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 Introduction 

1 Energy storage 

Humankind is facing major challenges in the coming decades, lots of them are 

energy related. The need for clean and highly efficient energy storage will be 

immense and the field of applications will be very wide. It could contribute to 

address global warming, thus storing energy generated by natural resources such 

as the wind or the sun, and release it during peak moments. Furthermore new 

generations of energy storage devices are necessary to follow the growth of 

portable electronic devices such as smartphones, tablet computers and 

smartwatches as well as for electrical vehicles. It will also be of great use to 

develop such for small medical devices which are implanted in the human body. 

To overcome these demands, the development of new materials and device 

designs is essential.[1–8] 

 

1.1 Overview of energy storage systems 

Different kinds of energy systems are available these days, they are schematically 

summarized in Figure I-1, as a Ragone plot.[3] As can be seen in the plot, the 

devices can be divided in mainly three groups. The first group are the fuel cells 

which are able to store a high amount of energy per mass, values of more than 

1000 Wh kg-1 are reported. However their power density is low, particularly in the 

range of 10-400 W kg-1.[3] When a higher power density is necessary, one can 

shift to batteries of which the Li-ion type is the most abundant these days. Power 

densities of more than 103 W/kg are achievable. They are thus characterized by a 

slightly higher power density, their energy density is a bit lower, particularly 

between 10 and 500 Wh kg-1.[1,3–8] The last group of energy storage systems 

are the capacitors or, more recently, the ultracapacitors. These devices have a 

rather low energy density compared to fuel cells (10-2-10 Wh kg-1), but their 

strength lies in a very high power density (up to 107 W kg-1): they have the 

advantage of being charged and discharged faster.[2,3] Since all these devices 

have their advantages and limitations, one can understand that each type also 

has its particular application. Of course, the aim is to find the best performance 

(highest possible energy density and power density) to cost ratio.[3] 
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Since the research, reported in this thesis, will imply materials which are 

synthesized for Li-ion batteries and ultracapacitors, the theory behind these 

particular devices will be explained in more depth. 

 

 

Figure I-1: Schematic representation of various kinds of energy systems, based 
on the Ragone plot.[Courtesy of Philippe M. Vereecken] 

 

1.2 Capacitors 

1.2.1 General concept: a capacitor 

Capacitors are a group of electrical devices that store energy based on charge 

separation. The simplest and oldest form is the electrostatic capacitor. This device 

is able to store electrical energy in an electrostatic (non-Faradaic) way, i.e. the 

energy is stored as negative and positive electric charges on the plates of a 

capacitor.[2,3,9,10] The operation of such device is based on the creation of an 

electrostatic field between two parallel conductive plates. This field, which is 

presented as lines of electric force in Figure I-2, is established when applying a 

potential difference between two conductive plates, here A and B. The direction 

of the field is the direction of the force which is exerted on a positive charge: it 
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will be pushed away from the positive plate A towards the negative plate B. The 

presence of the electrostatic field indicates the presence of equal positive and 

negative electric charges on the two plates in Figure I-2.  

 

 

Figure I-2: Schematic representation of the electrostatic field, established 

between two conductive plates, A and B.[9] 

 

A measure for the amount of charge (Q) that can be stored on the plates when 

applying a voltage difference V is called the capacitance (unit: Farad) and is 

defined as [9,10]: 

 

𝐶 =
𝑄

𝑉
 

(Equation I-1) 

 

As mentioned, a capacitor is an energy storage system, specially constructed to 

possess capacitance. Therefore it consists of two conductive plates which are 

separated by an insulating material, i.e. the dielectric, enabling the ability to store 

static electricity (Figure I-3). The capacitance of such device is characterized by 

the dimensions and the dielectric material between the two conductive plates. It 

can be expressed as [9,10]: 

 

𝐶 = 𝜀
𝐴

𝑑
 

(Equation I-2) 

with ε and d, respectively, the absolute permittivity and the thickness of the 

dielectric material and A the geometric area of overlap of the plates. 
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The energy of the capacitor can then be calculated as [9,10]: 

 

𝐸 =
1

2
𝐶𝑉2 

(Equation I-3) 

with V the voltage of the capacitor. 

 

In the early capacitors, the conductive films were separated by vacuum, as 

dielectric material. This is schematically presented in Figure I-3a.  

 

1.2.2 Increase of capacitance via system optimization 

To improve the capacitance and the amount of energy that can be stored, a 

dielectric material with a larger absolute permittivity can be applied between the 

metal plates. Such dielectric materials have a large energy gap between the 

valence and conduction band, making them insulators. Consequently, they do not 

conduct the electrical current when an electrical field is applied over the material. 

However they are not inert with respect to the established electrical field. The field 

causes limited changes in the charge distribution within a material, inducing the 

alignment of an electrical dipole moment, as can be seen in Figure I-3b. The 

dielectric potential of a material, i.e. the absolute permittivity, also called dielectric 

constant, is defined as [9–11]: 

 

𝜀 = 𝜀0𝜀𝑟 

(Equation I-4) 

with ε0 and εr, respectively, the permittivity of vacuum (ε0=8.85x10-12 F/m) and 

the relative permittivity of a material. 

 

The complex relative permittivity of a material is [12]: 

 

𝜀𝑟 = 𝜀𝑟
′ − 𝑗𝜀𝑟

′′ 

(Equation I-5) 

where εr’ and εr’’ are, respectively, the real and imaginary part of the complex 

dielectric constant.  
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The real part in (Equation I-5), εr’, represents the relative permittivity of the 

dielectric material, so it is of high influence on the capacitance and the amount of 

energy that can be stored in the capacitor. The imaginary part, εr’’, is defined as 

the dielectric energy that is lost to heat in the dielectric material. The relative 

magnitude of εr’’ to εr’ is defined as a quantity, tan δ, named as the loss tangent 

or loss factor.[12] 

By insertion of (Equation I-4) in (Equation I-2), one can understand that by the 

addition of a dielectric material with a large absolute permittivity, i.e. a large 

dielectric constant, between the metal plates in a capacitor, the capacity is 

increased with a factor εr. It is thus obvious that capacitors built with a material 

with intrinsically high dielectric constant between the two metal plates, as 

schematically shown in Figure I-3b-c, should lead to a relatively higher 

capacitance.[9–11] Furthermore, one aims for a minimum dielectric loss over the 

entire range of operating frequencies.[12] 

 

 

Figure I-3: Schematic representation of a capacitor (a) in vacuum and (b) with a 
dielectric material between the plates, and of (c) the charge distribution in the 
dielectric material.[11] 

 

In Table I-1 a list of common dielectrics with their dielectric constant and loss 

tangent is shown. The most materials, including plastics and oils, have a relatively 

low relative permittivity. BaTiO3, a widely spread ceramic material, is known for 

its very high dielectric constant.[13] Giant dielectric constants, till 50000 [13], 

can be achieved by other ceramic materials such as BaTiO3 [12], PbZrXTi1-XO3 

[12], BaSrTiO3 [12] and CaCu3Ti4O12 [14].  
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Table I-1: Common dielectrics and their behavior.[13] 
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Besides the dielectric constant and loss, there is another property which is of 

importance for capacitor applications, namely the breakdown voltage. It is the 

voltage at which the dielectric material becomes electrically conductive. Of course, 

dielectric materials with the lowest dielectric loss and the highest dielectric 

constant and breakdown voltage are desired. However, an inherent trade-off 

exists between the last two properties.  

 

In Figure I-4 the breakdown field is plotted as function of the dielectric constant. 

The breakdown field (EBR) is directly proportional to the breakdown voltage (VBR) 

[12]: 

 

𝐸𝐵𝑅 =
𝑉𝐵𝑅

𝑑
 

(Equation I-6) 

where d is the dielectric thickness. 

 

The solid line in Figure I-4 is the “best one can achieve” (BOCA) line, which 

represents the maximum breakdown field that can be achieved using a thin-film 

dielectric with a well-determined dielectric constant. For high-quality films, the 

relationship is [12]: 

 

𝐸𝐵𝑅 =
20

√𝜀𝑟

 

(Equation I-7) 

 

This empirical relationship does not hold for very thin films (a few atom layers 

thick).[12] 

 

The dielectric material, which is built in a capacitor, is of great importance for the 

capacitance and energy density of the device. These values are correlated to the 

dielectric material’s properties. However, not only the choice of dielectric 

influences the characteristics of the capacitor. The capacitance is also dependent 

on two geometric factors (Equation I-2). It is clear that it is indirectly proportional 

to the distance between the metal plates, i.e. the thickness of the dielectric 
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material. Minimization of the thickness (until tunnelling occurs) should lead to 

maximization of the capacitance. The area of the metal plates plays also a crucial 

role, it is self-evident that an increase of the area would lead to an increase of the 

capacitance as well. One can understand that the proposed parameters also 

influence other factors (e.g. weight of the capacitor) and that it is thus necessary 

to obtain an optimal set of parameters (i.e. by tuning the dielectric material and 

capacitor geometry) which lead to an optimal capacitor.[9,10] 

 

 

Figure I-4: Breakdown field as a function of dielectric constant.[12] 

 

1.2.3 Increase of capacitance via other device designs 

A higher capacitance can also be achieved on the level of device design, i.e. by 

the use of an electrolyte in its construction. Such electrolytic double-layer 

ultracapacitor is constructed much like a battery since it has two electrodes 

immersed in an electrolyte with a separator between the electrodes. As can be 

seen in the schematic representation of such ultracapacitor in Figure I-5, for the 

electrodes typically nanoporous material (typically carbon) is being used, resulting 

in a very high surface area. As for electrostatic capacitors, energy is stored as 

charge separation, in this case in the double-layer formed at the interface between 

the electrode surface and the liquid electrolyte in the pores of the electrodes. The 

ions in the double-layers are transferred between the electrodes by diffusion 
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through the electrolyte. No Faradaic reactions occur between the solid material 

and the electrolyte. The capacitance of the device is indirectly proportional to the 

thickness of the formed double-layer. Since it is known to be very small (fraction 

of a nm in liquid electrolytes), it is clear that rather high capacitance can be 

achieved, more specifically in the range of 75-175 F/g for aqueous electrolytes 

and 40-100 F/g using organic electrolytes. The cell voltage of the device is also 

dependent on the electrolyte used: 1 V for aqueous electrolytes and 3-3.5 V for 

organic electrolytes. The total energy stored in the device (E = 1/2 CV2) is then 

ranging from 35 to 615 J/g.[2] 

 

 

Figure I-5: Schematic representation of a double-layer ultracapacitor.[2] 

 

Another group of electrochemical capacitors utilize pseudo-capacitance. In 

contrast to ideal double-layer capacitors, the capacitance is not constant and in 

particular dependent on the voltage. Most of the charge is transferred at the 
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surface or in the bulk near the surface of the solid electrode. Hence, Faradaic 

reactions, mostly charge transfer reactions, are involved between the solid 

material and the electrolyte. These reactions, involving surface adsorption of ions 

from the electrolyte, redox reactions with ions from the electrolyte or the doping 

and undoping of active conduction polymer material in the electrolyte, are voltage-

dependent. The capacitance of pseudo-capacitance materials is much higher than 

for the ideal double-layer materials, peaking to 650 F/g. Consequently, their 

resulting energy density will also be higher.  

One could also combine a double-layer material electrode and a pseudo 

capacitance electrode in one device, named a hybrid capacitor.[2] 

 

1.3 Batteries 

1.3.1 General concept: a battery 

A battery is another widely established power supply system, which has the 

capability to store electricity in the form of chemical energy. Inherently, a battery 

is simple in concept: it is an galvanic cell. As can be seen in the schematic 

representation in Figure I-6, such a cell is composed of two electrodes, i.e. the 

anode and cathode, being the electrochemically active materials of the device. 

 

 

Figure I-6: A schematic representation of a galvanic cell.[15] 
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The electrodes are characterized by different chemical potentials, dependent on 

the chemistry (i.e. oxidation and reduction reactions that occur at each), the 

temperature, the concentrations, the environment, etc... When the anode and 

cathode are connected via an external circuit, electrons spontaneously flow from 

the more negative to the more positive potential. Electrical energy can then be 

tapped via an external device. However the flow of electrons via the external 

circuit will only occur when there is compensation for the charge at each side. 

Both electrodes have to be separated by an electrolyte and separator. This will 

allow the ionic transport through the system so that the charge balance is 

maintained, and at the same time, it will block the electrons from running directly 

through the system, thus forcing them to run through the external device.[15] 

 

One can distinguish two main types of batteries. The first set are the primary 

batteries, they are non-rechargeable and thus meant for a single discharge only. 

The group of batteries which can be (dis)charged multiple times are the secondary 

batteries, consequently making use of reversible electrochemical reactions. 

Electrochemistry enables various combinations of oxidation and reduction 

reactions, both for primary and secondary batteries. However only a few of these 

are implemented in commercial devices. It is known that primary batteries are 

mostly based on zinc and manganese oxides in a basic or acid electrolyte. Many 

types of rechargeable batteries are on the market of which lithium ion chemistries 

capture the main part of the portable electronics. Moreover they are the most 

studied batteries nowadays, since they can obtain the highest gravimetric energy 

density.[15] 

 

1.3.2 Various types of secondary batteries 

Various types of secondary battery devices are available. As for the energy storage 

devices (Figure I-1), they all are distinguished by different performance 

characteristics and thus appropriate for well-defined applications. In Table I-2, 

which is a not all-inclusive table, the major non-lithium based batteries are 

summarized.[16] 

 

Lead acid batteries are one of the “oldest” and most commonly used energy 

storage devices today. They are known as cheap, reliable power batteries, 
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therefore suitable for e.g. engine starting and ignition applications. The downside 

is that they suffer from low cycle life only achieving 300-500 cycles.  

 

The nickel-based batteries, based on the nickel cadmium and nickel metal hydride 

chemistry, offer a higher voltage, higher capacity and also more cycles. However, 

they suffer from the “memory effect” that will reduce the amount of available 

energy over time. This can be minimized by conducting full discharges, but they 

are also very sensitive to self-discharge as can be seen in Table I-2. The nickel-

based batteries achieved very high volumes with early portable power 

applications. Furthermore, one can notice that Nickel Metal Hydride batteries are 

characterized by relatively high energy and power density at a reasonable cost, 

making them still the best selling battery chemistry for hybrid electric vehicles.  

 

The last set of batteries, that is included in Table I-2, are the sodium batteries, 

often referred to as thermal batteries since at the moment they must operate at 

temperatures between 300°C and 400°C. The benefit of these batteries is that it 

is a very cost-effective solution for the energy and power densities that it can 

achieve.[16] 

 

 

Table I-2: Overview and characteristics of non-lithium ion based batteries.[16]  
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1.3.3 Conventional Lithium-ion batteries 

The lithium-ion batteries, the most wide-spread secondary batteries with the 

highest energy density, make use of a mechanism which is based on the reversible 

transport of lithium ions between the cathode and anode. The most abundant 

commercial Li-ion battery, regardless of the form factor, consists of a lithium 

metal oxide (e.g. LiCoO2), graphitic carbon and a lithium salt dissolved in an 

organic solvent as, respectively, the cathode, anode and electrolyte (Figure I-7). 

To prevent electrical contact between the electrodes, a polymer membrane is 

added. This membrane acts as a separator to prevent internal shorts and self-

discharge. 

 

 

Figure I-7: Schematic representation of various forms of Li-ion batteries: (a) 
cylindrical, (b) coin-shaped, (c) prismatic and (d) flat configuration.[16] 

 

A schematic presentation of a commercially used lithium-ion electrochemical cell 

is presented in Figure I-8. From this figure, which represents the discharging 

cycle, one can deduct that the following redox system is applicable 

[1,7,15,17,18]: 

 

𝐿𝑖1−𝑋𝐶𝑜𝑂2 + 𝑋 𝐿𝑖+ + 𝑋 𝑒− ⇆ 𝐿𝑖𝐶𝑜𝑂2 (0 <  X <  0.5) 

(Equation I-8) 
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and: 

𝐿𝑖𝐶6 ⇆  𝐿𝑖+ + 𝑒− + 𝐶6 

(Equation I-9) 

 

The overall reaction is thus: 

 

2 𝐿𝑖0.5𝐶𝑜𝑂2 + 𝐿𝑖𝐶6 ⇆ 2 𝐿𝑖𝐶𝑜𝑂2 + 𝐶6 

(Equation I-10) 

representing the discharging () and charging () of the electrochemical cell. 

 

 

Figure I-8: A schematic representation of an Li-ion electrochemical cell 
(discharging).[19] 

 

Also other anode and cathode materials can be used to accommodate lithium ion 

transport through redox chemistry [1,7,15,17,18]. A list of the most used 

chemistries can be found in Table I-3. If this table is compared to Table I-2, in 

which the most common non-lithium ion based batteries are summarized, it is 

clear that the lithium-ion batteries are characterized by a much higher energy and 

power density. Furthermore the lithium-ion batteries operate at a higher cell 

voltage, a lower rate of self-discharge and an extended cycle life.[16] 
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Table I-3: Overview and characteristics of lithium ion based batteries.[16] 

 

1.3.4 All-solid-state lithium-ion batteries 

Conventional Li-ion battery technology typically uses powders as the active 

electrode components in combination with a liquid electrolyte. Their usable 

temperature window is the range between -20°C and 60°C. Excessive evaporation 

of the liquid electrolyte could lead to cell rupture and consequently, due the 

electrolyte’s high flammability, to explosions. There is also a high risk of shorts 

and thermal runaway. In order to overcome this risk, membrane separators and 

a bulky casing are necessary, resulting in a heavy battery with a large volume. 

This lowers the potential gravimetric and volumetric energy density of the device. 

 

As an alternative, all-solid-state Li-ion batteries are being explored. Since this 

concept makes use of a solid-state electrolyte, obviously, it has advantages 

regarding safety. Their usable temperature window is much broader, i.e. between 

-50 and 150°C (in the case of an inorganic electrolyte). Furthermore, the solid-

state electrolyte is characterized by a higher resistivity against (electro)chemical 

degradation, resulting in a longer cycle life compared to wet Li-ion cells. The 

drawback of an all-solid-state battery and more specifically solid-state electrolytes 

is their relatively low ionic conductivity compared to liquid-based electrolytes, 
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resulting in a limited performance of the stack.[4,6,8,15,17,20] As it is known 

that the thickness scales inversely with the film thickness, the issue can be 

circumvented by the introduction of thin film based battery technology, i.e. a 

battery stack which is presented in Figure I-9.  

 

 

Figure I-9: Schematic representation of an all-solid-state thin-film battery.[17] 

 

Deposition of the active battery materials is done on a planar solid current 

collector, which should be electronically conductive. Furthermore, it should be also 

chemically inert towards the deposited materials and impermeable for lithium ions 

so that they cannot diffuse out of the battery stack. Additionally, it should 

withstand the process conditions of the stacked materials. As an alternative, also 

a barrier layer can be deposited to ensure these characteristics.  

 

The current collector is then covered by a cathode film (Figure I-9). The capacity 

of this material will obviously have a direct impact on the characteristics of the 

stack.[4,8,15,17,20] Already various possible cathode materials are described in 

literature.[4] 

 

Lithium cobalt oxide, LiCoO2, is a widely spread cathode material for Li-ion 

batteries. It exists in two crystal forms: a spinel form and a layered hexagonal 

structure, typically formed at higher temperatures. This layered structure makes 

it interesting to perform as a cathode, i.e. LixCoO2 can be reversibly cycled 

between 0.5<X<1 and is characterized by a very flat lithium 

intercalation/extraction plateau around 3.9 V vs. Li/Li+. This brings the theoretical 

gravimetric and volumetric charge capacity at, respectively, 137 mAh g-1 and 700 

mAh cm-3.[4] 
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Lithium nickel oxide, LiNiO2, is a similar layered structure: it also exists in two 

crystalline structures of which the hexagonal layered structure shows 

electrochemical behavior. Due to several phase transitions upon (de-)lihtiation, 

the charge/discharge voltage is less stable. In particular, the (dis)charge plateaus 

range from 2.7 V tot 4.1 V vs. Li/Li+. Lithium in LiXNiO2 can be cycled between 

0.35<X<0.85 and is characterized by a gravimetrical and volumetric capacity of, 

respectively, 140 mAh g-1 and 650 mAh cm-3.[4] 

 

Another layered structure, that is useful as cathode material, is V2O5. Its structure, 

consisting of VO5 pyramids, is characterized by three main electrochemical 

regions. Two sharp peaks can be observed at 3.2 V and 3.4 V vs. Li/Li+, resulting 

in a lithium content (in LiXV2O5) between 0<X<0.8 during cycling. It yields a 

theoretical gravimetric and volumetric capacity of respectively 118 mAh g-1 and 

400 mAh cm-3. For the third region, which is found at 2.3 V vs. Li/Li+, the lithium 

content can be increased up to X=2. However, a non-reversible phase 

transformation occurs at that voltage. Consequently this region can practically not 

be used.[4] 

 

Layered structures can suffer from orientation effects because only two-

dimensional paths are available. This is a drawback, especially for thin-film 

batteries because then precise lattice matching is necessary. Spinel structures can 

overcome this problem since it are cubic structures which facilitate 3D diffusion. 

The most known spinel material for Li-ion batteries is lithium manganese oxide 

(LiMn2O4). It is characterized by two (de)lithiation regions, of which only one can 

be applied for practical battery applications. The main electrochemical response is 

around 4 V vs. Li/Li+ at which Li (in LiXMnO4) can be cycled between 0<X<1. 

During cycling the crystal lattice remains cubic and only minor volumetric changes 

occur, resulting in a long cycle-life. It yields a gravimetric capacity of 148 mAh g-

1 and the theoretical volumetric capacity is set a 650 mAh cm-3. Another 

(de)lithiation region exists at 3 V vs. Li/Li+, however due to a Jahn-Teller distortion 

of the crystal lattice, the cubic structure transforms into a tetragonal framework. 

The deformation is so large that degradation of the electrode structure and cycle-

life will occur.[4] 
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The last widely spread group of possible cathode materials are lithium metal 

phosphates, of which LiFePO4, LiMnPO4 and LiCoPO4 are the most reported metal 

phosphate materials for Li-ion batteries. They possess an olivine (orthorhombic) 

crystal structure and entail a relatively high gravimetric capacity (Table I-4).[4] 

 

Lithium metal 

phosphate 

(Dis)charge 

voltage 

Gravimetric 

capacity 

Volumetric 

capacity 

LiXFePO4 

(0.1 < X < 1) 

3.4 V 153 mAh g-1 610 mAh cm-3 

LiXMnPO4 

(0 < X < 1) 

4.1 V 171 mAh g-1 590 mAh cm-3 

LiXCoPO4 

(0 < X < 1) 

4.9 V 167 mAh g-1 620 mAh cm-3 

 

Table I-4: Electrochemical characteristics of lithium metal phosphates.[4] 

 

The next film in the Li-ion battery stack (Figure I-9) is the solid-state electrolyte, 

which should possess a high ionic conductivity and a minimal electronic 

conductivity to prevent self-discharge. In order to compensate for the lower ionic 

conductivity of the solid electrolyte (compared to a liquid electrolyte), the film 

should be scaled down in thickness. It is known that the resistance is inversely 

proportional to the film thickness.[4,8,15,17,20] As for the cathode, there are also 

various solid electrolyte materials available in literature.[4] 

 

LiNbO3 and LiTaO3 are interesting materials to act as solid-state electrolyte since 

their electronic conductivity is estimated to be lower than 10-11 S cm-1. This is 

several magnitudes lower than their ionic conductivity which is reported to vary 

between 2.2 10-9 and 8.4 10-7 S cm-1 for crystalline LiNbO3 films and around 10-5 

S cm-1 for amorphous LiNbO3. For LiTaO3 films an ionic conductivity of 8 10-8 S 

cm-1 was reported. Also in this case higher values were obtained for amorphous 

bulk materials.[4] 

 

A much higher ionic conductivity, 10-3 S cm-1, can be achieved by crystalline 

lithium lanthanum titanium oxide (perovskite Li3XLa(2/3)-XTiO3). Another advantage 

of this material is that it has a good (electro)chemical stability above ca. 1 V. 
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However, very high temperatures (> 1000°C) are necessary to obtain this high 

ionic conductivity. Its electronic conductivity is slightly higher than for LiNbO3 and 

LiTaO3, namely around 10-8-10-9 S cm-1. Consequently a thicker electrolyte layer 

is required in a solid-state battery to reduce self-discharge behavior.[4] 

 

Another class of solid electrolytes is the group of amorphous lithium phosphates. 

Pure Li3PO4 has a relatively low ionic conductivity: 3 10-7 S cm-1 for bulk material 

and 7 10-8 S cm-1 for thin films. However when nitrogen is introduced (doped) in 

the lattice, it forms crosslinks between the phosphate chains enlarging its ionic 

conductivity up to 3 10-6 S cm-1. LIPON is a (electro)chemically stable material 

which is nowadays one of the most frequently used electrolytes for all-solid-state 

planar Li-ion batteries.[4] 

 

Polymer electrolytes, which exist in various types, are also used as solid 

electrolyte in all-solid-state Li-ion batteries. A first type is a polymer membrane 

which is impregnated with a lithium salt solution. High ionic conductivities can be 

obtained, however the problem imposed by liquid electrolytes is still present. For 

this reason they may not be considered as solid electrolytes. Solid polymer 

electrolytes (e.g. lithium perchlorate salt in poly(ethylene oxide)) do not make 

use of liquid electrolyte solutions. When crystallization is prevented, ionic 

conductivities in the range of 10-3-10-4 S cm-1 are reported to be feasible.[4] 

 

The stack is finished by deposition of an anode film and a second current collector. 

Obviously, as for the cathode, the capacity of the anode will have a direct impact 

on the characteristics of the stack.[4,8,15,17,20] Various possible anode 

materials are described in literature.[4] 

 

The elements of the IVa group in the periodic table of elements are very 

interesting as anode material. Carbon (in its graphitic form) is a commonly used 

anode material. The other elements, including Si and Ge, are considered as the 

holy grail. They are known to alloy large amounts of lithium, in particular 4 or 

more lithium ions per alloy. This corresponds to gravimetric capacity of 3579 mAh 

g-1 and 1385 mAh g-1 for, resp. silicon and germanium. The theoretical volumetric 

capacity is set at 2200 mAh cm-3 and 2300 mAh cm-3. However, this involves a 
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large volume expansion of 300%, resulting in a degradation of the electrode 

structure and thus a low cycle-life.[4] 

 

A more stable material towards Li (de)intercalation is titanium oxide (TiO2). It 

commonly occurs in three crystal structures, specifically brookite, rutile and 

anatase. Anatase is known to have the best electrochemical response: it can 

intercalate up to X =0.5 in LiXTiO2 at 1.8 V. This yields a theoretical gravimetric 

and volumetric capacity of, respectively, 168 mAh g-1 and 660 mAh cm-3, thus 

much less compared to the IVa group elements. 

