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Chapter 1  Introduction 

 

 

 

 

 

 

 

Abstract 

This introductory chapter starts with a short overview of modern information society and 

explains the increasing demand for miniaturized integrated power sources. Furthermore, it 

explores state of the art technical aspects of solid state batteries and the concept of 3D-

microbatteries. The working theory and parameters influencing film homogeneity of chemical 

vapor deposition, which is the main deposition method used in this thesis, are introduced. 

Finally, the scientific questions and scope of this thesis are outlined. 

 

 

 

 

 

 

 

 

 

  



 

2 
 

1.1 Powering a smart society 

The “Internet of Things” (IoT) is becoming an increasingly growing topic of discussion for 

scientists and a wide audience. It’s a concept that not only has the potential to influence the way 

we live but also how we work [1-3]. From an individual point of view, with the coordination by 

IoT, bath water will be warm as soon as people get up in the morning and the coffee maker 

starts to brew coffee as they receive the signal from the alarm clock. In addition, we can control 

the electrical devices installed at home while we are working in office. On a broader scale, the 

IoT can be applied to the “smart city”, which can help us to reduce waste and improve the 

efficiency of processes, such as energy use, traffic, air pollution etc. The data collected by IoT 

helps us to understand how do we work and live, and find ways to improve our life. Figure 1.1 

shows a visual illustration of how the future world could be. In the future, not only humans, but 

also things will be connected by the widely distributed micro-sensors.  

 

Figure 1.1 Schematic illustration of the IoT [4] 

Industry 4.0 is another hot topic [5-7]. The first industrial revolution was propelled by the 

mechanization of production, using water and steam power. The second industrial revolution 

then introduced mass production with the help of electric power. During the third industrial 

revolution, the digital revolution and the use of electronics and information technology (IT) 

further automate the production processes. After entering Industry 3.0, mass production is not 

a fiction anymore and abundance is a normal phenomenon in many countries. However, most 

of the industrial products are standard instead of personalized. For example, a customer who 
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wants to buy a shirt can only choose from a range of available sizes rather than take the perfect 

size for himself. Nowadays, only wealthy people can afford customized services, while the 

majority is limited to standard mass production. The emerging Industry 4.0 is going to resolve 

the mismatch between the demand for customization and the need for production simplicity. 

Industry 4.0 is a collective term, embracing a number of contemporary automation, data 

exchange and manufacturing technologies. It had been defined as a general definition for 

technologies and concepts of value chain organization, which draws together cyber-physical 

systems, the IoT and the internet of services [8, 9]. In the modular-structured smart factories of 

Industry 4.0, cyber-physical systems monitor physical processes, create a virtual copy of the 

physical world and make decentralized decisions. Over the IoT, cyber-physical systems 

communicate and cooperate with each other and with humans in real time, and via the internet 

of services, both internal and cross-organizational services are offered and utilized by 

participants of the value chain [9]. 

 

Figure 1.2 The four industrial revolutions [10]. 

To reach the “ideal world” outlined by Figure 1.1 and Figure 1.2, thousands of wireless 

sensors united in networks have to be distributed [3, 4, 11-15]. To be easily embedded into other 

systems, these sensors must be very small. The micro-sensors can be much smaller than human 

fingertips and even smaller than a rice particle, as shown in Figure 1.3. Powering these micro-

sensors will be challenging. For micro-devices, it is usually required that energy storage 

functions are physically located on a small chip area, thus micro-sized on-chip batteries would 

be highly desirable for these applications.  
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Up to recent times, just two types of technologies have been applied for these purposes: 

batteries and supercapacitors. Traditional liquid batteries, usually coin cells in the applications 

mentioned, are relatively large for the amount of power they deliver due to the packaging 

needed to contain their chemicals. Besides, the presence of liquid electrolyte inside makes these 

batteries incompatible with reflow soldering methods, which are widely used in semiconductor 

industry. Rechargeable conventional batteries are also limited by a low cycle life. Typically, 

they have to be replaced several times during the life-time of a product. Supercapacitors have 

a different set of drawbacks. Besides the drawbacks of high self-discharge and spark hazard, 

the output voltage of supercapacitors during discharging keeps decreasing. As a result, a voltage 

convertor is often needed, which adds to circuit complexity, device volume and cost. In short, 

chemical batteries and supercapacitors become obsolete for many applications in the face of 

continued miniaturization, integration and sophistication of new electronics products. 

Fortunately, solid-state microbatteries offer a potential solution. 

 

Figure 1.3 A micro-sensor (a) and a radio frequency identification device (b). 

1.2 Introduction to lithium-ion batteries 

1.2.1 Traditional liquid lithium-ion batteries 

The mechanism for lithium-ion batteries is based on the transport of lithium-ion between 

the cathode and anode. The cathode usually consists of a lithium metal oxide (e.g. LiCoO2), 

whereas the anode usually consists of graphitic carbon [16-19]. The electrolyte is an organic 

solvent with a lithium salt dissolved in it [20, 21]. Separators for lithium ion batteries (polymer 

membranes) are used to prevent electrical contact between the electrodes. Such contact would 

result in internal short circuits inside the batteries and therefore give rise to a complete self-

discharge. A typical example of a batteries based on Li-ion chemistry is shown in Figure 1.4. 
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During discharge, the lithium-ions stored in the negative electrode (anode), have a higher 

chemical potential and are driven via the electrolyte towards the positive electrode (cathode), 

which has a lower chemical potential. The charge-compensating electrons are forced to travel 

via the external circuit, providing the usable electrical energy. This change in lithium 

concentration in the electrode materials results in structural changes and phase transformations. 

During charging, the application of an external potential reverses the process and the lithium 

ions migrate back via the electrolyte to the negative electrode where they are reduced by the 

electrons. This discharge/charge process involves electronic and ionic charge transport in the 

electrodes and ionic transport in the electrolyte. Taking the classical LiCoO2/LiPF6/C(graphite) 

cell as an example, the main storage reactions are described as follows 

the cathode half-reaction is: 

                                       𝐿𝑖𝐶𝑜𝑂2  ↔ 𝐿𝑖𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−                          (Eq. 1.1) 

the anode half-reaction is: 

                                         𝑛𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒−  ↔ 𝐿𝑖𝑥𝐶𝑛                                  (Eq. 1.2) 

The overall reaction is: 

                                      𝐿𝑖𝐶𝑜𝑂2 + 𝑛𝐶 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝐿𝑖𝑥𝐶𝑛                             (Eq. 1.3) 

 

Figure 1.4 Schematic representation of the operating principles of Li-ion batteries. 
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1.2.2 All-solid-state lithium-ion microbatteries 

All-solid-state microbatteries do not principally differ in working mechanism from all other 

lithium-ion batteries, which also consist of two current collectors, two electrodes and an 

electrolyte in between as shown in Figure 1.5. The main difference between all-solid state and 

liquid electrolyte-based batteries is that the liquid electrolyte is substituted by a solid-state 

electrolyte and the separator is eliminated. Because of the packaging issue, conventional liquid 

electrolyte-based batteries usually cannot be smaller than typical coin cells. However, all-solid-

state thin-film microbatteries can be manufactured with a footprint area of less than one 

millimeter [22]. Solid-state microbatteries are also much thinner than conventional liquid 

batteries: solid-state electrolytes have a typical thickness of approximately 1 µm, whereas the 

separator in liquid electrolyte-based cells typically has a thickness of 20 µm. Nanoscale 

electrolytes prepared in the form of thin films tend to reduce the overall weight and volume of 

the battery system, offering high energy density and long life cycles [23-27]. 

 

Figure 1.5  Schematic representation of a planar all-solid-state microbatteries. [25] 

To reach the goal of a high specific energy and power density, two fundamental 

requirements must be met by the electrode materials: (1) high specific energies (in Ah/kg) and 

high energy densities (in Ah/L) [28], i.e. a high number of available charge carriers per mass and 

volume unit of the material; (2) the respective electrode redox reactions must deliver a high 

standard redox potential for the cathode and a low standard redox potential for the anode, 

leading to a high overall cell voltage. For a good rechargeable battery, the cycle life is also very 

important, which means the reactions at both electrodes have to be highly reversible to maintain 

the specific capacity for hundreds of charge/discharge cycles.  
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The requirements mentioned above are closely linked with the chemistry of the system. 

Among the various existing technologies, thin film lithium batteries are considered as the most 

competitive power source because of their high volumetric energy density and gravimetric 

energy density, superior power capability and design flexibility [24, 29-32]. Figure 1.6 shows the 

overview of volumetric and gravimetric energy densities for a number of competing 

chemistries. Obviously, thin film Li-ion batteries surpass other battery systems in both 

gravimetric energy density and volumetric energy density. 

 

Figure 1.6 Comparison of the volumetric and gravimetric energy density of various 

battery systems. [29] 

In comparison with other battery systems and supercapacitors, all-solid-state batteries have 

the following advantages: 

1. High energy density. For all-solid-state thin film batteries, the current collectors and 

thickness of the electrodes can be very thin (less than 100 nm), and the amount of inactive 

materials, such as carbon additives, PVDF binder and Cu/Al current collectors, can be 

sharply reduced. Thus, the energy density of the whole battery pack is improved because of 

the decrease of inactive components. 

2. Low self-discharge rate. Due to the wider stability window and low electronic conductivity 

of solid electrolytes [33-35], side reactions and internal electricity leakage is very limited. The 

self-discharge rate of solid thin film batteries is very low. 
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3. Long cycle life. Nowadays, most of the commercial available solid state thin film batteries 

can surpass 5000 cycles. Some of them were even cycled over 10000 cycles [36]. 

4. Extremely small and thin (as low as 0.2 mm3). Due to the advanced deposition techniques, 

thin film battery components can be deposited on various substrates. Without the worry of 

liquid electrolyte leakage, the packing process can be much simpler and thinner than 

conventional liquid-based batteries, which facilitate the miniaturization of thin film 

batteries. 

5. Compatibility with automated surface-mount technology (SMT) and reflow soldering 

processes. The normal temperature of reflow soldering is around 217 °C which would 

vaporize the liquid electrolyte. However, this soldering temperature will not damage solid-

state thin film batteries. 

6. Easy co-packaging with other devices. Small size all-solid-state batteries are easy to be 

integrated in various devices. Figure 1.7 gives an example of an intraocular pressure 

monitoring device. A solar cell, a Cymbet EnerChip™ solid-state battery, a MEMS 

capacitive sensor, and integrated circuits, all these devices are vertically assembled in mini-

scale biocompatible glass housing. Integrating a conventional rechargeable battery in such 

a small device would be impossible, especially considering the safety issue of electrolyte 

leakage. 

7. No hazardous chemicals. Solid-state batteries are “registration, evaluation, authorization 

and restriction of chemicals” (REACH) compliant, as the systems do not contain hazardous 

substances from the “Substances of Very High Concern” (SVHC) candidate list published 

by the European Chemicals Agency. Solid-state batteries have also been tested for full 

compliancy with the EU’s Restriction of Hazardous Substances Directive (RoHS). 

Compliance with environmental regulations obviously results in lower manufacturing costs. 

8. No fire or explosion risk. Unlike supercapacitors and coin cells, solid-state batteries 

contain no liquids, gels or harmful chemicals. Instead, all the components are made solely 

from semiconductor materials and ceramics, thus all the batteries components are solid and 

incombustible. That means no risk of leakage, corrosion, harm to the environment, or 

worries about shipping or disposal. Solid-state batteries are safe enough for use in electric 

vehicles and implanted medical devices, due to their intrinsic safety, health and 

environmental friendly. 
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Figure 1.7 A Cubic-millimeter energy-autonomous wireless intraocular pressure 

monitor [37]. 

1.3 Concept of three-dimensional (3D) microbatteries 

As explained in section 1.1, miniaturized batteries are highly desirable for applications in 

autonomous MEMS. Moreover, for use in miniaturized devices it is usually required that the 

energy storage functions are physically located on a small area of a chip, making the energy 

and power density per footprint area a key attribute of these batteries. Conventional 2D thin 

film microbatteries can deliver high power, but they require large footprints to provide 

reasonable energies. On the other hand, making the electrodes thicker boosts the theoretical 

areal energy density but also increases the electron and ion diffusion lengths, which reduces the 

effective power and energy densities. The most promising way to combine a high storage 

capacity and high power capability on a limited area is to integrate the battery components, 

current collectors, electrodes and electrolyte in a 3-dimensional (3D) arrangement, thus 

generating 3D microbatteries [38-43]. Due to the large available surface area of the electrodes, 

high capacities per footprint area can then be obtained. High power capabilities also can be 

achieved by careful design of the batteries to obtain short transport distances between the 

electrodes [34, 44, 45]. 
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Figure 1.8 3D batteries designs: (a) interdigitated [46], (b) concentric tube [47], (c) 

inverse opal, (d) “sponge” batteries [48], (e) perforated substrate [40], and (f) micro-

etched silicon [49]. 

Various 3D batteries architectures were proposed by different groups. The interdigitated 

geometry (Figure 1.8a), in which anode and cathode arrays are separated by a continuous 

electrolyte phase, is perhaps the most easily visualized configuration [46, 50, 51]. The short 

transport distances between the electrodes and the increased interfacial areas lead to a much 

lower ohmic resistance as compared to traditional planar battery configurations. The concentric 
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arrangement (Figure 1.8b) has a 3D electrode array coated homogeneously by an electrolyte 

layer with the remaining free volume filled by the opposite electrode material [47]. This design 

not only provides short transport distances between the electrodes, but also leads to higher 

energy densities than the interdigitated configuration because of the lower volume fraction 

occupied by the electrolyte, which doesn’t contribute to the storage capacity. The use of 

templating to form inverse opal structures has also served as the basis for fabricating 3D 

interpenetrating electrochemical cells [48]. The templated electrode is coated by an electrolyte 

and the remaining void space is filled with the opposite electrode material (Figure 1.8c). 

In each of these designs, electrode arrays are formed in which the electrode material is 

configured in a spatially periodic way. Relaxing the periodicity condition, however, may be an 

important factor for achieving uniform current distribution. One example of an aperiodic 3D 

configuration is the “sponge” design [40], in which the battery is constructed within a 

mesoporous aerogel nanoarchitecture. The electrolyte layer is conformally deposited around 

the spatially random 3D network of the electrode material. The other electrode material fills the 

remaining mesoporous and macroporous volume (Figure 1.8d). This design ensures that all 

batteries components: anode, cathode and electrolyte are continuous throughout the sponge 

structure. 

Another type of 3D architecture is based on amplifying the area of thin film batteries, 

essentially by increasing the surface area of the substrate upon which the batteries is fabricated. 

One design uses a perforated substrate (glass or silicon microchannel plate) to serve as the 

fabrication template (Figure 1.8e) [52]. The battery is formed by sequential deposition of the 

current collector, cathode, and electrolyte, followed by filling the anode material into the center 

hole that remains after the deposition of the other components. Another thin-film approach is 

based on anisotropic etching of silicon substrates (Figure 1.8f) [49]. The first step in this approach 

is to use an anisotropic etching method to create a three dimensional structure in the substrate 

to enlarge the surface area. As etching techniques, either electrochemical or reactive ion etching 

can be applied [53]. The etched 3D structure typically consists of trenches [49], but various other 

geometries can also be made, like pores or pillars [39, 54]. Commonly used dimensions for etched 

trench structures vary from 1 µm to 30 µm in width, and 10 ~ 100 µm in depth. The surface 

area enhancement (A) for a trench structure can be calculated according to 

                                                 1 2
( )

L s
A d

L w s


 


                                              (Eq. 1.4) 
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in which d is the trench depth, w the width, s the spacing between the trenches and L the total 

footprint length of the battery structure [55]. For example, a surface area enhancement of 28 

times can be achieved by using d = 135 µm, w = 5 µm and s = 5 µm for single-sided integration 

[55], This value doubles for double-sided integration, as shown in Figure 1.9. Trench dimensions 

mentioned above can be achieved by using standard reactive ion etching technology. 

 

Figure 1.9 Double side 3D microbattery. 

The benefit of the approach shown in Figure 1.8f is that standard microelectronic techniques 

can be used, which makes integration into autonomous devices more straightforward and allows 

a simpler transfer to existing production facilities. Also the use of trench geometry is beneficial: 

the batteries mainly consists of parallel planar films inside the trenches and on top of the 

substrate, and the risk for local overcharging is therefore reduced. Using a solid-state electrolyte 

represents another advantage of this concept. Therefore, a longer cycle-life is expected and no 

leakage risks are present, which expands the possible application fields. What’s more, trench 

structures are mechanically more stable. However, on the other hand, it is the relatively 

complicate structure, which makes deposition of step-conformal batteries layers challenging. 

To prevent the batteries from local over(dis-)charging or self-discharge, the cathode film, the 

electrolyte and the anode have preferably to be deposited step-conformal. To meet this 

requirement, techniques such as chemical vapor deposition (CVD), atomic layer deposition 

(ALD) or electrodeposition can be employed to deposit the batteries layers. The CVD technique 
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and the conditions for successful 3D deposition, will be described in more detail in the 

following section. 

1.4 Chemical vapor deposition 

In the broadest sense, CVD involves the formation of a thin solid film on a substrate 

material by a chemical reaction of vapor-phase precursors. The chemical reactions of precursor 

species occur both in the gas phase and on the substrate. Reactions can be promoted or initiated 

by heat (thermal CVD), high frequency radiation such as UV (photo-assisted CVD) or plasma 

(plasma-enhanced CVD) [56-58].  

1.4.1 Types of CVD 

The term of CVD was first introduced by John Blocker at the 1960 symposium of the 

Electrochemical Society in Houston. Since that time, the terms “chemical vapor deposition” 

and “physical vapor deposition” have been universally adopted [59]. After decades of 

developments, CVD is practiced in a variety of formats, such as Reduced Pressure CVD 

(RPCVD), Plasma-Enhanced CVD (PECVD), Metal-Organic (MOCVD), Low-Pressure 

(LPCVD), Plasma-Assisted Metal-organic CVD (PAMOCVD),  Ultra-High Vacuum CVD 

(UHVCVD), Laser-Assisted CVD (LACVD), Very Low-Pressure CVD (VLPCVD), Rapid 

Thermal Low Pressure (RTLPCVD), Electron Cyclotron Resonance CVD (DECRCVD), etc. 

[59]. Some of the more commonly used acronyms are defined below. 

MOCVD is a specific type of CVD that utilizes metal-organic precursors. In the strictest 

sense, a metal-organic (or organometallic) compound contains a direct metal–carbon bond (s 

or p) (e.g. metal alkyls, metal carbonyls). However, the definition of MOCVD has broadened 

to include precursors containing metal–oxygen bonds (e.g. metal-alkoxides, metal-b-

diketonates) or metal–nitrogen bonds (e.g. metal alkylamides), and even metal hydrides (e.g. 

trimethylamine alane). 

