It enabled us to perform annealing at 400°C, pushing the crystallization and
removing any contaminations caused by carbon and precursor water. With high
purity and crystallization of the thin films, EC performance was enhanced. Attempts

to use as deposited samples (without annealing) failed to show EC performance. In
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light of this information, it can be stated that the crystallinity is highly critical for

transition metal oxide electrochromes deposited by USP method.

Except WO3 and MoO3, spray pyrolysis is not an ideal deposition method for
transition metal oxides to be used as electrochromic layers. CE and AT values of
other transition metal oxides, i.e. V20s, are low. Through deposition via a solution
based system, these values would decrease even further. Chromic potential of the
material deposited by USP should be evaluated first and it must be a considerable

value for the fabrication to yield results.

Device applications of MoOz and WOs should be applied with USP method.
Although solar cell and OLED charge injection layer applications demand very low
roughness (1-2 nm), extensive practice of USP deposition may lead to such

roughness values.

Another possible application of thin film deposition with USP system is multilayer
deposition. For vacuum based methods, utilization of multilayer deposition is time
consuming due to vacuum medium requirement. In contrast, deposition of separate
layers on top of each is practical for the USP method. Similarly, doped structures can

also be implemented easy for this method.
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