 

Lithium titanate, Li4Ti5O12 , is another attractive candidate to serve as anode 

material.[21–23] Li4Ti5O12’s stability towards electrochemical cycling is the most 

striking characteristic with respect to thin-film batteries. Because of its spinel 

structure, the lithium intercalation and de-intercalation process only entails a 

minor difference in lattice parameters (< 0.2%), resulting in an insignificant lattice 

strain, unit cell volume expansion and thus only a negligible capacity loss.[4,21–

23] During the charging/discharging process, the lithium content is varied 

between 0 < X < 3 for Li4+XTi5O12, resulting in a maximum theoretical gravimetric 

and volumetric capacity of respectively 175 mAh g-1 and 610 mAh cm-3.[4] The 

(de)intercalation process occurs through a two-phase equilibrium region, resulting 

in a very stable (dis)charge voltage between 1.5 V and 1.6 V and, consequently, 

in very flat charge and discharge curves.[4,22] 

 

1.3.5 3D all-solid-state lithium-ion batteries 

Besides the various advantages of the proposed thin film Li-ion battery stack in 

Figure I-9, it is limited in performance. The active materials of the stack, i.e. the 

cathode, electrolyte and anode, have a large energy density. However, due to the 

inactive materials such as the current collector and packaging the overall energy 

density of a thin film Li-ion battery is limited. Therefore, 3D thin-film batteries, 

consisting of electrode and electrolyte thin films, coated on 3D structured 

surfaces, creating a larger surface area, are proposed. Since the amount of 

inactive material is almost the same, it will result in higher overall energy density 

for the system.[4,8,15,17,20] 
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Various 3D Li-ion battery concepts are discussed in literature, however most of 

them are only conceptual. Experimental results mostly focus partial solid-state 

devices or on half cells.[4] 

 

A used 3D structure is a soda-lime glass microchannel plate, which has a thickness 

of 500 µm with 50 µm wide pores through it. It was used as basis for a 3D Li-ion 

battery cell. Since it is a non-conductive substrate, first a current collector is 

deposited: a few µm’s of nickel were deposited via electroless deposition (Figure 

I-10a).  

 

 

Figure I-10: SEM images of microchannel pores coated by (a) a nickel current 
collector, Ni and a composite cathode, and (c) Ni, a composite cathode and a 

hybrid electrolyte.[24] 

 

This was followed by the electrodepostion of molybdenum oxysulfide which serves 

as cathode in the stack (Figure I-10b). Then, a hybrid polymer (Poly(vinylidene 

fluoride) mixed with a solvent and SiO2) was deposited via multiple impregnation 

and evacuation steps (Figure I-10c). To improve the electrochemical stability and 
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activity of the cathode a poly(ethyleneoxide) additive was optionally included in 

the electrolyte. With this electrolyte, ionic conductivities up to 2 10-3 S cm-1 should 

be feasible. The anode, a slurry with graphite (mesocarbon microbeads), was spin 

coated on the whole until the microchannels were completely filled. After that, the 

stack was soaked in a liquid electrolyte (LiBF4 in ethyl carbonate/diethyl 

carbonate) to obtain high conductivity. Finally, a piece of lithium foil was placed 

on the stack in order to lithiate the graphite anode. It was found that the capacity 

of the 3D stacks had a capacity (per geometrical area) which was 20-30 times 

higher than the 2D cells, matching the 20-30 times surface area increase by 

switching to 3D.[24] Since a hybrid polymer electrolyte, soaked in a liquid 

electrolyte, is part of the whole, one can state that this is not a full 3D all-solid-

state battery. However its shows that 3D stacks are feasible for battery 

purposes.[4] 

 

 

Figure I-11: Capacity (with respect to the geometrical surface area) for planar 
and semi-3D-MCP Li/HPE/MoOySz cells.[24] 
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Steps towards full 3D all-solid-state batteries and in particular 3D thin-film 

batteries can also be found in literature. Cheah et al. reported that aluminum 

nanorods, which are visualized in Figure I-12, could be used as current collector. 

The rods were successfully covered by a 17 nm thick anatase TiO2 film using 

atomic layer deposition. Its electrochemical characteristics were compared to a 

17 nm thick anatase TiO2 on a planar aluminum plate, by using a liquid electrolyte.  

 

 

Figure I-12: Aluminum nanorods as current collector for 3D Li-ion batteries.[25] 

 

Figure I-13 shows an increase of the capacity (for the same geometrical area) 

with a factor 10 for the 3D system compared to the 2D system. This is consistent 

with the surface area that is gained by switching from a planar system to the 

reported nanorods.[25] Shaijumon et al. also used aluminum nanorods as current 

collector. They deposited LiCoO2 as cathode material on the rods via spray coating. 

They measured a gain in capacity with a factor 2, much less than expected. This 

could be attributed to the fact that the spray coating process did not result in full 

coverage of the Al nanorods.[26] 

 

Since silicon is the most widely used material in semiconductor industry, it was 

proposed by Notten et al. that this material could act as substrate for 3D thin-film 

Li-ion batteries. This should enable integration of these very compact batteries. 

[20] The surface area enhancement of silicon can be achieved by micro-

structuring the substrate, for instance, by creating trenches in the silicon substrate 

or by other geometries like micropillars which is schematically presented in Figure 

I-14.[17,20] 



 

- 26 - 

 Chapter I 

 

 

Figure I-13: Capacity (with respect to the geometrical surface area) for a 17 nm 
anatase TiO2 film on Al nanorods (3D) and a 2D Al plate.[25] 

 

 

Figure I-14: Schematic representation of a 3D all-solid-state thin-film battery.[17] 
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As an illustration, a square array of pillars is schematically represented in Figure 

I-15 (top-down view). It can be characterized by three main parameters, namely 

the pillar length, the pillar diameter and the interpillar distance, which is the 

distance between two pillars. By increasing the pillar length and scaling down the 

diameter and interpillar distance, a very high area enhancement for a given 

projected area can be achieved. This is shown in the plot in Figure I-16a where 

the pillar area surface enhancement is plotted as function of the pillar length for 

various hexagonally stacked pillar areas. However the spacing between the pillars 

also sets the maximum thickness of the Li-ion battery stack and thus the active 

material (electrodes). Therefore the smallest spacing does not necessarily result 

in the highest volume of electrode material. This can be seen from Figure I-16b 

where the equivalent planar electrode thickness is plotted as a function of the 

pillar length for various pillar arrays.  

 

 

Figure I-15: Schematic representation (top-down view) of a square array of 
pillars. 

 

It is clear that from those arrays the pillars with a diameter and interpillar distance 

of both 2 µm result in the highest equivalent (planar) electrode thickness and thus 

have potential for the highest capacity. However, not only the theoretical capacity 

is of importance, also the film thickness of the deposited layers is crucial. First of 

all, the electrode thicknesses should be tuned according to their individual 

volumetric capacity. Furthermore, the film thicknesses are linked to the ionic and 

electronic conductance, and thus the power of the stack. From a certain film 

thickness the power is getting too small so that the potential capacity cannot be 

employed anymore. Obviously, an optimum condition in pattern density and film 

thickness exists resulting in a maximum power and capacity.[17] 
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Figure I-16: (a) Area increase and (b) equivalent planar electrode thickness as a 

function of the pillar length for hexagonally stacked arrays of pillars with a pillar 
diameter of 1 µm to 2 µm and an interpillar distance from 1 µm to 10 µm.[17] 
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2 Chemical solution deposition 

Chemical solution deposition (CSD) is a method to deposit (crystalline) 

(multi)metal oxides as thin films. This wet chemically based route, which is 

schematically shown in Figure I-17, is based on the deposition of a metal-

containing precursor solution via e.g. spin coating, dip coating or spray coating. 

Via a well-defined thermal treatment firstly a gel is formed. When the organic 

species (present in the precursor solution) are removed out of the gel, the multi-

metal oxide is formed and eventually crystallized. Multi-metal oxide powders can 

also be synthesized via this method. Instead of the thermal treatment of a 

deposited film, then, the solvent is evaporated out of the bulk precursor solution, 

resulting in a gel. After removal of the organic species, via an anneal, (crystalline) 

(multi)metal oxide powder can be obtained.[27] 

 

 

Figure I-17: Flowchart of a typical chemical solution deposition process.[27]  
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2.1 Precursor synthesis 

The precursor synthesis for chemical solution deposition is directly related to sol-

gel processes. Sol-gel synthesis is a process which makes use of a sol which forms 

a gel upon heating. The sol is a suspension of small particles (metal ion containing 

species) , typically 1-100 nm, which are dispersed in a liquid phase whereas the 

gel is a 3D network, in which metal ions are built in and which is spread uniformly 

through the liquid.[28] Because of this strict definition, several chemical solution 

processes cannot be considered as a sol-gel synthesis as they make use of 

precursor solutions instead of sols. However, in general, this narrow definition is 

mostly extended and the term “sol-gel” is used for a large variety of wet synthesis 

methods. Thus, not only processes which start from a sol, but also methods which 

start from a precursor solution in which metal ions are dissolved, are considered, 

as long as the highest possible degree of homogeneity is achieved. As mentioned 

before, by evaporation of the solvent, the precursor should transform into an 

amorphous gel, which is a solid or extremely viscous liquid without precipitation 

(Figure I-17). The homogeneity, coming from the initial start (= precursor) is 

captured since the ions are immobilized into the gel. Further heat treatment 

should lead to the formation of (crystalline) (multi)metal oxides (Figure I-17).[29] 

 

Besides the colloidal route, there are two main streams in sol-gel chemistry, i.e. 

the organic and inorganic polymerization routes. They make use of, respectively, 

the polymerization of organic monomers and the formation of metal ion 

complexes.[29] 

 

2.1.1 Organic polymerization routes 

Organic polymerization routes make use of the formation of an organic polymer 

network in which cations are immobilized. There are two ways in which such 

network can be formed, i.e. in-situ and ex-situ. In the first case, the gel with 

coordinated cations is built while the monomers are polymerized. In the ex-situ 

case, this is done by the dissolution of a coordinated polymer to which cations can 

attach.[29] 
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The best-known organic polymerization system is Pechini’s route.[29–31] 

Carboxylic acids, mostly citric acid, and metal carboxylate complexes, mostly 

citrate based, are dissolved in ethylene glycol. Through heating, an esterification 

will occur, as shown in Figure I-18.[29–31] Since the resulting compound has a 

free hydroxyl and carboxyl group, the reaction will continue so that a polymer 

network, with a homogenous distribution of metal cations, is formed.[29–31] 

 

 

Figure I-18: Esterification reactions (Pechini’s route) 

 

2.1.2 Inorganic polymerization routes 

2.1.2.1 Alkoxide route 

The alkoxide route starts from metal ion alkoxides which are dissolved in an 

organic solvent, typically an alcohol. By the addition of water, a hydrolysis reaction 

is initiated [29]: 

 

𝑀(𝑂𝑅)𝑛 + 𝑥𝐻2𝑂 → 𝑀(𝑂𝑅)𝑛−𝑥(𝑂𝐻)𝑥 + 𝑥𝑅(𝑂𝐻) 

(Equation I-11) 

 

Eventually hydrolyzed monomers are formed which will undergo a condensation 

reaction. This process can occur along various mechanisms as can be seen in 

Figure I-19. In this way, oligomers are formed, and by further condensation, 

clusters are formed, which tend to aggregate so that finally a 3D network is 

created.[29,32,33] 
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This system also entails some drawbacks. First of all, it is not straightforward to 

apply this technique for multi-metal oxides. The hydrolysis rate per metal ion 

alkoxide will differ so that there is a chance of segregation during the gelation. If 

the hydrolysis rate for metal ion A is much higher than for metal ion B, then 

homocondensation (A-O-A) will be favored instead of heterocondensation (A-O-

B). Consequently phase segregation occurs which possibly leads to secondary 

phases.[27] This could be circumvented by stabilization or the use of 

heterometallic alkoxides.[34,35] Another disadvantage of this process is related 

to the start compounds. Metal alkoxides are very reactive to ambient humidity 

[36] and thus extra care has to be taken. Furthermore their availability is low and 

cost is high. Moreover, it typically makes use of teratogenic solvents (e.g. 

methoxy-ethanol).[36–38] 

 

 

Figure I-19: Overview of condensation mechanisms.[39] 
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2.1.2.2 Aqueous solution-gel route 

When metal alkoxides or metal salts are added to water, this mostly will result in 

the precipitation of hydrated oxides and polyanions. Therefore, α-hydroxy acids, 

compounds that consist of a carboxylic acid group and a hydroxyl group on the 

adjacent carbon (e.g. citric acid), and other electron donating ligands have to be 

added to the system.[32,33,40,41] By metal-ligand optimization and pH 

adjustment, aqueous α-hydroxy-carboxylato metal complexes can be formed in 

water [39]: 

 

[𝑀(𝑂𝐻2)𝑛]𝑧+ + 𝑦𝑋𝑚− → [𝑀𝑋𝑦(𝑂𝐻2)𝑛−𝛼𝑦](𝑧−𝑦𝑚)+ + 𝛼𝑦𝐻2𝑂 

(Equation I-12) 

 

In this reaction Mz+ and n represent, respectively, the metal ion and the original 

amount of coordinated H2O ligands. Xm- is the electron donating ligand which 

establishes α coordinated bounds with the metal ion (Mz+), y is the amount of 

ligands per metal ion. 

As an example a metal complex with citric acid is shown in Figure I-20. 

 

The aqueous solution-gel route is characterized by its high compositional 

flexibility. Various metal cations can be mixed in the solution and a high 

homogeneity of the resulting gel/oxide can be guaranteed. Since it makes use of 

water as a solvent, also other drawbacks such as sensitivity to water and toxicity 

are not applicable.[29,40] 

 

Figure I-20: Schematic representation of a metal complex with citric acid.  
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2.2 Deposition methods 

The sol-gel precursor chemistry is not only used to synthesize gels and eventually 

powders, but also for the deposition of films. A (thin) layer of the presented 

precursors is deposited on a substrate, after which it is thermally treated to form 

a gel and eventually an inorganic crystalline film. The deposition can be done by 

various methods, such as spin coating, dip coating and spray coating.[27,40] 

 

2.2.1 Spin coating 

Spin coating is a wide spread technique to form coatings on planar substrates 

because it is known for its reproducibility, uniformity, simplicity and low cost. The 

coating process can be divided in four steps which are schematically represented 

in Figure I-21. The process is initiated by the loading of an excess of precursor on 

the substrate (a) after which the whole is accelerated till a certain rotation speed 

(b). Due to rapid spinning, a centrifugal force is applied on the deposited liquid, 

leading to a thin film on the substrate. During the process, the excess of precursor 

is removed from the substrate and the layer thickness is reduced. This happens 

via two mechanisms: first, the centrifugal forces and fluid dynamics are dominant 

(c), after that the film thickness is further reduced due to evaporation of the 

solvent (d). Consequently, there is a drastic change in viscosity, which sets a stop 

in thinning the layer by the centrifugal force. Since the film thickness evolves to 

a stationary stage, one can understand that the spin time should be long enough. 

This will result in reproducible film thicknesses. Further increase in time will not 

lead to a difference in film thickness. The important parameters, besides the 

wetting of the substrate are summarized in [42–44]: 

 

ℎ𝑓 ∝  𝜔−
1
2 𝜂

1
3 

(Equation I-13) 

with hf, ω and η, respectively, the resulting precursor film thickness, the spinning 

speed and the precursor viscosity. 

 

This relationship, which was experimentally derived, shows that besides the 

viscosity of the precursor, the spinning speed is the most important parameter 

influencing the film thickness.[43,44]  
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Figure I-21: Schematic representation of the steps in spin coating, i.e. (a) loading 
of the precursor, (b) acceleration of the substrate, (c) thinning of the layer 
controlled by fluid dynamics and (d) thinning of the layer dominated by 

evaporation.[45] 

 

Besides the proven advantages of spin coating, this technique has also some 

limitations. The coated surface should be as smooth as possible. Coating of 3D 

structures seems therefore very hard to achieve. Furthermore, continuous (linear) 

processes are not possible and the process efficiency is very low. Only 2-5% of 

the applied material is left on the substrate after the process.[39] 

 

2.2.2 Dip coating 

Dip coating is another widely used technique to achieve coatings. The substrate 

is immersed in the precursor solution after which it is withdrawn, vertically, at a 

constant speed (Figure I-22). 

 

 

Figure I-22: Schematic representation of the dip coating process.[46] 
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During the withdrawal process, a thin film is formed on the substrate that dries. 

The resulting film thickness is dependent on the viscosity, density, surface 

tension, the bath temperature and the withdrawal speed of the substrate. Main 

advantage of this technique is that, in theory, more complex structures could be 

coated.[28,47] 

 

2.2.3 Spray coating 

The most used technique to achieve coating of rough surfaces via wet chemical 

solution deposition is spray coating. An advantage of spray coating is that the 

amount of solute deposited on the substrate is proportional to the volume of 

solution that is deposited on the substrate, which is not the case for spin coating.  

 

During spray coating, the liquid precursor is introduced to a nozzle which breaks 

the liquid into droplets. The spray coating method is influenced by various factors. 

To ensure the homogeneity of the final solid film, it is thus important to control 

all parameters of the process.[48–50]  

 

 

Figure I-23: Cross-section of an ultrasonically atomized and air spray droplet.[51] 

 

The first parameter is the way of droplet formation. This can be performed through 

a nozzle which is based on an air atomizer: it uses pressure or force to tear the 

liquid apart. Disadvantage of this technique is that the drop size has a wide 

distribution and is very difficult to predict, as is schematically shown in the cross-
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section of an air spray droplet in Figure I-23 (right). Furthermore, the result is 

that the atomized droplet sizes, the kinetic energy of the droplets and volume 

being added to the process cannot be easily separated. Changing one of these 

factors is basically changing them all. An alternative is ultrasonic atomizing, of 

which a schematic representation is shown in Figure I-24. The nozzle breaks the 

liquid into micrometer-sized droplets without the use of pressure. It utilizes 

piezoelectric transducers to create mechanical vibrations which are, via the 

creation of a shock wave, transferred into the material. As can be seen in Figure 

I-25, these shock waves are formed on the atomizing surface perpendicular to the 

axis of the vibration underneath. It are thus standing waves, which are typically 

formed when the resonating frequency matches the natural frequency of a certain 

compound structure. Increasing the power of electrical energy will then cause the 

wave peaks to get so high that droplets fall of the tips of the waves.  

 

 

Figure I-24: Schematic representation of an ultrasonic nozzle, in particular 
AccuMist Precision Ultrasonic Spray Nozzle from Sono-Tek.[50] 

 

 

Figure I-25: Nozzle tip vibration, wave formation and ultrasonic atomization.[51]  
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The resulting droplets are more structured and have a narrower size distribution 

(Figure I-23-left).[51] These droplets have a mathematical definable size 

according to [51]: 

 

𝐷𝑁,0.5 = 0.34 𝜆𝐿 

(Equation I-14) 

with DN,0.5 and λL, respectively, the number median diameter of droplet size and 

the wavelength in the liquid. 

 

The latter can be calculated via [51]: 

 

𝜆𝐿 = (
8𝜋 𝜃

𝜌 𝑓2
)1/3 

(Equation I-15) 

with θ, ρ and f, respectively, the surface tension, density and nozzle frequency. 

 

 

Figure I-26: Droplet size distribution of water droplets from ultrasonic nozzles as 
a function of the operating frequency.[51] 
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The frequency at which the nozzle vibrates, is the predominant factor that 

influences the droplet size. As an example, the droplet size distribution of water 

droplets as a function of the nozzle frequency, is shown in Figure I-26. The droplet 

size can thus be controlled in a very effective way. Furthermore, the distribution 

curve of droplets originating from ultrasonic nozzles is typically narrower 

compared to the size distribution of droplets, created via a pressure nozzle (Figure 

I-27).[51] 

 

Not only the droplet size, but also the volume can be controlled: the flow can be 

adjusted without significantly affecting the size or the kinetic energy of the droplet 

(contrary to pressure based nozzles). Furthermore the droplet kinetic energy and 

velocity can also be controlled separately, in particular via a plume shaping device. 

These adjustments, which result in the minimization of overspray and thus 

maximize the efficiency, result in little to no changes of the droplet size and have 

zero effect on the flow rate.[51] 

 

 

Figure I-27: Typical size distribution of droplets originating from a Sono-Tek 60 
kHz ultrasonic nozzle and a pressure nozzle.[51] 
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Figure I-28: Influence of (a) the temperature and (b) the initial droplet size on 
the spray coating process.[49] 
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After the formation of the droplets, these are, via the use of a carrier gas, directed 

to the substrate (Figure I-24). There, they merge to form a continuous layer and 

via evaporation of the solvent a thin film of solute is formed. A good wettability, 

and thus a low contact angle, is necessary to form a thin wet layer. Otherwise, it 

tends to create a spherical cap shape during spray coating. This leads to a less 

uniform evaporation over the surface and thus to a non-uniform coating. The 

contact angle of the precursor with the substrate (θC) is determined by the surface 

tension (γ) [48]: 

 

𝑐𝑜𝑠𝜃𝐶 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾
 

(Equation I-16) 

 

assuming that the solid-vapor phase (γSV) and the solid-liquid phase (γSL) 

interactions are fixed. 

 

Consequently, a low surface tension is necessary for spray coating. This can be 

achieved by optimizing the precursor system and/or the substrate.[48] 

 

The formation of a continuous layer on the substrate is not only determined by 

the surface tension, also the path towards the deposition influences the resulting 

layer. When the precursor is atomized, it travels along with the carrier gas through 

the ambient while various forces, in particular the gravitational, Stokes and 

thermophoretic force, are simultaneously acting on it. One can distinguish four 

pathways which the droplets can follow, the spay coat parameters will determine 

which mechanism the droplets will follow. The influence of the deposition 

temperature and the initial droplet size on the different mechanisms are 

schematically presented in Figure I-28. As mentioned, there are four pathways, 

presented as A, B, C and D. The first mechanism (A) will occur in case of a large 

initial droplet size and/or low deposition temperature. Since the solution will not 

completely evaporate, the droplets will impact with the substrate and then 

evaporate and decompose. When the temperature is set slightly higher and/or 

when the initial droplet size is smaller (B), evaporation will occur mostly just as 

the droplet reaches the surface resulting in an amorphous precipitate which will 
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decompose. When even higher temperature and smaller droplets are used (C), it 

is more likely that the droplets evaporate prior to reaching the substrate vicinity. 

Consequently, the precipitate will form early and as it reaches the immediate 

vicinity of the substrate, it is converted into a vapor state and a heterogeneous 

CVD-like reaction will occur. When a very high deposition temperature and/or very 

small initial droplet sizes are applied, the droplets will rapidly form a precipitate 

(D). When this approaches the substrate, it will vaporize (when Tevaporation < 

Tdecomposition) and a chemical reaction will occur in the vapor phase. This 

homogeneous reaction will result in the condensation of molecules into crystallites 

in the form of a powder. Powder will thus be deposited on the surface. One can 

understand that for the deposition of good-quality coatings mechanisms B and C 

in Figure I-28 are preferred.[49] It is obvious that not only the deposition 

temperature and the initial droplet size play an important role in the film 

formation. There are several other spray coat parameters which have to be taken 

into account, as shown schematically shown in Figure I-29. The precursor 

concentration, flow rate and nozzle to substrate distance will also influence the 

droplet pathway and the resulting characteristics of the coating (a). Furthermore, 

there is the mode of spraying, two modes are available, i.e. the single pass 

process which covers a substrate in one pass and a multiple process (used in this 

thesis) in which the nozzle produces a much more narrow spray while moving over 

the substrate in X, Y direction. It is obvious that the latter is dependent on the 

path velocity and amount of passes (b). [48–50] 

 

 

Figure I-29: Schematic representation of the parameters (discussed in this work) 
corresponding to (a) typical spray coating set-up and (b) multiple pass process.  
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3 Characterization methods 

Various experimental methods are used to characterize the synthesized materials, 

i.e. precursor, powder and film. 

 

The basic characterization of the synthesized precursor solutions includes 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) to determine 

the exact metal ion concentration. 

 

The synthesized powders are characterized via thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) to check the decomposition of the 

powder (and thus the precursor). Furthermore information about the 

crystallization of powders is obtained via X-ray diffraction (XRD) and more 

specifically high-temperature X-ray diffraction (HT-XRD), allowing an in-situ study 

of the phase (trans)formation upon heating. 

 

Also the crystallization of thin-films is determined via XRD and in-situ XRD. Raman 

analysis is an extra option to determine phase formation, especially for titanium 

containing oxides. Possible silicate formation upon heating is determined by 

grazing angle attenuated total reflectance - Fourier transform infrared (GATR-

FTIR) spectroscopy. The morphology of the films is checked upon using scanning 

electron microscopy (SEM), both in tilted view (45°) and in cross-section view (X-

SEM). The latter also gives an indication about the film thickness, just as 

ellipsometry spectroscopy. Via energy-dispersive X-ray spectroscopy, coupled 

with SEM, a qualitative elemental analysis of the deposited film can be executed. 

 

3.1 Elastic recoil detection analysis 

Elastic recoil detection analysis (ERDA) is a nuclear technique that allows the 

characterization of thin films. Via this technique, the sample composition and 

elemental concentration depth profiles in films can be determined. ERDA is based 

on an accelerated energetic ion beam which is focused on the sample. This induces 

an elastic nuclear (Coulomb) interaction between the ions of the beam and the 

atoms in the sample. The resulting atoms from the sample which are recoiled in 

forward direction are detected. The kinematics of the process and the energy loss 
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of ions in the matter regulate the quantification and the determination of the depth 

profiles. Elastic recoil detection analysis can be divided into two groups based on 

the used accelerators, namely light incident ion (LI) and heavy incident ion (HI) 

accelerators. Low voltage and large tandem accelerators are, respectively, used. 

 

ERDA with light incident ions is performed using a low energy beam, namely a 4He 

beam (2 MeV). Typically, the recoiled hydrogen is detected by a forward detector 

while multiple detectors are installed at backscattering angles to detect the 

heavier elements by RBS. The forward detector is equipped with a “range foil”, to 

preferentially stop atoms heavier than hydrogen.[52] 

 

Typical ion beams for heavy incident ion ERDA are 35Cl, 63Cu, 127I and 197Au, 

accelerated at energies up to hundreds MeV. It makes typically use of element or 

mass sensitive detectors, such as time-of-flight telescopes, magnetic 

spectrographs or gas ionization detectors. The choice of detection system is often 

made based on the used ion beam. The advantage of HI-ERDA is that quantitative 

depth profiles of all present elements in the sample can be obtained in one 

measurement. However, ion beam induced damage and multiple scattering are 

possible side effects of HI-ERDA, influencing the accuracy. In order to achieve 

both high accuracy and high performances, heavy incident ion elastic recoil 

detection analysis, performed with low beam energies (< 20 MeV), was developed 

by Giangrandi et al. A depth resolution down to 2 nm and a sensitivity better than 

0.1 atomic percent for all elements should be achievable by this method.[52,53] 

 

3.2 Electrochemical characterization 

3.2.1 Electrochemical cell 

Ideally, the electrochemical measurement should only give information about the 

process happening at the working electrode since this is the sample of which the 

properties are determined. In order to ignore the electrochemical processes 

occurring at the counter electrode, a three-electrode set-up is typically used. As 

can be seen in Figure I-30, the voltage is measured between the working and the 

reference electrode while applying the current through the counter electrode. The 

counter and reference electrode are thus separated so that the voltage can be 
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measured without a significant current flowing through the reference 

electrode.[54] 

 

 

Figure I-30: Schematic representation of a three-electrode set-up. CE, WE and RE 
stand respectively for counter, working and reference electrode. 

 

3.2.2  Cyclic voltammetry 

Cyclic voltammetry (CV) is a method to study the electrochemical behavior of 

samples, e.g. thin films. It allows the analysis of the electrochemical reactions 

that occur at the electrode/electrolyte phase barrier. It is based on a scan of the 

potential (linearly in time, at a certain voltage the polarization direction of the 

scan is reversed) while measuring the current that is required to obtain the 

potential scan. This results in a typical plot, a cyclic voltammogram, which is 

shown in Figure I-31. All redox reactions have their specific potential at which 

they occur. Consequently, upon reaching a certain potential, a particular oxidation 

or reduction reaction takes place resulting in an increase of, respectively positive 

and negative current. Once the concentration of reducing or oxidizing species at 

the working electrode nears depletion, the current starts to decrease again. 