PECVD is a technique in which electrical energy rather than thermal energy is used to 

initiate homogeneous reactions for the production of chemically active ions and radicals that 

can participate in heterogeneous reactions which, in turn, lead to layer formation on the 

substrate. A major advantage of PECVD over thermal CVD processes is that deposition can 

occur at very low temperatures, even close to ambient, which allows temperature sensitive 

substrates to be used [60]. 
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The low pressure distinguishes LPCVD from other CVD processes. The main reason for 

using LPCVD instead of atmospheric pressure CVD (APCVD) is the lower Damköhler number 

(Da). 

                                      𝐷𝑎 =
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑚𝑎𝑠𝑠−𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒
                                            (Eq. 1.5) 

Da is a useful ratio for determining whether mass-transfer or reaction are the rate-limiting step. 

For Da >>1, the reaction rate is much greater than the mass-transfer rate. The CVD process is 

mass-transfer controlled. For Da <<1, mass-transfer occurs much faster than the reaction. In 

this case, the CVD process is kinetically controlled. 

During APCVD, the ratio is close to one as the two rates are of the same order of magnitude. 

The mass-transfer rate depends mainly on the reactant concentration, diffusion, and thickness 

of the boundary layer. When the pressure is lowered during LPCVD, the diffusion rate ( D ) of 

the gas increases proportionally to the reciprocal of the pressure [61], according to 

                                                                  

3/2T
D

P
                                                        (Eq. 1.6) 

where T  is temperature, P  is pressure. This means that rate of mass transport will increase at 

lower pressure, meaning the substrates can approach more closely to the bulk gas phase. So, 

the deposition process is less dependent on the mass transport limitation. The advantages of 

LPCVD include excellent uniformity of thickness and quality, simple handling, high reliability, 

homogeneity of deposited layers and high reproducibility. Disadvantages include lower 

deposition rates than APCVD and high deposition temperatures.   

1.4.2 Deposition processes of CVD 

CVD processes are extremely complex and involve a series of gas-phase and surface 

reactions, such as thermal decomposition (pyrolysis), reduction, hydrolysis, disproportionation, 

oxidation, carburization, and nitridation. These processes can be used either separately or in 

combination. These reactions can be activated by several methods: thermal activation, plasma 

activation and photon activation. Figure 1.10 schematically shows a typical thermal activated 

CVD process. An important feature of the process is the presence of a hot layer of gas just 

above the substrate, termed the ‘‘boundary layer’’. Gas-phase pyrolysis reactions occurring in 

the boundary layer play a significant role in the MOCVD deposition process [58, 62, 63]. The key 

steps are listed below: 



 

15 
 

1. Evaporation and transport of reagents (i.e. precursors) in the bulk gas phase, transport 

of the gas into the reactor; 

2. Gas phase reactions of precursors in the reaction zone to produce reactive 

intermediates and gaseous by-products; 

3. Mass transport of reactants to the substrate surface; 

4. Adsorption of the reactants on the substrate surface; 

5. Surface diffusion to growth sites, nucleation and surface chemical reactions leading 

to film formation; 

6. Desorption and mass transport of remaining fragments of the decomposition away 

from the reaction zone. 

 

Figure 1.10 Schematic representation of a typical CVD process. 

1.4.3 Kinetics and mass-transport mechanisms 

In a traditional thermal CVD process, the film growth rate is determined by several 

parameters. The primary ones include the temperature of the substrate, the operating pressure 

of the reactor and the chemistry of the gas-phase. A typical growth rate as a function of substrate 

temperature is shown in Figure 1.11. At low temperatures, the surface reaction is slow, meaning 

there is surplus of reactants at the substrate surface and the surface reaction is sensitive to the 

temperature. Therefore, the deposition process is surface-reaction kinetically limited. In this 

case, the growth rate increases with increasing temperature and is also affected by the substrate 

orientation. As the film growth rate is controlled by surface reaction rather than precursor 
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diffusion, uniform film thickness can be achieved by minimizing the temperature variations 

over the substrate surface. Such technique is applied in hotwall batch reactors used for the 

commercial production of Si epitaxial wafers by LPCVD.  

As the temperature increases, the growth rate becomes nearly independent of temperature 

and is controlled by the mass transport of reagents through the boundary layer to the growth 

surface. This growth regime is called ‘mass transport’ or ‘diffusion-controlled’ growth. At even 

higher temperatures, the growth rate tends to decrease, due to an increased rate of desorption 

of precursors or matrix elements from the growth surface and/or depletion of reagents due to 

parasitic gas-phase side reactions. Gas-phase reactions become increasingly important with 

increasing temperature and higher partial pressures of the reactants. 

 

Figure 1.11 Rate-limiting step as a function of substrate temperature during thin 

film deposition. 

Note that in reality there is no sharp boundaries between these three regions. Usually, 

mixed regimes are present. Another crucial factor that determines the relative importance of 

each regime is the pressure of the CVD reactor. From atmospheric pressure (1 bar) to 

intermediate pressures (e.g. 20 mbar) gas phase reactions are important and, in addition, a 

significant boundary layer is present. Kinetics and mass transport can both play a significant 

role in the deposition process. As the pressure decreases, gas phase reactions tend to become 

less important, and particularly at pressures below 10 mbar, layer growth is often controlled by 

the surface reactions. At very low pressures (e.g. 0.1 mbar), mass transport is completely absent 

and the layer growth is primarily controlled by the gas and substrate temperature and by 

desorption of precursor fragments and matrix elements from the surface. 
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1.5 Scientific questions and scope of this thesis 

Nowadays a new challenging application for Li-ion batteries emerged from the rapid 

development of micro-electronics. Powering MEMS such as smart sensors using conventional 

Li-ion batteries is not possible. New batteries based on new materials must be explored, but 

there is also a need for changes in the design of batteries. Moving from planar structures to 

high-aspect ratio 3D-structures promises a significant increase in the energy and power 

densities of microbatteries. This thesis focuses on the deposition and (electro-)chemical 

characterization of electrode and electrolyte films for all-solid-state 3D-integrated thin-film 

microbatteries. This study will deal with various aspects, including the effects of the deposition 

parameters on the properties of the deposited layers. Moreover, the deposition process will be 

more closely examined with simulations and theoretical modeling. All these topics are crucial 

steps on the road towards a more detailed understanding of the deposition processes of 3D-

integrated microbatteries. 

Chapter 1 gives a short overview of modern information society and the increasing demand 

for miniaturized integrated power sources. Furthermore, it reviews technical aspects of the state 

of art for solid-state batteries, the 3D concept of microbatteries and the application of CVD. 

Chapter 2 systematically investigates LPCVD deposition of lithium phosphate to be used 

as a solid-state electrolyte. Li3PO4 films have also been deposited on 3D substrates to 

investigate the feasibility of 3D deposition of Li3PO4 by LPCVD.  

Chapter 3 gives a short overview of Si anodes with different morphologies. The lithiation 

process and influence of cutoff voltage on the electrochemical performance of Si anode is 

investigated. Li3PO4 films are applied as a protective layer to improve the cycle life of Si film 

electrodes. 

Chapter 4 will focus on the synthesis of Li4Ti5O12 electrode. The influences of various 

deposition parameters, including flow rates of precursors and post-anneal temperatures, have 

been investigated by material and electrochemical analyses. Thin films were also deposited on 

highly structured substrates to investigate the uniformity and electrochemical performance. 

Chapter 5 reports the deposition of 3D TiO2 film anodes. Kinetic studies on planar 

substrates and film thickness evolution on 3D substrates were investigated. Furthermore, the 

electrochemical performances of 3D TiO2 electrodes are characterized. 
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Chapter 6 investigated the film thickness profiles of deposited TiO2 inside trench substrates 

at various deposition conditions. A Markov Chain Monte-Carlo model was developed to 

simulate the deposition process. An estimation of the parameters of the deposition process was 

performed and applied to predict the layer thickness profiles in narrow trenches. 

Chapter 7 will finally evaluate the experiments described in this thesis, and give some 

recommendations for further research. 
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Chapter 2  Chemical Vapor Deposition of Lithium 

Phosphate  

 

 

 

 

 

Abstract 

High quality Lithium phosphate (LiPO) thin films have been deposited by LPCVD, using 

tert-butyllithium and trimethyl phosphate as precursors. The LiPO films deposited at 300 °C 

yielded the highest ionic conductivity (3.9×10-8 S∙cm-1). Increasing the deposition temperature 

led to crystallization of the deposited films and, consequently, to lower ionic conductivities. 

Kinetic studies on planar substrates showed that LiPO deposition is a diffusion-controlled 

process in the temperature range of 300 to 500 °C. LiPO films have also been deposited on 

highly structured substrates to investigate, for the first time, the feasibility of 3D deposition of 

LiPO by MOCVD.  
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2.1 Introduction 

Driven by the fast development of autonomous devices, all-solid-state micro-batteries 

currently attract a lot of attention. The three dimensional (3D) all-solid-state Li-ion batteries is 

a challenging concept, which will significantly improve the volumetric capacity and rate 

capability of micro-batteries [1-3]. A stable thin film electrolyte is one of the important 

components for micro-batteries. Due to the relatively high Li-ion conductivity and 

(electro)chemical stability upon contact with Li anodes, lithium phosphate (LiPO) thin films 

are among the most popularly used electrolytes for micro-batteries [4-8].  

Lithium phosphate based thin film electrolytes are generally deposited by sputtering [4, 5, 7, 

9], pulsed laser deposition [10] and e-beam evaporation [11]. Because of shadow effects, these 

methods are hardly suitable for 3D deposition. In addition, during the deposition process using 

these methods, there is a temperature difference between the substrate and the deposited films. 

The resulting thermal tensile stress may disadvantageously cause film cracking [12].  

Atomic layer deposition (ALD) and metal-organic chemical vapor deposition (MOCVD) 

are two methods that can deposit very homogeneous and conformal films on highly structured 

substrates. Unfortunately, the ALD method is relatively slow [13, 14] and therefore rather 

unpractical for the deposition of batteries materials. Several papers reported the chemical vapor 

deposition of nitrogen doped lithium phosphate [12, 15] but none of these papers explored the 

feasibility of deposition in 3D. In this study, LPCVD is investigated to deposit LiPO thin films, 

using tert-butyllithium (t-BuLi) and trimethyl phosphate (TMPO) as precursors. The LPCVD 

process for LiPO thin film deposition has been developed and the influence of the substrate 

temperature on the morphology, crystal structure and ionic conductivity has been systematically 

studied. In order to investigate the feasibility of three dimensional depositions of LiPO by 

LPCVD, thin films were also deposited onto highly-structured substrates. The thickness 

development of the deposited thin films inside these 3D-structures has been investigated.  

2.2 Experimental details 

The setup used for LiPO deposition is a horizontal cold-walled low pressure MOCVD 

reactor (a modified Aixtron 200RF system). The substrate was positioned on a graphite 

susceptor that was heated via radio frequency. The temperature was monitored using two 

thermocouples inside this susceptor. To increase homogeneity of the deposited films, the 
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sample placed on the susceptor was rotated at 10 rpm during deposition. Growth rates were 

regulated by the choice of reactor pressure, flow of reactants, and susceptor temperature. It was 

possible to vary the deposition temperature between 300 and 1000°C and the reactor pressure 

between atmospheric pressure and 5 mbar.  

 

Figure 2.1 Schematic representation of the LPCVD reactor setup. 

The vapor supply system (Figure 2.1) consisted of two precursor bubblers, one of which 

was placed in a thermostatic bath and the other was positioned in a furnace, to control low and 

high temperatures, respectively. These bubblers were fed with argon to evaporate the precursors 

and an extra pusher flow of argon was added further downstream to increase the gas flow and 

to prevent condensation of the precursor in the transport lines. The precursor evaporation rate 

was adjusted by varying the argon flow through the bubbler as well as the pressure and 

temperature of the bubbler. These variables could be regulated independently for both 

precursors. To prevent condensation, the vapor generated at elevated temperatures (i.e., from 

the bubbler positioned in the furnace) was led to the reactor through heated lines and valves 

(indicated as dashed lines in Figure 2.1). Oxygen, mixed with argon, was fed into the reactor via 

a system completely separated from the precursor bubblers. The oxygen and precursor gas flows 

were mixed in the deposition chamber. 

2.2.1 Thin film deposition 

 The precursors were trimethyl phosphate (TMPO) and tert-butyllithium (t-BuLi), both 

acquired from SAFC-Hitech (United Kingdom). These materials were delivered in stainless 

steel bubblers. After the bubblers were connected, the system was tested for leaks. Argon was 
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supplied via a purifier to assure oxygen- and water-free gas flows. Preliminary parametric 

variation experiments were first carried out to find the base operating conditions, including the 

bubbler temperatures and carrier gas flow rates, which are listed in Table 1.1. Argon was used 

as carrying gas.  

Table 1.1 MOCVD process parameters for LiPO deposition. 

Precursor Temperature Pressure Flow 

 °C mbar cc/min 

t-BuLi 50 400 400 

TMPO 20 500 40 

Oxygen Room temperature  1 

Total gas flow Room temperature  1550 

 

LiPO layers for thickness and surface morphology analyses were deposited onto square 

silicon substrates with a width of 3 cm. The LiPO samples prepared for the electrochemical 

measurements were deposited on similar substrates covered with an adhesive layer of TiO2 and 

a layer of platinum (Si/TiN/Pt). For the impedance measurements to be conducted after LiPO 

deposition, nine Pt dots with a diameter of 3 mm and thickness of 200 nm were deposited on 

top of the LiPO films by masked sputter deposition. To investigate the feasibility of 3D 

deposition, LiPO films were deposited onto silicon wafers which were reactive ion etched to 

obtain trenches with a width and depth of 30 µm.  

2.2.2 Sample characterization 

Thickness and morphology of the LiPO thin films were measured using a scanning electron 

microscope (SEM, Philips/FEI XL 40 FEG). The structural properties of the LiPO films were 

investigated by an X-ray diffractometer (XRD, Panalytical X’Pert PRO MPD). 
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Figure 2.2 Schematic representation of the three-electrode Teflon cell. 

The electrochemical and impedance measurements were performed in an argon-filled glove 

box (O2 and H2O < 1 ppm). An Autolab PGSTAT 302 (Metrohm-Autolab B.V., The 

Netherlands) and a two electrodes setup were used to carry out the impedance measurements 

on the Pt/LiPO/Pt stacks. For potentiostatic cyclic voltammetry (CV) and galvanostatic cycling 

(GC) measurements, the samples were positioned in Teflon cells and used as working 

electrodes, as shown in Figure 2.2. Lithium metal foils were utilized as reference and counter 

electrodes. The cell was filled with 1 M LiClO4 in propylene carbonate (Soulbrain MI, United 

States). This three-electrodes setup was connected to an Autolab to perform cyclic voltammetry 

or a M2300 galvanostat (Maccor, Tulsa, USA) to perform galvanostatic (dis)charging. Cyclic 

voltammetry was executed at 1 mV/s and all potentials are given vs the Li/Li+ reference 

electrode. All electrochemical tests were carried out at room temperature. 

2.3 Kinetic investigation 

As a start, the film samples are first deposited on planar substrates to optimize the 

deposition process. The growth rate and morphology of the deposited films are investigated. 

Figure 2.3a shows the deposited film thickness as a function of deposition time. The film 

thickness increases linearly with deposition time, indicating that the deposition rate is constant 

during the deposition process at 350 and 500 °C, which makes controlling the film thickness 

straightforward. The slopes of the two lines are almost equal. This suggests that the deposition 
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temperature does not have a clear influence on the growth rate of LiPO thin films, which is 

further confirmed by the Arrhenius plot, shown in Figure 2.3b. In the entire temperature range 

(300 - 500 °C), the deposition rate is only weakly dependent on the deposition temperature. The 

activation energy calculated from Figure 2.3b is 1.14 kJ/mole, which is very low. Consequently, 

the MOCVD deposition of LiPO is considered to be diffusion-controlled in the studied 

deposition temperature range.  

  

Figure 2.3 Deposited film thickness as a function of deposition time at 350 °C and 

500 °C (a) and Arrhenius plot for the deposition rate of LiPO films (b). 

 

 

Figure 2.4 SEM images of LiPO thin films deposited at different temperatures 300 

°C (a), 350 °C (b), 400 °C (c) and 450 °C (d). 
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Figure 2.4 shows the morphology of the thin films deposited at different temperatures. The 

MOCVD deposited LiPO films are very homogeneous, without revealing any cracks or 

pinholes. Looking into more detail, it can be concluded that the surface becomes somewhat 

rougher with increasing deposition temperature. It appears that the LiPO films deposited at 

higher temperatures are polycrystalline, forming grain boundaries. To confirm this, grazing 

incidence XRD was conducted. 

 

Figure 2.5 XRD patterns of LiPO films deposited at 300, 350, 400 and 450 °C. 

Figure 2.5 shows the XRD patterns of LiPO films deposited at different temperatures. The 

XRD pattern of the films deposited at 300 °C (black curve) shows no clear reflections, except 

for the Pt peaks originating from the substrate. The XRD diffraction pattern of the films 

deposited at 350 °C (red curve) shows a bump at around 2θ = 24o, where two strong reflections 

of LiPO (PDF 25-1030), (101) and (011), are located. This indicates that at 350 °C, the 

deposited LiPO film is partially crystalized, but the crystal structure is not well developed. 

Another reason might be that the formed LiPO particles are very small, which give rise to broad 

reflections. For the films deposited at higher temperatures, characteristic peaks of LiPO can be 

observed. Further increase of the deposition temperature to 450 °C (magenta curve) makes the 

LiPO films more crystalline. Another peak assigned to LiPO (002) appears in this diffractogram 

at 2θ = 37o. The XRD results confirm that the LiPO deposited at lower temperatures is 

amorphous and becomes (partially) crystalline at higher deposition temperatures, which is 

consistent with the morphology development observed in the SEM images shown in Figure 2.4. 
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2.4 Ionic conductivity 

Ionic conductivity is one of the most important properties of solid-state electrolytes. 

Electrochemical impedance spectroscopy (EIS) was used to determine the ionic conductivity 

of the deposited LiPO thin films. The ionic conductivity (σ) is calculated according to 

                                                     𝜎 =
𝑑

𝐴×𝑅
   ,                                                          (Eq. 2.1) 

where d is the thickness of the lithium phosphate film, A is the area of the electrode, and R is 

the resistance which is evaluated by measuring the diameter of a semi-circle in the measured 

impedance spectra. 

As shown in Figure 2.6, the film deposited at 300 °C has the highest ionic conductivity of 

3.9 × 10-8 S∙cm-1, which is well within the range of reported values [4, 5]. When the deposition 

temperature is set at 350 °C, the ionic conductivity dramatically drops. At a deposition 

temperature of 400 °C, the ionic conductivity stabilizes at around 3 × 10-9 S∙cm-1. Further 

increasing the deposition temperature to 450 °C only slightly affects the ionic conductivity. It 

is well known that amorphous LiPO has a better ionic conductivity than the crystallized form. 

As discussed above, the film deposited at 400 °C is crystalline and the film surfaces become 

rough. So, the decrease in ionic conductivity at higher deposition temperatures is likely to be 

due to the crystallization of the films. 

 

Figure 2.6 Ionic conductivity of LiPO films as a function of deposition temperatures.  

The inset shows the corresponding impedance plots. 
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The inset of Figure 2.6 shows the corresponding EIS plots as a function of deposition 

temperature. It is worthwhile to note that at higher temperatures, i.e. at 400 and 450 °C, 

semicircles are more depressed. Considering the rough surface and crystallized structure, grain 

boundaries are likely to have formed, which will introduce additional resistance and capacitor 

effects [16]. Thus, it is likely that grain boundaries explain the more complex impedance 

characteristics of LiPO films deposited at higher temperatures. 

2.5 Stability window 

 

Figure 2.7 Schematic open-circuit energy diagram of a liquid electrolyte. Eg is the 

window of the electrolyte for thermodynamic stability. 

The energy separation Eg of the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) of the electrolyte is the “stability window” of the 

electrolyte. For a thermodynamically stable battery, an anode with an electrochemical potential 

µA above the LUMO will reduce the electrolyte unless a passivation layer creates a barrier to 

stop the electron transfer from the anode to the electrolyte LUMO. Similarly, a cathode with an 

electrochemical potential µC below the HOMO will oxidize the electrolyte unless a passivation 

layer blocks electron transfer from the electrolyte HOMO to the cathode. Therefore, a 

thermodynamic stable battery requires that the electrode potentials µA and µC are located within 
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the stability window of the electrolyte, which constrains the open-circuit voltage Voc of a battery 

cell to 

                                                 𝑒𝑉𝑜𝑐  =  µ𝐴  −  µ𝐶  ≤  𝐸𝑔                                 (Eq. 2.2) 

where e is the electron charge. A passivating solid electrolyte interface (SEI) layer at the 

electrode/electrolyte interface can give a kinetic stability to a larger Voc under the condition that 

eVoc - Eg is not too large [17]. Since the stability window of the electrolyte limits the choices for 

cathode/anode materials, and thus the open-circuit voltage of a battery, the stability window of 

the deposited lithium phosphate electrolyte needs to be carefully characterized. 

2.5.1 Effect of current collectors 

Initially, LiPO films were deposited on Pt current collectors. The Pt/LiPO samples were 

assembled into the cell described in Figure 2.2. Li metal was used as reference and counter 

electrode. CV scans with scan rate of 1 mV/s, voltage range between 0 - 5 V were applied to 

the Pt/LiPO/Li cell. Figure 2.8a shows an example for the first three cycles. Notably, at higher 

voltage range (2 - 5 V), the cell manifests very low currents during both the reduction and 

oxidation process, indicating very good stability of the deposited LiPO films. However, in the 

low voltage range, a negative current starts to appear and the starting voltage keeps increasing 

as the cycle number increases, from 0.3 V to 0.8 V. If this negative current comes from the 

reduction of LiPO film, then the deposited LiPO film has a limited stability window, which will 

not cope with Li, Si or graphite anode materials. Since Pt can alloy with Li [18], it is likely that 

the observed negative current and corresponding positive current are related to the lithiation of 

Pt current collector.  

TiN is known to be a good barrier layer, which doesn’t react with lithium [19]. Beside, TiN 

is also electronic conductive and can therefore be applied as current collector. Thus, LiPO films 

are deposited on substrates covered with TiN as current collector. The CV cycles of 

TiN/LiPO/Li cell is shown in Figure 2.8b. For the first CV cycle (black curve), the scan started 

from 1.7 V. Up to 0 V, there is no significant reduction current. Comparing this result with the 

CV result on a Pt current collector, it can be concluded that, the negative current observed in 

Figure 2.8a is indeed related to the lithiation of Pt current collector. It is worthwhile to note that 

during the positive scan of the first CV cycle, an obvious oxidation peak appears at around 4 

V. After the first CV cycle, the following two cycles are completely different from the first one, 

three reduction peaks and two oxidation peaks were observed. However, the CV results on Pt 
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substrate, as shown in Figure 2.8a, demonstrate that the LiPO film is stable between 2 - 5 V. So, 

the oxidation peak around 4 V is not related to the oxidation of LiPO solid electrolyte, but from 

the oxidation of TiN current collector. It can be concluded that the TiN current collector is 

stable at low voltages, but will be oxidized at high voltages (around 4 V). 

 

Figure 2.8 CV scans of LiPO films deposited on substrates covered by Pt (a) and TiN 

(b) as current collectors, respectively. The scan rate is 1 mV/s. 

2.5.2 Combining the CV results on Pt and TiN substrates 

Based on the above discussion, neither Pt nor TiN as current collector can give a full scan 

in the voltage range between 0 - 5 V. So, in order to get a full view of the stability window, the 

CV results of LiPO films deposited on TiN and Pt substrates need to be combined. At low 

voltage range (0 - 1.5 V), LiPO films were deposited on TiN substrates to test the lower voltage 

range stability, as shown in Figure 2.9a. During the negative scan towards lower potentials, the 

current is very low and the current decreases with increasing cycle number. Although the 

negative current during the first scan is somewhat higher than the following two cycles, the 

reduction current is still less than 0.5 µA cm-2. This value is quite low, showing the deposited 

LiPO electrolyte has a good electrochemical stability at low voltages and can contact with Li 

or Si anodes directly.  
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Figure 2.9 CV scans of LiPO deposited on TiN substrate in the voltage range of -0 - 

1.5 V (a) and Pt substrate in the voltage range of 1.5 - 5 V (b). The scan rate is 1 

mV/s. 

In the high voltage range, Pt substrates were applied. Figure 2.9b shows the CV in the range 

from 1 to 5 V to avoid the Li-Pt alloy formation. The current never exceeds 1 µA ∙ cm-2 in this 

potential range. However, starting from 4.8 V, the anodic current increases rapidly, which is 

probably due to the oxidation of the solid electrolyte. It can therefore be concluded that the 

electrochemical stability of the deposited LiPO films is in a range from 0 to 4.8 V vs Li/Li+. 

Compared to nitrogen doped lithium phosphate (LiPON), the stability window of present 

MOCVD grown films is somewhat narrower but consistent with the previously reported values 

for LiPO films deposited by laser deposition [18] and larger than for the reported RF-sputtered 

films [4]. The present electrochemical stability window is, however, large enough for most of 

the cathode materials used in all-solid-state batteries. 

 

Figure 2.10 CV scans of LiPO deposited on TiN substrate in the voltage range of -0.2 

- 1.5 V (a) and Pt substrate in the voltage range of 1.5 - 6 V (b). The scan rate is 1 

mV/s.  
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To further investigate the stability window of the deposited LiPO films, the solid 

electrolytes were tested in the voltage range of -0.2 - 1.5 V and 1 - 6 V. As shown in Figure 

2.10a, up to 60 mV, there is still no significant reduction current, revealing good low voltage 

stability of the deposited LiPO film. Further decreasing the voltage, the reduction current 

increases fast, which is attributed to the deposition of metallic Li. Correspondingly, an oxidation 

peak around 80 mV appears, which is related to the stripping of the deposited Li film. Above 

0.27 V, the current decreases to very low values, further confirming that the deposited LiPO 

electrolyte is stable in direct contact with metallic Li, which is a major advantage compared to 

other solid electrolytes, such as sulfide-based glassy electrolytes [20]. In the high voltage range, 

the cutoff voltage was increased from 5 V to 6 V. As indicated in Figure 2.10b, the LiPO 

electrolyte starts to be obviously oxidized at 5.3 V and oxidation becomes severe at 6 V. 

Notably, although there is very high oxidation current during the positive scan, no obvious 

reduction current is observed. This indicates that the oxidation of LiPO from 5.3 to 6 V is 

irreversible. 

 

Figure 2.11 SEM images of Pt/LiPO/Li electrode after CV scans between 1 - 6 V. Tilt 

view of the cleaned wafer at the O-ring position (a) and inside of the O-ring (b); 

cross-section view of the area outside of O-ring (c) and inside of the O-ring (d). The 

LiPO film inside the O-ring contacted with liquid electrolyte and was 

electrochemically tested. 
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After the CV test in the high voltage range (1 - 6 V), the Pt/LiPO sample was cleaned by 

propylene carbonate and dimethyl carbonate. Then, the cleaned wafer was split for cross-

sectional observations. Figure 2.11a and c show the surface and cross-section views of LiPO film 

outside of the O-ring, which was not involved in the CV test. Notably, the deposited film is 

very homogeneous and attached well to the Pt current collector. However, as shown in Figure 

2.11b and d, after scanning at high voltage, the deposited LiPO film was completely 

decomposed, only the Pt current collector was left. This is consistent with CV result. Between 

5 - 6 V, the high voltage oxidized the LiPO solid electrolyte and this process is irreversible. In 

conclusion, for the stability of the LiPO electrolyte, the batteries must not be overcharged above 

4.8 V.  

2.6 3D deposition of LiPO 

The volumetric storage capacity and rate capability are key properties for micro-batteries. 

Batteries with a three dimensional design would significantly improve the storage capacity due 

to the enlarged surface area [1]. In addition, compared to planar microbatteries, the geometric 

current density of 3D batteries can be significantly lower because of the enlarged surface area, 

thereby dramatically improve the rate capability. The key issue of making structured 

microbatteries is, however, the homogeneous deposition of the various batteries components in 

3D. To investigate this possibility for the present solid-state electrolyte, LiPO has been 

deposited on 3D substrates and the uniformity of the deposited films has been investigated. The 

used 3D substrates consisted of silicon with etched trenches. Both the depth and width of the 

trenches are 30 µm as shown in Figure 2.12a. 
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Figure 2.12 LiPO thin film morphology deposited at 300 °C for 6 h inside a 30 µm 

wide trench (a) and at higher magnification at the top (b), the center (c) and bottom 

(d). 

Although in the entire deposition temperature range, there is no significant difference in 

growth rate of LiPO, the lowest deposition temperature (300 °C) was chosen, based on the good 

electrochemical performance of these films. As shown in Figure 2.12b, the thickness of the LiPO 

film at the top surface is continuous and homogeneous with a thickness of 340 nm. However, 

the film thickness quickly decreases to 210 nm just 1 µm away from the top-corner, which 

indicates that the deposition process is strongly diffusion-controlled. Comparing Figure 2.12b 

and c, it becomes apparent that the film thickness decreases continuously with distance from 

the top surface increases. At the bottom (Figure 2.12d) the LiPO layer is no longer continuous.  

Figure 2.13 shows the film thickness development as a function of depth inside the trenches. 

At the top surface the film thickness appears to be quite constant. There is, however, a sharp 

and almost instantaneous thickness drop inside the Si trench followed by a more continuous 

decrease. At the bottom, the film thickness is about 75 nm, which amounts to 22% of the 

thickness at the top surface. As the deposition of LiPO is a transport-controlled process, the 

growth of the film is limited by the diffusion of the mixed precursor gasses. Compared with the 

precursor gasses concentration at the top surface, the concentration inside the trenches 

decreases quickly and hence the layer thickness of the deposited LiPO films will obviously 
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become thinner. Based on the planar kinetic study and the 3D depositions, it can be concluded 

that using t-BuLi and TMPO as precursors under the present deposition conditions, MOCVD 

is not optimal to deposit LiPO homogeneously for 3D micro-batteries. 

 

Figure 2.13 The development of the LiPO film thickness as a function of distance 

from the top surface. 

2.7 Conclusions 

Lithium phosphate thin-film solid-state electrolytes were successfully deposited by 

MOCVD. The LiPO film deposited at 300 °C shows the highest ionic conductivity of 3.9 × 10-

8 S·cm-1. As the deposition temperature increases, the surface morphology of the deposited films 

becomes more rough. XRD results show that LiPO starts to crystallize when the deposition 

temperature increases beyond 350 °C. The ionic conductivity of these films quickly decreases 

to lower values when the deposition temperature increases. Pt current collectors are stable at 

high voltages, but alloy with Li at around 0.8 V. On the other hand, TiN current collectors are 

stable at low voltage ranges, but starts to decompose when the voltage is higher than 4 V. By 

combining the CV results of LiPO film deposited on the Pt and TiN current collectors together, 

a full investigation of the stability window of LiPO electrolyte has been achieved, which is 

between -0.27 - 4.8 V. A kinetic deposition study on planar substrates indicates that the growth 

of LiPO films is a diffusion-controlled process. This is confirmed by investigating the thickness 

development of the deposited thin films inside 3D-structures. For the 3D deposition in trenched 

substrates, the uniformity of deposited LiPO film was limited. 
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Chapter 3  Silicon Anode Materials for Microbatteries 

 

 

 

 

 

 

Abstract 

The electrochemical performances of Si anodes with various morphologies, such as 

nanowires, honeycomb structures, planar thin films and 3D-film structure, are reviewed. The 

initial crystal structure has a strong influence on the electrochemical performance of Si film 

anodes. Higher charging cutoff voltage increases (dis)charge capacity, but compromises cycle 

life and columbic efficiency. The normalized voltage-capacity curves show that the capacity 

decay of unprotected Si is mainly attributed to active material loss. To suppress the SEI 

formation and improve cycle stability of Si anode, a thin film of lithium phosphate (LiPO) was 

deposited as protecting layer on top of Si film anodes. LiPO film with a thickness of only 200 

nm fully suppresses the SEI formation and dramatically improves the cycle life of Si thin film 

electrodes. The coulombic efficiency of the LiPO-protected Si anode is higher than 99.98%. 

Up to almost 500 cycles, hardly any capacity loss can be observed. The SEM images of LiPO-

protected Si anodes after cycling test manifest that there is no SEI formation and the Si film 

anode is intact. 
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3.1 Introduction 

In modern society, numerous wireless autonomous devices are used to control our working 

and living environment, making people’s life more comfortable. In order to increase occupant 

comfort, intelligent and cooperative sensor networks are employed in so-called smart buildings. 

In a typical building, with 1 ~ 10 sensor nodes per room, one can expect thousands of sensors 

to be installed [1]. Another example of autonomous devices is medical implants used to stimulate 

nerves and muscles and to deliver drugs in vivo by miniaturized electronic pills [2]. 

Characteristic for small autonomous devices is the need for wireless operation, implying that 

on-board electricity storage is essential. Electricity can be stored effectively in either capacitors 

or batteries. Generally, the energy density of batteries is four orders of magnitude higher than 

that of capacitors. Considering the limited volume of the autonomous devices and avoiding 

hazardous liquid electrolytes, all-solid-state lithium batteries emerged as interesting power 

sources for these devices. 

 Unfortunately, the energy density of existing planar all-solid-state batteries is rather low 

considering the energy demand of many autonomous devices. These planar systems are based 

on metallic Li serving as anode with N-doped lithium phosphate (LiPON) serving as solid-state 

electrolyte [3]. The use of the extremely reactive metallic Li requires an expensive packaging 

technology. Moreover, pure lithium has a low melting point of 181°C, a temperature lower than 

the soldering temperature usually applied in the electronic industry. Therefore, it would be 

advantageous to make use of the more stable, so-called intercalation materials, which can store 

Li safely inside the electrodes during the operation of the batteries, resulting in Li-free 

structures. Si is a good option, since it has the highest theoretical specific capacity and fast 

reaction kinetics. In addition, several new concepts have been proposed based on 3D-batteries, 

making use of the combined effect of intercalation materials and surface area enlargement [4]. 

One of these methods exploits modern IC-technology and makes use of the excellent storage 

capabilities of Si thin film anodes as will be highlighted in this overview. 

3.2 Si anodes with different morphology 

Silicon is an attractive negative electrode candidate as it offers interesting properties with 

respect to reversible Li-ion alloying, i.e. very high volumetric energy density (more than 8300 

mAh∙cm-3), as well as fast charge transfer kinetics and Li-ion diffusion, resulting in very high 

rate capabilities [5, 6]. Moreover, Si improves the processing and operation safety of lithium 
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batteries compared to metallic Li. Si electrodes with different morphologies, prepared by 

various methods, have been vastly investigated [7-9]. In this chapter, the main focus is on Si 

nanowires, Si honeycombs and Si thin films. 

3.2.1 Si nanowires 

Si nanowire electrodes were directly grown on the desired current collector substrate by 

vapor-liquid-solid (VLS) growth method [10]. The small diameter of the nanowires allows for 

better accommodation of the large volume changes without initiation of fractures that can occur 

in bulk or micro-sized materials [11]. Moreover, each nanowire is electrically connected to the 

metallic current collector. Thus, all nanowires contribute to the storage capacity independently. 

Furthermore, as every nanowire is connected to the current-carrying electrode, the need for 

binders or conducting additives, which add extra weight, is eliminated. 

 

Figure 3.1 (a) SEM images of as-prepared Si nanowires onto a TiN-covered Si 

substrate, (b) Charge and discharge cycles of a Si-nanowire electrode, first with a 

constant current of about C/10 rate and subsequently with C/3 rate. 

As shown in Figure 3.1a, the nanowires, with average length of 5 µm, do not exhibit a 

preferential growth orientation. Moreover, it is clear that the diameter of the wires varies from 

one wire to another and some wires agglomerate. Figure 3.1b exhibits the potential profiles of Si 

nanowires during charge and discharge. It is found that even at very low discharging rate (C/10), 

Si nanowires only partially crystallized into Li15Si4, as evidenced by the narrow plateau around 

0.45 V during charge (delithiation). If the discharge current was set to a higher value (C/3), the 

plateau during charge is absent, which clearly indicates that the formation of Li15Si4 is 

suppressed. Although the dimensions of nanowires are sufficiently large to allow long range 

ordering (LRO) formation of cubic Li15Si4 (unit cell of about 1 nm), only partial crystallization 

was observed at low current. From these results, it is clear that the Li-ion (de)insertion reaction 
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has poor kinetics, as also suggested by the results reported earlier [11]. The poor kinetics of Si 

nanowire electrodes probably result from the combination of a high electrical resistance and a 

poor wetting of the nanowires by the liquid electrolyte.  

 

Figure 3.2 SEM images of fully lithiated Si-nanowires. Two locations are shown with 

different magnifications. 

The morphology of fully lithiated Si-nanowires after cycling is shown in Figure 3.2. It is 

clear that the diameter of the fully lithiated nanowires is larger than that of the as-prepared 

material, as expected from the large volume expansion occurring during lithiation. In addition, 

large voids are present between areas where wires have agglomerated, forming islands of 

interconnected nanowires. This change in morphology is caused by the expansion/shrinkage 

occurring during repeated cycling. Obviously, the agglomeration of the nanowires is not ideal 

as it can lead to local densification of the material and deprivation in adjacent areas, as observed 

on a larger scale during SEM inspection. Under this circumstance, the adhesion to the substrate 

might therefore not be sufficient to withhold the active materials which attach to the current 

collector after prolonged cycling. 

3.2 2 Si honeycombs 

Honeycombs, adopted as an optimum structure in, for instance, beehives were first reported 

in the literature in 1947 as an element of aeronautic sandwich structures, showing excellent 

mechanical properties [12]. In our laboratory, Si honeycombs with micro- and nanometer-sized 

dimensions were produced by means of photolithography and etching, and were evaluated as 

negative electrode materials for Li-ion microbatteries [13]. 