Obviously, in this way, particular oxidation and reduction reactions can be 

identified upon scanning.[54] 
 

 

Figure I-31: A typical cyclic voltammogram.[54]  
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3.2.3 Galvanostatic charging/discharging measurements 

Galvanostatic charging/discharging measurements or cycling is typically 

performed for electrode materials. A constant current is applied while measuring 

the resulting potential change. Via this method, information about the electrode’s 

capacity and kinetics can be deduced. The capacity is mostly presented as a 

function of various C-rates, which represents the (dis)charging rate to its 

maximum capacity. At 1C an electrode is (dis)charged in 1 hour, at 2C in ½ hour 

and at 0.5C at 2 hours. [54] 

 

3.2.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique which is used to 

define the properties of electrochemical systems as a function of the frequency. 

Therefore an alternating voltage is applied, superimposed on an offset dc-voltage 

and this at varying frequencies [54]: 

 

𝑈 = 𝑈𝑑𝑐 + 𝑈𝑎𝑐 

(Equation I-17) 

with Udc and Uac, respectively, the fixed and alternating voltage. 

 

The latter can be described as [54]: 

 

𝑈𝑎𝑐 = 𝑈𝑚 sin (𝜔𝑡) 

(Equation I-18) 

with Um, ω and t, respectively, the amplitude of the alternating voltage, the 

frequency and the time. 

 

During the application of the alternating voltage, the current through the system 

is monitored and for basic systems should follow [54]: 

 

𝐼 = 𝐼𝑑𝑐 + 𝐼𝑎𝑐 

(Equation I-19) 

with Idc and Iac, respectively, the direct and alternating component of the current. 
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The latter can be described as [54]: 

 

𝐼𝑎𝑐 = 𝐼𝑚 sin (𝜔𝑡 +  𝜑) 

(Equation I-20) 

with Im, ω, t and φ, respectively, the amplitude of the alternating component of 

the current, the frequency, the time and the phase shift of the measured current. 

 

When the electrochemical system behaves like an ideal resister, there is no phase 

shift (φ=0). Furthermore, the current through a resistor is defined via Ohm’s law 

[54]: 

 

𝑍 =
𝑈𝑎𝑐

𝐼𝑎𝑐

 

(Equation I-21) 

with Z the impedance (ac equivalent of resistance). 

 

By insertion of (Equation I-18) and (Equation I-20), one gets [54]: 

 

𝑍 =
𝑈𝑚 sin (𝜔𝑡)

𝐼𝑚 sin (𝜔𝑡)
= 𝑅 

(Equation I-22) 

with R the resistance. 

 

 

Figure I-32: Nyquist plot for an ideal resistor. As an inset the symbol of an ideal 
resistor is shown.  
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The results of electrochemical impedance spectroscopy are mostly presented 

using a Nyquist plot, in which the real and negative value of the imaginary part 

are respectively displayed on the X-and Y-axis. When plotting (Equation I-22), 

which represents the impedance of an ideal resistor, this results in an horizontal 

line on the x-axis (Figure I-32).[54] 

 

For a capacitor, the current going through is dependent on the time derivative of 

the voltage [54]: 

 

𝐼 = 𝐶
𝑑𝐸

𝑑𝑡
 

(Equation I-23) 

with C the capacitance. 

 

This results in [54]: 

 

𝐼 = 𝐶 𝑈𝑚 𝜔 cos(𝜔𝑡) = 𝐶 𝑈𝑚  𝜔 sin (𝜔𝑡 +
𝜋

2
) 

(Equation I-24) 

 

One can observe in this equation a phase shift of 90°. Furthermore from Euler’s 

formula, it is known that [54]: 

 

𝑒𝑖𝑥 = cos(𝑥) + 𝑖 sin (𝑥) 

(Equation I-25) 

 

Insertion of (Equation I-25) in (Equation I-24) results in [54]: 

 

𝐼 = 𝐶 𝑈𝑚 𝑖 𝜔 𝑒𝑖𝜔𝑡 

(Equation I-26) 
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The impedance of a capacitor can thus be described as [54]: 

 

𝑍 =
𝑈𝑎𝑐

𝐼𝑎𝑐

= −
𝑖

𝜔𝐶
 

(Equation I-27) 

 

The Nyquist plot for an ideal capacitor, corresponding to (Equation I-27), is shown 

in Figure I-33.[54] 

 

 

Figure I-33: Nyquist plot for an ideal capacitor. As an inset the symbol of an ideal 
capacitor is shown. 

 

More complex systems can be described placing various resistors and capacitors 

in series or in parallel. An electrochemical reaction can, for instance, be described 

as a resistor (charge transfer) and an electrical double layer capacitance in 

parallel. The impedance of the system is then [54]: 

 

1

𝑍𝑡𝑜𝑡

=
1

𝑍𝑑𝑙

+
1

𝑍𝑐𝑡

 

(Equation I-28) 

in which “tot”, “dl” and “ct” stands, respectively, for total, double layer and charge 

transfer. 

 

Insertion of (Equation I-22) and (Equation I-27) in (Equation I-28) results in [54]: 
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1

𝑍𝑡𝑜𝑡

= 𝑖 𝜔 𝐶𝑑𝑙 +
1

𝑅𝑐𝑡

 

(Equation I-29) 

 

The total impedance of the system can thus be described as [54]: 

 

𝑍𝑡𝑜𝑡 =
𝑅𝑐𝑡

1 + 𝜔2 𝐶𝑑𝑙
2  𝑅𝑐𝑡

2 −
𝑖 𝜔 𝐶𝑑𝑙  𝑅𝑐𝑡

2

1 + 𝜔2 𝐶𝑑𝑙
2  𝑅𝑐𝑡

2  

(Equation I-30) 

 

When this electrochemical reaction is presented in a Nyquist plot (Figure I-34), 

this results in a semi-circle with a diameter Rcf and a maximum of [54]: 

 

𝑍𝑡𝑜𝑡 =
1

𝑅𝑐𝑓 𝐶𝑑𝑙

 

(Equation I-31) 

 

 

Figure I-34: Nyquist plot for a system containing a resistor (charge transfer) and 
an electrical double layer capacitance in parallel. As an inset equivalent circuit of 
the proposed system is shown. 

 

Most electrochemical systems will be more complex, e.g. a resistance for the 

electrolyte solution is also encountered, resulting in an adapted Nyquist plot. 

Furthermore, other factors such as diffusion, roughness of the films or more 

process occurring at similar time-scales will influence the semi-circular 

behavior.[54]  
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4 Aim of the thesis 

The aim of the thesis and the accompanying outline is summarized in Figure I-35. 

The main objective of the dissertation is to synthesize materials and develop new 

processes in function of energy storage applications, including thin-film capacitors 

and Li-ion batteries. 

 

 

Figure I-35: Schematic representation of aim and the accompanying outline of the 
thesis. 

 

The first part of the thesis will be about the synthesis of known materials, in 

another form (e.g. thin film instead of powder) and/or fabricated via another 

process. In the scientific community, a lot of interesting materials are already 

extensively studied. However, changing the form of the synthesized materials or 

the way to fabricate them can contribute to a better understanding and even an 

improvement of the material’s and application’s characteristics (approaching the 

theoretical potential of the material or device). A change in experimental method 

and parameters can for instance lead to advantages such as cost reduction. In 

Figure I-36 the baseline and reduced pack costs are plotted for each part of a Li-

ion battery process. For all parts of the battery a cost cut-back can be obtained 

by changing synthesis factors such as implementing aqueous processing and 

reduced wetting and formation times. For some parts (cf. electrode processing), 

this cost cut-back is massive. Furthermore the synthesis of well-known materials 

in another form can enable new applications. The objective is to use chemical 

solution deposition, in particular aqueous CSD, as alternative synthesis method 
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for different materials and to study the material’s and accompanying application’s 

properties. This method would enable high-quality coatings which are fabricated 

easier, safer and cheaper. 

 

 

Figure I-36: Comparison of calculated baseline and reduced pack costs. The 
reduced costs were obtained by factors such as implementing aqueous processing, 
and reduced wetting and formation times.[55] 

 

More specifically, the research on material fabrication in this dissertation can be 

divided in two parts according to the particular application. 

The aim of the first part is the synthesis and characterization of a dielectric film 

which can be used in thin-film capacitors. As explained in the theoretical part, the 

use of an oxide with a giant dielectric constant could lead to a gain in energy 

density. The goal is to deposit a multi-metal oxide thin film which is characterized 

by an ultra-high dielectric constant, i.e. k ≥ 104. 

The research of materials in the second part should contribute to the fabrication 

of a thin-film Li-ion battery. Therefore an anode with a relatively high volumetric 

capacity (≥ 600 mAh/cm3) should be deposited. Since it concerns a thin film, it is 

appropriate that the lattice strain upon charging and discharging is insignificant 

so that it only results in a negligible capacity loss.  
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The electrolyte film should be characterized by a relatively high ionic conductivity, 

i.e. 10-6-10-8 S cm-1 and low electronic conductivity. Furthermore it important that 

there is a good matching between anode and electrolyte film. In this way, a 

continuous pathway for Li+ ion transport is available. The deposition of a cathode 

film is beyond the scope of the thesis. 

 

The aim of the second part of this dissertation is to take chemical solution 

deposition to a new dimension, i.e. to 3D thin-film Li-ion batteries (and 3D thin-

film capacitors). As explained, for this new concept of devices, which are currently 

in an exploratory stage, there is a strong need for coating of various oxides (i.e. 

electrodes and electrolyte) on 3D surfaces. Nowadays, this deposition is typically 

done via atomic layer deposition (ALD) which is known to deliver high-quality 

conformal coatings and has proven to be of high value. However, also in this case, 

a change in deposition technique could lead to advantages. If these coatings could 

be achieved by a chemical solution deposition process, this would lead to lower 

running and equipment costs, a higher throughput (especially for substrates with 

a strongly increased surface area), and a large applicability towards complex, 

multi-metal oxides. Not only in view of commercial 3D devices and upscaling, 

there is a strong need to develop such process. Also from scientific point of view 

it is interesting to find out if it is possible to reach 3D coating via a CSD process. 
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1 Introduction 

The aim of the thesis is to synthesize materials and develop new chemical solution 

deposition processes in function of energy storage applications (Figure II-1). 

 

This first part of this chapter is about the deposition of orthorhombic LuFeO3 thin 

films. As a potential ultra high-k dielectric material, it can possibly be used in thin-

film capacitors. 

 

The second part describes the synthesis of spinel Li4Ti5O12 films for the use as 

anode material in a thin-film Li-ion battery. Since this anode film should be 

structurally compatible with spinel (LixMg1-2xAlx)Al2O4, which has been suggested 

as a good candidate as Li-ion electrolyte in thin-film Li-ion batteries, the third part 

will report on the synthesis of (LixMg1-2xAlx)Al2O4 thin films. 

 

 

Figure II-1: Schematic representation of aim and the accompanying outline of 
the thesis, focusing on chapter II. 
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2 LuFeO3 as possible ultra high-k dielectric in thin-

film capacitors 

2.1 Introduction 

Ultra high-k materials are very attractive for applications in the field of energy 

storage, which has recently attracted great attention. [1–3] As described in 

chapter I, thin film capacitors are built of a thin film of dielectric material which is 

sandwiched between two conductive layers. According to theory, the amount of 

energy stored in the stack is proportional to the capacitance of the capacitor (see 

chapter I). Consequently it is clear that the use of an oxide with a giant dielectric 

constant will lead to a gain in energy density.[1] For orthorhombic (o) LuFeO3 

ceramics, a dielectric constant (εr or k) of ca. 104 (frequency ≤ 1kHz) has been 

reported at room temperature. [4,5] This is much higher compared to the other 

abundant crystalline form, i.e. hexagonal LuFeO3, which has a k-value of only 

3.102 (frequencies ≤ 1kHz) at room temperature.[6] However, it is mainly due to 

the latter crystalline phase that LuFeO3, a member of the rare-earth orthoferrites 

family, has attracted considerable attention in recent years. Hexagonal (h) LuFeO3 

has promising multiferroic, magnetic and optical properties which can be used for 

next generation applications in information technology, sensing and actuation. 

[4,7–11] It was suggested by experiments that hexagonal LuFeO3 is both 

ferroelectric and antiferromagnetic at room temperature. Since it is one of the few 

known room-temperature multiferroics, its potential towards practical applications 

is very large.[4,6,8,12] Therefore, the synthesis of bulk h-LuFeO3 via solid-state 

reactions is well described in literature.[4,5,13] Also the deposition of thin films 

has been reported, in particular using pulsed laser deposition [6–8], metal-organic 

chemical vapor deposition [6], molecular-beam epitaxy (MBE) [12] and sol-gel 

chemistry [6], as well as the characteristics of hexagonal LuFeO3.  

 

Orthorhombic LuFeO3 was much less investigated in the past, only reports 

concerning the study of bulk o-LuFeO3 could be found.[4,5] The reason for this is 

that the perovskite oxide is not ferroelectric and thus not interesting for 

multiferroic applications. However, as mentioned, o-LuFeO3 and, particularly, as 

thin film has great potential when it comes to energy storage applications. 
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Literature on the deposition of ultra high-k o-LuFeO3 thin films is even more 

scarcely available. The deposition of an orthorhombic LuFeO3 film on LaNiO3/Si via 

pulsed laser deposition has been shown, however the dielectric constant of the 

layer was not reported.[14] 

 

Here, the development of a new aqueous chemical solution (CSD) process for the 

deposition of orthorhombic LuFeO3 thin films is reported. It was shown before that 

citrate-complexes of several lanthanides (i.e. Nd, Pr, Eu, Sm, Gd) in water could 

be successfully synthesized and that these precursors were useful for the 

deposition of oxide films.[15,16] 

 

2.2 Experimental 

2.2.1 Aqueous Lu/Fe precursor and oxide powder synthesis 

As can be seen in Figure II-2, first, the mono-metal Fe (III) and Lu (III) ion 

solutions were prepared separately. 

 

The Fe (III) precursor synthesis was reported earlier by Hardy et al.[17] The 

required Fe (III) citrate hydrate (FeC6H5O7.H2O, 98%, 18-20% Fe, Acros) was 

refluxed in water at 80°C overnight and had a concentration of 0.1 mol/l. The pH 

of the solution was brought to 7 by the addition of concentrated ammonia (NH3, 

extra pure, 32%, Merck).  

 

For the Lu (III) precursor, Lutetium (III) oxide (Lu2O3, 99.9%, Alfa Aesar) and 

citric acid (C6H8O7, 99%, Sigma-Aldrich) were added in water (citric acid to Lu3+ 

= 1:1) and refluxed for 24h at 120°C. The pH was adjusted to 11 with 

concentrated ammonia (NH3, extra pure, 32%, Merck) after which the mixture 

was refluxed again for 24h at 110°C, finally yielding a clear, colorless 0.1 M 

solution, with a pH of about 7.5. 

 

The mono-metal ion precursor solutions were filtered using a membrane filter 

(Nalgene, 0.2 µm) to remove particles, impurities and undissolved fractions. 

Subsequently their exact concentration was determined by ICP-AES (Optima 

3000, PerkinElmer). 
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The multi-metal ion precursor for LuFeO3 was prepared by mixing the Fe (III) and 

Lu (III) solutions in the desired amounts so that the total metal ion concentration 

was 0.1 M.  

 

For the powder synthesis, first, the precursor solutions were evaporated in air at 

80°C to allow gelation of the system. The obtained gels were then crushed and 

ground manually in an agath mortar before further thermal treatment in view of 

crystallization. 

 

 

Figure II-2: Synthesis flowchart of the Lu/Fe precursor, powder and thin films. 

 

The decomposition of the gel was studied by means of a simultaneous 

thermogravimetric (TG) / differential scanning calorimetry (DSC) analysis in a TA 

Instruments SDT Q600. The gel was heated from room temperature to 1000°C at 

a heating rate of 10°C min-1 in dry air (100 ml min-1). The crystallization behavior 

of Lu/Fe powder, which was precalcined at 200°C for 30 minutes, as function of 

the temperature was studied in-situ by high-temperature X-ray diffraction (HT-

XRD, Bruker, D8, step size 0.02°2θ). The measurements were carried out between 

10 and 60° 2θ at a heating rate of 10°C/min, with intervals of 50 °C from 500 to 

1100 °C. 
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2.2.2 Thin Lu/Fe oxide film deposition 

Thin films were deposited via spin coating (3000 rpm, 30 s) of the Lu/Fe multi-

metal ion precursor onto SiO2/Si (1.2 nm thermally grown SiO2) and Si3N4/SiO2/Si 

(70 nm Si3N4/1.2 nm SiO2). 

 

To allow deposition of uniform films, the SiO2/Si and Si3N4/SiO2/Si substrate 

surfaces were first cleaned. For the SiO2/Si stack, this was done by cleaning in 

SPM (sulfuric acid mixture, consisting of 4:1 H2SO4 (p.a., 95-97%, Merck) : H2O2 

(stabilized p.a., 35%, Acros Organic)) followed by an APM treatment (ammonia 

peroxide mixture, 5:1:1 H2O : H2O2 (stabilized p.a., 35%, Acros Organic): NH3 

(extra pure, 32%, Merck)).[18] The Si3N4/SiO2/Si surface was pretreated in a 

UV/O3 environment at 60°C for 30 minutes.[19] 

 

Multiple layers were deposited on the substrates, after each layer the sample was 

placed on hot plates to decompose the precursor. The complete stack was further 

annealed for 30 minutes (heating rate of 10°C/min) in dry air (100 ml min-1) using 

a furnace (post deposition anneal - PDA) to trigger the crystallization. 

 

Film thicknesses were determined by means of ellipsometry (Plasmos, single 

wavelength) using a refractive index of 2.00 for a single layer model, and checked 

by cross-section scanning electron microscopy (X-SEM, FEI, NOVA 200) in 

secondary electron imaging mode. The film morphology was visualized in a tilted 

view (45°). The Lu/Fe thin film oxide phase formation was determined by X-Ray 

Diffraction (XRD) on a PANalytical X'pert Pro tool with Cu Kα radiation in a Bragg-

Brentano configuration (coupled θ-2θ scan) with a PIXcel detector in scanning 

mode (step size 0.0098°). Possible silicate formation was detected by grazing 

angle attenuated total reflectance Fourier transform infrared (GATR-FTIR) 

spectroscopy. It was carried out using a 65° single reflection Ge-ATR (Harrick), 

placed inside the sample compartment of an FTIR spectrometer (Bruker, Vertex 

70, 36 scans). To ensure intimate contact between the sample and the Ge-crystal, 

0.4 Nm of torque was applied. 
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The dielectric constant was determined by Ivanov et al. at Vilnius University 

(Faculty of Physics, Vilnius, Lithuania). This was done via impedance spectroscopy 

using a HP LCR meter 4284A (20 Hz – 1 MHz) at room temperature. Therefore, 

Au electrodes were deposited on the films as interdigitated finger structures by 

means of a standard lithographic method. The interdigitated finger structure, 

which is shown in Figure II-3, is characterized by 24 lanes (or fingers). The 

dimensions are X = 17 µm, Y = 23 µm, Z = 1910 µm. The dielectric permittivity 

was determined using the model proposed by Kidner et al.[20] A substrate with 

deposited contacts of the same geometry was measured to account for the 

electrical properties of the substrate. 

 

 

Figure II-3: Interdigitated finger structure (X = 17 µm, Y = 23 µm, Z = 1910 µm, 

24 lanes) deposited via a standard lithographic method. 

 

2.3 Results and discussion 

2.3.1 Aqueous Lu/Fe precursor and oxide powder synthesis 

Information about the thermal decomposition of the precursor was gathered by a 

thermogravimetric study (TGA/DSC) of a gel powder. This gel was obtained via 

evaporating water from the precursor. Consulting earlier studies on the 

decomposition of metal-citrate based gels lead to a good understanding of the 

decomposition profile. [21–23] Till 150°C the precursor's decomposition profile, 

which is shown in Figure II-4, is characterized by a small weight loss. This 

decrease in weight can be ascribed to the evaporation of water, still present in the 

gel after precalcination or adsorbed afterwards. This step, known as the drying 
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step, is followed by an abrupt weight loss, initiated at 180°C. This can be explained 

by the partial decomposition of the ammonium citrate gel matrix. Then, around 

350°C, the decomposition of the direct coordination sphere of the metal ions is 

initiated, further shown by strongly exothermic processes at 400°C and 800°C, 

due to the removal of organic residual fractions and probably Lutetium 

dioxymonocarbonate, Lu2O2CO3 which was confirmed by GATR-FTIR of deposited 

films (cf. thin Lu/Fe oxide film deposition).[21–23] 

 

 

Figure II-4: TGA and DTG (10°C/min, 100 ml/min in dry air) of the Lu/Fe (1:1) 
citrate gel. 

 

The crystallization behavior of LuFeO3 was studied on gel powders and followed 

using high-temperature XRD, allowing in-situ study of the phase (trans)formation 

during heating (10°C/min, air). In Figure II-5 the in-situ XRD results are shown, 

for convenience only the patterns from 600°C and up are presented. The XRD 

patterns show that no crystallization seems to occur till 650°C. From this 

temperature on, the formation of h-LuFeO3 phase can be observed in the XRD 

pattern, no secondary phases are present. Then, from 700°C the onset of the 

formation of the o-LuFeO3 phase is noticeable. 
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Between 700°C and 850°C both o-LuFeO3 and h-LuFeO3 are present in the 

powder: the signal intensities of o-LuFeO3 diffractions, increase as the peak 

intensities of the hexagonal phase decrease and eventually fade away at 900°C. 

One can conclude that in this temperature range, the hexagonal phase transforms 

into the more thermodynamically stable orthorhombic phase. Consequently, an 

anneal at 900°C results in phase-pure o-LuFeO3 powder. No secondary phases are 

developed by further increasing the temperature. The obtained o-LuFeO3 phase is 

maintained after cooling the sample down to room temperature. 

 

It can be concluded that the presented aqueous citrate precursor allows the 

crystallization of both the phase-pure hexagonal and orthorhombic LuFeO3 

crystalline powders. It should be noted that for the latter, interesting for the 

described energy storage applications, temperatures as high as 900°C seem 

necessary to form the pure phase. 

 

 

Figure II-5: HT-XRD patterns of the Lu/Fe citrate gel at the temperatures indicated 

in air. As a reference the XRD signals originating from hexagonal ( ) and 
orthorhombic (★) LuFeO3 are shown.[26] 
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2.3.2 Thin Lu/Fe oxide film deposition 

The study of the Lu/Fe precursor decomposition (Figure II-4) was used to 

determine the thermal treatment conditions for fabrication of thin films after each 

spin coating cycle. A hot plate (HP) treatment was favored over a furnace 

treatment to avoid the formation of a brittle skin before the interior of the film is 

decomposed completely, and consequently the formation of cracks when gases 

escape from the interior and break through the skin.[15] Three HP steps were 

defined to allow gel decomposition and carbon removal out of the layer: (1) a hot 

plate step was set at 110°C for 1 minute to evaporate the water in the film, (2) 

another at 320°C for 2 minutes and (3) a last one at 510°C for 2 minutes, thus 

after every major decomposition step (Figure II-4). 

 

In this way, amorphous Lu/Fe oxide films were obtained on SiO2/Si, a common 

substrate in semiconductor industry. In the ideal case, the film thickness can be 

controlled by the amount of deposited layers. However, as recent reports on CSD 

using similar precursors suggested a non-linear thickness increase due to partial 

etching of the underlying layer, this was checked.[24] In Figure II-6 the film 

thicknesses, determined by ellipsometry (a) and verified by X-SEM after 16 

deposition cycles (b), are plotted as a function of the number of deposition cycles. 

It is clear that the films are very smooth after deposition (see SEM image) and 

that the resulting film thickness varies linearly with the number of cycles: 

 

𝑇ℎ = 3.9 𝑋 + 1.3 

(Equation II-1) 

with Th and X respectively the film thickness and the number of cycles. 

 

The intersection at the y-axis can be attributed to the 1.2 nm SiO2 which is present 

on the silicon substrate. The single layer ellipsometrical model implies that the 

reported values are those of the entire stack, being 1.2 nm SiO2 and the deposited 

Lu/Fe oxide film. One can conclude that the Lu/Fe oxide film thickness can be well 

controlled by varying the number of deposition cycles.  
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Figure II-6: (a) Plot of the film thickness of Lu/Fe oxide films, determined via 
spectroscopic ellipsometry, as a function of the amount of deposition cycles (i.e. 
spin coating and subsequent thermal treatment on hot plates) and (b) X-SEM 
image of the Lu/Fe oxide film after 16 deposition cycles. 

 

To investigate the phase formation on SiO2/Si, 30 layers were spin coated 

resulting in a film thickness of ca. 130 nm (X-SEM), confirming the linear fit in 

Figure II-6. These films were further treated for 30 min in a furnace (post 

deposition anneal – PDA – in air, 10°C/min) in order to crystallize. The XRD results 

in Figure II-7 show that 700°C is too low for the films to trigger the crystallization: 

an amorphous Lu/Fe oxide film is present after the heat treatment. A post 

deposition anneal at 800°C is necessary to initiate the crystallization of the film: 

a h-LuFeO3 film is obtained at this temperature. It can be inferred that the 

crystallization temperature for LuFeO3 films is much higher compared to powders, 

which crystallize to the hexagonal phase at already 650°C. This can be explained 

by an increase in activation energy for the crystallization of thin films compared 

to bulk material, considering volume induced crystallization, i.e. crystallization 

occurs throughout the bulk of the film.[25] 
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Figure II-7: XRD patterns of ca. 130 nm Lu/Fe films on SiO2/Si, deposited via spin 
coating and crystallized via a post deposition anneal in dry air at the temperatures 
indicated. As a reference the XRD signals originating from hexagonal LuFeO3 (
), Lu2Si2O7 ( ) and hexagonal Fe2O3 ( ) are shown.[26] 

 

Increasing the PDA temperature of the films to 900°C results in stronger signal 

intensities of the hexagonal phase, however also traces of Lu2Si2O7 can be found 

in the XRD pattern. The presence of this silicate is very plausible since it is known 

that rare earth oxides tend to form silicates in contact with SiO2 at high 

temperatures [16,26]: 

 

2 𝐿𝑢𝐹𝑒𝑂3 + 2 𝑆𝑖𝑂2 ↔ 𝐿𝑢2𝑆𝑖2𝑂7 + 𝐹𝑒2𝑂3 

(Equation II-2) 

 

At 1000°C Lu2Si2O7 takes the upper hand and LuFeO3 is not present anymore in 

the film, instead, hexagonal Fe2O3 seems to be formed. At 1100°C the effect is 

even more pronounced.  
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Further proof of silicate formation in these films at high temperatures can be found 

in the GATR spectra in Figure II-8. The longitudinal (LO) and transverse (TO) optic 

vibration of SiO2, originating from the silicon substrate, are positioned at 

respectively 1240 cm-1 and 1065 cm-1.[27] In the 1000-600 cm-1 region, the 

bands originate from the metal-oxygen stretching of Lu-O/Fe-O. Starting at 800°C 

and very clear at 1000°C and 1100°C there is a change in the bands in this region. 

A set of intense peaks appears in the GATR spectrum between 1020 and 780 cm-

1. This set, including the intense peak at approximately 1100 cm-1, is indicative of 

rare earth silicate structures, thus confirming the formation of Lu2Si2O7 in the 

film.[28,29] Since GATR is able to detect amorphous silicates [30] and thus 

complementary to XRD, one can understand that already at 800°C silicate 

formation, being amorphous, could be observed. These silicates turn crystalline 

by elevating the PDA temperature (see XRD). 

 

 

Figure II-8: GATR spectra of ca. 130 nm Lu/Fe films on SiO2/Si, deposited via spin 
coating and crystallized by a post deposition anneal in dry air at the temperatures 
indicated. 
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From the GATR study in Figure II-8 it is also clear that after a PDA at 700°C 

Lutetium dioxymonocarbonate species are still present in the film, indicated by 

the double peak at 1550 cm-1 and 1400 cm-1.[31,32] Higher anneal temperatures 

are thus necessary to remove all carbon containing species, which was already 

indicated by the TG analysis of the gel (Figure II-4). Furthermore, CO2/CO can be 

seen at 2350 cm-1 at 700-800°C, which is probably adsorbed from the air as well 

during as after the thermal treatment.[32] 

 

The silicate crystallization at high temperatures can also be linked to the film 

morphology, as can been seen from the SEM images (tilted view, 45°) in Figure 

II-9. The Lu/Fe oxide films after a post deposition anneal at 800°C (A) and 900°C 

(B) have a rather smooth morphology. This drastically changes when further 

increasing the temperature to 1000°C (C) and 1100°C (D): these films are quite 

rough, indicating phase formation and accompanying interaction with the 

substrate, i.e. the crystallization of Lu2Si2O7. 

 

 

Figure II-9: SEM images (tilted view, 45°) of ca. 130 nm Lu/Fe films on SiO2/Si, 
deposited via spin coating and crystallized via a post deposition anneal in dry air 
at (a) 800°C, (b) 900°C, (c) 1000°C and (d) 1100°C.  
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It was shown before for powders that the o-LuFeO3 could be achieved at high 

temperature (Figure II-5), so one could assume that it should be possible for films, 

however at more elevated temperature due to the higher activation energy in the 

case of films.[25] At these temperatures, however, Lu-silicate formation occurs, 

preventing the formation of the intended phase.  

 

In order to study the LuFeO3 crystallization independently from interfacial 

reactions with the substrate, Si3N4/SiO2/Si was used as a substrate. The Si3N4 

layer is known for its chemical inertness and high thermal stability [33,34], and 

should act here as a protection layer against silicate formation. Via spin coating 

and accompanied hot plate treatment 65 nm Lu/Fe oxide films were deposited on 

Si3N4/SiO2/Si. These samples were further treated for 30 min in a furnace (post 

deposition anneal in air, 10°C/min). The XRD patterns in Figure II-10 demonstrate 

again that a thermal treatment at 700°C is not sufficient to form a crystalline 

Lu/Fe oxide film. 

 

 

Figure II-10: XRD patterns of ca. 65 nm Lu/Fe films on Si3N4/SiO2/Si, deposited 

via spin coating and crystallized via a post deposition anneal in dry air at the 
temperatures indicated. As a reference the XRD signals originating from 

hexagonal LuFeO3 ( ), Lu2Si2O7 ( ) and orthorhombic (★) LuFeO3 are 

shown.[35]  
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A temperature of 800°C was necessary to trigger the crystallization, it results in 

h-LuFeO3 as primary phase and o-LuFeO3 as secondary phase. Phase-pure 

orthorhombic LuFeO3 can be obtained by annealing the film at 1000°C in air. No 

secondary phases are observed in the XRD pattern. However when increasing the 

temperature to 1100°C, the Lu2Si2O7 signals appear in the XRD pattern and the 

o-LuFeO3 loses peak intensity. GATR analysis was performed, also on these films, 

to check for possible silicate formation even before crystallization (Figure II-11). 

As a reference the GATR spectrum of a Si3N4/SiO2/Si substrate is also presented. 

The signals at 815 cm-1 and 875 cm-1 are related to absorbance by stretching 

vibrations of the Si–N bonds [34,36–38], whereas the peak at 1080 cm-1 can be 

attributed to the stretching vibration of SiO2.[37] 

 

 

Figure II-11: GATR spectra of ca. 65 nm Lu/Fe films on Si3N4/SiO2/Si, deposited 
via spin coating and crystallized via a post deposition anneal in dry air at the 

temperatures indicated. 

 

The intensity of the spectra diminishes in function of the anneal temperature. 

Since it concerns the overall intensity, i.e. the peaks related to substrate and 

deposited material, it is obvious that this is measurement related. In the 1000-
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600 cm-1 region, the other bands basically originate from the metal-oxygen 

vibrations of Lu-O/Fe-O. It seems that there is no change in bands in this region 

up to 1000°C. No other intense peaks seem to form, thus confirming that there is 

no silicate formation on the Si3N4 substrate and that a phase-pure o-LuFeO3 film 

can be formed by a PDA at 1000°C. However when increasing the anneal 

temperature to 1100°C, other signals in this region seem to appear, at the same 

position as the films SiO2/Si, indicating silicate formation.[28,29] 

 

Additionally, the GATR study of these films in Figure II-11 gives information about 

the presence of Lutetium dioxymonocarbonate species and adsorbed CO2/CO in 

the film, indicated by, respectively, the double peak at 1550 cm-1 and 1400 cm-1 

[31,32] resp. the peak at 2350 cm-1. As for the films on SiO2/Si (Figure II-8), high 

anneal temperatures (> 700°C) are necessary to remove these carbon 

species.[32] 

 

 

Figure II-12: SEM images (tilted view, 45°) of ca. 65 nm Lu/Fe films on 
Si3N4/SiO2/Si, deposited via 10 cycles of spin coating and crystallized via a post 
deposition anneal in dry air at (a) 800°C, (b) 900°C, (c) 1000°C and (d) 1100°C. 
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The SEM images (tilted view, 45°) of the Lu/Fe oxide films on Si3N4 are shown in 

Figure II-12. Also in this case the formation of Lu2Si2O7 in the film can be linked 

to a drastic morphology change: a PDA at 1100°C (Figure II-12d) results in a 

quite rough film, thus indicating crystalline silicate formation. 

 

It has been shown that a phase-pure o-LuFeO3 film can be obtained via spin 

coating and subsequent annealing at 1000°C. The dielectric constant of a 20 nm 

o-LuFeO3 film was determined by means of impedance spectroscopy. These 

experiments were performed by Ivanov et al. at Vilnius University (Faculty of 

Physics, Vilnius, Lithuania). Since the deposition was done on Si3N4/SiO2/Si which 

is a non-conducting substrate, Au electrodes were deposited on the film. In order 

to obtain reliable results, the electrodes were deposited as interdigitated 

structures, thus very close to each other. Via calculations using the obtained 

impedance spectroscopy data, proposed by Kidner et al. [20], the dielectric 

constant (ε’), dielectric loss (ε’’) and conductivity (σ) of the o-LuFeO3 film were 

calculated and plotted as a function of the frequency in Figure II-13.  

It is clear that, for low frequencies, the dielectric constant is equal or higher than 

104 (Figure II-13a). These measurements confirm, to the authors’ knowledge for 

the first time, that the dielectric properties of bulk o-LuFeO3 [5] could be 

successfully transferred to the thin film variant.  

As can also be seen on the plot, the dielectric loss is quite high at low frequencies 

while it decreases with the frequency, behavior typical for a slightly conductive 

material. This was also observed for the bulk material and it can possibly be linked 

to the origin of high permittivity. It is believed that it is due to charge separation, 

most likely in the inter-grain medium. When the blocking is not perfect, then the 

current can still flow and this results in high losses at low frequencies.[5] 

At high frequencies there is a dispersion in conductivity (Figure II-13b), which can 

be attributed to charge relaxation at inter-grain boundaries of the film.  
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Figure II-13: Plot of the (a) dielectric constant (ε’), dielectric loss (ε’’) and (b) 
conductivity (σ) of a 20 nm o-LuFeO3 film, determined via impedance 
spectroscopy. For the measurement Au electrodes were deposited on the film as 
an interdigitated finger structures.[Courtesy of Ivanov et al. - Faculty of Physics, 
Vilnius University, Vilnius, Lithuania]. 
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2.4 Conclusions 

The development of a stable aqueous Lu/Fe precursor, which could be used for 

the synthesis of LuFeO3 powders and for the chemical solution deposition of 

LuFeO3 thin films, was shown. Both the hexagonal and the orthorhombic phase 

could be obtained, depending on the post deposition anneal temperature, i.e. 

respectively 700°C and 1000°C. Typically high temperatures were necessary, 

entering the zone of possible Lu silicate formation. This characteristic reaction of 

rare earth oxides with the substrate could be successfully delayed by the use of 

Si3N4 as protection layer. For the phase-pure o-LuFeO3 film on Si3N4/SiO2/Si, to 

the authors’ knowledge for the first time, a giant dielectric constant equal or higher 

than 104 was shown for low frequencies (< 103 Hz), which makes it promising for 

the use in thin film capacitors. The downside of the material is that the dielectric 

loss is quite high at low frequencies. 
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3 Li4Ti5O12 as anode in thin-film Li-ion batteries 

3.1 Introduction 

For the thin-film Li-ion battery technology, lithium titanate, Li4Ti5O12 , is an 

attractive candidate to serve as anode material.[39–41] Li4Ti5O12’s stability 

towards electrochemical cycling is the most striking characteristic with respect to 

thin-film batteries. Because of its spinel structure, the lithium intercalation and 

de-intercalation process only entails a minor difference in lattice parameters (< 

0.2%), resulting in an insignificant lattice strain, unit cell volume expansion and 

thus only a negligible capacity loss.[39–42] During the charging/discharging 

process, the lithium content is varied between 0 < X < 3 for Li4+XTi5O12, resulting 

in a maximum theoretical gravimetric and volumetric capacity of respectively 175 

mAh g-1 and 610 mAh cm-3.[42] The (de)intercalation process occurs through a 

two-phase equilibrium region, resulting in a very stable (dis)charge voltage 

between 1.5 V and 1.6 V and, consequently, in very flat charge and discharge 

curves. [40,42]  

 

Lithium titanate has been synthesized as bulk material or as thin films by various 

chemical and physical synthesis routes, such as the solid-state method [43,44], 

hydrothermal synthesis [45,46], molten-salt synthesis [47,48], pulsed laser 

deposition [40,49], magnetron sputtering [50] and sol-gel techniques [51–53].  

The purpose of this work is to develop a new aqueous solution-gel process for the 

deposition of Li4Ti5O12 thin films. 
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3.2 Experimental 

3.2.1 Aqueous Li/Ti precursor synthesis 

First, the mono-metal Li (I) and Ti (IV) ion solutions were prepared separately, as 

schematically illustrated in Figure II-14. 

 

 

Figure II-14: Synthesis flowchart of the Li/Ti precursor, powder and thin films. 

 

The synthesis procedure for the Ti(IV) precursor with a metal concentration of 

0.73 M has been reported earlier.[22,54–58] Ti(IV)isopropoxide (Ti(OiPr)4, 98+%, 

Acros Organics) was hydrolyzed and condensated by the addition of a tenfold 

volume of water resulting in a white precipitate, which was filtered and washed 

with water. After that, a mixture of citric acid (CA, C6H8O7, 99%, Sigma-Aldrich) 

and hydrogen peroxide (H2O2, stabilized p.a., 35%, Acros Organic) was added to 

the fresh precipitate so that the molar ratio Ti4+:CA:H2O2 was 1:2:1.2 and the 

whole was refluxed at 80°C. After a short time, a clear solution with a pH of 1 was 

obtained. The solution was cooled to room temperature and the pH was adjusted 

to 7 by the addition of concentrated ammonia (NH3, extra pure, 32%, Merck).  
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For the Li (I) precursor, lithium hydroxide (LiOH, ≥98%, Sigma-Aldrich) and citric 

acid (CA, C6H8O7, 99%, Sigma-Aldrich) were added in water so that the final Li (I) 

ion concentration and Li+:CA ratio were, respectively, 0.7 M and 1:1. Then, the 

mixture was refluxed at 80°C, which after a short time yielded a clear solution, 

with a pH of about 3.5. The solution was cooled to room temperature and in the 

third step, ammonia (NH3, extra pure, 32%, Merck) was added dropwise to the 

solution in order to increase the pH to 7. 

 

The mono-metal ion precursor solutions were filtered using a membrane filter 

(Nalgene, 0.2 µm) to remove particles, impurities and undissolved fractions. 

Subsequently their exact concentration was determined by ICP-AES (Optima 

3000, PerkinElmer).  

 

The multi-metal ion Li/Ti precursors were then prepared by mixing the Li(I) and 

Ti (IV) solutions in the desired amounts. Different molar ratios were prepared, 

going from the theoretical ratio of 4:5 (Li+:Ti4+) to a ratio with an excess of 300% 

Li, i.e. Li+:Ti4+ = 16:5. The total metal ion concentration was kept at 0.5 M for all 

prepared precursors. 

 

To study the decomposition of the precursor (Li+:Ti4+ = 4:5), first, the solution 

was evaporated in air at 80°C to allow gelation of the system. The obtained gel 

was crushed and ground manually in an agath mortar and its decomposition 

behavior was investigated by means of a thermal gravimetric (TG) analysis in a 

TA Instruments TGA 951–2000. The gel was heated from room temperature to 

700°C at a heating rate of 10°C min-1 in dry air (100 ml min-1). 

 

3.2.2 Thin Li/Ti oxide film deposition 

Thin films were deposited via spin coating (3000 rpm, 30 s) of the Li/Ti multi-ion 

precursor onto Si3N4/SiO2/Si (70 nm Si3N4 / SiO2) and Pt/TiN/SiO2/Si (70 nm Pt / 

40 nm TiN / SiO2). To allow deposition of uniform films, the Si3N4 and Pt substrate 

surfaces were first pretreated in an UV/O3 environment at 60°C for 30 

minutes.[19] Multiple layers were deposited on the substrates, after each layer 

the sample was brought on hot plates to decompose the precursor.  
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The Li/Ti thin film oxide phase formation was studied using ex-situ XRD on a 

PANalytical X'pert Pro tool with Cu Kα radiation in a Bragg-Brentano configuration 

(coupled θ-2θ scan) with a PIXcel detector in scanning mode (step size 0.0098°). 

Therefore, after deposition, the films were further annealed in a furnace (post 

deposition anneal - PDA) to trigger the crystallization. 

 

For a more thorough study of the crystallization, in-situ XRD was performed by 

Mattelaer et al. (CoCoon group – Ghent University). The annealing processes were 

performed in an experimental heating chamber, also mounted in a Bruker D8 

Discover, dedicated for in-situ X-ray diffraction (XRD). [59,60] Cu Kα radiation 

was used as an X-ray source, while a linear detector monitored the crystallinity of 

the thin films. More specifically, the diffraction pattern over a range of 20° in 2θ 

was captured every 5 s during the annealing process, while the temperature was 

increased at a rate of 4°C/min or 40°C/min.  

 

The composition of the deposited films was determined by elastic recoil detection 

(ERDA), using a imec home-built system [61], whereas the film morphology and 

thickness were visualized by scanning electron microscopy (SEM, FEI, NOVA 200), 

respectively, in a tilted view (45°) and cross-section view (90°). 

 

The electrochemical performance of the deposited films was evaluated by means 

of cyclic voltammetry (scan rate: 10 mV/s) and (dis)charge measurements using 

a three-electrode cell (working electrode = sample, reference electrode = Li, 

counter electrode = Li) with 1M LiClO4 in propylene carbonate as electrolyte. The 

whole was connected to a Autolab PGTAT 100 potentiostat, placed in a glove-box 

(under Ar) at 21°C. The electrochemical characterization was performed by 

Moitzheim et al. (imec). 
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3.3 Results and discussion 

3.3.1 Aqueous Li/Ti precursor synthesis 

The prepared multi-metal ion Li/Ti precursors, going from solutions with the 

theoretical Li+:Ti4+ ratio of 4:5 to solutions with a Li excess of 300% Li (Li+:Ti4+ 

= 16:5), were clear and stable. Via spin coating of 5 layers of this precursor, 

amorphous Li/Ti oxide films were deposited on Si3N4/SiO2/Si substrates. The 

Si3N4, here acting as a blocking layer in order to prevent Li diffusion into the 

substrate, is known for its chemical inertness and thermal stability.[33,34] For 

the decomposition of the precursor and the accompanying oxide formation, there 

was opted for a hot plate treatment between each spin coat cycle. This was done 

to avoid the formation of a brittle skin before the interior of the film is decomposed 

completely, and consequently the formation of cracks when gases escape from 

the interior and break through the skin.[15] The hot plate conditions (1’ at 110°C, 

2’ at 260°C, 2’ at 470°C) were defined based on the precursor’s thermal 

decomposition profile, which was obtained by a thermal gravimetric study (TGA) 

of the precursor gel, formed by evaporation of the water out of the precursor at 

80°C. Earlier studies on the decomposition of citrate-based metal gels lead to a 

good understanding of the obtained profile.[21–23] In the decomposition 

signature of the Li/Ti precursor, shown in Figure II-15, the small weight loss till 

150°C can be ascribed to the evaporation of water, present in the gel. This drying 

step is followed by an abrupt weight loss at 180°C and finished at 260°C, due to 

the partial decomposition of the ammonium citrate gel matrix. At 240°C the 

decomposition of the direct coordination sphere of the metal ions starts, followed 

by an exothermic process at 420°C: there is an increase in the temperature vs. 

time plot at that temperature, cause by the decomposition of the gel. The 

accompanying removal of organic residual fractions is completely ended at 470°C. 
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Figure II-15: TGA and DTG (10°C/min, 100 ml/min in dry air) of the Li/Ti (4:5) 
citrate gel. 

 

3.3.2 Thin Li/Ti oxide film deposition 

3.3.2.1 Crystallization study 

Crystallization of the spin coated Li/Ti oxide films was done by heating in dry air  

from room temperature onwards with a heating rate of 4°C/min and an isothermal 

period of 20 min at the end temperature of 750°C (= PDA; post deposition 

anneal). Figure II-16 shows XRD patterns of different Li/Ti oxide films starting 

from Li/Ti precursors with an excess of Li content between 0% and 300%. It is 

found that the initial metal ratio in the precursor has a large influence on the 

crystallization behavior of the deposited films. When a precursor with a Li+:Ti4+ 

ratio of 4:5, thus 0% of Li excess, was spin coated on the Si3N4/SiO2/Si substrate, 

Li4Ti5O12 is hardly formed, and the rutile TiO2 phase is much more abundant: only 

a very small peak that is linked to the Li4Ti5O12 phase is visible in the XRD pattern 

in Figure II-16a. When 50% excess of lithium is added to the precursor, this 

results in a more obvious presence of Li4Ti5O12 (Figure II-16b) However the rutile 

titanium oxide phase still takes the upper hand.  
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Figure II-16: XRD patterns of Li/Ti oxide films on Si3N4/SiO2/Si, deposited via spin 
coating and crystallized via a post deposition anneal in dry air at 750°C for 20 
minutes, starting from a Ti/Li precursor with (a) 0%, (b) 50%, (c) 100%, (d) 
200% and (e) 300% Li excess. As a reference the XRD signals originating from 

Li4Ti5O12 (★), rutile TiO2 (▼) and anatase TiO2 (♢) are shown.[35] 

 

Adding 100% excess of Li leads to the formation of anatase TiO2 instead of rutile 

in the final film (Figure II-16c). Also the spinel Li4Ti5O12 phase is more pronounced. 

Starting from a solution of 200% of Li excess gives a similar result: a mixture of 

anatase TiO2 and Li4Ti5O12 is obtained after spin coating and the subsequent heat 

treatments (Figure II-16d). Phase-pure spinel Li4Ti5O12 films could be obtained by 

the deposition of the Li/Ti precursor with a Li excess of 300% of lithium as can be 

seen in Figure II-16e. The XRD pattern only has one peak which can attributed to 

the (111) crystalline direction of spinel Li4Ti5O12. 

 

Besides the Li:Ti ratio in the precursor, also the hot plate treatment and in 

particular the temperature of the last hot plate step after each spin coat cycle 

tends to influence the crystallization behavior and thus the phase formation. This 

is demonstrated in Figure II-17, where the XRD patterns of the Li/Ti oxide films 

on Si3N4/SiO2/Si, deposited via spin coating of the precursor with a Li:Ti molar 

ratio of 4:5 (without Li excess) and a post deposition anneal in dry air at 750°C 
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(4°C/min, 20 min), are shown. The temperature of the hot plates after each spin 

coat cycle was kept constant for the first two hot plates, namely 110°C and 260°C, 

but was gradually increased for the final hot plate treatment from 470°C to 750°C. 

 

 

Figure II-17: XRD patterns of Li/Ti oxide films on Si3N4/SiO2/Si, deposited via spin 

coating and a subsequent heat treatment at 110°C for 1 min, 260°C for 2 min and 
(a) 470°C, (b) 490°C, (c) 510°C, (d) 540°C, (e) 570°C, (f) 600°C, (g) 630°C, (h) 
660°C, (i) 690°C, (j) 720°C and (k) 750°C for 2 min. The layers were crystallized 

via a post deposition anneal in dry air at 750°C for 20 minutes, starting from a 
Ti/Li precursor with molar ratio of 5:4. As a reference the XRD signals originating 

from Li4Ti5O12 (★), rutile TiO2 (▼) and anatase TiO2 (♢) are shown.[35] 

 

Increasing the final hot plate step from 470°C (a) to 490°C (b), 510°C (c), 540°C 

(d) and 570°C (e) seems not to affect the phase formation: mainly rutile TiO2 is 

formed during the post deposition anneal, only a small peak, indicating spinel 

Li4Ti5O12, can be found in the XRD patterns. A change in crystallization behavior 

is observed when the hot plate temperature was increased to 600°C. The clear 

formation of crystalline Li4Ti5O12 and the presence of anatase titanium oxide as 

secondary phase can be observed in the XRD plot (Figure II-17f). The intermediate 

heat treatment temperature was further increased to 630°C (g), 660°C (h), 690°C 

(i) and 720°C (j) in a furnace since the temperature limit for the hot plates was 
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exceeded, the conclusions are identical to the films which were treated at 600°C 

after each spin coating cycle (f). When an intermediate temperature step at 750°C 

is applied, the crystallization behavior of the film changes again: rutile TiO2 is 

present in the crystalline mixed film, besides anatase and Li4Ti5O12. 

 

From the above study, it follows that by controlling all levels of the process (Li 

content and anneal), different crystalline Li/Ti oxide films can be obtained. Phase-

pure Li4Ti5O12 films could be achieved when a large excess of lithium is added to 

the precursor. 

 

To check the lithium content in the samples, elastic recoil detection analysis was 

performed. The results in Table II-1a show that for the precursor with 0% excess 

of lithium and an intermediate anneal at 600°C between every spin coating cycle, 

resulted in lithium deficient films. The atomic percentage of Li in the film is 12.3% 

whereas it should be 19.0%. This is of course also reflected by a higher titanium 

%, i.e. 27.5%. From the ERDA results in Table II-1b, it follows that by the addition 

of a large excess of lithium, i.e. 300%, in the precursor and a conventional 

intermediate anneal on hot plates till 470°C, the theoretical atomic percentages 

could be achieved. Both observations suggest that a large amount of lithium is 

lost during the deposition process and that this predominantly influences the film 

crystallization behavior.  

 

 Theory (a) (b) 

Lithium 19.0% 12.3% 20.0% 

Titanium 23.8% 27.5% 21.4% 

Oxygen 57.1% 59.2% 57.4% 

Carbon / 0.3% 0.7% 

Hydrogen / 0.7% 0.6% 

Table II-1: Atomic fractions (%) of Li/Ti oxide films on Si3N4/SiO2/Si determined 
by ERDA. The films were deposited via spin coating and crystallized via a post 
deposition anneal in dry air at 750°C for 20 minutes: (a) a film consisting of spinel 

Li4Ti5O12 and anatase TiO2 obtained starting from a Ti/Li precursor with 0% Li 
excess and an intermediate anneal till 600°C and (b) a phase-pure spinel Li4Ti5O12 
film, obtained starting from a Ti/Li precursor with 300% Li excess and an 
intermediate anneal till 470°C. As a reference the theoretical values are shown. 
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It seems that the intermediate anneal process, particularly the maximum anneal 

temperature after each spin coating cycle, has also an effect on the amount of 

lithium that is retained in the film. When a precursor with the theoretical Li+:Ti4+ 

ratio of 4:5 was spin coated on the Si3N4/SiO2/Si substrate followed by the hot 

plate treatment till 470°C, Li4Ti5O12 is hardly formed, instead the rutile TiO2 phase 

is much more abundant (Figure II-16a). One could ascribe this due to the lack of 

lithium in the deposited film. When an extra intermediate anneal step of 600°C or 

higher was added, this lead to the same effect as was seen for the addition of 

100% excess of lithium ions to the precursor, i.e. an intense XRD signal indicating 

the presence of spinel Li4Ti5O12 accompanied by smaller peak that could be 

ascribed to anatase titanium oxide. It seems that the extra anneal step at 600°C 

or more lead to a larger conservation of lithium in the thin film. However these 

films are still characterized by a lack of lithium. 

 

It is known that lithium is very mobile. However since it cannot migrate through 

the Si3N4 film acting as barrier layer for lithium, it is believed that lithium is lost 

due to walk-off via the edges of the substrate during the deposition process. This 

effect can be diminished, however not excluded, by the higher intermediate anneal 

temperature, i.e. 600°C. It is believed that by the higher intermediate anneal 

temperature, more lithium is retained due to a larger immediate fixation of the 

ion in the oxide lattice. 

 

In view of Li-ion thin-film battery processing, the temperature will be a limiting 

factor. Therefore, it is more favorable to deposit the phase-pure spinel Li4Ti5O12 

films via the precursor with the excess of lithium compared to the process using 

the higher intermediate anneal treatment. For that reason, i.e. limiting the overall 

thermal budget, also the post deposition anneal was more investigated. At the 

same time, the effect of atmosphere was studied: the PDA was performed in an 

inert atmosphere. Also this could be beneficial towards the deposition of the 

Li4Ti5O12 film on the rest of the Li-ion battery stack, thus a smaller chance of 

affecting the other films. Both effects were studied by means of in-situ XRD by 

Mattelaer et al. (CoCoon group – Ghent University): the Li/Ti oxide crystallization 

of the films, deposited via spin coating the Li/Ti precursor with 300% excess of 

lithium and subsequent intermediate treatment at the hot plates till 470°C, was 
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followed during the post deposition anneal in Helium. In Figure II-18 the in-situ 

XRD results are shown, the heating rate was, respectively, (a) 4°C/min and (b) 

40°C/min. The 2ϴ window was defined so that it incorporated the major peak 

attributed to spinel Li4Ti5O12 and the possible secondary phases rutile and anatase. 

While heating at 4°C/min (Figure II-18a), it is clear that phase-pure spinel 

Li4Ti5O12 is initiated at 600°C. This phase is retained by further heating, however, 

from 780°C an unidentified crystalline structure is formed as a secondary phase. 