As-prepared Si honeycombs supported on planar TiN covered Si substrates were inspected 

with SEM and are shown in Figure 3.3a. These honeycombs have typical dimensions of 250 nm 
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wall thickness, 1.1 µm height and 4.8 µm wall-to-wall spacing. The walls intersect into so-

called triple points. The distance between the closest triple points is 2.9 µm. Hence, it can be 

calculated that the surface coverage of these honeycombs is only about 10 % of the geometric 

footprint area. As the honeycomb height is about 1.1 µm, this honeycomb structure is equivalent 

to a thickness of about 110 nm of planar Si. Since Si can absorb up to 3.75 Li or 8303 mAh·cm−3 

of starting material [5], a reversible electrochemical storage capacity of approximately 90 

µAh·cm−2 is expected. At full lithiation, the Si honeycombs adopt a remarkable morphology 

change, as presented in Figure 3.3b. Strikingly, fully lithiated honeycombs become highly 

curved. The original hexagonal structure adopted a shape with opposite parallel walls bending 

to the same direction. The triple points, however, keep their original positions and the distance 

between the nearest neighbors is still 2.9 µm (the original structure is indicated by the dashed 

line for reference). However, the wall thickness, the curved wall length and the height have all 

increased considerably in comparison with the starting material.  

 

Figure 3.3 SEM top and tilted view photographs of (a) as-prepared and (b) fully 

lithiated silicon honeycombs. The dashed line indicates the original honeycomb 

structure before lithiation at the same magnification [13]. 

The initial electrochemical voltage profile of a Si honeycomb electrode is presented in 

Figure 3.4. The initial Li-ion insertion curve clearly shows a transformation plateau around 250 

mV, which is different from Poly-Si (110 mV). Since the starting material is amorphous 
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hydrogenated Si (α-Si:H), the plateau at 250 mV could be related to the formation of LiH [14, 

15]. Beside this plateau, the rest of the discharge (a) and the subsequent charge (Li-ion 

extraction) curves are similar to those of amorphous Si and are characterized by two sloping 

regions [9]. The storage capacity of these Si honeycombs is close to that expected, however, it 

is somewhat low for practical use. In order to increase the storage capacity, a denser structure 

should be designed. This can be achieved by increasing the wall thickness/length ratio and the 

honeycomb height.  

 

Figure 3.4 Morphological changes of the Si honeycomb structure as a function of Li 

content. The main plot presents the potential profile for Si honeycombs upon (a) 

lithiation and (b) delithiation measured at 75 µA·cm-2 during the first cycle. The SEM 

photographs are inserted [13]. 

In order to investigate the morphological changes of the honeycomb structure, fully 

lithiated electrodes were delithiated to various Li contents and inspected by SEM after 

dismantling the electrodes. The corresponding photographs, shown as inserts in Figure 3.4, 

clearly reveal that the mechanical deformation of the honeycombs is remarkably reversible: the 

highly curved structure gradually converts back to the original hexagonal structure upon 

delithiation. However, after repeated cycling, triple points of the Si honeycombs will detach 

from the current collector. As a result, the Si honeycombs are only capable of retaining a stable 

capacity close to the expected value for about 30–50 cycles, after which the storage capacity 

decreases. 
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3.2.3 Si thin films 

It is well known that the volume expansion of a Si electrode induced by Li-ion insertion 

can be as high as about 380%. This expansion brings high compressive stress, which results in 

severe degradation of bulk silicon [16]. Si thin films, on the other hand, are able to accommodate 

this stress much better and maintain their mechanical integrity [17-19]. The electrochemical 

properties of nominally 50 nm thick Poly-Si electrodes deposited on top of 70 nm thick TiN 

barrier layers have been studied. The optical micrograph (Figure 3.5a) shows a typical patterned 

Poly-Si layer on top of a Si substrate that is fully covered with a TiN barrier. The patterning 

procedure is performed in order to accurately control the amount of active material. Typically, 

a 50 nm Si layer with this configuration is equivalent to an active mass of 19 mg. Figure 3.5b 

and c shows SEM cross-section views of such a stack. 

 

Figure 3.5 Optical photograph (a) and SEM cross-section (b) and tilt view (c) of a 

LPCVD-deposited poly-Si thin film anode. 

3.2.3.1 Investigation of lithiation process 

Si film can be deposited by sputtering [17, 20], LPCVD [21] and Electron Beam Physical 

Vapor Deposition (EBPVD) [22], etc. Due to the high deposition temperature, the LPCVD Si is 

crystalized, denoted as c-Si. While, sputtering and EBPVD are normally performed at low 

deposition temperature, the yielded Si films are usually amorphous, denoted as a-Si. To get an 

estimation of the electrochemical behavior for the Si electrodes deposited by different 

techniques, cyclic voltammetry (CV) measurements were conducted on LPCVD- and EBPVD-

Si to identify the electrochemical responses of the lithium insertion and extraction processes. 

Cells using silicon thin films as working electrodes and Li metal foils as counter/reference 
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electrodes were subjected to potential sweeps between 0 V and 1 V vs. Li/Li+ at a scan rate of 

50 µV s-1 for five times.  

         

Figure 3.6 CV scans of a LPCVD c-Si (a) and EBPVD a-Si thin film electrodes measured 

from 0 to 1 V for 5 times. 

As shown in Figure 3.6a, during the first intercalation of poly-Si, the material transforms 

irreversibly into an amorphous structure [23]. This process corresponds to the sharp reduction 

peak at 80 mV which only exists in the first CV cycle. In the following cycles, during reduction 

(negative currents), the LPCVD-Si reveals two broad peaks ((a) and (b)) that correspond to 

transitions of Si into amorphous lithium silicides. Close to 0 V, an additional peak (c) appears 

that can be ascribed to the crystallization of the material into the Li15Si4 cubic phase [23-25]. 

When extracting Li ions during oxidation, essentially one sharp peak is visible (d). This peak 

represents the single-step phase transition of crystalline Li15Si4 into an amorphous lithium 

silicide of unknown composition (α-LixSi). This reaction is subsequently followed by the 

removal of all Li ions, peak (e) and following slope. Beside the reported reduction peaks of (a), 

(b) and (c), there is an additional reduction peak (f) at approximately 0.3 V. Correspondingly, 

an oxidation peak (g) is observed. Some other LPCVD Si samples are also tested. These 

abnormal reduction/oxidation peaks are reproducible. It is likely that the related redox reaction 

is attributed to the oxidation and reduction of SiO2. Further efforts are needed to clarify this 

interesting phenomenon. 

The first CV cycle of EBPVD-Si is also different from the following cycles. There are 

several irreversible reduction peaks appearing at ~0.33, ~0.46, and ~0.61 V in the first reduction 

process, which have been traditionally attributed to the SEI formation on Si electrodes [26]. The 

onset potential of lithiation during the first negative scan is 0.3 V, corresponding to the alloying 

reaction of Li to form α-Li2.33Si [27]. The phase transformation at ~70 mV corresponds to the 
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formation of α-Li3.17Si. The delithiation reactions, occurring at ~0.3 and ~0.5 V corresponding 

to the phase transition from Li3.17Si to Li2.33Si and from Li2.33Si to LiSi, respectively. This 

reaction is subsequently followed by the removal of all Li ions. Different from LPCVD-Si, it is 

clear that EBPVD-Si doses not convert into crystalline Li15Si4, since the characteristic 

delithiation peak of a two-phase reaction (c-Li15Si4 and α–LixSi) is not observed. 

It is interesting to find that the CV results of LPCVD and EBPVD-Si film anodes are 

different from each other, although the applied scan rate and voltage range are the same. The 

reason behind this different electrochemical performance is originated from the initial crystal 

structure of the Si anodes. The obtained amorphous Si has a totally different structure from the 

initial c-Si [25, 28]. The Lithiation of c-Si (LPCVD-Si) starts and progresses with bond breakage 

of the Si matrix from the surface by forming both lithiated isolated silicon anions and small 

lithiated silicon clusters until the bulk crystalline Si is consumed and total amorphization is 

achieved. This is followed by breakage of the remaining Si clusters to form predominantly fully 

lithiated isolated silicon environments (possible to nucleate a crystalline phase comprised by 

isolated Si ions). The mechanism for delithiation of the fully lithiated phase progresses from a 

small number of nuclei, growing directly to form the amorphous (delithiated) Si phase. During 

the second lithiation process, the amorphous silicon matrix is much more open, so the whole 

matrix can now be partially lithiated at higher voltages, with a much lower overpotential than 

that required to break the crystalline framework [29, 30].  

3.2.3.2 Influence of cutoff voltage on cycle performance. 

The cutoff voltages of discharging and charging process are important for the cycling 

performance of the silicon anodes. On one hand, higher cutoff voltages for charging process 

will extract more Li from lithiated Si anode [31]. On the other hand, it has been reported that the 

formed solid electrolyte interphase (SEI) may dissolve at high potentials and lose its function 

of protecting the underlying silicon [32]. In order to evaluate the influence of cutoff voltages on 

the long term cycling stability of the silicon thin film electrodes, two cutoff voltage ranges of 0 

- 1.2 V and 0 - 3 V are chosen for galvanostatic cycling. The LPCVD-Si and EBPVD-Si were 

cycled at a constant current rate of 1 C (40 µA∙cm2) in 1 M LiClO4/PC. 

Although the initial (dis-)charge capacities of the LPCVD-Si cycled in the voltage range 

of 0 - 3 V (denoted as Si0-3) are larger than that cycled in the voltage range of 0 - 1.2 V (denoted 

as Si0-1.2) during the first 20 cycles, as shown in Figure 3.7a, the capacity of Si0-3 decreases 
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rapidly upon cycling. After 20 cycles, Si0-1.2 shows higher (dis)charge capacity than Si0-3 and 

the capacity drops slowly upon cycling. Obviously, the LPCVD-Si electrode cycled with a 

lower charging cutoff voltage shows a better stability. Similar to the LPCVD-Si, the capacity 

of the EBPVD-Si electrode cycled in the voltage range of 0 - 3 V is stable in the first 30 cycles, 

and then drops rapidly to 0 in the following few cycles. The electrode cycled in the voltage 

range of 0 - 1.2 V shows a good stability up to 40 cycles and the capacity starts to drop slowly 

afterwards.  

 

Figure 3.7 Cycle performances of LPCVD-Si (a) and EBPVD-Si (b) cycled at different 

cutoff voltage ranges. 

Figure 3.8 show the columbic efficiency of LPCVD-Si (a) and EBPVD-Si (b) cycled at 

different cutoff voltage ranges. Notably, for both Si film anodes, the samples cycled in narrower 

voltage window (0 - 1.2 V) always have higher columbic efficiency (CE) than that cycled in 

wider voltage window (0 - 3 V). This indicates that there is less irreversible reaction (mainly 

due to SEI formation) when the Si film anodes were cycled between 0 - 1.2 V. The likely reason 

is that when the Si film anodes were charged between 1.2 - 3 V, the SEI formed during 

discharging process was partially dissolved and can no longer effectively insulate the Si film 

anode anymore. So, during the next discharging process, new SEI will form again, result in 

more irreversible capacity loss. 



 

51 
 

 

Figure 3.8 Columbic efficiency of LPCVD-Si (a) and EBPVD-Si (b) cycled at different 

cutoff voltage ranges. 

Based on the above discussion, it can be concluded that cycling the Si film electrodes in a 

wider voltage range may increase (dis)charge capacity in the beginning, but compromise the 

cycling stability and columbic efficiency. This phenomenon holds both for the crystallized 

(LPCVD-Si) and amorphous (EBPVD-Si) Si electrodes. 

3.2.4 3D-deposited Si thin films 

As a step towards achieving 3D-intergrated battery prototypes, a 3D-Si electrode prepared 

by low pressure chemical vapor deposition (LPCVD) was deposited into porous structures 

(Figure 3.9). TiN deposited by atomic layer deposition (ALD) was used as barrier layer and 

current collector. Different locations inside the pores were inspected at higher magnifications. 

On the top surface, continuous films are formed. At the entrance of the pores, both TiN and Si 

show uniform layers. However, it is clear that Poly-Si is composed of fine crystalline grains 

and reveals a so-called island-like morphology. Moreover, it is evident that the thickness of 

both the TiN and Si layers decreases at the entrance of the pores as compared to the layer 

thickness on the top surface. Going deeper into the pores, the layers are thinning down and 

reach their minimal thickness near the bottom of the structure [21].  
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Figure 3.9 SEM photographs of pore structure (aspect ratio 10) covered by ALD TiN 

and LPCVD poly-Si, showing top surface and cross-sections for different parts of a 

pore [21]. 

The capacities measured during the first (dis)charge cycle and the expected storage 

capacities, as well as the corresponding capacity ratio increase, are plotted as a function of the 

surface area enlargement factor in Figure 3.10. The calculated storage capacities are all based on 

the top surface layer thickness and assuming uniform poly-Si deposition inside the pores. The 

measured storage capacities are approximately 30 and 40% less than expected for the aspect 

ratio pores of 10 and 20 at values of about 140 and 255 µAh·cm−2, respectively. Since the pores 

are narrower at the bottom as the depth becomes larger and the deposited Si layers inside the 

pores are only about 55 and 60% of the expected thickness for the aspect ratio 10 and 20 pores, 

respectively, this deviation in capacity is reasonable. Nevertheless, these poly-Si films 

deposited inside the narrow pores of aspect ratio 20 show a large increase of the storage capacity 

by a factor of about 5 compared to planar films. 
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Figure 3.10 Expected and measured reversible Li-ion storage capacities and 

capacity ratio increase of poly-Si thin films during the first cycle as a function of the 

surface area enlargement. The expected storage capacities are calculated, 

assuming a homogeneous layer thickness equal to the top surface layer thickness 
[21]. 

3.3 Protecting Si electrodes with LiPO solid electrolyte 

As introduced before, silicon is a promising anode material due to its high specific and 

volumetric energy density [2]. Besides, silicon is also a competitive candidate to replace metallic 

lithium electrodes in micro-batteries, which is incompatible with reflow soldering due to its low 

melting point. However, the large volumetric changes induced by the (de)lithiation processes 

and the continuous loss and regeneration of SEI limits its practical application. Here, the 

LPCVD-deposited LiPO films are introduced as a protective layer to isolate the Si anode from 

direct contact with the liquid electrolyte.  
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3.3.1 Electrochemical tests 

    

Figure 3.11 Cycle life performance of a 50 nm thickness Si anode without (a) and 

with LiPO (200 nm) protection (b). 

As shown in Figure 3.11a, the storage capacity of the unprotected Si anode decays very 

quickly. After 55 cycles, about 35% of the initial capacity has been lost and the coulombic 

efficiency drops to 81%. However, for the LiPO-protected Si anode hardly any capacity loss 

can be observed even up to almost 500 cycles (Figure 3.11b). The coulombic efficiency of LiPO-

protected Si is close to 100% and is very stable after the initial activation cycles. Such a high 

coulombic efficiency indicates that there are almost no side reactions occurring during charging 

and discharging.  

      

Figure 3.12 Capacity-voltage curves of Si anodes without (a) and with LiPO 

protection (b). 

The capacity-voltage curves of Si anodes without and with LiPO protection are shown in 

Figure 3.12a and b, respectively. The capacity of the Si electrode without LiPO protection 

quickly shifts to lower values after 30 cycles. However, for the LiPO-protected Si electrode, 

after 400 cycles, the capacity-voltage curve still overlaps with previous ones, indicating that the 
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LiPO-protected Si anode is indeed not attacked during the entire cycling performance test. It is 

worthwhile to note that the first cycles of both unprotected and LiPO-protected Si anodes (black 

curves) are somewhat different from the other cycles. For unprotected Si electrode, this 

deviation comes from SEI formation. For the Li3PO4-protected Si electrode, an additional 

reduction peak only appears in the first cycle (indicated by the arrow), which may be attributed 

to the activation of the Si/Li3PO4 interface as has been reported before [33]. 

To better understand the decay mechanism of Si film anodes, the voltage curves are 

normalized from 0 to 1 to exclude the effect of state-of-charge (SoC), as shown in Figure 3.13. 

For a discharging (lithiation) process, the storage capacity is normalized at 1 when the Si anode 

is at fully lithiated state. Si anode with the same normalized capacity is approximately at the 

same SoC. Figure 3.13a shows the voltage curves of Si anode without LiPO protection. Due to 

large amount of SEI formation and activation process, such as reducing the formed SiO2 on the 

surface, the voltage curves of the first cycle is different from the subsequent (dis)charging 

cycles. Except the first cycle, after normalizing the capacity, the voltage curves of cycle 30, 40 

and 50 are overlapping with each other, revealing typical voltage curves of Si anodes. This 

indicates that Si anode doesn’t transform into other kinds of materials and is still the only active 

material which contributes to the capacity of the cell. The decrease of capacity during cycling 

is mainly due to the loss of active material (Si) rather than deterioration of Si anode.  

Another reason of capacity decrease is likely to be related to the actual (dis)charging 

current rate, which keeps increasing as the capacity decreases. From Figure 3.11, the charging 

capacities of unprotect Si are 3568, 3319 and 2796 mAh/g for cycle 1, cycle 30 and cycle 50, 

respectively. The capacity of the anode is decreasing upon cycling, but the applied (dis)charging 

current is constant. In this case, the actual C rates is increasing as the cycle number increases. 

Compared with cycle 30, the actual C rate of cycle 50 is increased 28%, to be 1.28 C. However, 

as shown in Figure 3.13a, the overpotential (voltage difference between charge and discharge 

voltage curves) of cycle 50 is only slightly higher than that of cycle 30 and cycle 1, which 

indicates that the increase of actually current rate doesn’t have a significant influence on the 

overpotential of the (dis)charging processes. So, the capacity losses attributed to increase of 

overpotential is also negligible. Based on the above discussion, it can be concluded that the 

capacity decrease of unprotected Si is mainly due to active materials loss and the influence of 

materials transformation and overpotential increase are negligible. 
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Figure 3.13 Normalized capacity-voltage curves of Si anodes without (a) and with 

LiPO protection (b). 

The normalized voltage curves of LiPO-protected Si is shown in Figure 3.13b, except for 

the first cycle, the voltage curves are perfectly overlapping with each other, indicating the 

electrode is very stable during the entire cycling test. Obviously, a MOCVD-deposited thin film 

of LiPO with a thickness of only 200 nm fully suppresses the SEI formation completely and 

dramatically improves the cycle life of Si thin film electrodes. 

       

Figure 3.14 Capacity-voltage curves (a) and derivative of storage capacity with 

respect to voltage curves (b) for unprotected and LiPO-protected Si electrodes at 

cycle 2. 

Furthermore, it is interesting to note that after covering the Si electrode with a LiPO film, 

the initial storage capacity of the LiPO-protected Si anode is somewhat lower than that of the 

unprotected electrode. This may be due to the additional resistance introduced by the solid-state 

electrolyte. In order to investigate this influence, the capacity-voltage curves of the second 

(dis)charge cycle have been investigated. To avoid the influence of the SEI formation in the 

case of the unprotected electrode and the activation process in the case of LiPO-protected 
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electrode, the second cycle has been compared. Figure 3.14a shows that the overpotential for the 

LiPO-protected Si electrode during (dis)charging are higher than for the unprotected electrode. 