 

 

Figure II-18: In-situ XRD of Li/Ti oxide films on Si3N4/SiO2/Si - deposited via spin 
coating and a subsequent heat treatment at 110°C for 1 min, 260°C for 2 min and 
470°C for 2 min - during a ramp anneal with ramp rate (a) 4°C/min and (b) 

40°C/min in He. The grey color indicates the lowest intensities (i.e. background), 

black shows the highest intensities (i.e. diffraction peaks). As a reference the XRD 

signals originating from Li4Ti5O12 (★) and an unidentified phase (△) are shown. 
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The same effect was observed while heating at 40°C/min (see Figure II-18b), the 

same sequence of peak appearances could be observed in the XRD pattern. 

Nonetheless, the appearance of the peaks was retarded and shifted to a slightly 

higher temperature due to the faster heating rate. Hence, phase-pure spinel 

Li4Ti5O12 films could be achieved by performing the post deposition anneal in an 

inert atmosphere at a lower temperature than the proposed 750°C, in particular 

in the range between 650°C and 700°C. 

 

3.3.2.2 Study of electrochemical behavior 

Since the phase-pure spinel Li4Ti5O12 films were demonstrated on Si3N4/SiO2/Si 

substrates, the process was transferred to a Pt/TiN/TiO2/Si substrate for the 

electrochemical behavior of the films as negative electrode material. For 

comparison, both a Li4Ti5O12 film with a fraction of anatase (from the ERDA results 

in Table II-1a, ca. 30% of anatase TiO2 is expected in the film) and a phase-pure 

Li4Ti5O12 film were deposited on Pt, using the appropriate process conditions 

(based on the crystallization study of Li4Ti5O12 on Si3N4/SiO2/Si). 

 

 

Figure II-19: XRD patterns of (a) a Li4Ti5O12/anatase film and (b) a phase-pure 
Li4Ti5O12 film on Pt/TiN/TiO2/Si, deposited via spin coating, using the appropriate 

process conditions (cf. study of Li4Ti5O12 on Si3N4/SiO2/Si). The films were 
crystallized via a post deposition anneal in N2 at 700°C (4°C/min) for 20 minutes. 

 

The XRD patterns in Figure II-19 show that the process had been transferred 

successfully (Figure II-19a for the former and Figure II-19b for the latter). The 

SEM images of both Li/Ti oxide films on Pt are shown in Figure II-20. The films 

are dense, completely covering the substrate and that they have a thickness of 

ca. 100 nm for the Li4Ti5O12 + anatase (Figure II-20a) and 65 nm for the Li4Ti5O12 

film (Figure II-20b). 
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Figure II-20: SEM images (tilted view, 45° and X-view) of (a) a Li4Ti5O12/anatase 

film and (b) a phase-pure Li4Ti5O12 film on Pt/TiN/TiO2/Si, deposited via spin 
coating, using the appropriate process conditions (cf. study of Li4Ti5O12 on 
Si3N4/SiO2/Si). The films were crystallized via a post deposition anneal in N2 at 
700°C (4°C/min) for 20 minutes. 

 

The electrochemical characterization of the deposited films was performed by 

Moitzheim et al. (imec). Figure II-21 shows cyclic voltammograms of the studied 

Li/Ti oxide films, i.e. the Li4Ti5O12/anatase (a) and phase-pure Li4Ti5O12 film (b). 

In both cases reduction and oxidation peaks are present at respectively ca. 1.45 

V and 1.75 V, representing the reversible lithium insertion and extraction reactions 

in Li4Ti5O12. 

 

The charge-discharge curves of the Li/Ti oxide films for various C-rates are 

represented in Figure II-22. For these plots the film thickness, estimated from 

SEM characterization, is taken into account: 100 nm and 65 nm for respectively 

the Li4Ti5O12/anatase film and the phase-pure Li4Ti5O12 film. The curves, which are 

characterized by flat charge/discharge plateau region, show a clear difference 

depending on the Li/Ti oxide film. The Li4Ti5O12/anatase film results in an 

additional plateau around 2.1 V (see Figure II-22a). This indicates the crystalline 

impurity (anatase TiO2, which is also known to be electrochemically active) and 

results in a capacity for low c-rates (0.5C/1C) around 500 mAh/cm3, thus smaller 

than the theoretical capacity of spinel Li4Ti5O12, i.e. 610 mAh/cm3.[42] At 50C 

70% of the capacity could be maintained. The capacity of the fabricated phase-
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pure spinel Li4Ti5O12 film (Figure II-22b) is 60% higher compared to the impure 

film, i.e. ca. 800 mAh/cm3 for the low C-rates. At 50C, 80% of this capacity is 

maintained. The increase in capacity is related to the increase in lithium compared 

to the mixed film which was ca. 67%. It seems that the capacity is higher than 

the theoretical value. This is of course impossible, thus it means that the amount 

of active Li4Ti5O12 material was underestimated. 
 

 

Figure II-21: Cyclic voltammetry (scan rate: 10 mV/s) of (a) a Li4Ti5O12/anatase 
film and (b) a phase-pure Li4Ti5O12 film on Pt/TiN/TiO2/Si, deposited via spin 
coating, using the appropriate process conditions (cf. study of Li4Ti5O12 on 

Si3N4/SiO2/Si). The films were crystallized via a post deposition anneal in N2 at 
700°C (4°C/min) for 20 minutes.  
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Figure II-22: Charge-discharge curves (from high capacity to low capacity: 0.5C; 

1C, 1C, 2C, 5C, 10C, 20C, 50C) of (a) a Li4Ti5O12/anatase film and (b) a phase-

pure Li4Ti5O12 film on Pt/TiN/TiO2/Si, deposited via spin coating, using the 
appropriate process conditions. The films were crystallized via a post deposition 
anneal in N2 at 700°C (4°C/min) for 20 minutes. The films were crystallized via a 
post deposition anneal in N2 at 700°C (4°C/min) for 20 minutes. 
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3.4 Conclusions 

A stable aqueous Li/Ti precursor, which could be used for the chemical solution 

deposition of Li4Ti5O12 thin films, was developed. While compensating for the 

lithium loss during the deposition process, phase-pure films could be achieved via 

spin coating after a post deposition anneal at 700°C. The phase-pure film was 

characterized by a very high capacity, particularly ca. 800 mAh/cm3 for the low 

C-rates (0.5C-1C), while the mixed Li4Ti5O12/anatase film’s capacity was 500 

mAh/cm3 at 0.5C and 1C. Since 800 mAh/cm3 is higher than what is theoretical 

possible, probably the amount of active material was underestimated. However, 

it seems that this aqueous solution-gel process can deliver spinel Li4Ti5O12 films 

which can be incorporated in thin-film Li-ion batteries. A more precise 

determination of the amount of active material and a more thorough 

electrochemical study should be performed to check all electrochemical 

characteristics including the exact capacity and cycle life. LTO is expected to have 

a long cycle life.[40,42] 
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4 (LixMg1-2xAlx)Al2O4 as possible solid electrolyte in 

all-spinel Li-ion batteries 

4.1 Introduction 

As was described in the previous section, spinel Li4Ti5O12 thin films were 

successfully fabricated using aqueous chemical solution deposition. These films 

show promising electrochemical properties. As mentioned in chapter I, LiMn2O4 is 

a widely studied cathode material. This material, which also possesses the spinel 

structure, seems to fit with Li4Ti5O12 since they are characterized by a similar 

capacity. The capacity of LiMn2O4 is only a bit lower, in particular ca. 25 mAh g-1. 

The use of these spinel materials as anode and cathode in a thin-film battery, 

together with a spinel-type electrolyte would allow matching of the electrode and 

electrolyte crystals. In this way, a continuous pathway for Li+ ion transport should 

be enabled (see Figure II-23a), which could result in a lower interfacial resistance 

and a faster ionic transport through the device compared to a battery with 

complex electrode-electrolyte interfaces (see Figure II-23b). In the case of spinel 

matching, there is no need to match exact crystal directions at the interfaces 

between electrodes and electrolyte because of the fact that spinel structures are 

characterized by 3D conductivity.[62] 

 

 

Figure II-23: Schematic representation of (a) lattice matching and (b) non lattice 

matching in an all-solid-state Li-ion battery.[62] 
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Recently, (LixMg1-2xAlx)Al2O4 (0 < X < 0.5) has been suggested as a novel spinel 

Li-ion electrolyte. Successful powder synthesis via co-precipitation chemistry (in 

water) was reported.[62] 

 

It is the aim to develop a new aqueous solution-gel process for the deposition of 

(LixMg1-2xAlx)Al2O4 thin films. Since the mixing of metal ions is typically done at 

the precursor level, various compositions for (LixMg1-2xAlx)Al2O4 can be easily and 

relatively fast synthesized and investigated.[63–65] 

 

4.2 Experimental 

4.2.1 Aqueous Li/Mg/Al precursor and oxide powder synthesis 

First, the mono-metal Li (I), Mg (II) and Al (III) ion solutions were prepared 

separately, as illustrated in Figure II-24. 

 

For the Li (I) precursor, lithium hydroxide (LiOH, ≥98%, Sigma-Aldrich) and citric 

acid (CA, C6H8O7, 99%, Sigma-Aldrich) were added in water so that the final Li (I) 

ion concentration and Li+:CA ratio were, respectively, 0.7 M and 1:1. Then, the 

mixture was refluxed at 80°C, which after a short time yielded a clear solution, 

with a pH of about 3.5. The solution was cooled to room temperature and in the 

third step, ammonia (NH3, extra pure, 32%, Merck) was added dropwise to the 

solution in order to increase the pH to exactly 7. 

 

The synthesis procedure for the Mg (II) precursor starts with magnesium 

hydroxide (Mg(OH)2, 95-100.5%, Alfa Aesar) and citric acid (CA, C6H8O7, 99%, 

Sigma-Aldrich) which were added in water so that the final Mg (II) ion 

concentration and Mg2+:CA ratio were, respectively, 0.7 M and 1:1. The mixture 

was refluxed at 80°C, which after a short time yielded a clear, acidic solution. The 

solution was cooled to room temperature and in the third step, ammonia (NH3, 

extra pure, 32%, Merck) was added dropwise to the solution in order to increase 

the pH to exactly 7. 

 

For the Al (III) precursor, a previously reported method [66] was adjusted to 

make it highly compatible with the other metal ion solutions. It was synthesized 

by the addition of the metal hydroxide, i.e. aluminum hydroxide (Al(OH)3, reagent 
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grade, Sigma-Aldrich) and citric acid (CA, C6H8O7, 99%, Sigma-Aldrich) in water 

so that the final Al (III) ion concentration and Al3+:CA ratio were, respectively, 

0.7 M and 1:1. Then, the whole was refluxed at 80°C, which after a short time 

yielded a clear, acidic solution. The solution was cooled to room temperature and 

in the third step, ammonia (NH3, extra pure, 32%, Merck) was added dropwise to 

the solution in order to increase the pH to exactly 7. 

 

  

Figure II-24: Synthesis flowchart of the Li/Mg/Al precursor, powder and thin 
films. 

 

The mono-metal ion precursor solutions were filtered using a membrane filter 

(Nalgene, 0.2 µm) to remove particles, impurities and undissolved fractions. 

Subsequently their exact concentration was determined by ICP-AES (Optima 

3000, PerkinElmer).  

 

The multi-metal ion Li/Mg/Al precursors were then prepared by mixing the Li (I), 

Mg (II) and Al (III) ion solutions in the desired amounts. Different molar ratios 

were prepared in view of (LixMg1-2xAlx)Al2O4 with 0 ≤ X < 0.5. The total metal ion 

concentration was kept at 0.5 M for all prepared precursors. 

 

For the powder synthesis, first, the precursor solutions were evaporated in air at 

80°C to allow gelation of the system. The obtained gels were then crushed and 

ground manually in an agath mortar before further thermal treatment in view of 

crystallization. The decomposition of the gel was studied by means of a 
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simultaneous thermal gravimetric (TG) analysis in a TA Instruments TGA 951–

2000. The gel was heated from room temperature to 800°C at a heating rate of 

10°C min-1 in dry air (100 ml min-1). The crystallization behavior of the Li/Mg/Al 

powders, which were precalcined at 200°C for 30 minutes, as a function of the 

temperature was studied in-situ by high-temperature X-ray diffraction (HT-XRD, 

Bruker, D8, step size 0.02°2θ). The measurements were carried out between 10 

and 60° 2θ at a heating rate of 10°C/min, with intervals of 50°C from 500 to 

800°C. 

 

4.2.2 Li/Mg/Al oxide film deposition 

Thin films were deposited via spin coating (3000 rpm, 30 s) of the Li/Mg/Al multi-

ion precursors onto Si3N4/SiO2/Si (70 nm Si3N4/1.2 nm thermally grown SiO2), 

Pt/ZnO/SiO2/Si and Pt/TiN/SiO2/Si (70 nm Pt/40 nm TiN/SiO2). To allow deposition 

of uniform films, the Si3N4 and Pt substrate surfaces were first pretreated in an 

UV/O3 environment at 60°C for 30 minutes.[19] Multiple layers were deposited on 

the substrates, after each layer the sample was brought on hot plates to 

decompose the precursor. After deposition, the films were annealed in a furnace 

(post deposition anneal – PDA: 10°C/min, 30 min isothermal) to trigger the 

crystallization. The Li/Mg/Al film oxide phase formation was studied using ex-situ 

XRD on a PANalytical X'pert Pro tool with Cu Kα radiation in a Grazing Incidence 

configuration (coupled θ-2θ scan) with a PIXcel detector in scanning mode (step 

size 0.0098°). The film morphology and thickness were visualized by scanning 

electron microscopy (SEM, FEI, NOVA 200) in a tilted view (45°) and cross-section 

view (90°). The composition of the deposited films was determined by elastic 

recoil detection (ERDA), using a imec home-built system.[61] 

 

The ionic conductivity of the deposited films at room temperature was evaluated 

by means of electrochemical impedance spectroscopy. This was measured at open 

circuit potential in 1M LiClO4 in propylene carbonate solutions using a three-

electrode cell (working electrode = sample, reference electrode = Li, counter 

electrode = Li). The whole was connected to a Autolab PGTAT 100 potentiostat 

and placed in a glove-box (under Ar) at 21°C. The electrochemical evaluation was 

performed by Put et al. (imec). 
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4.3 Results and discussion 

4.3.1 Aqueous Li/Mg/Al precursor and oxide powder synthesis 

The multi-metal ion Li/Mg/Al precursors, prepared in view of (LixMg1-2xAlx)Al2O4 

with 0 ≤ X < 0.5, were clear and stable. The precursor decomposition was studied 

by a thermal gravimetric analysis (TGA) of the precursor gels, formed by 

evaporation of the water out of the precursor at 80°C. Earlier studies on the 

decomposition of citrate-based metal gels lead to a good understanding of the 

obtained profile.[21–23] From the precursors’ decomposition profiles, shown in 

Figure II-25, it follows that the gel composition (0 ≤ X < 0.5) does not significantly 

affect the decomposition behavior. The small weight loss until 150°C can be 

ascribed to the evaporation of water, absorbed by the gel. This drying step is 

followed by a more intense weight loss, initiated at 200°C and finished at 300°C, 

due to the partial decomposition of the ammonium citrate gel matrix. For T > 

300°C, the decomposition of the direct coordination sphere of the metal ions 

starts. The accompanying removal of organic residual fractions is completed at 

600°C. 

 

  

Figure II-25: TGA and DTG (10°C/min, 100 ml/min in dry air) of the Li/Mg/Al 

citrate gels with composition X=0.0 (blue plot), X=0.3 (red plot), X=0.4 (black 
plot) and X=0.5 (green plot) in (LixMg1-2xAlx)Al2O4.  
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The crystallization behavior of Li/Mg/Al oxide was studied on the bulk material, 

i.e. powders obtained by evaporating water out of the precursor and crushing it. 

The oxide crystallization, in view of (LixMg1-2xAlx)Al2O4 with 0 ≤ X < 0.5, was 

followed using high-temperature XRD, allowing in-situ study of the phase 

(trans)formation during heating (10°C/min, air, intervals of 50 °C from 500 to 

800°C). In Figure II-26 the in-situ XRD results for the powder without lithium 

(X=0), i.e. for the formation of MgAl2O4, are shown. Crystallization starts at 600°C 

with the formation of MgAl2O4 spinel peaks in the XRD pattern, no secondary 

phases are present. These signals are intensified by increasing the temperature 

and, moreover, other signals which can all be attributed to the spinel phase are 

developed. One can thus conclude that via this sol-gel method phase-pure spinel 

MgAl2O4 powders can be synthesized. 

 

 

Figure II-26: HT-XRD patterns of the Li/Mg/Al citrate gel (X=0.0 in (LixMg1-

2xAlx)Al2O4 at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C 

and (g) 800°C in air. As a reference the XRD signals originating from spinel (★) 

MgAl2O4 are shown.[35,62] 
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When a small amount of lithium is included in the system, the crystallization 

behavior is similar, as can be seen in Figure II-27 for X=0.1. However, the 

crystallization seems to be initiated earlier, i.e. at 500°C. Further increasing the 

temperature, results in the formation of other peaks which can also be linked to 

the spinel (LixMg1-2xAlx)Al2O4 phase. It must be noted that also peaks from the 

Al2O3 substrate holder are visible in the XRD pattern since they tend to occur 

before crystallization starts. This is probably due to incomplete coverage of the 

substrate holder by the investigated powder. However, presence of crystalline 

Al2O3 as secondary phase during the crystallization process can thus not be either 

shown or excluded in this case. 

 

 

Figure II-27: HT-XRD patterns of the Li/Mg/Al citrate gel (X=0.1 in (LixMg1-

2xAlx)Al2O4 at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C 
and (g) 800°C in air. As a reference the XRD signals originating from the (s) Al2O3 

substrate holder and spinel (★) (LixMg1-2xAlx)Al2O4 are shown. [35,62] 

 

The in-situ XRD results for the “X=0.2” powder are shown in Figure II-28. Also 

here, some peaks, originating from the substrate holder, can be noticed before 

crystallization. The crystallization of the bulk material starts at 600°C. By 
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increasing the temperature, these signals are intensifying, and moreover an extra 

peak, linked to the spinel (LixMg1-2xAlx)Al2O4 phase, appears. However, at the 

same time, also tetragonal LiAlO2 appears as secondary phase. Thus spinel 

(LixMg1-2xAlx)Al2O4 without the presence of LiAlO2 can be obtained in the 

temperature range 600°C ≤ T < 650°C. 

 

 

Figure II-28: HT-XRD patterns of the Li/Mg/Al citrate gel (X=0.2 in LixMg1-

2xAlx)Al2O4 at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C 
and (g) 800°C in air. As a reference the XRD signals originating from originating 

from the (s) Al2O3 substrate holder, tetragonal (♢) LiAlO2 and spinel (★) (LixMg1-

2xAlx)Al2O4 are shown. [35,62] 

 

Similarly, spinel (LixMg1-2xAlx)Al2O4 without the presence of LiAlO2 was obtained, 

starting from the precursor/gel with X=0.3, in the temperature range 600°C ≤ T 

< 650°C (see Figure II-29). The formation of spinel (LixMg1-2xAlx)Al2O4 starts at 

600°C whereas the LiAlO2 is initiated at 650°C. Also here, there cannot be 

distinguished between the possibility of Al2O3 impurities and the substrate holder. 
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Figure II-29: HT-XRD patterns of the Li/Mg/Al citrate gel (X=0.3 in (LixMg1-

2xAlx)Al2O4) at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C 
and (g) 800°C in air. As a reference the XRD signals originating from originating 

from the (s) Al2O3 substrate holder, tetragonal (♢) LiAlO2 and spinel (★) (LixMg1-

2xAlx)Al2O4 are shown. [35,62] 

 

For X=0.4 (precursor/gel composition), it seems that the spinel phase without 

LiAlO2 is very difficult to achieve (Figure II-30). The formation of crystalline spinel 

(LixMg1-2xAlx)Al2O4, which is initiated at 600°C, comes directly with tetragonal 

LiAlO2 as secondary phase. This indicates that (Li0.4Mg0.2Al0.4)Al2O4 is not formed. 

Instead, (LixMg1-2xAlx)Al2O4 with X≤0.3 is formed and the excess is immediately 

expelled in LiAlO2. Elevating the temperature, intensifies the signals of (LixMg1-

2xAlx)Al2O4 phase together with the unwanted lithium aluminate.  
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Figure II-30: HT-XRD patterns of the Li/Mg/Al citrate gel (X=0.4 in (LixMg1-

2xAlx)Al2O4) at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C 

and (g) 800°C in air. As a reference the XRD signals originating from originating 

from the (s) Al2O3 substrate holder, tetragonal (♢) LiAlO2 and spinel (★) (LixMg1-

2xAlx)Al2O4) are shown. [35,62] 

 

For the powder without Mg (X=0.5), the in-situ XRD results are shown in Figure 

II-31. Also, in this case, the formation of crystalline phases starts at 600°C. At 

that temperature spinel (LixMg1-2xAlx)Al2O4 powder can be obtained, no LiAlO2 

secondary phase is present. There cannot be distinguished between the possibility 

of Al2O3 impurities and the substrate holder. When further increasing the 

temperature the phase-pure spinel phase is maintained, the peaks which are 

associated with it are gaining in intensity. 

 

It has been shown that phase-pure (LixMg1-2xAlx)Al2O4 bulk material can be 

obtained for X ≤ 0.3, by using the reported aqueous sol-gel method. For X > 0.3, 

the actual formed (LixMg1-2xAlx)Al2O4 phase will be deficient (X≤0.3) and therefore 

a secondary phase consuming the excess is unavoidable. This is in agreement with 

the theoretical calculations: it was found that segregation is more likely to occur 
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at higher lithium concentration due to the more pronounced endothermicity of the 

reaction.[67]  

 

 

Figure II-31: HT-XRD patterns of the Li/Al citrate gel (X=0.5 in (LixMg1-2xAlx)Al2O4 

at (a) 500°C, (b) 550°C, (c) 600°C, (d) 650°C, (e) 700°C, (f) 750°C and (g) 
800°C in air. As a reference the XRD signals originating from originating from the 

(s) Al2O3 substrate holder, tetragonal (♢) LiAlO2 and spinel (★) (LixMg1-2xAlx)Al2O4) 

are shown. [35,62] 

 

4.3.2 Li/Mg/Al oxide film deposition 

Via spin coating of several layers of the Li/Mg/Al precursor, amorphous lithium 

magnesium aluminate films were deposited on SiO2/Si substrates. For the 

decomposition of the precursor and the accompanying oxide formation, also for 

this system, there was opted for a hot plate treatment between each spin coat 

cycle. This was done to avoid the formation of a solidified skin before the interior 

of the film is decomposed completely, and consequently the formation of cracks 

when gases escape from the interior and break through the skin.[15] The hot 

plate conditions (1’ at 110°C, 2’ at 300°C, 2’ at 480°C, 2’ at 600°C) were defined 

based on the precursors’ thermal decomposition profiles (Figure II-25), which 
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were obtained by a thermal gravimetric study (TGA/DTA) of the precursor gels, 

formed by evaporation of the water out of the precursor at 80°C. 

 

In order to study the film deposition, the precursor with a composition of X=0.05 

in (LixMg1-2xAlx)Al2O4 was selected as model material. It has been shown for 

(LixMg1-2xAlx)Al2O4 powders that for a low lithium amount (X ≤ 0.3), the spinel 

phase could be obtained without the presence of LiAlO2. 

 

In the absence of etching/dissolution of underlying layers, the film thickness can 

be controlled by the number of deposited layers, as was shown for the LuFeO3 

system. Each deposition cycle comprises spin coating and a thermal treatment on 

hot plates. In Figure II-32 the thicknesses of (LixMg1-2xAlx)Al2O4 films (precursor 

with X=0.05) on 1.2 nm SiO2/Si, determined by X-SEM, are plotted as a function 

of the number of deposition cycles. The inset shows the X-SEM image of the film 

after four deposition cycles. 

 

 

Figure II-32: (a) Plot of the film thickness of (LixMg1-2xAlx)Al2O4 oxide films 
(precursor with X=0.05) on 1.2 nm SiO2/Si, determined via X-SEM, as a function 
of the amount of deposition cycles (i.e. spin coating and subsequent thermal 
treatment on hot plates) and (b) X-SEM image of the Li/Mg/Al oxide film after 4 
deposition cycles. 
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It can be observed that the films are very smooth after deposition (see SEM 

image) and that the resulting film thicknesses vary linearly with the number of 

cycles. Hence, the Li/Mg/Al oxide film thickness can be controlled by the number 

of deposition cycles. 

 

Via spin coating 4 layers of the precursor, Li/Mg/Al amorphous oxide films with a 

thickness of ca. 80 nm were deposited on Pt/ZnO/Si substrates. This type of 

substrate was selected because of its electrical conductivity enabling the 

possibility for electrochemical measurements. Furthermore it is known that this 

substrate prevents Li diffusion into the substrate and also the formation of silicates 

(LuFeO3) is excluded by using this stack. Moreover it was experimentally found 

that these layers could stand temperatures till 1000°C. 

 

 

Figure II-33: GI-XRD patterns of ca. 80 nm (LixMg1-2xAlx)Al2O4 (precursor with X 

= 0.05) oxide films on Pt/ZnO/Si, deposited via spin coating after hot plate 
treatment and crystallized via a post deposition anneal in dry air at (a) 700°C, (b) 
800°C, (c) 900°C, (d) 1000°C. As a reference the XRD signals originating from 

the substrate (s), rhombohedral (○) Al2O3 and spinel (★) (LixMg1-2xAlx)Al2O4 are 

shown. [35,62] 
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The deposited films were further annealed for 30 min in a furnace in order to 

crystallize. The GI-XRD patterns in Figure II-33 show that after the hot plates and 

an anneal in a furnace at 700°C, the Li/Mg/Al oxide film is not yet crystalline 

(Figure II-33a). A temperature of 800°C was necessary to trigger the film 

crystallization as spinel (LixMg1-2xAlx)Al2O4 phase formation is observed in the XRD 

pattern of Figure II-33b. A crystallization temperature of 800°C for spinel 

formation is much higher than that needed for (LixMg1-2xAlx)Al2O4 powders (600°C-

650°C). This can be explained by an increase in activation energy for the 

crystallization of thin films compared to bulk material, considering volume induced 

crystallization.[25] Elevating the post deposition anneal temperature to 900°C or 

1000°C (Figure II-33b-d) results in the appearance of peaks attributed to 

rhombohedral Al2O3, formed as secondary phase in the (LixMg1-2xAlx)Al2O4 films at 

these high temperatures. 

 

 

Figure II-34: GI-XRD patterns of ca. 80 nm Li/Mg/Al oxide films (precursor with 

(a) X= 0.1, (b) X=0.2, (c) X=0.3 and (d) X=0.4) on Pt/TiN/Si, deposited via spin 
coating after hot plate treatment and crystallized via a post deposition anneal in 
dry air at 800°C. As a reference the XRD signals originating from the substrate 

(s), tetragonal (♢) LiAlO2 and spinel (★) (LixMg1-2xAlx)Al2O4 are shown. [35,62] 
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It can be concluded that 800°C is the optimal temperature to obtain spinel (LixMg1-

2xAlx)Al2O4 without crystalline secondary phases for X=0.05. The crystallization at 

800°C was also studied for films deposited via precursors with all other 

compositions (X=0.1, X=0.2, X=0.3 and X=0.4). Via spin coating 4 layers of the 

appropriate precursor, Li/Mg/Al amorphous oxide films with a thickness of ca. 80 

nm were deposited on Pt/TiN/Si substrates. In all cases the spinel (LixMg1-

2xAlx)Al2O4 is obtained (Figure II-34). Moreover it seems that no secondary 

crystalline phases are present for X=0.1, X=0.3 and X=0.4. For X=0.2, the XRD 

pattern is characterized by a signal, related to tetragonal LiAlO2. 