This is also confirmed by the derivative of storage capacity with respect to the voltage curves 

shown in Figure 3.14b. Two reduction peaks (A and B) are observed, which correspond to the 

transition of Si into amorphous lithium silicides [17]. Correspondingly, two oxidation peaks (C 

and D) are found during the oxidation process. Compared to the unprotected electrode, the 

reduction peaks of the LiPO-protected Si electrode shift to lower potentials and the oxidation 

peaks to higher potentials, indicating an increase of overpotential during the charge and 

discharge process.  

Conclusively, Figure 3.14b clearly indicates that the LiPO-protected electrode reveals 

similar (de)lithiation processes, which are characteristic for Si anodes. But due to the additional 

resistance introduced by the LiPO film, the overpotentials are increased, resulting in the 

observed virtual capacity loss. However, given the improved cycle-life performance, such a 

capacity sacrifice is very acceptable, because after 50 cycles the LiPO-protected electrode 

actually already has a much higher storage capacity. The LiPO film thickness on the Si electrode 

for which the results are given in Figure 3.11b is only 200 nm, which apparently is pinhole-free 

and sufficient to protect the underlying Si electrode. The extraordinary performance of LiPO-

protected Si thin film electrode also shows excellent mechanical and electrochemical stability 

of the MOCVD-deposited LiPO film. 

3.3.2 SEM analysis after cycling test 

After the cycling test, the cells are disassembled and rinsed with propylene carbonate (PC) 

and dimethy carbonate (DMC) solvent. Figure 3.15a shows the top surface images of unprotected 

Si anode after 60 cycles. It is obvious that lots of cracks are formed that are due to the volume 

expansion/shrinkage during the repeatedly (dis)charging. The cracks will damage the adhension 

between the Si anode and the current collector. After many cycles, the adhension may become 

very weak, and some Si active materials is likely to lose contact with the current collector, 

becoming “dead Si”, which will not contribute to the storage capacity anymore. What’s more, 

the fomed cracks will be filled with liquid electrolyte and new SEI will be formed inside the 

cracks, which expands the size of the cracks and accelerate the capacity loss of the unprotected 

Si. The cross-section view of the unprotected Si film anode is shown in Figure 3.15b. A loose 

but thick SEI layer is formed on the surface. The TiN barrier can still be clearly observed, but 

the Si film becomes invisible. As discussed in section 3.3.2, as the cycling test continues, the 
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Si active material is gradually lost. There are two likely ways to explain this disappearance: the 

Si anode may form some intermediates with the SEI layer and mixed into it. Alternatively, it 

might be due to the peeling off of Si film from the substrate by continuous expansion and 

shrinkage. However, in either way, the unproted Si is not stable during (dis)charge and the 

disappearance of the Si film is consistent with the observed dramatical capacity loss at the end 

of cycling. 

 

Figure 3.15 SEM images of unprotected (a) and LiPO-protected Si film (b) after 

galvanostatic cycling. 

In contrast, the LiPO-protected Si is intact even after almost 500 cycles, without revealing 

any cracks or SEI formation on the surface, as shown in Figure 3.15c and d. What’s more, the 

layers of TiN barrier layer, Si film and LiPO can still be clearly distinguished. One one hand, 

the solid electrolyte, LiPO, prevents direct contact between the Si anode and liquid electrolyte. 

Due to the high electronic resistance of LiPO, electrons cannot pass through the solid electrolyte 

to reduce the liquid electrolyte. Therefore, the SEI formation is suppressed.  On the other hand, 

due to the good adhesion between LiPO and Si layers and the good mechanical stability of the 

deposited LiPO films, the LiPO-protected Si electrodes mainly expands perpendicular to the 

surface as reported previously [34]. As a result, the LiPO film is homogeneously lifted rather 

than cracked and effectively protects the Si anode from being attacked by the liquid electrolyte. 
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3.4 Conclusions 

Si anodes with three different morphologies are reviewed. Si nanowires tend to 

agglomerate upon expansion/shrinkage to form a porous network separated by voids, which is 

not favorable if the electrodes are repeatedly cycled for a long time. Si honeycombs can undergo 

very large mechanical deformation. However, detachment of small parts of the honeycomb 

from the current collector will happen after repeatedly cycling and only a moderate cycle life 

is achieved. The deposition feasibility of a highly structured negative electrode stack to be 

applied in future 3D-intergrated batteries has been demonstrated. In comparison with planar 

thin films, these 3D-structured Poly-Si films present a storage capacity increase of about 5 

times. 

The lithiation and delithiation processes of poly-crystalline and amorphous Si thin films 

have been investigated. For LPCVD deposited crystalline Si, Li15Si4 is formed in the end of 

lithiation process, followed by a strong oxidation peak during the delithiation process. In 

contrast, the EBPVD deposited amorphous Si cannot form Li15Si4 crystalline and two oxidation 

peaks appear during the delithiation process. It is clear that the original crystal structure of Si 

films strongly influences their electrochemical performance as anode material. Higher charging 

cutoff voltage increases (dis)charge capacity, but compromises cycle life and columbic 

efficiency. For unprotected Si, the film electrode cracks into pieces due to the repeated volume 

expansion and shrinkage. The normalized capacity-voltage curves show that the capacity 

decrease of Si anodes during cycling is mainly attributed to active material losses and the 

influence of materials transformation and overpotential increase on the capacity loss are 

negligible. When very thin films of lithium phosphate are deposited onto Si films as protective 

layers, it was found that LiPO films effectively suppress the SEI formation and dramatically 

improve the cycle stability of Si electrodes. The coulombic efficiency of the LiPO-protected Si 

anode is higher than 99.98%. Up to almost 500 cycles, hardly any capacity loss is observed. 
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Chapter 4  Planar and 3D Deposition of Li4Ti5O12 

 

 

 

 

 

 

Abstract 

Li4Ti5O12 is well known to be a safe and efficient anode material for Li-ion batteries. A 

metal-organic chemical vapor deposition process has been developed for the synthesis of 

Li4Ti5O12 thin film anodes on planar and 3D substrates. The influence of various deposition 

parameters, including precursor flow rates and post-annealing temperatures, have been 

investigated by material and electrochemical analyses. Li4Ti5O12 thin films deposited at the 

optimized process parameters showed a high crystallinity and high electrochemical activity. A 

reversible storage capacity of 151 mAh/g was achieved at a current of 0.5 C, corresponding to 

86.3% of the theoretical specific capacity of Li4Ti5O12. Up to almost 600 cycles, the electrodes 

showed no significant capacity loss. Furthermore, the deposited thin film anodes also showed 

excellent rate performance. Compared to the storage capacity at 0.5 C, 93% of the capacity was 

maintained at 10 C. Thin films were also deposited on highly structured substrates to investigate 

the uniformity and electrochemical performance. With the same footprint area, the 3D Li4Ti5O12 

film anodes showed a 2.5 times higher storage capacity than planar electrodes. 
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4.1 Introduction 

During the past decade, microelectronic mechanical systems, smart cards, on-chip power 

sources and portable electronic devices have become more widespread. To power these devices, 

all-solid-state thin film batteries are widely applied. By contrast, there have been only a few 

reports on the synthesis of thin film anode materials for lithium-ion batteries. Li metal is the 

mostly used anode material for solid micro-batteries. However, the use of extremely reactive 

metallic lithium anodes requires an expensive packaging technology. Moreover, pure lithium 

is highly volatile and melts at about 181 °C, a temperature usually lower than that applied during 

re-flow soldering processes, widely used in the electronic industry [1]. Li4Ti5O12 (LTO), on the 

other hand, is an attractive alternative anode material, which has the advantages of reliable 

safety characteristics, negligible volume change during cycling and no formation of a solid 

electrolyte interface [2, 3].  

Many techniques have been applied to synthesize LTO film anodes, including sol-gel [4, 5], 

magnetron sputtering [6, 7], spray pyrolysis [8], aerosol [9], and mist CVD [10]. However, all these 

depositions have been carried out on planar substrates and the electrochemical storage capacity 

of these planar film electrodes remains relatively low. To facilitate the current energy demand, 

the challenging concept of three-dimensional (3D) integrated all-solid-state rechargeable 

batteries has been proposed [11, 12]. In this way, the storage capacity of a thin film electrodes can 

be significantly increased without an increase of footprint area. Chemical vapor deposition has 

demonstrated to be a viable tool to deposit battery components for 3D micro-batteries [13, 14]. 

In this work, we report the first attempt of using metal-organic chemical vapor deposition 

(MOCVD) to synthesize thin films of LTO as a potential anode material for micro-batteries. 

Furthermore, thin films were also deposited onto highly structured substrates to investigate the 

feasibility of 3D deposition of LTO by MOCVD. The thickness development of the deposited 

thin films and the electrochemical performance were investigated. 

4.2 Experimental details 

4.2.1 Thin film deposition 

The MOCVD setup used for LTO deposition has been described in detail in chapter 2. In 

short, a cold wall MOCVD reactor (Aixtron 200 RF) was used, in which the substrate was 

positioned on a radio frequency heated susceptor. The precursors were titanium isoproxide 
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(TTIP) and tert-butyllithium (t-BuLi), both acquired from SAFC-Hitech (United Kingdom). 

Preliminary parametric variation experiments were first carried out to find the base operating 

conditions, including the bubbler temperatures and carrier gas flow rates, which are listed in 

Table 4.1. Argon was used as carrier gas. The pressure of the reactor was 5 mbar during the 

deposition processes. The depositions were performed at a temperature of 500 °C for 120 min, 

unless stated otherwise. 

Table 4.1 Preliminary optimized MOCVD process parameters for LTO deposition. 

Precursor Temperature Pressure Flow 

 °C mbar sccm 

t-BuLi 50 400 100 ~ 400 

TTIP 25 300 200 

Oxygen Room temperature  1 ~ 50 

Total gas flow Room temperature  1550 

 

LTO films for thickness and surface morphology analyses were deposited onto square 

silicon substrates with a width of 3 cm. The LTO samples prepared for the electrochemical 

measurements were deposited on similar substrates covered with a barrier layer of TiN and a 

layer of platinum (Si/TiN/Pt) as current collector. To investigate the uniformity of 3D 

deposition, LTO films were deposited onto silicon wafers, which were reactive ion etched to 

obtain trenches with a constant depth of 30 µm and widths of 30 and 10 µm, as shown in Figure 

4.12. To investigate the electrochemical performance of 3D LTO anodes, films were deposited 

on reactive ion etched Si pillars. The pillars were coated with TiN, which was used as current 

collector. The diameter and depth of the Si pillars are 2 µm and 50 µm, respectively, and the 

distance between pillars is 5 µm, as shown in Figure 4.14.  

4.2.2 Sample characterization 

The structural properties of the deposited films were investigated by a grazing incidence 

X-ray diffractometer (XRD, Panalytical X’Pert PRO MPD) with a Cu Kα X-ray source. The 

thickness and morphology of the LTO thin films were measured using a scanning electron 

microscope (SEM, Philips/FEI XL 40 FEG).  
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The electrochemical measurements were performed in an argon-filled glove box (O2 and 

H2O < 1 ppm). The samples were positioned in Teflon cells and used as working electrodes. 

Lithium metal foils were utilized as reference and counter electrodes. The cell was filled with 

1 M LiClO4 in propylene carbonate (Soulbrain MI, United States). This three-electrode setup 

was connected to a M2300 galvanostat (Maccor, Tulsa, USA) to perform galvanostatic 

(dis)charging. The constant current experiments were performed at different C rates (for LTO 

anode, 1 C corresponds to 175 mAh/g or 60 µA/cm2∙µm). All electrochemical tests were carried 

out at room temperature (~22 °C). The mass (M) used to calculate the gravimetric capacity is 

determined according to M=Ahρ, where A is confined active surface area, h is film thickness 

measured by cross-section view of SEM and ρ is theoretical density of LTO (3.43 g/cm3). 

4.3 Deposition on planar substrates 

The films were first deposited on planar substrates to optimize the deposition parameters, 

and to investigate the electrochemical performances. 

4.3.1 Adhesion with the Si/TiN/Pt substrate 

500 °C was selected as a starting temperature to carry the depositions. When the sample 

was taking out from the reactor, it is noticed that some cracks were very obvious and the 

deposited film loosely attached with the Si/TiN/Pt substrate and can be easily wiped out. Figure 

4.1a and b shows the SEM images of the deposited film. Obviously, the adhesion between the 

LTO film and Pt current collector is very poor and the LTO film couldn’t form a dense and 

continuous film on the Pt substrate. To solve this problem, before the start of LTO deposition, 

we first deposit 10 min TiO2 as an adhesion layer. The thickness of the TiO2 adhesion layer is 

around 10 nm. After adding this TiO2 adhesion layer, the deposited LTO film attach very well 

to the substrate and homogeneous films are deposited, as shown in Figure 4.1c and d.  
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Figure 4.1 SEM images of LTO deposited directly on Pt substrate at 500 °C (a) and 

(b); after adding a buffer layer of 10 nm TiO2 (c) and (d). 

4.3.2 Optimizing deposition parameters 

 

Figure 4.2 XRD patterns of thin films deposited at different temperatures. with 

constant flow rates of Ti (200 sccm) and Li (400 sccm) precursors and O2 flow rate 

of 1 sccm. 

Figure 4.2 shows the XRD patterns of thin films deposited at different temperatures. At 400 

°C, some characteristic peaks of LTO (PDF 49-0207) appeared, but the peak is wide and the 

intensity of diffraction peaks is limited, indicating the deposited film is not well crystallized. 
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When the deposition temperature increased to 500 and 600 °C, the deposited film generated 

strong and sharp diffraction peaks. Since the XRD patterns of films deposited at 500 and 600 

°C are similar, it can be concluded that 500 °C is sufficient to deposit crystallized LTO films. 

In the following section, without any specific indication, all the depositions are carried at 500 

°C. 

 

Figure 4.3 XRD patterns of thin films deposited with constant flow rates of Ti (200 

sccm) and Li (400 sccm) precursors and various indicated O2 flow rates. 

Figure 4.3 shows the XRD patterns of films deposited with different O2 flow rates. The flow 

rates of the Ti and Li precursors were fixed at 200 and 400 standard cubic centimeters per 

minute (sccm), respectively. The film deposited with an O2 flow rate of 1 sccm (black curve) 

shows only reflections of LTO (PDF 49-0207). This indicates that an O2 flow rate of 1 sccm is 

sufficient to obtain phase pure LTO. Since the Ti precursor is TTIP, which could also provide 

oxygen atoms during the deposition process, it is reasonable that not much additional O2 flow 

is needed to deposit LTO. The deposition with an O2 flow of 10 sccm also yields pure LTO (red 

curve). However, when the O2 flow is increased to 50 sccm (blue curve), two additional 

diffraction peaks appear, indicated by b and c, which can be assigned to TiO2 (PDF 49-1433) 

and Li2CO3 (PDF 22-1141), respectively. Based on these XRD results, it can be concluded that 

an O2 flow of 1 sccm is sufficient to deposit pure LTO. The introduction of too much O2 gives 

rise to the formation of TiO2 and Li2CO3. 

After optimizing the O2 flow rate to 1 sccm, the effect of Li-precursor flow rate on the 

deposited films was also investigated, as shown in Figure 4.4. The films deposited at lower Li-

precursor flow rates (100 sccm and 200 sccm) show the characteristic diffraction pattern of 
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LTO. However, beside LTO, the presence of TiO2 impurity was also detected, indicated by b. 

It is likely that for these relatively low Li flow rates, the amount of supplied lithium is not 

sufficient to facilitate the growth of pure LTO. When the Li flow rate is increased to 300 sccm, 

pure LTO was obtained. Increasing the Li flow rate to 400 sccm does not have further influence 

on the phase formation process. At this high Li-precursor flow rate, the extra supply of Li may 

lead to the formation of amorphous Li-compounds, which cannot be detected by XRD. Based 

on the discussed XRD results, it can be concluded that 300 sccm is the optimal Li-precursor 

flow rate for the deposition of pure LTO. 

 

Figure 4.4 XRD patterns of thin films deposited with various Li-precursor flow rates 

and fixed oxygen and titanium precursor flow rates at 1 and 200 sccm, respectively. 

The electrochemical performance of the films deposited with various Li-precursor flow 

rates is shown in Figure 4.5. In the (dis)charge voltage curves of the films deposited at a 100 

sccm Li flow rate (black curve), two discharging plateaus can be observed at 1.72 and 1.55 V, 

respectively. Comparably, two charging plateaus are present at 1.55 and 1.91 V. The flat 

(dis)charging plateaus around 1.55 V match very well with the potential at which the reaction 

LTO + 3Li+ + 3e- ↔ Li7Ti5O12 takes place. The additional discharging plateau at 1.72 V and 

the charging plateau at about 1.91 V match with those reported for TiO2 
[15]. For the film 

synthesized with a Li-precursor flow rate of 200 sccm, the high voltage (dis)charging capacity, 

which can be attributed to TiO2, decreases. This result is consistent with the XRD pattern shown 

in Figure 4.4, which indicates that TiO2 is formed at lower Li flow rates.  
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Figure 4.5 Voltage curves of thin film electrodes deposited with different Li-

precursor flow rates at a (dis)charge rate of 0.5 C. 

The increase of the Li-precursor flow rate to 300 sccm results in films that do not show any 

plateaus corresponding to TiO2 during electrochemical testing. Further increasing the Li-

precursor flow rate to 400 sccm doesn’t change the shape of the (dis)charging curve, but the 

storage capacity of the film decreases significantly. This may be due to excess Li in the form 

of amorphous Li2O or Li2O2 which might be incorporated into LTO during the deposition 

process [16]. 

The (de)lithiation of LTO involves a two-phase reaction. Different from solid solution like 

(de)lithiation materials, the voltage of LTO electrode quickly goes to 1.55 V at the beginning 

of the (dis)charging process, where the two-phase process takes place. Subsequently, at the end 

of (dis)charging, the potential quickly reaches the cut-off voltage [17]. The voltage curve of the 

film deposited with a Li-precursor flow rate of 300 sccm shows the typical (dis)charging 

plateaus of a LTO anode. However, at the beginning and the end of discharging, the voltage is 

slowly decreasing or increasing, which is different from the generally observed behavior, 

aforementioned. The relatively low deposition temperature used in this study (500°C), which is 

much lower than the deposition temperature of other preparation methods, such as sol-gel [4], 

ALD [18] and solid-state reaction [19], might be the reason for this deviating behavior.  



 

71 
 

 

Figure 4.6 XRD patterns of LTO films (deposited with 1 sccm O2, 300 sccm Li and 

200 sccm Ti-precursor flow rates) with and without post-annealing. 

In order to get better crystallized LTO, the films deposited with optimized O2 and Li-

precursor flow rates (1 and 300 sccm, respectively) were annealed at 800 °C for 15 min under 

Ar atmosphere. As shown in Figure 4.6, the intensity of the diffraction peaks of LTO increased 

significantly after post-annealing. In addition, the full width at half maximum (FWHM) of the 

diffraction peaks decreased substantially. For example, the FWHM of the (111) reflection 

decreased from 0.69° to 0.41°. According to Scherrer Equation, the mean size of LTO is 

increased from 12.1 nm to 20.4 nm. Based on the increase of peak intensity and decrease of the 

FWHM, it can be concluded that the crystallinity of the deposited LTO films improved as a 

result of the post-annealing process. Figure 4.7 shows the SEM images of a deposited film 

without and with post-annealing. The film appears very homogenous, without any obvious 

cracks or pinholes. The film attached very well with the substrate. The visible delaminating is 

the result of sample preparation for cross-section view. Two hours of deposition yields a 170 

nm thick film and hence the growth rate is about 85 nm/h.  
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Figure 4.7 SEM images of LTO films deposited at 1 sccm O2 and 300 sccm Li-

precursor flow rate without ((a) and (b)) and with ((c) and (d) post-annealing at 800 

°C for 15 min. 

Figure 4.8a shows the influence of post-annealing on the voltage curves. After being 

annealed at 800 °C, the post-annealed film now shows the conventional (dis)charging behavior. 

Two sharp redox peaks around 1.55 V can be clearly seen from the derivative of storage 

capacity with respect to voltage curves, as shown in Figure 4.8b. Besides the shape change of 

the voltage curve, the annealing treatment also induced an increase of storage capacity. The 

(de)lithiation of LTO anode is a two phase reaction between Li4Ti5O12 and Li7Ti5O12. Both 

Li4Ti5O12 and Li7Ti5O12 are crystals. A well crystallized Li4Ti5O12 electrode would facilitate 

the two phase transformation, resulting in better electrochemical performance, as reported 

before [4, 18, 19]. Thus, the capacity increase after post-annealing can most likely be attributed to 

the increased degree of crystallinity of the LTO film as confirmed by XRD. 
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Figure 4.8 Voltage curves (a) and derivative of storage capacity with respect to 

voltage curves (b) of LTO films with and without post-annealing. Discharging and 

charging current is 0.5 C. 

Figure 4.9 shows the cycling performance of the post-annealed LTO films, which were 

deposited using the optimized deposition parameters (flow rates of O2, Li and Ti-precursors are 

1, 300 and 200 sccm, respectively). A capacity of 151 mAh/g, 86% of the theoretical specific 

capacity (175 mAh/g), can be attained at 0.5 C, which is comparable or higher than the value 

reported for films deposited by other methods [6, 8, 10]. There is no significant capacity loss up 

to 570 cycles.  

 

Figure 4.9 Storage capacity retention of the post-annealed LTO films (800 °C for 15 

min). 

It is interesting to notice that during the initial stages of cycling, the coulombic efficiency 

is relative low, which may due to side reactions. Various (electro)chemical reactions between 
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LTO and the electrolyte have been reported in the literature, leading to severe gassing of LTO 

anodes during (dis)charging [20-22]. Besides, aging effects, surface contamination, or moisture 

in the electrolyte may also induce other side reactions, resulting in irreversible capacity losses. 

The phenomenon of low columbic efficiency of LTO anodes in the initial stages of 

(dis)charging has been reported in previous reports, including thin film electrodes [8, 10, 23] and 

conventional paste electrodes [24]. After protecting the LTO electrode with a thin film solid-

state electrolyte, we found that the coulombic efficiency of the LTO electrode was significantly 

improved, even at the beginning of cycling, as shown in Figure 4.10. However, this 

improvement is at the expense of extra capacity losses due to the increased electrode 

impedance. Consequently, the likely explanation of the low coulombic efficiency in the 

beginning of the cycling tests may be attributed to side reactions. It is worthy to notice that, 

except for the initial cycles, the columbic efficiency of the LTO electrode is almost equal to 

100% (varied from 99.5% to 99.9%) up to 500 cycles, clearly indicating that the prepared LTO 

electrodes have excellent reversibility.  

 

Figure 4.10 Rate performance and columbic efficiency of a LiPO-covered LTO 

electrode. 

Beside the good cycle performance, the thin film electrode also shows an excellent rate 

capability. As shown in Figure 4.11a, compared to the capacity obtained at 0.5 C, the deposited 

LTO anode shows a capacity retention of 93% and 91% at 5 C and 10 C, respectively. Figure 

4.11b shows the voltage curves at different current rates. At low current densities (0.5 and 1 C), 

the charge and discharge curves show the plateau regions between 1.5 and 1.6 V vs Li/Li+. As 
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the current densities increases, the charging plateau shifts to higher voltage and the discharging 

plateau shifts to lower voltage, indicating an increase of overpotential. But from 0.5 C to 10 C, 

the increase of overpotential is very limited, which is consistent with the marginal capacity loss 

as (dis)charging current increases. Without adding any conducting additives or special 

morphology optimization, the MOCVD deposited LTO film electrodes manifest an excellent 

cycling performance and  rate capability, which are comparable with LTO anodes with special 

morphologies, such as nanowires [25, 26] and nanosheets [27]. 

 

Figure 4.11 Rate performance (a) and voltage curves at different current rate (b) of 

the post-annealed LTO films (800 °C for 15 min). 

4.4 Deposition on 3D substrates 

The volumetric storage capacity and rate capability are key properties for micro-batteries. 

3D electrode structures hold promise for significant energy density enhancement without much 

loss of power performance, or alternatively a tunable optimization and tradeoff between energy 

and power to fit the application [11, 28]. The key issue of making highly structured micro-batteries 

is the homogeneous deposition of various batteries components in 3D. To investigate this 

possibility for a LTO anode, films were deposited on 3D substrates to analyze the uniformity.  
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Figure 4.12 Configuration of the 3D substrate for layer uniformity analysis (a), 

deposited LTO film on the top (b), middle (c) and bottom (d) of a 3D trench. 

Figure 4.12a shows a SEM image of a 3D trench substrate. Figure 4.12b, c and d show the 

deposited film thicknesses at the top, middle and bottom of a 30 µm wide and deep trench, 

respectively. A high quality continuous film is deposited on the top surface and inside the 

trenches. However, the film reveals an instantaneous thickness drop inside the trench, followed 

by a continuous decrease further down to the bottom of the trench. The film thickness is about 

78 nm at the bottom (Figure 4.12d), which amounts to 23% of the thickness at the surface. The 

film deposited inside the 10 µm wide trench shows a similar thickness evolution but the step 

coverage, defined as the ratio of the film thickness at the bottom and the thickness at the top, 

was reduced to 10%, as summarized in Figure 4.13. Most likely the deposition of LTO at 500 

°C is a diffusion-controlled process and the thin film growth is therefore, at least partially, 

limited by the diffusion of the mixed precursor gasses. Compared to the precursor gasses 

concentration at the surface, the concentrations inside the trenches decrease quickly and hence 

the deposited film thickness will become thinner. This effect is more pronounced for smaller 

trenches with high aspect ratio. 
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Figure 4.13 Film thickness as a function of depth in trenches with two difference 

widths, 10 and 30 µm respectively. The top-corner of the trench is taken as 0. 

To prove the concept of 3D electrodes, the LTO film anodes were deposited on 3D micro-

pillar substrates to test the electrochemical performance. Figure 4.14a shows the configuration 

of the applied 3D substrate. Based on the geometry of the substrate, the theoretical surface area 

increase is 7.4 times. As shown in Figure 4.14b, due to the enlarged active surface area, under 

the same deposition time, the LTO film deposited on the 3D substrate shows a 2.5 times higher 

storage capacity than the film deposited on planar substrate. As shown earlier for the trenched 

substrates, the thickness of the film along the pillars will not be uniform and therefore the 

theoretical capacity enhancement was not obtained. However, the result shows that the ability 

of depositing high quality electrodes on a 3D substrate is a powerful tool to enhance the storage 

capacity within limited footprint area. It is interesting to notice that the storage capacity of the 

film deposited on a 3D substrate is slowly increasing during the electrochemical test. Since the 

length of the pillars (50 µm) is much bigger than the distance between them (5 µm), some gas 

may be trapped at the bottom when the cell was filled with liquid electrolyte, resulting in a 

(partially) inactive (not wetted) electrode surface at the bottom. During the electrochemical test, 

the liquid electrolyte may slowly infiltrate to the bottom part, resulting in a slow storage 

capacity increase. Actually, after 100 cycles, the capacity of 3D LTO electrode stabilized, as 

shown in Figure 4.14b. 
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Figure 4.14 Cross-section view of the 3D substrate used for electrochemical 

measurements, inset image is the top-view (a), electrochemical performances of 

LTO film anodes deposited on planar and 3D substrates, respectively (b). 

4.5 LTO/LiPON/Li all-solid-state cell 

 

Figure 4.15 Cross-section SEM image of Pt/LTO/LiPON half-cell. 

As a demonstration of planar all-solid-state battery, 500 nm LTO was deposited on a Pt 

covered Si wafer. On top of the LTO electrode, a layer of 1 µm nitrogen doped lithium 

phosphate (LiPON) is deposited by magnetron sputtering. Subsequently, a layer of metallic 

lithium was deposited by thermal evaporation. In the end, the LTO/LiPON/Li pack was sealed 

inside a polymer resin to avoid the air and moisture contamination. Because metallic Li is 

sensitive to air, only the LTO/LiPON half-cell was subjected to SEM observation, as shown in 

Figure 4.15. From the cross-section view, all the deposited films are homogeneous and attach to 



 

79 
 

each other very well. For the 500 nm LTO layer, grain boundaries can be observed. While for 

the sputtered LiPON film, there are no visible cracks or grains, indicating that the deposited 

LiPON layer is likely to be amorphous. 

Figure 4.16 shows the CV plot of the Li/LiPON/LTO all-solid-state battery. It is interesting 

to note that the CV plot of a full cell deviates a lot from the conventional LTO electrodes (Figure 

4.8b), which is tested in a liquid electrolyte. The redox peaks become much broader and the 

overpotential between the oxidation/reduction peaks has increased. This deviation is likely 

attributed to the interfaces, i.e. the interface between LTO and LiPON (LTO/LiPON) and the 

interface between LiPON solid electrolyte and Li metal (LiPON/Li). Here, we focused on the 

interface between LiPON and metallic Li. For the LiPON/Li interface, there are two 

possibilities which may influence the electrochemical behavior of LTO electrode. One is that 

the attachment between the two layer is poor. The other possibility is that an interface is formed 

between Li and LiPON and that this interface has a poor ionic conductivity. Improving the 

temperature of Pt/LTO/LiPON half-cell during the deposition of Li metal is likely to improve 

the attachment between Li metal and LiPON, since high depositing temperature would facilitate 

the diffusion of deposited Li atom on the LiPON surface and improve the adhesion. However, 

as shown in Figure 4.16b, when Li metal was deposited at 100 °C, the Li/LiPON/LTO all-solid-

state cell has higher overpotential but lower capacity than that deposited at room temperature, 

showing worse performance. So, it is likely that the higher deposition temperature facilitates 

the formation of interface layer between the LiPON solid electrolyte and Li metal and this 

interface layer has poor ionic conductivity, which compromises the electrochemical 

performance of the LTO/LiPON/Li all-solid-state cell. 

Similar to the voltage curves tested in liquid electrolyte, the all-solid-state cell also 

manifests a flat (dis)charging plateau around 1.55 V (blue curve), showing the typical 

electrochemical behaviors of LTO electrode. Therefore, an electrochemical active 

LTO/LiPON/Li all-solid-state cell is successfully prepared. It is also worthy to notice that the 

capacity yield by the all-solid-state cell is only around 50% of the theoretical value, which is 

much less than the result shown in Figure 4.11, especially considering a much lower current rate 

(0.1 C) is applied. The likely reason is due to the two solid interfaces. As already shown in 

Figure 4.10, only by adding a thin layer of LiPO (200 nm), the capacity of the LTO/LiPO cell 

has already decreased a lot. Although the ionic conductivity of LiPON is two magnitudes higher 

than LiPO, the negative effect brought by the LTO/LiPON interface may still be significant. 
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For the interface between LiPON and Li metal, as already discussed, even the deposition 

temperature would significantly influence the overpotential and capacity. Therefore, to prepare 

all-solid-state batteries with good electrochemical performances, not only the deposition of 

each film component needs to be optimized, the interfaces between different film components 

also need to be carefully designed. Adding a very thin buffer layer or choosing suitable solid 

electrolyte are possible solutions. 

 

Figure 4.16 CV plot (a) and voltage curves (b) of the Li/LiPON/LTO all-solid-state 

cell. The scan rate of the CV is 1 mV/s. The C rate for the voltage curves 

measurement is 0.1 C. 

4.6 Conclusions 

High quality LTO thin films were successfully deposited by MOCVD. At low Li-precursor 

flow rates, TiO2 was formed in addition to LTO. The Li-precursor flow rate strongly affects the 

electrochemical performance of the deposited films. The attachment between LTO and Pt 

current collector can be improved by adding a thin TiO2 adhesion layer. A post-annealing 

process significantly improves the crystallinity and electrochemical performance of the 

deposited films. LTO films deposited at the optimized process conditions possess a high 

electrochemical storage capacity and excellent rate capability. The thin film electrodes show no 

significant capacity loss even after almost 600 cycles, and maintain 93% of the initial capacity 

at 10 C. The 3D deposition of LTO was also investigated. A step-coverage of 23% and 10% 

was achieved for the 30 and 10 µm wide trenches, respectively. Compared to planar substrate, 

with the same footprint area, the 3D LTO film anode showed a 2.5 times higher storage 

capacity. As a demonstration, Li/LiPON/LTO all-solid-state cell was prepared by combining 

different deposition techniques. The prepared all-solid-state cell manifest (dis)charging 
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plateaus around 1.55 V, showing good electrochemical activity. However, only half of the 

theoretical capacity was achieved. The lost capacity is likely due to the increased internal 

resistance, which attributed to the two solid interface of the solid-state cell. 
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Chapter 5  Deposition of 3D-Structured TiO2 

Electrodes 

 

 

 

 

Abstract 

As sensors, wireless communication devices, personal health monitoring systems and 

autonomous micro-electro-mechanical systems (MEMS) become more distributed and 

continuously smaller, there is an increasing demand for miniaturized integrated power sources. 

Despite the many advantages of thin film batteries, their power and energy per unit area are 

however still too limited to cope with the energy and power needs of these devices. Moving 

from planar structures to high-aspect ratio 3D electrodes holds promise to significant increase 

the energy density and rate performance. Here, we demonstrate an on-chip compatible method 

to fabricate high energy density TiO2 thin film electrodes on 3D-structured silicon substrates. 

3D-structured electrodes are fabricated by combining reactive ion etching (RIE) with low 

pressure chemical vapor deposition (LPCVD), enabling accurate control of the aspect ratio of 

substrates and the subsequent deposition of TiO2 thin film electrodes onto these structured 

substrates. The prepared 3D-TiO2 electrodes exhibit a current-dependent increase in storage 

capacity of a factor up to 16 as compared to conventional planar electrodes. In addition, these 

3D electrodes also reveal an excellent power and cycling performance. This demonstrates that 

3D-electrodes can simultaneously improve the storage capacity and power density of thin film 

batteries. 
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5.1 Introduction 

Nowadays, many electronic products are becoming smart and connected. Thousands of 

wireless sensors united in networks collect useful data that make our lives safer and more 

convenient. As sensors, wireless communication devices, personal health monitoring systems 

and autonomous micro-electro-mechanical systems (MEMS) become more widespread and 

individual sensor nodes become more compact [1-5], there is an increasing demand for integrated 

power sources. Typically, there is a demand for batteries in the 1 ~ 10 mm3 volume range, 

including all components and associated packaging [6]. Moreover, for use in miniaturized 

devices, it is usually required that the energy storage functions are physically located on a small 

chip area. A miniaturized on-chip battery would be highly desirable for these applications, 

making the energy and power density per footprint area a key attribute of these batteries. 

 

Figure 5.1 Design of a 3D microbatteries and its advantages compared with planar 

microbatteries. 

Conventional 2D thin film microbatteries can deliver high power, but require large 

footprint areas to store reasonable energies. On the other hand, making the electrodes thicker 

boosts the theoretical areal energy density but the resultant increase in electronic and ionic 

diffusion lengths reduces the effective power. This energy and power dilemma is schematically 

shown in Figure 5.1. The most promising way to combine a high storage capacity and high power 
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capability on a limited area is to integrate all batteries components, i.e. current collectors, 

electrodes and electrolyte, in a 3-dimensional (3D) arrangement, thus generating a 3D 

microbatteries (Figure 5.1) [7-11]. Due to the large surface area of these electrodes, high capacities 

per footprint area can be obtained. High power capabilities can also be realized by carefully 

designing the batteries to obtain short transport distances between the electrodes [12-14]. It is 

important to recognize that for small electronic- and MEMS-type devices, the available area is 

limited. Traditional performance indicators of batteries, namely gravimetric, volumetric energy 

and power densities are therefore less relevant. Instead, the real issue is how much energy and 

power a device can deliver per footprint area, measured in terms of mAh∙cm-2, J∙cm-2 or 

μW∙mm-2, etc. [15]. 

TiO2 has been considered as a promising electrode for Li-ion batteries as it is safe, non-

toxic, readily available and has a high theoretical volumetric capacity. However, the poor 

conductivity and slow diffusion rate of Li+ in TiO2 has restricted the rate capability and storage 

capacity of TiO2 
[16, 17]. A potential solution to overcome this limitation is simply by decreasing 

the thin film thickness. However, nano-sizing the film thickness typically leads to severe 

capacity reduction. Employing 3D-TiO2 thin film electrodes is, however, a promising method 

to solve this dilemma [18-20].  

Several reports have demonstrated that 3D-TiO2 electrodes reveal a higher footprint areal 

storage capacity and power performance[18, 19, 21-23]. However, since these methods are not 

directly based on Si substrate technology, integrating these 3D batteries onto chips or micro-

sensors would be very challenging. Besides, in some work, the applied deposition method is 

atomic layer deposition (ALD)[18, 19, 21]. The ALD processes are complicated and the growth 

rate is slow, limiting large scale production. Reactive ion etching (RIE) and low pressure 

chemical vapor deposition (LPCVD) are two commonly used techniques in the semiconductor 

industry. The RIE method is very convenient in creating periodically micro-structured 3D 

substrates with high aspect ratios and LPCVD is capable of producing high quality, high-

performance thin films[14, 20, 24]. Here, we report a flexible and on-chip 3D microbatteries by 

combining the techniques of RIE with LPCVD. Here, we report a flexible and precise 

fabrication route to create 3D microbatteries by combining RIE with LPCVD. The RIE method 

creates a periodically micro-structured 3D substrate with high aspect ratios. Two kinds of 3D-

structured substrates with varying aspect ratios have been investigated. One approach is to etch 

trenches; another approach is in the form of pillars. Trench substrates are convenient to prepare 
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samples for cross-section view to check the uniformity of deposited films. Due to more open 

space, Si pillar substrates are more convenient for mass production and easy to be coated with 

ALD-deposited TiN, which serves as current collector. LPCVD is commonly used in the 

semiconductor industry and capable for large scale wafer deposition. In this chapter, 

homogeneous 3D-TiO2 thin film electrodes are deposited by LPCVD in 3D trenches and on 

pillar substrates. The energy density, power capability and cycle life of these 3D-structured 

TiO2 electrodes are investigated. 