 

The morphology of the films was studied by SEM. In Figure II-35a, a SEM image 

of a (LixMg1-2xAlx)Al2O4/LiAlO2 film (X=0.2) is shown. One can observe species 

which are separated from the film, suggesting that there is indeed phase 

segregation. For the (LixMg1-2xAlx)Al2O4 film (X=0.4), for which XRD did not show 

secondary phases, a continuous but rough film can be seen in Figure II-35b. 

 

 

Figure II-35: SEM images (tilted view, 45°) of (a) a (LixMg1-2xAlx)Al2O4/LiAlO2 film 
and (b) a (LixMg1-2xAlx)Al2O4 film on Pt/TiN/TiO2/Si, deposited via spin coating of 
a Li/Mg/Al precursor with a composition of respectively X=0.2 and X=0.4, followed 

by a subsequent heat treatment. The films were crystallized via a post deposition 
anneal in dry air at 800°C. 

 

The composition of the deposited films was measured by ERDA. Since this 

technique cannot be applied for films deposited on Pt, the Li/Mg/Al oxide films 

were deposited on Si3N4/SiO2/Si, followed by a heat treatment and a PDA in at 

800°C in dry air. In Figure II-36, a plot of the (a) lithium, (b) magnesium and (c) 
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aluminum content in the deposited film expressed as (LixMg1-2xAlx)Al2O4 and 

determined by ERDA, as a function of the metal content in the precursor, is shown. 

The solid (linear) lines represent the ideal case, i.e. the composition that was 

aimed for in the films. For lithium, the concentration is systematically lower than 

the targeted amount. The lower amount of lithium in the films could explain why 

the secondary phase is less likely formed. Furthermore, the aluminum amount is 

typically higher than the targeted concentration, except for X=0.4. The 

magnesium concentration is decreasing with X. This observation, combined with 

the fact that the offset for lithium seems to be constant for X≤0.2, probably 

explains why, in the case of X=0.2, the secondary LiAlO2 phase is formed, and 

thus in the other films not. The magnesium content is further decreasing from 

X=0.2 onwards, however, the Li content is probably too low to result in LiAlO2 

secondary phases. 

 

The electrochemical properties of the deposited (LixMg1-2xAlx)Al2O4 films were 

evaluated by means of electrochemical impedance spectroscopy. These 

experiments were performed at imec by Put et al. The results are presented, as a 

Nyquist plot, in Figure II-37. One should be able to distinguish a semi-circle, 

especially for the first part of the plot which is magnified and shown as an inset. 

Simplified, the electrolyte system can be presented as a resistor and a capacitor 

in parallel. However, such semi-circular behavior could not be observed. Hence, 

almost no ionic conductivity is present in the (LixMg1-2xAlx)Al2O4 films. 

Furthermore, it seems that there is no dependency of the ionic conductivity on the 

stoichiometry of the deposited material. A possible hypothesis is that at the grain 

boundaries an amorphous Al2O3 interface was formed, which thus deteriorates the 

high potential of this newly defined electrolyte material. This is plausible since 

typically there was an excess of Al available in the films (Figure II-36c) and 

rhombohedral Al2O3 was found after a PDA at 900°C and more (Figure II-33). 
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Figure II-37: Electrochemical impedance spectroscopy (Nyquist plot) of (LixMg1-

2xAlx)Al2O4 films (precursor with X= 0.1, X=0.2, X=0.3 and X=0.4) on 
Pt/TiN/TiO2/Si, deposited via spin coating of a of a Li/Mg/Al precursor, followed by 
a subsequent heat treatment. The films were crystallized via a post deposition 

anneal in dry air at 800°C. For convenience, as an inset the first part of the plot 
is magnified. [Courtesy of Put et al., imec] 
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4.4 Conclusions 

The synthesis of a stable aqueous Li/Mg/Al precursor, which could be used for the 

chemical solution deposition of (LixMg1-2xAlx)Al2O4 thin films (spin coating), was 

shown. Spinel films could be achieved after a post deposition anneal at 800°C. A 

too high Li:Mg ratio for X=0.2 lead to the formation of LiAlO2 as secondary phase, 

deteriorating the intrinsic film quality and morphology. Electrochemical impedance 

spectroscopy showed that none of the deposited films possess a decent ionic 

conductivity. This is due to the formation of an amorphous Al2O3 interface at the 

grain boundaries, caused by an excess of Al available in the films (observed by 

ERDA). This observation tackles the potential use of these solid electrolyte films 

in thin-film Li-ion batteries, at least tentatively. If the formation of Al2O3 could be 

avoided, e.g. by a more elaborate tuning of the Li:Mg:Al ratio, this could result in 

a higher ionic conductivity. 
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5 Summary 

Several new aqueous based chemical solution deposition processes were 

developed in order to deposit thin films of LuFeO3, Li4Ti5O12 and (LixMg1-

2xAlx)Al2O4, and their interesting characteristics were investigated. 

 

For the obtained phase-pure o-LuFeO3 film on Si3N4/SiO2/Si, to the authors’ 

knowledge for the first time, a giant dielectric constant equal or higher than 104 

was shown for low frequencies (< 103 Hz), which makes it promising for the use 

in thin film capacitors. The downside of the material is that the dielectric loss is 

quite high at low frequencies. 

 

Furthermore, it also seems that the aqueous solution-gel process can deliver 

spinel Li4Ti5O12 films which are very promising for incorporation in thin-film Li-ion 

batteries. A more precise determination of the amount of active material and a 

more thorough electrochemical study should be performed to check all 

electrochemical characteristics including the exact capacity and cycle life. 

 

Chemical solution deposition of spinel (LixMg1-2xAlx)Al2O4 thin films was also 

shown. Electrochemical impedance spectroscopy showed that the deposited films 

did not possess a decent ionic conductivity, probably due to the formation of an 

amorphous Al2O3 interface at the grain boundaries. This is caused by an excess of 

Al available in the films. If the formation of Al2O3 could be avoided, e.g. by tuning 

the Li:Mg:Al ratio, this could result in a higher ionic conductivity and make the 

material interesting as solid electrolyte film in thin-film Li-ion batteries. 

 

These processes are all marked by their low cost, relative easiness and 

environmental friendly character. It is obvious that a transfer of the process to a 

3D substrate would take them even a step higher. 
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1 Introduction 

As discussed in the first chapter, the second aim of this thesis is to evolve to a 

cheap, simple method that allows conformal coating of metal oxides on 3D 

substrates (Figure III-1). This could be used to develop the concept of 3D thin-

film Li-ion batteries (and 3D thin-film capacitors), which are currently in an 

exploratory stage. Atomic layer deposition is generally seen as the ideal method 

for conformal coating of microstructured surfaces since it can deliver conformal 

high-quality coatings. However, a new chemical solution deposition process, which 

is characterized by low operation and equipment costs, a high throughput and 

large applicability, would give a strong impulse towards commercial 3D devices. 

 

The development of such process was firstly done for TiO2 as model material. 

Besides the fact that this is mono-metal oxide, it has also interesting properties 

towards Li-ion batteries, as anode material. 

 

 

Figure III-1: Schematic representation of aim and the accompanying outline of 

the thesis, focusing on chapter III. 
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As three-dimensional substrate, etched silicon micropillars were used. These Si 

pillars, which were still in a development stage during the beginning of this 

research, were fabricated by imec. Consequently, in the beginning, various kinds 

of Si micropillars were used for this research: the shape as well as the dimensions 

of the pillars were varied. Thus one will consequently notice different kind of Si 

micropillars in the research results. However at the time that the process at imec 

was fully developed, a good candidate for three-dimensional coating via wet 

chemical deposition was found and further development could be done on a well-

defined substrate, i.e. square arrays of Si micropillars. In view of the application, 

as substrate in a thin-film battery, the silicon micropillars were coated with a thin 

conductive layer of TiN (ca. 20 nm). This layer can be used as a current collector 

and acts as blocking layer for lithium. 

 

 

Figure III-2: Schematic representation of 2 X 5 and 2 X 2 Si micropillars. 

 

During research two types of pillar arrays were used, in particular, 2 X 5 and 2 X 

2 silicon micropillars. As can be seen in Figure III-2, these only differ in interpillar 

distance. Both arrays have pillars which are approximately 50 µm long and have 

a nominal diameter of 2 µm (ca. 1.85-2.85 µm dependent on the vertical position 

on the pillar). The only difference is thus that the pillars are separated, 

respectively, by 5 µm and 2 µm of interpillar distance. The aspect ratio of the 

silicon pillars, of which SEM images are shown in Figure III-3, is estimated to be 

around 22. As discussed before, deposition of active layers on 2 X 2 pillars should 
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lead to the highest possible capacity. However, the development of a new 

deposition process will be executed on 2 X 5 pillars. After that it might be 

transferred to 2 X 2 pillar arrays. 

 

 

Figure III-3: SEM images of 2 X 5 Si micropillars with 20 nm TiN coating: (a) 45° 
tilted view, X-section view of, resp., (b) pillar overview, (c) the bottom and (d) 
top of the pillars. 
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2 Exploration of various methods 

In literature, several chemical solution deposition methods can be found. As 

starting point, a couple of those techniques were selected and rapidly 

investigated. 

 

2.1 Rapid screening of the state-of-the-art 

2.1.1 Liquid atomic layer deposition 

Liquid atomic layer deposition (LALD) was used by Foong et al. to fabricate arrays 

of TiO2 nanotubes. A TiO2 layer was deposited on an anodized aluminum oxide 

template (substrate with holes acting as three-dimensional carrier) after which 

the template was removed so that nanotubes were released. This is schematically 

shown in Figure III-4. Interesting for this review, is the deposition of TiO2 on the 

nanostructured surface of AAO. 

 

 

Figure III-4: Schematic overview of the formation of TiO2 nanotubes via TiO2 

deposition on anodized aluminum oxide (AAO) by liquid atomic layer deposition 
(LALD) and subsequent removal of the AAO template.[1] 

 

The used method, i.e. LALD, is similar to conventional gas-phase ALD. As can be 

seen in Figure III-5, it is a 4-step process that makes use of subsequent 

chemisorption and hydrolysis reactions. In practice, the substrate is first 

immersed in a bath of titanium(IV)isopropoxide (TIP) dissolved in toluene for a 

short time (step 1). A chemisorption reaction occurs between the substrate and 

the titanium alkoxide. Afterwards the sample is sonicated in isopropanol (IPA) to 

remove the unreacted species (step 2) where after it is put in a mixture of ethanol 

and water (ethanol:water = 0.9:0.1 by volume). Consequently, during this third 

step, the chemisorbed TIP is hydrolyzed to form titanium hydroxide on the 
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nanostructured surface. The addition of ethanol is necessary to decrease the 

surface tension so that the water can penetrate all the pore channels of the 

template. In the last step, the mixture of ethanol and water in the pores is 

removed by drying with a N2 flow and a heat treatment at 90°C. When the 

aforementioned steps are repeated, the titanium hydroxide layer will grow in 

thickness. When the intended thickness is obtained, (crystalline) titanium oxide 

can be formed by a post deposition anneal (PDA).[1] 

 

 

Figure III-5: Schematic representation of (a) the 4-step LALD cycle and (b) the 

chemisorption/hydrolysis mechanism behind LALD.[1] 
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This wet chemically method shows potential towards three-dimensional coating, 

however the toluene solution is very sensitive to (atmospheric) humidity. To avoid 

a spontaneous hydrolysis reaction and thus Ti hydroxide precipitation in the 

toluene solution, the process should be performed in a glovebox. This does not 

contribute to its potential operational simplicity. Furthermore the processing time 

of the technique is very long. It was reported by Foong et al. that LALD entails 

similar growth rates as conventional atomic layer deposition. Per cycle only 0.16-

0.24 nm of titanium hydroxide is grown, so one can understand that for a 100 nm 

layer, 500 deposition cycles are necessary. Taking into account the time needed 

per cycle (ca. 15 minutes), it will take approximately 125 hours to achieve a 

thickness of 100 nm.  

Guo et al. reported a similar process: they showed the deposition of TiO2 on a 

AAO template by layer-by-layer deposition, based on adsorption of charged 

ions.[2] However, because of the long deposition times, liquid atomic layer 

deposition cannot be considered as a candidate for 3D deposition. 

 

2.1.2 Liquid phase deposition 

Liquid phase deposition (LPD) is another reported method which is promising to 

coat 3D substrates. It allows the preparation of metal oxide or hydroxide films by 

simply immersing the substrate in a treatment solution. Since this method relies 

on the chemical equilibrium between a metal-fluoro complex, homogeneous thin 

films on various kinds of substrates with large areas and complex morphologies 

should be accessible. It is based on a good controllability of the hydrolysis reaction 

and of the supersaturation of the solution. A schematic overview of the method is 

presented by Lee et al. and shown in Figure III-6.[3] 

 

 

Figure III-6: Schematic overview of liquid phase deposition for the synthesis of 
TiO2 nanorods.[3]  
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TiO2 is deposited along the ZnO nanorods by a mechanism which proceeds through 

two equilibrium reactions occurring at the same time. 

 

The ZnO nanorods are immersed in a solution of hexafluorotitanate (AHFT) and 

boric acid (1:1, 0.15 M) which initiates the reaction mechanism. The first reaction 

is the deposition of TiO2 from the metal-fluoro complex ion, [TiF6
2-], which is 

presumed to proceed as: 

 

𝑇𝑖𝐹6
2− + 2𝐻2𝑂 ↔ 𝑇𝑖𝑂2 + 6𝐹− + 4𝐻+ 

(Equation III-1) 

 

The presence of boric acid in the treatment solution shifts this reaction to the right 

as it acts as an F- scavenger. H3BO3 easily reacts with the fluorine anions to form 

the much more stable BF4
- complex: 

 

𝐻3𝐵𝑂3 + 4𝐻+ + 4𝐹− ↔ 𝐵𝐹4
− + 𝐻3𝑂+ + 2𝐻2𝑂 

(Equation III-2) 

 

The presence of boric acid leads to the consumption of non-coordinated F- ions 

and consequently the acceleration of the hydrolysis reaction. In this way the ZnO 

are covered with a thin layer of TiO2 and the ZnO core-sheath structures of Figure 

III-6b are obtained. However the process also involves a second reaction which 

yields the formation of TiO2 nanotubes (Figure III-6c). The formed HF also attacks 

the ZnO nanorods through: 

 

𝑍𝑛𝑂 + 2𝐻+ → 𝑍𝑛2+ + 𝐻2𝑂 

(Equation III-3) 

 

Since these reactions are all initiated when the sample is added in the treatment 

solution, the dissolution of ZnO nanorods accompanies the deposition of TiO2. As 

can be derived from (Equation III-3), the dissolution behavior depends on the 

solution characteristics and in particular on the acidity of the mixed aqueous 
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solution. It is possible to tune the amount of ZnO that is etched away during the 

process. Lee et al. chose conditions so that the ZnO dissolution kinetics were faster 

than that of the TiO2 deposition in the initial stage. In this way the ZnO nanorods 

were etched out completely and TiO2 nanotubes could be formed (Figure III-6c). 

Then the void space, coming from the ZnO dissolution, was filled with TiO2 by the 

diffusion of Ti-containing species in the LPD process at the same time. By 

maintaining the process, the space within the nanotube was gradually filled with 

TiO2 and a nanorod was finally obtained (Figure III-6d). Lee et al. also claimed 

that this technique is applicable on other templates than ZnO, e.g. on NiO, MgO 

and CuO. Therefore liquid phase deposition can be considered as a potential 

candidate for the coating of three-dimensional substrates. Because of the direct 

reaction with the substrate, it would allow a conformal coating. The limiting factor 

is that only restricted substrates can be used. A quick screening shows that 

deposition can only be achieved on metal oxides. This is logic since the deposition 

mechanism is based on the dissolution of a metal oxide. 

 

2.1.3 Alkoxide based solution-gel deposition 

In literature, several reports about alkoxide sol-gel processes which could possibly 

be used to cover 3D structures via dip coating, such as ZnO nanorods, can be 

found.[4–7] As described earlier (Chapter I), the synthesis of alkoxide based sol-

gel processes is based on the hydrolysis of metal oxides to form hydrolyzed 

monomers after which these are connected in a 3D network by condensation 

reactions. 

 

 

Figure III-7: Schematic representation of the synthesis and deposition of various 
alkoxide based sol-gel precursors. 
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Four different precursors and their accompanying precursor synthesis and 

deposition are schematically shown in Figure III-7 and fully described below. 

 

2.1.3.1 Precursor 1 

For the procedure, described by Prabakar et al. [4], first titanium isopropoxide 

was slowly added to ethanol under stirring conditions so that the molar ratio was 

1:52. This was immediately followed by the addition of water (TIP:ethanol:H2O = 

1:52:5.6) which turned the solution into a milky white color. For accelerating the 

hydrolysis process, also hydrogen chloride was added in a 1:52:5.6:3.3 molar 

ratio. As a result the solution turned back into transparent. After 24h of aging, the 

solution was yellowish transparent and ready to be deposited on the silicon 

micropillars. 

 

2.1.3.2 Precursor 2 

The second procedure is described by Qiu et al.[5] Titanium isopropoxide, water, 

ethanol and polyethylene glycol (PEG 2000) were mixed at a mole ratio of 

1:3:20:0.03 at room temperature. After stirring for 2 hours, the TiO2 sol was 

stored in a brown glass bottle and aged for 48 hours. 

 

2.1.3.3 Precursor 3 

For another synthesis method, presented by Zhang et al. [6], titanium butoxide 

(Ti(OC4H9)4) was added together with diethanolamine (NH(OC2H5)2) to a mixture 

of water and ethanol so that a molar ratio of 1:1:1:1:26.5 was achieved. After 

stirring for 15 minutes, the light yellow solution was stored in a brown glass bottle 

to age for 5 days. 

 

2.1.3.4 Precursor 4 

Qiu et al. described a fourth alkoxide based synthesis method.[7] Titanium 

butoxide (Ti(OC4H9)4) was dissolved in a solution of ethanol and diethanolamine 

(NH(OC2H5)2) so that the molar ratio was 1:23.6:1.2. After stirring for 2 hours, 

the solution was hydrolyzed by the addition of a solution of ethanol and water 

(total molar ratio Ti butoxide:ethanol:diethanolamine:water = 1:26.7:1.2:1). 

After 2 hours of stirring the Ti precursor was stored in a brown glass bottle to age 

for 24 hours. 
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Silicon micropillars were dip coated in the various sol-gel precursors, followed by 

a drying and anneal step to decompose the precursor, form the oxide, and 

crystallize the deposited material. None of the ascribed methods resulted in a 

significant deposition of TiO2 on the silicon micropillars. Hence, they don’t meet 

the criteria for 3D deposition. 

 

2.1.4 Polymer complex controlled solution-gel deposition 

Shaijumon et al. reported a method, which is based on a polymer complex 

controlled sol-gel process, which enables spray coating of LiCoO2 on Al nanorods 

using spray coating as a deposition method.[8] 

 

For the preparation of the Li/Co sol-gel precursor (Figure III-8), the stoichiometric 

amount of lithium nitrate (LiNO3) and cobalt nitrate (Li(NO3)2) were dissolved in 

water (Li:Co = 1:1) after which it was thoroughly mixed with ethylene glycol and 

citric acid in a 1:4 ratio. The precursor was then heated under stirring conditions 

for 6 hours at 80°C to form a transparent sol.[8] 

 

 

Figure III-8: Schematic representation of a polymer complex controlled sol-gel 
Li/Co precursor synthesis, proposed by Shaijumon et al., and the applied 
deposition methods. 

 

A rapid screening of various deposition methods was performed. Dip coating of 

the precursor did not result in a uniform coating, only a minor part of the pillars 

was covered by material. Soaking of the pillars in the precursor resulted in 

deposition on only the lower part of the pillars. Finally, air brushing (~ spray 
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coating with pressure nozzle) of the precursor on the silicon micropillars lead to 

some deposition, however as was also mentioned by Shaijumon et al.: the 3D 

structures are not completely covered by this method. The synthesized polymer 

complex controlled Li/Co precursor has thus large potential towards the deposition 

on 3D structures, preferentially via spray coating. Further steps are necessary to 

make the deposition more smooth and conformal. 

 

2.2 Spray coating of TiO2 

Since the aforementioned Li/Co precursor showed potential towards the coating 

of the Si micropillars, the nature of the precursor was used for the model material 

in this chapter, namely TiO2. The precursor is a polymer complex controlled 

solution, also known as a typical Pechini’s precursor. A synthesis path of such 

precursor [9] from literature was used to coat the silicon micropillars with titanium 

oxide. 

 

2.2.1 Experimental 

The synthesis of the polymer controlled sol-gel titanium precursor was extensively 

reported by Ronconi et al. and schematically represented in Figure III-9.  

The solution was prepared by heating ethylene glycol (C2H6O2, 99.8%, Sigma-

Aldrich) to 60°C, followed by the addition of titanium isopropoxide (Ti(OiPr)4, 

98+%, Acros Organics) under stirring so that the ethylene glycol:Ti molar ratio 

was 8:1. After that, citric acid (CA, C6H8O7, 99%, Sigma-Aldrich) was added 

(TIP:CA = 1:2) and the temperature was further increased to 90°C. The solution 

was kept overnight under reflux conditions. 

 

As for the Li:Co precursor, multiple deposition methods were used to study the 

coating potential of the synthesized titanium precursor on silicon micropillars, both 

untreated as pre-cleaned with SPM/APM.[10] Dip coating (speed: 2 cm/min) and 

soaking (1h in 20 ml of precursor) were selected as deposition methods (Figure 

III-9). For spray coating the precursor was too viscous. After deposition, the pillars 

were heated for 10 min at 250°C (thermal shock) and 15 min at 525°C (thermal 

shock) in dry air. The deposited material was visualized by scanning electron 

microscopy (SEM, FEI, NOVA 200), in a tilted view (45°) mode. 
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Figure III-9: Schematic representation of a polymer complex controlled sol-gel Ti 
precursor synthesis, proposed by Ronconi et al., and the applied deposition 
methods. 

 

2.2.2 Results and discussion 

Through the synthesis, a stable, clear, colorless Ti precursor was obtained. Dip 

coating of the pillars in the synthesized precursor and the subsequent anneal did 

lead to coating of the pillars, both for the untreated (Figure III-10a-b) and the 

pre-cleaned Si micropillars (Figure III-10c-d). 

 

 

Figure III-10: SEM images of Si micropillars, (a-b) untreated and (c-d) pre-
cleaned with SPM/APM after dip coating (2 cm/min) in the Ti sol-gel precursor and 
a subsequent anneal at 250°C and 525°C for, respectively, 10 and 15 min.  
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However, the deposition is neither conformal nor complete. Moreover the 

deposition process lead to the collapse of the silicon pillars. When soaking was 

tried, collapse of most of the pillars was also observed (Figure III-11). This was 

the not the case for the Li/Co precursor, so it has to be related to the precursors’ 

differences. Besides the other nature of metal ions in the precursor, another 

important difference exists between the two systems. The Li/Co precursor consists 

of both ethylene glycol and water as solvent whereas the Ti precursor only consists 

of ethylene glycol. According to reported chemical data, this results in a ca. 32% 

decrease of the surface tension [11] which is expected to be beneficial for the 

deposition process. However, the absence of water in the Ti precursor results in a 

viscosity which is approximately 14 times higher (therefore spray coating was not 

possible). This increases the capillary force according to [12]: 

 

𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝑓𝑜𝑟𝑐𝑒 ∼ 𝛾 𝑐𝑜𝑠2𝜃 

(Equation III-4) 

with γ and θ, respectively, the surface tension and the contact angle. 

 

The capillary force thus directly depends on the surface tension. It seems that the 

decrease of surface tension for the Ti precursor thus results in a slight decrease 

of the capillary force. However, the other factor, cosθ, is also dependent on the 

surface tension. This term can be evaluated by Lucas-Washburn’s equation for a 

capillary, since the pores between the micropillars can be defined as capillaries 

[13]: 

 

𝑐𝑜𝑠𝜃 =
2 𝜂 𝑥2

𝑟 𝛾 𝑡
 

(Equation III-5) 

with θ, η, x, r, γ and t, respectively, the contact angle, viscosity, penetration 

depth, capillary radius (thus half of the interpillar distance), surface tension and 

the penetration time.  

 

Since the penetration depth, capillary radius and penetration time are the same 

for the Li/Co and the Ti system, it is concluded that cos θ must be determined by 

the differences in viscosity and surface tension between the two systems.  
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The surface tension and viscosity of the Ti system are, respectively, approximately 

32% lower and 14 times higher than that of the Li/Co system, thus resulting in a 

much higher cosθ for the Ti system. Since the capillary force is directly 

proportional to cos2θ, it follows that the capillary force will be much higher for the 

Ti system. Due to this increased capillary force, it is much more likely that the 

silicon micropillars starts bending and eventually collapse. 

 

 

Figure III-11: SEM images of Si micropillars, untreated, after soaking in 20 ml of 
the Ti sol-gel precursor for 1h and a subsequent anneal at 250°C and 525°C for, 
respectively, 10 and 15 min. 
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3 Aqueous chemical solution deposition as “key” to 

3D coating of multi-metal oxides 

3.1 Introduction 

The discussion of various methods (and experimental results) in view of 3D 

deposition, presented in the previous section, is summarized in Table III-1. It 

shows that it is not easy to reach a complete coating of 3D structures via a wet 

chemically based method. However, very interesting and important information 

was gathered during these experiments: one should proceed to a process with 

lowered surface tension without further increasing the viscosity of the solution-

gel precursor system. In this way, it would be more likely for the precursor to 

penetrate between the pillars. This knowledge was used to develop an aqueous 

chemical solution deposition process for 3D coating. 

 

Process + - 

Liquid atomic layer 

deposition [1,2] 

Potential towards 3D 

deposition 

Sensitive to humidity 

Long deposition times 

Liquid phase deposition 

[3] 

Potential towards 3D 

deposition 

Restricted to metal 

oxide substrates 

Alkoxide based 

solution-gel deposition 

[4–7] 

/ No significant 

deposition on 3D 

Polymer complex 

controlled solution-gel 

deposition (LiCoO2) [8] 

Potential of spray 

coating for 3D 

deposition 

No complete coverage 

on 3D 

Polymer complex 

controlled solution-gel 

deposition (TiO2) [9] 

Potential towards 3D 

deposition (due to 

lower surface tension) 

Collapse of pillars due 

to high viscosity 

Table III-1: Overview of various methods in view of 3D deposition 
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3.2 Optimization of the precursor for 3D deposition 

3.2.1 Strategy 

For the model material TiO2, already an aqueous solution-gel system is available 

that delivers smooth, uniform coatings on planar substrates (via spin coating) as 

can be seen in Figure III-12.[14,15] 

 

 

Figure III-12: TiO2 films (anatase and rutile) deposited by the aqueous titanium 
solution-gel precursor.[14] 

 

 

Figure III-13: Plot of the surface tension of water as a function of the 
temperature.[16] 

 

However for the coating of three-dimensional substrates, the precursor synthesis 

and deposition technique needs some optimization. As basis, the aqueous titanium 

precursor was selected. Since it was shown before that lowering the surface 

tension while maintaining the viscosity of the precursor was one of the key factors, 

parameters that create such effect needed to be found. 
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Two main factors tend to influence the surface tension in a significant way. The 

first parameter is the temperature: from Figure III-13, it is shown that for water 

there is a linear relationship between the surface tension and the temperature. 