5.2 Experimental details 

5.2.1 Thin film deposition 

(100) oriented silicon wafers were used as starting material. In order to increase the 

effective surface area of the Si substrates, etching of trenches with aspect ratios of 1 and 3 and 

Si pillars with length of 50 µm was conducted using photolithography and RIE, of which the 

parameters were published before [25]. The MOCVD setup used for TiO2 deposition has been 

described in detail in chapter 2. In short, a cold wall MOCVD reactor (Aixtron 200 RF) was 

used, in which the substrate was positioned on a radio frequency heated susceptor. The 

precursor was titanium(IV) isoproxide (TTIP), acquired from SAFC-Hitech (United Kingdom). 

TTIP was delivered in a stainless steel bubbler. This bubbler was thermostated at 25 °C, and 

the pressure was controlled at 300 mbar. The flow rate of argon through the bubbler to evaporate 

TTIP was fixed at 100 sccm, while the total flow through the reactor was 1550 sccm. The 

deposition temperature was varied from 350 to 550 °C. Argon was used as carrier gas. The 

pressure of the reactor was 5 mbar during the deposition processes. 
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Figure 5.2 SEM images of tilt view of a 30 µm wide trench (a); cross-section view of 

a 10 µm wide trench (b); top (c) and cross-section view (d) of a 3D pillar substrate. 

TiO2 films for thickness and surface morphology analyses were deposited onto square 

silicon substrates with a width of 3 cm. The planar TiO2 electrodes prepared for electrochemical 

measurements were deposited on similar substrates covered with an adhesive barrier layer of 

TiN (30 nm) and a layer of platinum (70 nm) as current collector. To investigate the uniformity 

of the 3D deposition, TiO2 films were deposited onto structured silicon substrates, in which 

trenches with a depth of 30 µm and width of 30 and 10 µm were etched with RIE, as shown in 

Figure 5.2a and b, respectively. To investigate the electrochemical performance of TiO2 3D-

electrodes, the films were deposited on silicon into which a pillar structure was etched. 

 The pillars were coated with 30 nm TiN by ALD, which was used as current collector. The 

diameter and height of the Si pillars are 2 µm and 50 µm, respectively, and the distance between 

pillars is 5 µm. SEM images of these pillar substrates are shown in Figure 5.2c and d. The surface 

enlargement factor (A) of the pillar substrate used for the electrochemical investigations is 

calculated, according to 

                                             𝐴 = 1 + 𝜋𝑑ℎ/(𝑑 + 𝑙)2                       (Eq. 5.1) 

where d and h represent the diameter and length of pillars, respectively. l is the distance between 

Si pillars. 
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5.2.2 Sample characterization 

The thickness and morphology of the TiO2 thin films were analyzed, using a scanning 

electron microscope (SEM, Philips/FEI XL 40 FEG). Measurements of Raman spectra were 

performed on an Olympus BX40 Raman Spectrometer under a backscattering geometry. A 633 

nm line of a Helium-Neon laser was taken as the excitation source. The electrochemical 

measurements were performed in an argon-filled glove box (O2 and H2O < 1 ppm). The samples 

were positioned in Teflon cells and used as working electrodes. Lithium metal foils were 

utilized as reference and counter electrodes. The cell was filled with 1 M LiClO4 in propylene 

carbonate (Soulbrain MI, United States) as electrolyte. This three-electrode setup was 

connected to a M2300 galvanostat (Maccor, Tulsa, USA) to perform galvanostatic 

(dis)charging from 0 to 3 V vs. Li/Li+ at different current densities: 4, 8, 20, 40 and 80 µA∙cm2 

footprint area. All electrochemical tests were carried out at room temperature (~22 °C). 

5.3 Results and discussion 

 

Figure 5.3 SEM images of TiO2 films deposited at 350 (a), 400 (b), 450 (c) and 550 

(d) °C, respectively. 

The SEM images of TiO2 films deposited at different temperatures are shown in Figure 5.3. 

It is clear that all films are homogeneous without revealing any cracks or pinholes, which is an 

apparent advantage of LPCVD to deposit high quality thin films. The simplicity of the 
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deposition process also permits the processing of large wafer batch sizes. It is interesting to 

note that compared with films deposited at 350 °C, the films deposited at higher temperatures 

(450 and 550 °C) are more rough, which may be due to a higher degree of crystallization.  

 

Figure 5.4 Raman spectra of TiO2 films deposited at various indicated 

temperatures. 

The Raman spectra of the deposited films are shown in Figure 5.4 as a function of deposition 

temperature. The Raman spectra of the four films are very similar to each other, showing small 

peaks at 396 and 639 cm-1 and a very sharp and intense peak at 144 cm-1, which match well 

with the reported Raman bands for anatase [26]. It can therefore be concluded that all deposited 

TiO2 films have the anatase structure. 

 

Figure 5.5 Arrhenius plot for the deposition of planar TiO2 films. 
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Figure 5.5 shows the Arrhenius plot of the growth of planar TiO2 films. It is obvious that 

the growth of TiO2 films can be divided into two parts, indicating that there are two different 

rate-determining processes in these temperature ranges. At high temperatures the deposition 

rate is only weakly dependent on the deposition temperature. Increasing the deposition 

temperature from 450 to 550 °C only result in a small increase of growth rate, which indicates 

that in this temperature range the growth of TiO2 is a diffusion controlled process [27]. In 

contrast, in the low-temperature region where the slope in Figure 5.3f is much steeper, the 

deposition rate is strongly dependent on the temperature. The activation energy calculated from 

Figure 5.3f is 63.4 kJ/mole, which is relatively high, indicating the deposition of TiO2 at 350 °C 

is a kinetically controlled process [27]. Therefore, it is concluded that the deposition rate is 

limited by diffusive transport in the high-temperature range, while at lower temperatures the 

deposition is a kinetically controlled process. Within the kinetically controlled region, the 

growth rate is relatively slow, implying that the chemical conversion of Ti-precursor during the 

transportation of precursor gas into trenches is slow. Thus, there will still be sufficient Ti-

precursor available for the growth of TiO2 films even towards the bottom of the trench. A 

uniform deposition at different parts of the 3D substrate can therefore be expected under these 

conditions. 

 

Figure 5.6 SEM images of deposited TiO2 films on top (a), middle (b) and bottom (c) 

part of a 10 µm trench; the development of deposited TiO2 film thickness as a 

function of distance from the top surface (d). 
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Figure 5.6a-c shows a TiO2 film deposited on different sections (I, II, III and IV) of a 10 µm 

wide trench. The applied deposition temperate is 350 °C, clearly within the kinetically 

controlled temperature region. Obviously, the deposited film is very homogeneous from top to 

bottom. Figure 5.6d shows the development of deposited film thickness as a function of distance 

from the top surface to the bottom on two trench substrates with different widths, 30 and 10 

µm. For both trenches, the films deposited on the top part of the substrates are around 287 nm 

thick and slightly thinner at bottom, indicating a very high step coverage. Consistent with the 

prediction from the Arrhenius plot, the film deposited at 350 °C is very uniform. 

To show the advantages of 3D-electrodes in improving both the capacity and power 

performances, TiO2 thin film electrodes have been deposited on TiN-covered 3D micro-pillar 

substrates to investigate the electrochemical performances. Figure 5.7a shows the tilt-view of a 

pillar substrate. Based on geometrical calculations, the surface area enlargement factor is 7.4. 

Figure 5.7b-d show the film thickness distribution of a TiO2 film deposited at 350 °C on the 

surface of Si pillars. A film with layer thickness of 80 nm is deposited on the top surface. At 

the bottom of the Si pillars, the film thickness is 75 nm. A step coverage of 94% was achieved. 

 

Figure 5.7 Tilt view of 3D pillar substrates covered by TiO2 (a), SEM images of 

deposited TiO2 film on top (b), surface (c) and bottom (d) part of a 3D pillar 

substrate. 
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For LPCVD, the deposited film thickness increases linearly with deposition time[14]. The 

thickness of TiO2 electrodes can be easily adjusted by changing the deposition time. In order to 

achieve a high power performance, thin TiO2 films (40 nm) were choosing as demonstrator. 

The voltage curves of a planar and a 3D-structured TiO2 electrode at different (dis)charging 

current densities are shown in Figure 5.8a and b, respectively. For these electrodes, the typical 

(dis)charging behavior of anatase TiO2 is shown. Voltage plateaus at ~1.7 and ~2.0 V were 

observed in the charge-discharge curves of both planar and 3D TiO2 film anodes, which can be 

attributed to the insertion and extraction of Li+ through Li-poor tetrahedral TiO2 and the Li-rich 

orthorhombic Li0.6TiO2, respectively[28]. Although more Li can be accommodated in Li0.6TiO2 

to form LiTiO2 by further two-phase intercalation, the reaction is known to have sluggish 

kinetics[17, 29]. For bulk TiO2 (> 40 nm), the theoretical capacity is 201 mAh/g (Li0.6TiO2)
[17, 29] 

or 782 mAh∙cm-3, considering the density of anatase to be 3.89 g∙cm-3. Therefore, the theoretical 

area capacity is 78.2 µAh∙cm-2∙µm-1 for a 1 µm thick TiO2 film electrode. For a 40 nm planar 

electrode, 1 C equals to 78.2 × 0.04= 3.1 µA cm-2. So, the (dis)charging current densities of 4 

and 80 μA·cm-2 correspond to a 1.3 and 25.8 C-rate for planar electrodes, respectively. It is 

noticed that the overpotentials of 3D TiO2 electrode are smaller than for planar electrodes, 

especially at high (dis)charging current densities, which indicates that 3D TiO2 electrode have 

better power performance. 

As shown in Figure 5.8c, at all applied current densities, the 3D electrode shows much 

higher storage capacities than the planar electrode. For a planar TiO2 electrode the storage 

capacity quickly decreases with increasing (dis)charging current. At 80 µA·cm-2, the storage 

capacity has dropped to 4.1 µAh·cm-2·µm-1, which is less than 14% of the initial capacity. 

Contrastingly, the storage capacity of the 3D-TiO2 electrode measured at 80 µA·cm-2 is 66.2 

µAh·cm-2·µm-1, which is 16 times higher than that of the planar electrode at the same current 

density. It is also worthwhile to note that even at the highest current density applied (80 µA·cm-

2), the capacity of the 3D electrode is still twice as high as the storage capacity of the planar 

electrode at low current densities, i.e. at 4 µA·cm-2. Obviously, the power performance per 

footprint area of TiO2 is significantly improved by the 3D-structure.  
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Figure 5.8 Voltage curves of planar TiO2 (a) and 3D TiO2 electrodes (b); Areal 

capacity of planar and 3D TiO2 electrodes for charging (Ch.) and discharging (Dis.) 

at different current densities (c); areal capacity improvement as a function of 

current densities (d). 

For the 3D-electrodes, the surface area is enlarged by 7.4 times, which means that 7.4 times 

more TiO2 has been deposited within the same footprint area compared to planar electrodes. 

Therefore, for 3D-electrodes, a 1 C-rate equals to 78.2 × 0.04 × 7.4 = 23.1 µA·cm-2. For current 

density of 80 μA·cm-2, the C-rate for 3D-electrodes is 80/23.1=3.5 C. Obviously, under the 

same output power, the actual C-rate of 3D-electrodes is much lower than for planar-electrodes, 

resulting in a better power performance. This improvement becomes more pronounced at high 

output powers. As shows in Figure 5.8d, the storage capacity improvement of 3D electrodes with 

respect to planar electrodes is more significant as the current density increases. At 4 µA·cm-2, 

the storage capacity of the 3D electrode is 6 times higher than that of the planar electrode, which 

is smaller than the theoretical surface area enlargement of 7.4. As the applied (dis)charge 

current density increases, the capacity improvement of the 3D electrode becomes higher, even 

exceeding the surface area enlargement. This further manifests the advantage of the 3D 



 

96 
 

electrode geometry in improving the power performance, especially at high (dis)charging 

current densities. 

 

Figure 5.9 Power and storage capacity comparison of planar and 3D TiO2 film 

electrodes. 

Figure 5.9 shows the energy density as a function of power density for the planar and 3D 

TiO2 electrodes. It is clear that at all output powers, the 3D TiO2 film electrode reveals a higher 

capacity. Or alternatively, at a given storage capacity, the 3D electrode delivers a much higher 

power output. Based on the above discussion of electrochemical results, it is clear that by 

applying the concept of 3D film electrode, the storage capacity and power performance of thin 

film electrodes can be improved simultaneously.  

 

Figure 5.10 Cycle performances of planar and 3D TiO2 film electrodes at a current 

density of 4 µA cm-2. 
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The cycling performance of 3D and planar TiO2 film electrodes is shown in Figure 5.10. 

The applied current density per footprint area is 4 µA cm-2. During the entire cycling test, the 

3D TiO2 anode shows much higher storage capacity than the planar electrode. This is mainly 

attributed to the enlarged surface area, which allows more TiO2 loaded per footprint area. 

What’s more, up to 450 cycles, the 3D electrode doesn’t show any significant capacity decay, 

demonstrating excellent cycle performance.  

It is interesting to note that the storage capacity of the 3D electrode is slowly increasing 

during the first 100 cycles. Since the length of the pillars (50 µm) is much bigger than the 

distance between them (5 µm), some gas bubbles may be trapped at the bottom when the cell 

was filled with liquid electrolyte, resulting in a (partially) inactive (not wetted) electrode surface 

at the bottom. Due to the repeatedly expansion and shrinkage of TiO2 electrodes during the 

electrochemical tests, the liquid electrolyte may slowly infiltrate to the bottom part, enlarging 

the active surface area and slowly increasing the storage capacity. Actually, after 100 cycles, 

the capacity of the 3D-structured TiO2 electrode is stabilized at 230 µAh·cm-2·µm-1 and this 

high storage capacity was maintained for more than 350 cycles.  

5.4 Conclusions 

A flexible and accurate 3D fabrication route to create 3D microbatteries electrodes by 

combining RIE with LPCVD has been demonstrated. It was found that the LPCVD deposition 

of TiO2 thin films can be divided into a diffusion-controlled and a kinetically-controlled 

temperature region. Employing deposition conditions within the kinetically-controlled region, 

uniform 3D-TiO2 electrodes have been deposited. Compared with planar TiO2 electrodes, the 

storage capacity of 3D-TiO2 electrodes increased more than 6 times at low current density (4 

µA·cm-2) and even 16 times at high current density (80 µA·cm-2). This high storage capacity is 

maintained even after 450 cycles. Besides the significant improvement of the storage capacity, 

the power performance is also improved. At all output power densities, the 3D electrodes 

manifest a higher storage capacity than planar electrodes. Our results clearly demonstrate the 

advantages of 3D electrodes for improving both the storage capacity and power performance 

of thin film batteries.  
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Chapter 6  Modelling TiO2 Deep Trench Deposition 

Process 

 

 

 

 

Abstract 

3D microbatteries are indispensable to cope with the increasing energy demand of 

autonomous smart devices. To synthesize 3D microbatteries, step-conformal deposition of thin 

films into 3D-substrates is vital, and low pressure chemical vapor deposition (LPCVD) is a 

technique that is capable of achieving this. In this work, the 3D-deposition of TiO2 is 

investigated. It is shown that the growth of anatase TiO2 can be characterized by two rate-

determining processes. In the diffusion-controlled temperature region, the TiO2 films deposited 

into 3D-substrates lack step-conformity. In contrast, in the kinetically-controlled temperature 

region, uniform films were deposited inside these micro-structures. To understand and improve 

the LPCVD deposition process in more detail, the experimental results were simulated using a 

Markov chain Monte-Carlo (MCMC) model. Good agreement between the model and 

experiments was achieved in all cases. It was found that the deposition probability is low in the 

kinetically-controlled deposition region, while this probability was found to be high in the 

diffusion-controlled region. It is also shown that the reflections of precursor molecules inside 

the trenches play an important role in achieving homogeneous 3D deposition. To show the 

strength of the MCMC model, the optimized deposition parameters are applied to predict the 

film thickness profiles in narrower micro-structures. 
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6.1 Introduction 

TiO2 has been identified as a promising electrode material for Li-ion batteries as it is safe, 

non-toxic, readily available and has a high theoretical volumetric storage capacity (1303 

mAh/cm3). However, the poor conductivity and slow diffusion rate of Li+ in TiO2 has restricted 

the rate capability and storage capacity of TiO2 
[1, 2]. A straightforward solution to overcome 

this limitation is to decrease the film thickness. However, nano-sizing the film thickness leads 

to a significant capacity reduction. Employing 3D-structured TiO2 thin film electrodes is, 

however, a promising method to solve this dilemma [3-5]. 

Thin films of TiO2 have been deposited by many techniques, such as sputtering [1], pulsed 

laser deposition [6] and e-beam evaporation [7].  Because of shadow effects, these methods are 

hardly suitable for 3D deposition. Atomic layer deposition (ALD) and LPCVD are two methods 

that can deposit step-conformal thin films on highly structured substrates. Unfortunately, the 

ALD method is relatively slow [8] and therefore rather unpractical for the deposition of battery 

materials. For LPCVD, the mean free path between gas molecule collisions is large compared 

to the substrate dimensions, enabling step-conformal deposition of high quality layers on high 

aspect ratio structures. Apart from the simplicity of LPCVD deposition processes, processing 

large wafer batches is another interesting asset, facilitating future industrialization. In recent 

years, LPCVD has received considerable attention as a way to produce 3D micro-structured 

solid-state batteries with significantly improved volumetric capacity and rate capability [5, 9, 10].  

In order to deposit high-quality 3D-structured TiO2 electrodes, it is required that these films 

are highly uniform and free of pinholes and cracks. For that reason, a lot of efforts have been 

spent in optimizing the deposition process. The ability to accurately predict the thickness 

profiles of the deposited thin films is highly valuable in decreasing the complexity of the 

LPCVD optimization process. Although a number of deposition models have been proposed 

for various applications [11-14], no simulation results on the deposition of TiO2 have been 

reported in the literature up to now. Monte-Carlo methods are commonly applied tools to 

simulate the flow of low-pressure gases, which is typical for LPCVD processes [15, 16].  