The higher the temperature, the lower the surface tension. Since the used 

precursor, consists of water as a solvent, one can understand that the deposition 

at higher temperature will result in a lower surface tension. The first option is thus 

to heat the precursor or substrate during the deposition process. 

 

An even more drastic effect can be achieved by adding an alcohol, and in particular 

ethanol, to the precursor solution. In Figure III-14 the surface tension is 

represented as a function of the molar amount of ethanol in a water/ethanol 

mixture. A larger amount of ethanol results in lower surface tension of the system. 

Already a relative small amount of ethanol, added to water, reduces the surface 

tension largely. The second option is, consequently, adding ethanol to the 

precursor. 

 

 

Figure III-14: Plot of the surface tension as a function of the mole fraction of 
ethanol added to water at constant temperature: (1) 15°C, (2) 25°C and (3) 
35°C.[17] 
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The two described factors, i.e. the temperature and the addition of ethanol, could 

also be combined in order to strengthen the effect of surface tension decrease. 

 

3.2.2 Experimental 

As starting point, the aqueous titanium precursor, which was described earlier by 

Hardy et al. [15] and Truijen et al.[14], was selected. The precursor synthesis, 

which is schematically shown in Figure III-15 (first part), starts with liquid 

Ti(IV)isopropoxide (Ti(OiPr)4, Acros organics, 98+%). The appropriate amount of 

Ti(IV)isopropoxide to obtain a 0.730 mol/l solution was added to a tenfold volume 

of water, leading to immediate hydrolysis and condensation and finally to the 

formation of a white precipitate. This precipitate was filtered and washed with 

water. The hydrolysis product was processed quickly in order to avoid it becoming 

insoluble. In a next step, a mixture of citric acid (CA, C6H8O7, Sigma-Aldrich, 99%, 

1 mol/l) and hydrogen peroxide (H2O2, stabilized, Acros, 35% p.a aqueous 

solution) were added to the fresh, wet precipitate, both in a molar ratio of 2:1 so 

that the molar ratio Ti4+:CA:H2O2 was 1:2:1.2. 

 

 

Figure III-15: Schematic representation of the synthesis of the aqueous/ethanol 

Ti precursor. 

 

The mixture was then stirred at 80°C, which after a short time yielded a clear, 

burgundy colored solution, with a pH of about 1. The solution was cooled to room 

temperature. During the third step, ammonia (NH3, Merck, 32% aqueous solution, 

extra pure) was added dropwise to the hot solution in order to increase the pH 

(pH electrode, WTW inoLab 740 with Sentix 81 electrodeSchott Geräte). This was 

accompanied by intense gas evolution and an increase of the solution’s 
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temperature. The solution was then again cooled to room temperature and its pH 

was adjusted to 7. During the third step, the solution’s color changed from 

burgundy (pH = 1) to yellow-orange (pH = 7). 

 

The synthesized aqueous titanium precursor was then further diluted with water 

and to obtain a lower surface tension, optionally, ethanol was added so that the 

Ti4+ concentration and the volumetric ethanol:water ratio were, respectively, 0.05 

M and 0:1, 0.5:1, 0.9:1, 1.5:1, 2:1 or 4:1 (Figure III-15 part 2). 

 

3.2.3 Results and discussion 

Because it is known that the addition of an alcohol can result in precipitation of 

metal ions, the stability of the aqueous Ti precursor was checked upon the addition 

of ethanol. Various ethanol:water volumetric ratios were investigated as can be 

seen in Table III-2. It is found that an ethanol:water ratio below or equal to 1.5 

did not result in precipitation and, consequently, could be used. A volumetric ratio 

of 2:1 or higher did result in precipitation, thus those systems cannot be used. 

 

Ethanol:water 

volumetric ratio 

Precipitation? 

0:1 No 

0.5:1 No 

0.9:1 No 

1.5:1 No 

2:1 Yes 

4:1 Yes 
 

Table III-2: Stability of the aqueous Ti precursor upon addition of ethanol. 

 

Based on these results, an ethanol:water ratio of 0.9:1 was selected as standard 

ratio. This corresponds to a molar ethanol:water ratio of 0.28:1 which already 

entails a drastic decrease in surface tension for the system (Figure III-14). The 

addition of a larger amount of ethanol would lead to an even more decrease. 

However, this is not significant compared to the amount of ethanol that has to be 

added to achieve this.  
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3.3 First steps towards aqueous based 3D deposition 

3.3.1 Experimental 

Prior to deposition, the silicon micropillars were cleaned. In order to remove the 

SiO2 cap which was present on this set op pillars and is likely to hinder the 

deposition process, the micropillars were dipped in an HF (4 vol%) solution. After 

that an optional SPM/APM cleaning was performed to improve the wetting for 

aqueous based solutions.[10] The synthesized aqueous and aqueous/ethanol 

titanium precursor were deposited on the silicon micropillars via drop casting so 

that the substrate was completely covered. This coating process was performed 

at room temperature and at 80°C. After deposition, the substrate was rinsed with 

water and a 2 min anneal on hot plates at 180°C, 300°C and 600°C was applied. 

 

The deposited material was visualized by scanning electron microscopy (SEM, FEI, 

NOVA 200), in a tilted view (45°) mode and the composition was checked by 

energy-dispersive X-ray spectroscopy (SEM-EDX, FEI, Quanta 200). 

 

3.3.2 Results and discussion 

During the deposition process of the aqueous or aqueous/ethanol titanium 

precursor via drop casting, typically a gel as shown in Figure III-16, is formed on 

the substrate of silicon micropillars. Therefore, to remove the excess of precursor, 

the substrates were rinsed with water prior to the annealing process. After 

annealing, the samples were evaluated by means of SEM. 

 

 

Figure III-16: Typical gel formation of the aqueous/ethanol Ti precursor on a 2X2 
cm substrate of Si micropillars during drop casting. The small squares are the 
areas containing silicon micropillars. 
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When the aqueous Ti precursor (without ethanol) was drop casted on the silicon 

micropillars, followed by the rinse process and annealing till 600°C, one could 

notice from Figure III-17 that none or only few deposition is found on the silicon 

pillars. No considerable difference could be found between drop casting on HF 

cleaned (Figure III-17a, c) or SPM/APM cleaned (Figure III-17b, d) Si pillars. Also 

the deposition temperature, in particular room temperature (Figure III-17a, b) 

and 80°C (Figure III-17c, d) seemed not to influence the results. 

 

 

Figure III-17: SEM images of Si micropillars which were pre-treated with (a, c) HF 

and (b, d) HF, followed by SPM/APM, after drop casting with the aqueous Ti 
precursor at (a, b) room temperature and (c, d) 80°C, followed by rinsing and a 
2 min anneal on hot plates at 180°C, 300°C and 600°C. 

 

However an interesting observation was found when drop casting the 

aqueous/ethanol titanium precursor on the silicon micropillars. Figure III-18a 

shows a coating after drop casting at room temperature and annealing till 600°C 

for HF cleaned pillars, however complete coating of the pillars was not achieved. 
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In the case of SPM/APM cleaned pillars, there is less coating present (Figure III-

18b). When the drop casting process was performed at elevated temperature, 

particularly 80°C, it is striking that the morphology of the silicon pillars, which 

were cleaned with HF, is highly different compared to the morphology before 

deposition (Figure III-18c). This could indicate TiO2 deposition along the pillars, 

the phenomenon was not observed for the pillars which got an extra clean in 

SPM/APM to improve the wetting (Figure III-18d).  

 

 

Figure III-18: SEM images of Si micropillars which were pre-treated with (a, c) HF 

and (b, d) HF, followed by SPM/APM, after drop casting with the aqueous/ethanol 
Ti precursor at (a, b) room temperature and (c, d) 80°C, followed by rinsing and 
a 2 min anneal on hot plates at 180°C, 300°C and 600°C. 

 

The morphology change in the case of HF cleaned pillars after drop casting and 

subsequent annealing is much clearer in the magnified SEM images in Figure III-

19. In Figure III-19b, the HF clean was not as effective as in Figure III-19a so 

that a part of the (white) SiO2 cap was not removed. This cap seemed unaffected 
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after the drop casting and annealing process, suggesting that the morphology 

change along the pillars is not related to deposition. Probably, a reaction of the 

precursor with the surface occurs during the drop casting process. 

 

 

Figure III-19: SEM images of (a, b) Si micropillars, which were pre-treated with 
HF, after drop casting with the aqueous/ethanol Ti precursor at 80°C, followed by 
rinsing and a 2 min anneal on hot plates at 180°C, 300°C and 600°C. 

 

The origin of the morphology change was further investigated by an EDX/SEM 

analysis. In Figure III-20a the EDX/SEM analysis of bare silicon pillars after drop 

casting and annealing is shown. Obviously, the silicon peak (related to the 

substrate) is present in the spectrum. Also an oxygen signal, probably originating 

from native SiO2 (grown in ambient) and a carbon signal are present. The positions 

of titanium are, for convenience, shown in the spectrum, but none of them could 

be detected, meaning that the change in morphology cannot be attributed to 

titania deposition. For the SiO2 cap, after drop casting and annealing, the results 

are identical, as can be deducted from the SEM/EDX analysis in Figure III-20b. 

 

It is striking that, besides the reaction of the precursor with the silicon surface, 

almost no deposited material is present on the micropillars after drop casting 

(Figure III-18). This is probably caused by the rinsing step after the deposition 

process, removing the deposited species. When the washing step is left out of the 

process, there is material present between the pillars, as can be seen in Figure 

III-21. However, one could notice that the pillars are far from being completely 

covered by the process.  
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Figure III-20: SEM/EDX analysis of (a, b) Si micropillars, which were pre-treated 
with HF, after drop casting with the aqueous/ethanol Ti precursor at 80°C, 
followed by rinsing and a 2 min anneal on hot plates at 180°C, 300°C and 600°C. 
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Figure III-21: SEM images of (a, b) Si micropillars, which were pre-treated with 
HF, after drop casting with the aqueous/ethanol Ti precursor at 80°C, followed by 

a 2 min anneal on hot plates at 180°C, 300°C and 600°C. 

 

3.4 3D deposition via spray coating 

3.4.1 Strategy 

The previous section showed that some deposition can be achieved via the use of 

the aqueous/ethanol titanium precursor. However complete coverage could not 

be achieved yet. The lack of complete coating can probably be attributed to the 

deposition technique, i.e. drop casting, which seems to be another important 

factor apart from the optimized precursor synthesis. Because of the high potential 

of the precursor, spray coating was applied. It was shown for LiCoO2 that more 

decent coatings could be achieved via this technique. As was discussed in Chapter 

I, many parameters influence this technique. It starts with the type of nozzle that 

is used: an ultrasonic nozzle is favored to a pressure nozzle, e.g. air brushing. The 

ultrasonic nozzle is more reliable and has more possibilities towards tuning of the 

process. It means that it will also result in a larger coating efficiency. Many 

parameters tend to influence the quality of the coating. Therefore, a thorough 

study needed to be performed in order to evolve to a complete coverage of the 

silicon micropillars. 

 

Since the new batch of Si pillars [18] did not have a SiO2 cap, the removing step 

(HF clean) was not necessary anymore. It was also decided to move to a dry 

cleaning method to improve the wetting, i.e. the UV/O3 cleaning. This pre-

treatment method also entails a good wetting of the substrate.[19] It must also 
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be noted that the new batch contained pillars which were covered by a conductive 

layer, i.e. 20 nm of TiN, necessary to evaluate the electrochemical behavior. 

 

3.4.2 Experimental 

The optimized aqueous/ethanol Ti precursor was used. 

Prior to the deposition process, to allow a good wetting, the silicon micropillars, 

covered with 20 nm of TiN, were pretreated in an UV/O3 environment at 60°C for 

30 minutes.[19] 

 

Deposition was performed in an ExactaCoat Ultrasonic Coating system of Sono-

Tek Corporation in combination with an 120 kHz AccuMist Precision Ultrasonic 

Spray Nozzle, set at 1.5 psi.[20] As an illustration, a photograph of the tool can 

be seen in Figure III-22.  

 

A multiple pass process, in which the nozzle produces a very narrow spray while 

moving over the substrate in X, Y direction for multiple times, was applied. During 

spray coating, the sample was heated via a hot plate, which is built in the device. 

Various spray coating parameters were varied and thus investigated during the 

process, i.e. the deposition temperature, flow rate, path velocity, nozzle distance, 

the amount of passes and precursor concentration. 

 

 

Figure III-22: Photograph of an ExactaCoat Ultrasonic Coating system of Sono-

Tek Corporation in combination with an AccuMist Precision Ultrasonic Spray 
Nozzle.[20] 

 

After the deposition process, an optional anneal was applied. This was performed 

on hot plates (2’ at 300°C, 1h at 450°C, 500°C, 550°C or 600°C) or in a furnace 

(thermal shock in dry air - 100 ml min-1, 1h at 650°C). 
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The deposited films were evaluated by means of scanning electron microscopy 

(SEM, FEI, NOVA 200), respectively, in a tilted view (45°) and cross-section view 

(90°). To check the crystallization, Raman spectra were acquired at room 

temperature using a Jobin-Yvon T64000 system. 

 

The electrochemical performance of the deposition was evaluated by means of 

cyclic voltammetry (scan rate: 10 mV/s) using a three-electrode cell with 1M 

LiClO4 in propylene carbonate as electrolyte, making a back contact with GaIn. 

The whole was connected to a Autolab PGTAT 100 potentiostat, placed in a glove-

box (O2<1ppm) at room temperature. These measurements were performed by 

Moitzheim et al. (imec). 

 

3.4.3 Results and discussion 

3.4.3.1 Proof of coating and effect of deposition temperature 

Firstly, the deposition temperature during spray coating was investigated. The 

substrate temperature was varied between 110°C and 250°C while spray coating 

the aqueous/ethanol titanium precursor. In Table III-3 all spray coat parameters 

of the experiment are listed. 

 

Parameter Set point 

Temperature (°C) 110-250 

Flow rate (ml/min) 0.20 

Path velocity (mm/s) 100 

Nozzle distance (mm) 36 

# passes 5-10 

Ti4+ concentration (mM) 50 
 

Table III-3: Overview of the spray coat parameters to investigate the effect of the 

temperature on the coating behavior. 

 

From macroscopic evaluation, it follows that a temperature higher than 150°C was 

necessary. Spray coating at 110°C and 150°C did result in a film which had 

obvious signs of non-conformality: clear spots of material accumulation could be 
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observed. This is probably linked to the coffee stain effect. For temperatures of 

180°C and up, the resulting depositions seemed uniform, by macroscopic point of 

view. Consequently, these coatings were further microscopically evaluated by 

means of (X-)SEM. After spraying five passes on TiN coated Si micropillars at 

250°C, which were pre-treated by UV/O3, one could observe that the pillars were 

covered by the precursor which was already transformed to a gel (Figure III-23). 

The main part of each pillar deposition was coated (Figure III-23). However it is 

also striking that the precursor could not reach the bottom of the pillars, and in 

particular the bottommost 5-6 µm. 

 

When increasing the amount of passes to 10, one could expect a thicker layer of 

deposition and possibly some deeper coverage along the silicon micropillars. 

Figure III-24 seems to confirm this hypothesis: qualitatively a thicker layer and 

deposition till the last 4-5 µm along the pillars could be observed. Nevertheless 

the pillars were not completely covered by spray coating the titanium precursor 

on the pillars at 250°C. 

 

By lowering the deposition temperature to 180°C, one can notice in the SEM 

images in Figure III-25 that almost the complete pillars were covered with the Ti 

precursor after 5 passes of spray coating. Only a small bottom part of the pillars 

did seem to be blank. 

 

When increasing the amount of passes to 10, a thicker layer of deposition could 

be obtained. Moreover complete coverage of the silicon pillars by the Ti precursor 

(gel) was reported. These observations can be deducted from Figure III-26. 

 

From the experimental results, it is clear that 180°C seems to be the optimal 

temperature for the deposition of TiO2 on silicon pillars via spray coating. Slightly 

lowering the temperature to 170°C also gives completely coated pillars, however 

when studying the SEM images in Figure III-27, one can state that the achieved 

layer on the pillars is less conformal, and moreover contains more artefacts 

compared to spraying at 180°C. Consequently, this temperature is set as the 

optimal temperature for the spray coating process. 
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The question is now of course: “how does this work”? To allow an answer, one 

could spend a PhD on it, but at least here some ideas are presented. The droplet 

size of the system is known. Since a 120 kHz nozzle was used during spray 

coating, from the plot of droplet size distribution for water in Figure I-26 typically 

20-40 µm droplets are formed. As was stated in Chapter I, the equations regarding 

the droplet size distribution, are [21]: 

 

𝐷𝑁,0.5 = 0.34 𝜆𝐿 

(Equation III-6) 

with DN,0.5 and λL, respectively, the number median diameter of droplet size and 

the wavelength in the liquid. 

 

The latter can be calculated via [21]: 

 

𝜆𝐿 = (
8𝜋 𝜃

𝜌 𝑓2
)

1/3

 

(Equation III-7) 

with θ, ρ and f, respectively, the surface tension, density and nozzle frequency. 

 

The Ti precursor which was spray coated on the silicon micropillars contains an 

amount of ethanol which results in a drastic decrease of the surface tension 

(Figure III-14). Furthermore its density will definitely be higher. Therefore from 

the equations above, it is believed that the droplet size will a bit lower, however 

it will be still in the µm-range. This means that in order to allow droplets to 

penetrate between the micropillars, there should be another droplet size reducing 

effect. The hypothesis is that because of the elevated substrate temperature, i.e. 

180°C-250°C, the drying process of the precursor is already induced before the 

spray touches the surface. Therefore, the size of the droplets in the spray will be 

become smaller. This is in agreement with Figure I-28a, which indicates that an 

increasing deposition temperature will lead to droplet downsizing before touching 

the substrate.[22] Consequently, during the process, the solution is instantly 

transformed into a gel, consisting of coordinated complexes in which the Ti ions 

are immobilized. Moreover, because of the elevated temperature, this gel is 

already partly decomposed during the spray coat process. 
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Figure III-23: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (5 passes) with the aqueous/ethanol Ti precursor at 
250°C. The flow rate, path velocity, nozzle distance and Ti4+ concentration were, 
respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. 
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Figure III-24: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor 
at 250°C. The flow rate, path velocity, nozzle distance and Ti4+ concentration 
were, respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. 
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Figure III-25: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (5 passes) with the aqueous/ethanol Ti precursor at 
180°C. The flow rate, path velocity, nozzle distance and Ti4+ concentration were, 
respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. 
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Figure III-26: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor 
at 180°C. The flow rate, path velocity, nozzle distance and Ti4+ concentration 
were, respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. 
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Figure III-27: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor 

at 170°C. The flow rate, path velocity, nozzle distance and Ti4+ concentration 

were, respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. 

 

3.4.3.2 Effect of flow rate 

Besides the temperature at which the deposition is performed, a set of other 

factors are also known to influence the spray coating method. Intuitively, one can 

expect that the flow rate, at which the precursor is being sprayed on the substrate, 

is an important parameter. To investigate the effect of the precursor flow, the rate 

was varied between 0.20 and 0.30 ml/min, the other parameters were kept 

constant and are listed in Table III-4. 

 

Parameter Set point 

Temperature (°C) 180 

Flow rate (ml/min) 0.20-0.30 

Path velocity (mm/s) 100 

Nozzle distance (mm) 36 

# passes 10 

Ti4+ concentration (mM) 50 
 

Table III-4: Overview of the spray coat parameters to investigate the effect of the 
flow rate on the coating behavior. 
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It seems that a minimal deviation in flow rate already has a large effect on the 

spray coating process. If the result for spraying 10 layers at 0.20 ml/min, which 

can be seen Figure III-26 is compared to the SEM images after spraying 10 layers 

at 0.25 ml/min (Figure III-28a) and 0.30 ml/min (Figure III-28b), one could 

clearly observe a trend. When increasing the flow rate, more artifacts seem to 

develop, resulting in a lack of conformality. The reason for this phenomenon 

probably is that the amount of precursor that is deposited per time is too high so 

that the drying process cannot follow. This is indicated by the observed cracks at 

the bottom between the pillars which is probably because of accumulated stress 

initiated during the drying step. This explains the formation of non-conformal 

layers on the silicon micropillars. 

 

 

Figure III-28: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor 
with a flow rate of (a) 0.25 and (b) 0.30 ml/min. The deposition temperature, 
path velocity, nozzle distance and Ti4+ concentration were, respectively, 180°C, 
100 mm/s, 36 mm and 50 mM. 

 

3.4.3.3 Effect of path velocity 

The path velocity of the nozzle is another factor that was investigated as part of 

the parameter study. The velocity was varied between 80 and 100 mm/s while 

the other parameters were kept constant (Table III-5 for the list of applied 

parameters). The results after spray coating 10 passes with the aqueous/ethanol 

Ti precursor with a path velocity of 80, 90 and 100 mm/s are shown in, 

respectively, Figure III-29a, Figure III-29b and Figure III-26. A similar trend 

compared to the influence of the flow rate was found: lower path velocities did 
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result in more artifacts in the deposited layers. A lower velocity implies that a 

higher amount of precursor is delivered to the substrate. That is why also here 

the same hypothesis as for the influence of the flow rate seems to be valuable, 

the cracks at the bottom between the pillars strengthen this hypothesis. 

 

Parameter Set point 

Temperature (°C) 180 

Flow rate (ml/min) 0.20 

Path velocity (mm/s) 80-100 

Nozzle distance (mm) 36 

# passes 10 

Ti4+ concentration (mM) 50 
 

Table III-5: Overview of the spray coat parameters to investigate the effect of the 
path velocity on the coating behavior. 

 

 

Figure III-29: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor 

with a path velocity of (a) 80 and (b) 90 mm/s. The deposition temperature, flow 
rate, nozzle distance and Ti4+ concentration were, respectively, 180°C, 0.20 
ml/min, 36 mm and 50 mM. 
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3.4.3.4 Effect of nozzle distance 

Another factor, that has to be taken into account, is the nozzle distance with 

respect to the substrate during spray coating: the nozzle distance was varied 

between 26 and 36 mm, keeping the other parameters constant as shown in Table 

III-6. Spray coating of the aqueous/ethanol Ti precursor for 10 passes with a 

nozzle to substrate distance of 36, 31 and 26 mm did result in coatings which are 

presented in resp. Figure III-26, Figure III-30 and Figure III-31. When studying 

the SEM images qualitatively, one could state that the overall uniformity along the 

pillar axis seems to be higher when the nozzle is brought closer to the substrate 

during spray coating. Therefore a nozzle distance of 26 mm was selected as the 

optimal parameter for the benchmark process. 

 

Parameter Set point 

Temperature (°C) 180 

Flow rate (ml/min) 0.20 

Path velocity (mm/s) 100 

Nozzle distance (mm) 26-36 

# passes 10 

Ti4+ concentration (mM) 50 
 

Table III-6: Overview of the spray coat parameters to investigate the effect of the 

nozzle distance on the coating behavior. 
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Figure III-30: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor, 
applying a nozzle distance of 31 mm. The deposition temperature, flow rate, path 
velocity and Ti4+ concentration were, respectively, 180°C, 0.20 ml/min, 100 mm/s 
and 50 mM. 
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Figure III-31: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor, 
applying a nozzle distance of 26 mm. The deposition temperature, flow rate, path 
velocity and Ti4+ concentration were, respectively, 180°C, 0.20 ml/min, 100 mm/s 
and 50 mM. 
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3.4.3.5 Effect of precursor concentration 

One could observe that for the optimal parameters still cracks were present at the 

bottom between the pillars (Figure III-31). This is probably caused by the 

accumulated stress originating from the fact that the drying process is not able to 

follow the delivery of material to the surface. Therefore the amount of active 

material, that is spray coated, was lowered by adjusting the Ti4+ concentration 

from 50 mM Ti to 25 mM and 10 mM as is summarized in Table III-7. The coatings 

deposited by these experiments can be evaluated based on the SEM images in, 

respectively, Figure III-31, Figure III-32 and Figure III-33. It is obvious that the 

films get thinner with decreasing Ti4+ concentration. Furthermore for these 

conditions no cracks could be observed at the bottom between the pillars. This 

confirms that the reduced amount of material that is delivered to the substrate is 

allowing the coating enough time to dry, avoiding the accumulation of stress 

during the spray coating process.  

 

Parameter Set point 

Temperature (°C) 180 

Flow rate (ml/min) 0.20 

Path velocity (mm/s) 100 

Nozzle distance (mm) 26 

# passes 10 

Ti4+ concentration (mM) 10-50 
 

Table III-7: Overview of the spray coat parameters to investigate the effect of the 
metal ion concentration in the precursor on the coating behavior. 
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Figure III-32: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor, 
which has a total metal ion concentration of 25 mM. The deposition temperature, 
flow rate, path velocity and nozzle distance were, respectively, 180°C, 0.20 
ml/min, 100 mm/s and 26 mm. 
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Figure III-33: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Ti precursor, 
which has a total metal ion concentration of 10 mM. The deposition temperature, 
flow rate, path velocity and nozzle distance were, respectively, 180°C, 0.20 
ml/min, 100 mm/s and 26 mm. 
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3.4.3.6 Crystallization of the TiO2 coating on the pillars 

In view of the application of the deposited films, i.e. Li-ion batteries, the coatings 

must be annealed in order to completely decompose the precursor and to form 

crystalline TiO2 films. For the use in batteries the crystalline phase anatase is 

selected as the # 1 pick, as it is known to have the best electrochemical response, 

especially compared to rutile titanium oxide.[23] 

The crystallization study was performed simultaneously with the optimization of 

the spray coating parameters. Consequently, coatings originating from a non-

optimized spray coating procedure (i.e. 10 passes, deposition temperature of 

180°C, flow rate of 0.20 ml/min, path velocity of 100 mm/s, nozzle to substrate 

distance of 36 mm and Ti4+ concentration of 50 mM) were used. However, as can 

be seen in Figure III-26, the silicon pillars were completely covered by the 

process. The coating, being amorphous, was then annealed on a hot plate set-up: 

2 min at 300°C and 60 min at 600°C. These temperatures were chosen based on 

existing decomposition studies of the aqueous citrate-peroxo titanium precursor. 

[14,15] The morphology of the coating after annealing is presented in the SEM 

images of Figure III-34. It is obvious that the morphology was drastically changed 

compared to the coated pillars before the post deposition anneal (Figure III-26), 

indicating the crystallization of the film. One could state that the TiN layer which 

was deposited on the silicon pillars prior to the spray coating process is also 

(partially) oxidized to TiO2. However because of the presence of an artefact (Figure 

III-34b) one can conclude that it is the deposited film which is observed in the 

SEM images and that there is thus a clear indication of crystallization of the TiO2 

film on the silicon micropillars. The observed layer is too thick to be TiN oxidation: 

20 nm of TiN would result in maximum 40 nm TiO2. Since it is known that, by the 

use of Raman spectroscopy, information about the composition, and in particular 

information about the phase formation of TiO2 (Raman is very sensitive to the 

detection of crystalline titanium oxide phases), at a local spot on the substrate 

could be gathered [24], this technique was applied on top of a pillar. The Raman 

spectra of both the uncoated pillars (treated at 250°C for 20 minutes) as a 

reference and coated pillars are presented in Figure III-35. One could clearly 

notice that the deposited film is crystalline (Figure III-35b). Particularly, the 

presence of anatase titanium oxide on top of the pillars can be observed. Also a 

small contribution of the spectrum can be assigned to rutile TiO2. 
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Figure III-34: SEM images of TiN coated Si micropillars (a: top, b: bottom, c: 
zoom in on coating), which were pre-treated by UV/O3, after spray coating (10 
passes) with the aqueous/ethanol Ti precursor at 180°C and a thermal treatment 
at hot plates (2 min at 300°C, 1h at 600°C). The flow rate, path velocity, nozzle 

distance and Ti4+ concentration were, respectively, 0.20 ml/min, 100 mm/s, 36 
mm and 50 mM. 
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Figure III-35: Raman spectra of the top of TiN coated Si micropillars, which were 
pre-treated by UV/O3, after (a) a thermal treatment on hot plates at 250°C for 20 
minutes and (b) spray coating (10 passes) with the aqueous/ethanol Ti precursor 

at 180°C and a thermal treatment at hot plates (2 min at 300°C, 1h at 600°C). 
The flow rate, path velocity, nozzle distance and Ti4+ concentration were, 
respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. As a reference the 

Raman signals originating from anatase (★) and rutile (♢) TiO2 are shown. 

 

Since in function of possible application in thin-film batteries, it was aimed to 

deposit a phase-pure anatase TiO2 film, a crystallization study was performed on 

a 2D substrate. The films were deposited on 1.2 nm SiO2/Si substrates, which 

were pre-treated by a UV/O3 treatment. Deposition was done via spray coating (1 

pass only since the specific area is much less compared to pillars) with the 

aqueous/ethanol Ti precursor while applying the same spray parameters as for 

the studied 3D deposited TiO2 films, i.e. the deposition temperature, flow rate, 

path velocity, nozzle distance and Ti4+ concentration were, respectively, 180°C, 

0.20 ml/min, 100 mm/s, 36 mm and 50 mM. Annealing was done on hot plates: 

2 minutes at 300°C and 1h at, respectively, 450°C, 500°C, 550°C, 600°C and 

650°C. For the latter, a lab furnace was used since the hot plate was limited to 

600°C only. The morphology of the films was comparable to the films on the silicon 
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micropillars as can be deducted from the SEM images of the film which was 

annealed at 500°C (Figure III-36). 

 

The deposited films were then investigated by Raman spectroscopy, as can be 

seen in Figure III-37. It is clear that annealing the spray coated layer at 450°C 

(Figure III-37b) already results in a crystalline TiO2 film. It is obvious that all 

peaks, which are not coming from the substrate (Figure III-37a), can be attributed 

to the anatase TiO2, thus the interesting phase in view of electrode applications in 

batteries. Increasing the anneal temperature to 500°C, 550°C and 600°C did not 

affect the crystallization behavior (Figure III-37c-e). The fact that only anatase 

titanium oxide is found at 600°C seems to be in contrast with the Raman results 

on pillars at that temperature (Figure III-35) which showed that a mixture of 

anatase and rutile TiO2 was present on the pillars after annealing at 600°C. 

However, it seems that 600°C is the temperature limit for the formation of phase-

pure TiO2 and that a decrease of the final anneal temperature is necessary. Also 

for the application, a lower temperature should be beneficial. Taking into account 

the TGA results of the precursor, 500°C was picked as the ideal annealing 

temperature to form phase-pure anatase titanium oxide after deposition. This is 

well below the temperature limit for the formation of phase-pure TiO2, but also 

high enough to completely decompose the precursor.[14,15] 

 

 

Figure III-36: SEM images of 1.2 nm SiO2/Si substrates, after deposition via spray 
coating (1 pass) with the aqueous/ethanol Ti precursor at 180°C and a thermal 

treatment at hot plates: 2 minutes at 300°C and 1 hour at 500°C. The pre-
treatment was done via UV/O3 and the flow rate, path velocity, nozzle distance 
and Ti4+ concentration were, respectively, 0.20 ml/min, 100 mm/s, 36 mm and 
50 mM. 
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Figure III-37: Raman spectra of 1.2 nm SiO2/Si substrates, as-received (a) and 
after deposition via spray coating (1 pass) with the aqueous/ethanol Ti precursor 
at 180°C and a thermal treatment at hot plates: 2 minutes at 300°C and 1 hour 
at (b) 450°C, (c) 500°C, (d) 550°C, (e) 600°C and (f) 650°C. The pre-treatment 
was done via UV/O3 and the flow rate, path velocity, nozzle distance and Ti4+ 
concentration were, respectively, 0.20 ml/min, 100 mm/s, 36 mm and 50 mM. As 

a reference the Raman signals originating from anatase (★) and rutile (♢) TiO2 

are shown. 

 

The crystallization at the optimal temperature, i.e. 500°C, was also checked for 

the films which were deposited at the pillars. The Raman spectra of the uncoated 

pillars (treated at 250°C for 20 minutes) as a reference and the coated pillars 

which were annealed for 2 minutes at a hot plate of 300°C and 1 hour at 500°C 

are presented in Figure III-38. Deposition was done using the optimized spray 

coat parameters (50 passes), i.e. the deposition temperature, flow rate, path 

velocity, nozzle distance and Ti4+ concentration were, respectively, 180°C, 0.20 

ml/min, 100 mm/s, 26 mm and 10 mM. The film thickness of this coating was 

estimated at 100 nm. The spectra show clearly that anatase titanium oxide is 

present on top of the pillars after the deposition process. It seems that no 

secondary phases were formed. 
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Figure III-38: Raman spectra of the top of TiN coated Si micropillars, which were 
pre-treated by UV/O3, after (a) a thermal treatment on hot plates at 250°C for 20 
minutes and (b) spray coating (50 passes) with the aqueous/ethanol Ti precursor 

at 180°C and a thermal treatment at hot plates (2 min at 300°C, 1h at 500°C). 
The flow rate, path velocity, nozzle distance and Ti4+ concentration were, 
respectively, 0.20 ml/min, 100 mm/s, 26 mm and 10 mM. As a reference the 

Raman signals originating from anatase (★) are shown. 

 

3.4.3.7 Electrochemical evaluation of the TiO2 coating on the pillars 

Another proof of coating could be found in the cyclic voltammogram of the 

deposited 3D anatase film (ca. 100 nm) on silicon micropillars, which was 

measured by Moitzheim et al. (imec) and is presented in Figure III-39b. As a 

reference, also the CV measurement of a planar anatase layer on Pt/TiN/TiO2/Si 

is shown (Figure III-39a). This film was deposited via spin coating of the aqueous 

Ti precursor, has a thickness of ca. 100 nm and is known to be of high quality with 

respect to morphology and crystallization.[14,15] One could observe that in both 

cases, there are clear reduction and oxidation peaks present at respectively ca. 

1.50 V and 2.25 V. It is obvious that these signals represent the reversible lithium 

insertion and extraction reactions in anatase TiO2. Furthermore one can notice 

that the intensity of the signals (current density per projected area) is ca. 10 times 

higher for the 3D film compared to the planar anatase film. Since the thicknesses 

of these films are in the same range (ca. 100 nm), this is a clear confirmation for 
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the 3D concept. Remarkable higher capacities per projected area can be achieved 

by depositing the active layers on three-dimensional substrates, such as silicon 

micropillars. 

 

  

Figure III-39: Cyclic voltammetry (scan rate: 10 mV/s – current density is per 

projected area) of (a) a planar anatase film on Pt/TiN/TiO2/Si and (b) a 3D anatase 
film on TiN coated silicon micropillars, deposited via, respectively, spin coating 
and spray coating of the appropriate Ti precursor. Phase-pure anatase films were 
obtained after the thermal treatment on hot plates (2 min at 180°C, 2 min at 
300°C, 1h at 500°C).[Courtesy of Moitzheim et al. – imec] 
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3.5 Generalization of the novel 3D CSD method 

Titanium oxide was chosen as model material for the development of a novel wet 

chemically based deposition technique. However it should be of high value if this 

method could be extended to other oxides, and in particular multi-metal oxides. 

The ability of depositing various multi-metal oxides on three-dimensional 

substrates should lead to a generalization of the technique, and consequently to 

a higher impact in the field of 3D coatings. 

 

3.5.1 Deposition of Li4Ti5O12 on silicon micropillars via the CSD 

method 

3.5.1.1 Strategy 

For the generalization of the newly developed method, the first material that was 

investigated is Li4Ti5O12. As shown in chapter II, this material has the potential to 

have a high capacitance. The deposition in 3D should result in a further increase 

of the capacitance. 

 

3.5.1.2 Experimental 

For the precursor, the same synthesis procedure was used as for the deposition 

of Li4Ti5O12 films on planar substrates, i.e. the mono-metal Ti (IV) and Li (I) ion 

solutions were prepared separately. The multi-metal ion Li/Ti precursor was then 

prepared by mixing the Ti (IV) and Li (I) solutions in the desired amounts (molar 

ratio = 5:4). Water and ethanol were added to the solution (Figure III-40) so that 

the total metal ion concentration and the volumetric ethanol:water ratio were set 

at, respectively, 0.05 M or 0.01 M and 0.9:1. 

 

The Si micropillars, covered with 20 nm of TiN, were cleaned by a UV/O3 

process.[19] The deposition of the precursor on the pillars was performed via 

spray coating on the substrate set at a temperature of 180°C in a ExactaCoat 

ultrasonic coating system. The nozzle was a AccuMist precision ultrasonic spray 

nozzle. The optimized spray coating parameters were used. 

The deposited films were evaluated by means of scanning electron microscopy 

(SEM, FEI, NOVA 200), respectively, in a tilted view (45°) and cross-section view 

(90°).  
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Figure III-40: Schematic representation of the synthesis of the aqueous/ethanol 
Li/Ti precursor. 

 

3.5.1.3 Results and discussion 

To illustrate the coating and thus the effectiveness of the process, a thick layer 

was deposited on the Si micropillars, via the use of the non-optimized process. 

Spray coating of the aqueous/ethanol Li/Ti precursor on the silicon micropillars at 

180°C lead to the full coverage of the 3D substrate. In Figure III-41, the coating 

before post deposition anneal, thus before crystallization, is shown. The deposited 

film is very similar to the titanium oxide coating for which the process has been 

developed (Figure III-25). An appropriate post deposition anneal should lead to 

the crystallization of the deposited film, i.e. the spinel Li4Ti5O12 phase. Information 

of the research on 2D Li4Ti5O12 thin films (chapter II) can be used for this purpose. 

Furthermore, possible lithium loss during the deposition process should be taken 

into account (Chapter II). An excess of lithium in the precursor might be 

necessary. 
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Figure III-41: SEM images of TiN coated Si micropillars, which were pre-treated 
by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Li/Ti 
precursor, which has a total metal ion concentration of 50 mM. The deposition 
temperature, flow rate, path velocity and nozzle distance were, respectively, 
180°C, 0.20 ml/min, 100 mm/s and 36 mm. 
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3.5.2 Deposition of LuFeO3 on silicon micropillars via the CSD 

method 

3.5.2.1 Strategy 

Since the process was only shown for TiO2 and Li4Ti5O12, one could state that this 

method could only be applied to titanium containing precursors. To extend the 

potential of this novel method even more, it should be shown that also non-

containing Ti precursors could be used. Therefore, the Lu/Fe precursor which was 

used to spin coat LuFeO3 films on planar substrates, such as the Lu/Fe precursor 

was employed. As described before in this thesis, this precursor was successfully 

used to deposit phase-pure orthorhombic LuFeO3 films on 2D substrates in view 

of thin-film capacitors. Deposition of this material on a 3D structured substrate 

would enable a higher surface area and thus a higher capacitance [25,26]: 

 

𝐶 = 𝜀
𝐴

𝑑
 

(Equation III-8) 

with ε and d, respectively, the absolute permittivity and the thickness of the 

dielectric material and A the geometric area of overlap of the plates. 

 

3.5.2.2 Experimental 

For the precursor, the same synthesis procedure was used as for the deposition 

of LuFeO3 films on planar substrates (Chapter II), i.e. the mono-metal Lu (III) 

and Fe (III) ion solutions were prepared separately. The multi-metal ion Lu/Fe 

precursor was then prepared by mixing the Lu (III) and Fe (III) solutions in the 

desired amounts (molar ratio = 1:1). Water and ethanol were added to the 

solution so that the total metal ion concentration and the volumetric ethanol:water 

ratio were set at, respectively, 0.01 M and 0.9:1 (Figure III-42). 

 

The Si micropillars, covered with 20 nm of TiN, were cleaned by a UV/O3 

process.[19] The deposition of the precursor on the pillars was performed via 

spray coating on the substrate set at a temperature of 180°C in a ExactaCoat 

ultrasonic coating system. The nozzle was a AccuMist precision ultrasonic spray 

nozzle. The optimized spray coating parameters were used. The substrate was 
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annealed on hot plates, first at 320°C (2 min) and then at 510°C (2 min) to 

remove the organic fractions. 

The deposited films were evaluated by means of scanning electron microscopy 

(SEM, FEI, NOVA 200) in a tilted view (45°) and cross-section view (90°). 

 

 

Figure III-42: Schematic representation of the synthesis of the aqueous/ethanol 
Lu/Fe precursor. 

 

3.5.2.3 Results and discussion 

The silicon micropillars were fully covered by spray coating of the Lu/Fe precursor 

at 200°C and a post deposition anneal on hot plates at resp. 320°C and 510°C for 

2 minutes (Figure III-43). Once again, it is obvious that the coating is very similar 

to the titanium oxide coating for which the process has been developed (Figure 

III-25). The coating is not crystalline yet (cf. morphology of the deposited film). 

Based on the deposition of Lu/Fe oxide on planar films, earlier in this thesis 

(chapter II), it is clear that higher anneal temperatures are necessary to reach 

crystallization, thus to obtain the hexagonal or orthorhombic phase. 
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Figure III-43: SEM images of TiN coated Si micropillars, which were pre-treated 

by UV/O3, after spray coating (10 passes) with the aqueous/ethanol Lu/Fe 
precursor, which has a total metal ion concentration of 10 mM. The deposition 

temperature, flow rate, path velocity and nozzle distance were, respectively, 
200°C, 0.20 ml/min, 100 mm/s and 36 mm. The substrate was annealed on hot 
plates, first at 320°C (2 min) and then at 510°C (2 min). 

 

3.6 Determination of film thickness and conformality 

The quantitative evaluation of the exact film thickness and conformality is of 

course of high value to characterize the deposited film, structurally and 

electrochemically. However, in contrary to 2D coatings, a cross-section SEM does 

not allow determination of those characteristics. When cleaving the sample, this 

will always be in between the pillars so that the thickness of the deposited layer 

cannot be visualized. One could then propose to estimate the layer thickness by 

measuring the silicon micropillar diameter before and after deposition. However, 

there is variation in pillar diameter as a function of pillar height (pillar diameter 

typically increases towards the bottom) and as a function of the pillar. Therefore, 

it is not possible to determine film thicknesses via this method.  

 

Another way to determine the layer thickness is to perform a cross-section and 

look with X-SEM at the edge of area with the micropillars. As can be seen in Figure 

III-44, a typical substrate of silicon micropillars has a 1 cm2 area in which 

micropillars are etched. However, the determination of film thicknesses at the 

edge of the sample is also not the way to perform. It is difficult to get a straight 

cleave of the substrate. Therefore, the pathway to the bottom of the pillars is 

mostly blocked. Furthermore, border effects probably have to be taken into 



 

- 180 - 

 Chapter III 

account when using spray coating as deposition technique. The dimension factor 

plays an important role in the formation of layers via spray coating. There is less 

surface area available for the same amount of sprayed material, so probably the 

deposition parameters have to be adjusted.  

 

 

Figure III-44: Proposed method to allow the determination of film thickness and 
conformality. 

 

Another method that can be used is based on a controlled cutting of the silicon 

micropillars. The space between the pillars is filled with an epoxy resin to allow 

additional mechanical stability. The embedded pillars are then cut by an abrasion 

process with specific angle for X-SEM. At that point, it is important that the 

deposited film has a good adhesion on the silicon pillars. The backscattered SEM 

mode should then allow to distinguish between the resin, pillar and coating. The 

deposited layer should consist of heavy metal ions to detect a clear separation in 

backscattered imaging. Therefore, LiWO3 coatings on micropillars were deposited 

via the described novel CSD method (deposition was done by van den Ham et al.) 

It was found that the mean thickness of the coating on the pillars was 59 nm. The 

conformality was determined to be 13% (standard deviation). 
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4 Summary 

Atomic layer deposition is generally seen as the ideal method for conformal 

coating of three-dimensional structures. However if one could find a chemical 

solution deposition method, this would result in a high cost cut back, more 

flexibility and more possibility towards upscaling. In literature, some wet chemical 

methods are available. However those were mostly based on reactions with 

particular substrates and/or could not deliver a complete coverage on 

microstructured substrates. The knowledge from these experiments was further 

used to develop a novel chemical solution deposition (CSD) method for the 

deposition of (multi-)metal oxide coatings on 3D substrates, i.e. silicon 

micropillars coated with 20 nm TiN. 

 

The CSD method was first shown for TiO2, a candidate anode material. As starting 

point, the aqueous citrate-peroxo Ti precursor was optimized, in particular by 

adding ethanol, to allow coating on high aspect ratio features. The whole was 

spray coated at elevated temperature (180°C) and by controlling all levels of the 

process, complete coverage of the silicon pillars with the Ti precursor was 

obtained. Since the deposition was performed at elevated temperature, it is 

believed that the drying process of the precursor is already induced before the 

spray touches the surface. Consequently, during the process, the solution is 

instantly transformed into a gel, consisting of coordinated complexes in which the 

Ti ions are immobilized. Moreover, because of the elevated temperature, this gel 

is already partly decomposed during the spray coat process. A further heat 

treatment of the pillars lead to the complete combustion of the gel and thus to 

titanium oxide formation, it also triggered the crystallization of the deposited 

layer. A thorough crystallization study indicated that phase-pure anatase TiO2 

films could be obtained by a well-defined post deposition anneal at 500°C. 

Lithium-ion insertion and extraction behavior was observed for the anatase film 

deposited on TiN-coated silicon pillars, indicating its application potential for 3D 

Li-ion batteries. Further electrochemical experiments are necessary to determine 

its exact potential towards the proposed application. 
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The presented technique was also successfully applied to deposit Li4Ti5O12 on the 

microstructured substrate. Because of its negligible volume change upon 

charge/discharge, this anode material seems best suited for thin-film applications. 

The method was also used for the deposition of LuFeO3, as described earlier, a 

promising dielectric material for thin film capacitors. Further experiments should 

be defined to investigate their characteristics. 

 

The determination of exact thickness and conformality of the resulting coatings is 

not straightforward. Focused ion beam technology (FIB), combined with SEM, 

could be the solution to counter this issue. However, on-going research shows 

that the reported novel method, which implies operational simplicity, low cost and 

relatively short deposition times, can deliver coatings with a conformality of ca. 

13 % (standard deviation, determined by the embedding technology). 

Furthermore, the process could be successfully transferred to the more interesting 

2 X 2 pillars, enabling the highest possible capacity, as discussed before. The 

technique is also being applied to achieve a series of other multi-metal oxide 

coatings (e.g. LLTO, LiWO3) on 3D substrates, bringing various novel applications 

such as commercial thin-film 3D Li-ion batteries one step closer to reality. 
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Since the need for clean and efficient energy storage devices is expected to 

become immense, as the field of applications is constantly growing, the thesis did 

firstly focus on the synthesis of materials that can be used in those systems. 

Particularly, it was the intention to deposit functional multi-metal oxide films on 

planar substrates, interesting for thin-film capacitors or Li-ion thin-film batteries, 

and this via the use of chemical solution deposition. Aqueous “sol-gel” precursor 

chemistry was used, which is known to be cheaper, easier and more 

environmentally friendly compared to traditional sol-gel routes using organic 

solvents. Moreover, it allows the fabrication of complex multi-metal oxides due to 

the intimate mixing of metal ions and the resulting good homogeneity of the 

precursor.[1–3] 

 

The first group of materials which is very attractive for energy storage devices 

and in particular for thin-film capacitors are ultra high-k materials. Due to their 

extremely high dielectric constant (k>10000), they can possibly be used for the 

miniaturization of the energy storage devices and the increase of their energy 

density. For orthorhombic LuFeO3 ceramics, a dielectric constant of 10000 

(frequency ≤ 1kHz) had been reported at room temperature. [4] Nevertheless, 

research on the deposition of LuFeO3 thin films, indispensable for the thin film 

applications envisaged, was still very scarce, especially when it did come to wet 

chemical deposition. 

 

A stable aqueous Lu/Fe multi-metal ion precursor was prepared by mixing citrate 

complex-based Fe and Lu solutions in the desired ratio. Prior to thin film 

deposition, the thermal decomposition of the precursor and the phase formation 

process towards bulk, crystalline LuFeO3 were studied. It was shown that phase-

pure orthorhombic LuFeO3 could be formed at 900°C, indicating a high 

temperature requirement. These insights, combined with a profound study on the 

key deposition and process parameters, were successfully employed for the 

formation of orthorhombic LuFeO3 thin films on Si3N4 via spin coating. Impedance 

spectroscopy analyses did confirm their associated ultra high dielectric constant 

(> 10000) at room temperature for frequencies lower than or equal to 1kHz, 

making them promising for the use in thin film capacitors. The downside of the 

material is that the dielectric loss is quite high at low frequencies.  
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Future work could focus on the deposition of orthorhombic LuFeO3 on a metallic 

substrate in order to create a thin-film capacitor. The characteristics of this device, 

and consequently the usefulness of the dielectric layer, could then be determined 

in a more direct way. 

 

The further development of Li-ion batteries and specifically all-solid state Li-ion 

batteries would significantly improve battery safety and could bring a higher 

energy density at system level. 

A new process was developed for the deposition of Li4Ti5O12 films. This material is 

known as a very stable high-performance electrode material.[5] While 

compensating for the lithium loss during the deposition process in the stable Li/Ti 

precursor, a phase-pure film could be achieved via spin coating after a post 

deposition anneal at 700°C. The phase-pure film was characterized by a very high 

capacity, particularly ca. 800 mAh/cm3 for the low C-rates (0.5C-1C), while a 

mixed Li4Ti5O12/anatase film’s capacity was 500 mAh/cm3 at 0.5C and 1C. Since 

800 mAh/cm3 is higher than what is theoretical possible, probably the amount of 

active material was underestimated. However, it seems that this aqueous 

solution-gel process is able to deliver spinel Li4Ti5O12 films which can be 

incorporated in thin-film Li-ion batteries.  

A more precise determination of the amount of active material and a more 

thorough electrochemical study should be performed to evaluate all 

electrochemical characteristics including the exact capacity and cycle life.  

 

(LixMg1-2xAlx)Al2O4 had been suggested as a novel Li-ion electrolyte with spinel 

structure and thus structurally compatible with the Li4Ti5O12 and LiMn2O4 spinel 

electrodes.[6] A stable Li/Mg/Al multi-metal ion precursor was developed by 

mixing citrate-based Li, Mg and Al ion solutions in different ratios so that the 

theoretical x-value in (LixMg1-2xAlx)Al2O4 was varied (0≤x≤0.5). Prior to film 

deposition, a crystallization study of the Li/Mg/Al powders showed that for x ≤0.3 

phase-pure spinel (LixMg1-2xAlx)Al2O4 could be formed at 600°C in air. Crystalline 

spinel films could be achieved after a post deposition anneal at 800°C. A too high 

Li:Mg ratio for X=0.2 lead to the formation of LiAlO2 as secondary phase, 

deteriorating the intrinsic film quality and morphology. Electrochemical impedance 

spectroscopy showed that none of the deposited films possess a decent ionic 
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conductivity. This is probably due to the formation of an amorphous Al2O3 interface 

at the grain boundaries, caused by an excess of Al available in the films. Despite 

the potential good lattice matching between these spinel electrolyte films with 

spinel Li4Ti5O12, the low ionic conductivity (much lower than 10-6-10-8 S cm-1) 

tackles the potential use of these solid electrolyte films in thin-film Li-ion batteries. 

Future work should focus on the study of the grain boundaries, e.g. by HR-

TEM/EDS characterization, to demonstrate or disprove the proposed hypothesis. 

It is believed that if the formation of Al2O3 could be avoided, e.g. by a more 

elaborate tuning of the Li:Mg:Al ratio, this could result in a higher ionic 

conductivity. Then, the material could be stacked with Li4Ti5O12 as anode material 

to obtain Li-ion battery half-cell as proof-of-principle. 

 

It is obvious that a similar process for deposition on a 3D substrate would take 

these materials even a step higher. Various known wet chemical methods were 

investigated. Those were mostly based on reactions with particular substrates 

and/or could not deliver a complete coverage on microstructured substrates. The 

knowledge from these experiments was further used to develop a novel chemical 

solution deposition (CSD) method for the deposition of (multi-)metal oxide 

coatings on 3D substrates, i.e. silicon micropillars coated with 20 nm TiN. The CSD 

method was shown first for TiO2, a candidate anode material. As starting point, 

the aqueous citrate-peroxo Ti precursor was optimized, in particular by adding 

ethanol, to allow coating on high aspect ratio features. The whole was spray 

coated at elevated temperature (180°C) and by controlling all levels of the 

process, complete coverage of the silicon pillars with the Ti precursor was 

obtained. Since the deposition was performed at elevated temperature, the 

solution was instantly transformed into a gel, consisting of coordinated complexes 

in which Ti ions were immobilized. Further heat treatment of the pillars lead to 

the complete combustion of the gel and thus to titanium oxide formation, it also 

triggered the crystallization of the deposited layer. A thorough crystallization 

study did indicate that phase-pure anatase TiO2 films could be obtained by a well-

defined post deposition anneal at 500°C. Lithium-ion insertion and extraction 

behavior was observed for the anatase film deposited on TiN-coated silicon pillars, 

further illustrating its application potential for 3D Li-ion batteries.  
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Further electrochemical experiments are necessary to determine its exact 

potential towards the proposed application. 

 

The presented technique was also successfully applied to deposit Li4Ti5O12 on the 

microstructured substrate. Furthermore, the method was used for the deposition 

of Lu/Fe oxide films, as described earlier, promising as dielectric material for thin 

film capacitors. More experiments should be defined to investigate their 

characteristics.  

 

The determination of exact thickness and conformality of the resulting coatings is 

not straightforward. Focused ion beam technology (FIB), combined with SEM, 

could be the solution to counter this issue. On-going research, using the 

“embedding technology”, shows that the reported novel method, which implies 

operational simplicity, low cost and relatively short deposition times, can deliver 

coatings with a conformality of ca. 13 % (standard deviation). Furthermore, the 

process could be successfully transferred to the more interesting 2 µm X 2 µm 

pillars, enabling the highest possible capacity, as discussed before. The technique 

is also being applied to achieve a series of other multi-metal oxide coatings (e.g. 

LLTO, LiWO3) on 3D substrates, bringing various novel applications such as 

commercial thin-film 3D Li-ion batteries one step closer to reality. 

 

Since various other multi-metal oxide coatings on microstructured surfaces seem 

to be feasible (as long as ethanol can be added to the aqueous precursor solution), 

obviously, there are a lot of opportunities to exploit the novel CSD method even 

more. The ultimate goal, at the level of applications, is thus to develop a 3D all-

solid state battery, consisting of an electrolyte film stacked between two electrode 

films, obtained via the described method. Furthermore more fundamental 

research could be performed to unravel the exact deposition mechanism of the 

spray coating technique. This requires an extra experimental study (e.g. by the 

use of a high-resolution camera) together with a profound modeling study. 
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