In the present study, titanium isopropoxide (TTIP) is used as Ti-precursor. Because oxygen 

is already included in TTIP, no addition reactants, such as O2 or H2O, are required to be added 

in the deposition process. Therefore, only one precursor gas (TTIP) is carried into the reactor 

by Ar, which simplifies the deposition process. Furthermore, the deposition process has been 
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performed at low pressure. Consequently, molecular collisions in the gas phase and turbulence 

of the gas flow can be neglected [17]. The as-denoted Markov chain Monte-Carlo (MCMC) 

method is therefore very well suited to simulate the 3D-deposition process of TiO2. In the first 

part of this paper, the influence of experimental conditions on the deposition of TiO2 in 3D-

structures will be investigated. In the second part, the MCMC model will be introduced and 

validated by the experimental results. In addition, the predictive value of the optimized MCMC-

model will be highlighted for other 3D-microstructures. 

6.2 Experimental details 

The deposition setup and applied deposition parameters have already been introduced in 

section 5.2. Since oxygen is already included in the Ti-precursor (TTIP), there is no additional 

supply of oxygen required during the deposition process. Examples of deposition reactions are 

given as follows [18]: 

                                         3 7 4 2 3 6 3 7Ti(OC H ) TiO 2C H 2HOC H   ,                            (Eq. 6.1) 

or                                            3 7 4 2 3 6 2Ti(OC H ) TiO 4C H 2H O   ,                      (Eq. 6.2) 

which can be generalized to be  

                                         3 7 4 2Ti(OC H ) TiO byproducts  ,                           (Eq. 6.3) 

The (100) oriented silicon wafers were used as starting material. Etching of trenches was 

conducted using photolithography and reactive ion etching, for which the experimental 

conditions has been published before [19]. After deposition of the TiO2 films, the 3D-substrates 

can easily be cleaved along the mono-crystalline planes of Si to reveal cross-sections, which is 

convenient to investigate the thickness profiles of the deposited TiO2 films by scanning electron 

microscope (SEM, Philips/FEI XL 40 FEG). The cross-sections of the trenches etched in the Si 

substrates with a depth of 30 µm and a width of 30 and 10 µm are shown in Figure 6.1a and b, 

respectively. Based on the SEM images, the film thickness along the trench depth is quantified, 

i.e. the thickness of the deposited TiO2 films was measured as a function of position along the 

trenches. To determine the crystal structure of the deposited TiO2 films, Raman spectra were 

measured using an Olympus BX40 Raman Spectrometer under a backscattering geometry. The 

633 nm line of a Helium-Neon laser was taken as excitation source.  
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Figure 6.1 Trenches with depth of 30 µm, width of 30 µm (a) and 10 µm (b) 

6.3 Deposition results 

The surface morphology, Raman spectra and Arrhenius plot of planar TiO2 deposition have 

already been introduced in section 5.2.1. In this section, we focused on the 3D deposition. TiO2 

films deposited into 30 µm wide trench is shown in Figure 6.2. Consistent with the prediction of 

Arrhenius plot, at kinetically-controlled temperature (350 °C), uniform film is deposited 

throughout the 30 µm wide trench. The bottom film thickness is 230 nm, only slightly thinner 

than the top surface (250 nm), which presents a very high step-coverage. Figure 6.2b-f show 

different parts of the film deposited at 400 °C, which is within the diffusion-controlled region. 

Due to the higher growth rate at 400 °C, the film thickness on the top surface is 390 nm, which 

is much thicker than the film deposited at 350 °C. However, the film thickness instantly drops 

after entering into the trench and decreases continuously as the depth increases. At the bottom, 

the film thickness decreases to 80 nm, which is much thinner than that for the film deposited at 

350 °C. The films deposited at 450 and 550 °C shows similar results as the film deposited at 

400 °C. The film thickness inside the trench keeps decreasing as the distance from the top 

surface increases, except a slightly higher film thickness on the top surface. 
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Figure 6.2 SEM images of deposited TiO2 film on different parts of a 30 µm wide 

trench. Film deposited at 350 °C (a), (b) and (c); 400 °C (d), (e) and (f); 450 °C (g), (h) 

and (i); 550 °C (j), (k) and (l). Top part of trench (a), (d), (g) and (j), middle (b), (e), 

(h) and (k), bottom (c), (f), (i) and (l) 

Similar results are observed for 10 µm width trench, as shown in Figure 6.3. The film 

deposited at 350 °C is still homogeneously distributed throughout the trench. For the film 

deposited at the temperature within mass-transfer controlled region (400, 450 and 550 °C), the 

film thickness drops immediately after entering into the trench substrate and keep decreasing 

to the bottom. Notably, the film thickness inside the trench decrease more pronouncedly than 

that in 30 µm wide trench. At the bottom, the film is nearly invisible. For narrower trench, less 

space is left for the precursor gas to diffuse into the trench, making inhomogeneity even worse. 
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Figure 6.3 SEM images of deposited TiO2 film on different parts of a 30 µm wide 

trench. Film deposited at 350 °C (a), (b) and (c); 400 °C (d), (e) and (f); 450 °C (g), (h) 

and (i); 550 °C (j), (k) and (l). Top part of trench (a), (d), (g) and (j), middle (b), (e), 

(h) and (k), bottom (c), (f), (i) and (l) 

All 3D-deposition results are summarized in Figure 6.4. Top surface part corresponds to 

negative values of the trench depth. For the films deposited at 350 °C (Figure 6.4a), well within 

the kinetically controlled temperature region of Figure 5.5, a highly homogeneous distribution 

from the surface to the bottom of the trenches can be found for both the 30 (black symbols) and 

10 µm (red symbols) wide structures. In contrast, the films deposited in the mass-transport 

controlled temperature region (Figure 6.4b-d) reveal a very strong depth dependence. The 

deposition rate at the surface has increased significantly in comparison to the kinetically 

controlled case, but the film thickness immediately drops inside the trenches and continues to 

decrease further towards the bottom of the trenches. It is also noted that for these latter 

inhomogeneous conditions, the films deposited into the 30 µm trenches (black symbols) always 

have a higher step-coverage than for the 10 µm trenches (red symbols), indicating that the 

geometry also has a strong effect on the uniformity of the deposited films.  
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Based on the above experimental results, it is clear that both the deposition temperature 

and the substrate geometry influence the uniformity of the deposited thin films. In order to get 

more insight into the mechanism of the LPCVD deposition process and to further optimize the 

deposition parameters for 3D-deposition processes, a MCMC model has been developed, which 

will be described below. 

 

Figure 6.4 Digitized film thickness evolution as a function of distance from top 

surface. 

6.4 Theoretical considerations 

Basically, the Monte-Carlo approach of LPCVD deposition of TiO2 is modeling a large 

number of independent precursor trajectories coupled with the chemical decomposition reaction 

at the substrate surface. The deposition of TiO2 (Eq. 6.3) can be presented as 

                                              DR(g) D(s)+R(g)dP
 ,                                       (Eq. 6.4) 

where DR represents a precursor molecule, which is composed of a deposition part (D) and a 

residual part (R). During such a deposition event, DR from the gas phase collides with the 

substrate surface, depositing D at the substrate surface and releasing R to the gas phase. This 
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event happens with probability Pd
. An alternative event is that DR is reflected away from the 

surface as a “hard ball” and continues its pathway in the gas phase. Pd
 is also known as the 

reactive sticking coefficient, which was reported to be dependent on the deposition temperature 

[11]. To perform Monte-Carlo simulations, the system has to be accurately defined first, 

including the dimensions of the micro-structured substrate, distribution of the incoming 

molecules as well as the precursor concentration at the substrate surface. These definitions will 

be described in the following two subsections, ultimately resulting in a simulation process. 

6.4.1 System definitions 

To model the particle movements inside trenches, a coordinate system needs to be defined. 

Figure 6.6 shows the orientation of the x , y  and z  axes, under the condition that the x  axis 

is perpendicular to the trench walls, the  axis is directed along the trenches and the z  axis 

points towards the bottom of the trenches. The x y  plane at the surface (z = 0) is defined as the 

source plane (S), where all precursor molecules (DR) originate from. 

 

Figure 6.5 Coordinate system of a trench. 

The modeling of trajectory starts when particles cross the source plane S . The initial 

distribution of precursor molecules has a large influence on the deposited profiles estimated in 

deep trenches. Therefore, modeling of the initial distribution of precursor molecules (DR) is 

critical for the simulation procedure. The distribution of DR molecules includes two parts: 

y
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distribution of the entrance positions and the angular distribution of the DR molecules, i.e. for 

a DR molecule, both the position and its moving direction need to be modeled. 

In the deposition process, the size of reactor chamber where the gas-phase resides is at least 

three orders of magnitude larger than the dimension of the trenches. Therefore, distribution of 

the molecules in the gas phase is similar to the usual gases, i.e. particles distribute uniformly 

and fly in all directions without any preference. Considering these facts, the initial points 

( , , )x y z  are assumed to be uniformly distributed on the source plane S , i.e. x and y are 

uniformly distributed on the source plane S, while z =0.  

After determining the distribution of entrance position of source molecules (DR), the 

angular distribution of DR molecules is modeled in the following way. Figure 6.6 shows a 

spherical coordinate system, which is characterized by the radial distance r, the azimuthal angle 

0 2    and polar angle 0 / 2    . The relation between the spherical and Cartesian 

coordinate systems can be described by  

              sin( )cos( )x r   , sin( )sin( )y r   , cos( )z r  .              (Eq. 6.5) 

 

 

Figure 6.6 Definition of the spherical coordinate system. 

In the LPCVD deposition process, the gas flow is a Lambertian flux, which means the 

incoming molecules come from any direction and obey the probability distribution[20, 21] 

                                                     
1

cos( )dP d 


 .                                             (Eq. 6.6) 
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where P  is distribution probability and d  is differential solid angle [22], which can be 

expressed via polar and azimuthal angles as  

                                                  sin( )dd d    .                                            (Eq. 6.7) 

Combining Eq. 6.6 and 6.7 results in 

                                  
21

cos( )sin( )d cos ( )
2

dP d d d


    
 

  .                (Eq. 6.8) 

Integrating Eq. 6.8, a distribution function of   in the form 
2( ) 1 cos ( )F    is obtained in 

which 
2cos ( )  is uniformly distributed between 0 and 1. Application of the inverse transform 

algorithm leads to the following modeling procedure: angle   is uniformly distributed in 

interval [0, 2π][23], while angle   is independent and distributed according to 1/2cos( ) U  , 

where U is uniformly distributed in interval [0,1] [16]. Therefore, the modeling formulas are 

                                                2 V  ,     1/2arccos( )U  ,                                          (Eq. 6.9) 

where V and U are independent random variables, uniformly distributed in interval [0,1]. 

In the present model, it is assumed that the film thickness along the y-axis is constant, 

which means that any point (x, y, z) with the same coordinates of x and z, the deposited film 

thickness is the same. Therefore, the 3D thickness profiles can be projected into the xz plane. 

Now consider a point with coordinates (x, y, z), then a pair of coordinates (x, z) defines the 

projection of point (x, y, z) onto the xz plane. Considering a vector with the origin at (0, 0) and 

endpoint (x, z), the angle between this vector and the coordinate axis z is defined to be the 

incoming angle (  ), as shown in Figure 6.6. Applying the definition that 

2 2cos( ) /z x z    and combining this expression with Eq. 6.5 leads to 

                    2 2 2arccos(cos( ) / sin ( )cos ( ) cos ( ))      .                        (Eq. 6.10) 

where   and   are modeled according to Eq. 6.9. 

In the following sections, the trench structure was projected to the xz  plane and variations 

of film thickness along dimension y  are not considered, since it is assumed that the deposited 

films are homogeneously distributed along y . The 2D projection of a trench are defined in Figure 

6.7. Specific parts of the geometry are indicated: O is the trench opening, T1 and T2 are top parts 
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of the sample on the left and right side of the opening, W1 and W2 are two opposing walls, B 

corresponds to the bottom of the trench. The depth and width of the trench denoted as H  and 

L  (µm), respectively. Parameter L  (µm) denotes the width of each top flat area. Precursor 

molecules come from the bulk of the gas phase. Note that zero of the coordinate system is 

aligned with left corner of the opening, indicated as 0 in Figure 6.6. Therefore, in this coordinate 

system, 6 specific parts of the system are defined as 

                      O {( , ) : 0 , 0}x z x L z    ,                      B {( , ) : 0 , }x z x L z H    , 

                      1T {( , ) : 0, 0}x z L x z     ,                    1W {( , ) : 0,0 }x z x z H    , 

                      2T {( , ) : , 0}x z L x L L z     ,               2W {( , ) : ,0 }x z x L z H    . 

The source plane xy  where precursor molecules are coming from (as illustrated in Figure 

6.6) after projecting to xz  plane becomes a source line, which combines 
1T , O  and 

2T , i.e. 

1 2S T  + O + T . Trajectories of the incoming molecules will be traced starting from crossing 

line S , S {( , ) : , 0}x z L x L L z       . 

 

Figure 6.7 Geometrical parameters of a trench. 

The collisions between precursor molecules and the substrate surface are modeled 

according to the rule of absolutely elastic collision (hard balls): angle of incidence equals the 

angle of reflection. If a DR molecule hits the top flat surfaces (T1 or T2), then it either deposits 

with deposition probability Pd
, or reflects and flies back into the bulk of the gas phase. If the 
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molecule hits the opening of trench, then a trajectory is simulated, i.e. the sequence of collision 

segments until the molecule leaves the system, which means the molecule is either being 

deposited or flies backward and crosses the source line S. Examples of trajectories of a DR 

molecule and corresponding events are presented in Figure 6.8. If Pd
 equals 0 (Figure 6.8a), and 

a DR molecule collides with the top surface area, then it will be reflected away immediately 

without deposition, as illustrated in the right corner (
2T ). If the molecule enters into the trench, 

then it will leave the trench after multiple reflections, still without any deposition. In contrast, 

if Pd
 equals 1 (Figure 6.8b), then in any situation, the molecule will be immediately deposited 

at the place of the first collision. If Pd  is a value between 0 and 1 (Figure 6.8c), the DR molecule 

colliding with the top surface has two possibilities: depositing as TiO2 with probability of Pd , 

or reflecting away with probability 1-Pd . However, for the molecule entering the trench, there 

is a third possibility. The molecule will reflect inside the trench, and for every collision with 

the wall or bottom of the trench, there is a chance of deposition. So, there is a possibility that 

deposition happens after multiple reflections. 

 

Figure 6.8 Schematic of reflection and deposition at different deposition 

probabilities, Pd = 0 (a), Pd = 1 (b) and 0 < Pd < 1 (c). 

When a number of trajectories are simulated, the position coordinates where deposition 

occurs are calculated. To simulate an informative measure of the deposition rate, averaging is 

applied by making use of histograms. Consider a sequence of 1K   points at W1, (i.e. points 

with 0x  ): 0 0z  , 1z , 
2z , … 1Kz  , Kz L , as illustrated in Figure 6.9. This sequence of 1K   

points defines K bins of the histogram, i.e. K  intervals 
0 1[ , ]z z , 

1 2[ , ]z z , …, 
1[ , ]K Kz z

. 
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Calculating the number of deposition events within a certain histogram bin yields the average 

deposition rate in each interval and ultimately leads to thickness profiles of the deposited films. 

 

Figure 6.9 Histogram bins on the wall. 

6.4.2 Monte-Carlo description 

Consider the segments of the trench along dimension y  has a length of Y  [µm]. All 

volumes and masses of deposited TiO2 will be related to these segments. Fix a point z  at the 

wall, and consider the LPCVD deposition process during time t [s] is under the steady-state 

regime, i.e. the deposition rate is constant with time[24-26]. Denote the number of particles which 

entered system via the source boundary as M . For the experiment run at temperature T [K], 

M  can be written as 

                                                       ( )sM k t c T ,                                                           (Eq. 6.11) 

where ( )sc T [µm-3] is the precursor concentration at the source plane and k  [µm3/s] is a 

proportionality constant. Denote ( , )d z z  [µm] to be the average thickness of the deposited 

TiO2 in the interval z  around point z , then, after running M  particles, the deposited volume 

of the TiO2 is equal to ( , )d z z Y z   [µm3]. Denote volume of a single TiO2 molecule as 
2TiOV  

and the number of incoming (and colliding) particles in the interval z  around point z  as 
zM , 

then the deposited volume can be expressed as 

                                            
2TiO( , ) = ( )z dd z z Y z V M P T  .                              (Eq. 6.12) 
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Dividing both sides of Eq. 6.12 by MY z  leads to 

                                      
2TiO

( , )
= ( ) z

d

Md z z
V P T

M MY z




.                                             (Eq. 6.13) 

Replacing M  in the left hand side of Eq. 13 by Eq. 11, the following expression is obtained 

                                
2TiO

1 ( , )
= ( )

( )

z
d

s

Md z z
V P T

kc T t MY z




.                                 (Eq. 6.14) 

Consider a limit of both parts of Eq. 6.14, when 0z   and M   (implying t  ). The 

physical meaning of these limits is that deposition rate of a particular point at the wall is finite 

and the deposition time is sufficiently long. Note that the thickness of the already deposited 

layers has a negligible influence on the further deposition process, because the deposited layers 

are very thin in comparison with the trench size. By description of the process, the ratio 

( , )d z z

t


 should have a limit, corresponding to the steady-state deposition rate; denote it as 

( )rd z  [µm/s].  Taking limits in both parts of Eq. 6.14 leads to   

                              

2

2

TiO

TiO

1 ( , )
= ( )

( )

1
( ) = ( ) ( )

( )

z
d

s

r d

s

Md z z
V P T

kc T t MY z

d z V P T f z
kc T





                                        (Eq. 6.15) 

where function ( )f z  [µm-2] is defined as  

                                          
0

1
( )z

M
z

M
f z

M Y z 
 




,                                                     (Eq. 6.16) 

which represents the distribution density of collisions [µm-2] in point z . Rearranging Eq. 6.15, 

the deposition rate is expressed as 

                               
2TiO( )= ( ) ( ) ( )r s dd z kc T V P T f z ,                              (Eq. 6.17) 

which holds in any point z  at the wall. Eq. 6.17 can be considered as a generalization of the 

deposition rate of Eq. 6.3 given in Ref. [27].  

Considering a uniform distribution of precursor molecules on the top (flat) part of the 

substrate, the distribution density of the number of collisions at any point of the top surface 

must be constant. Consequently, 
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2TiO( )= ( ) ( ) ( )r s dd top kc T V P T f top ,                                       (Eq. 6.18) 

where ( )rd top  [µm/s] is the steady-state deposition rate on the top part and ( )f top  is the 

corresponding distribution density of collisions [µm-2] on the top surface. The ratio of Eq. 6.17 

and Eq. 6.18 can then be expressed by  

                                               
( ) ( )

=
( ) ( )

r

r

d z f z

d top f top
,                                                     (Eq. 6.19) 

and, consequently,  

                                              
( )

( )= ( )
( )

r r

f z
d z d top

f top
.                                             (Eq. 6.20) 

Consider function ( )h z  to be defined by 

                                                      ( ) ( )dh z P f z .                                                    (Eq. 6.21) 

By definition, ( )h z  represents the density of depositions [µm-1] at any point z . Assuming that 

the deposition probabilities at the top and the wall of trench are equal, then, Eq. 6.20 can be 

rewritten as 

              
( )( ) ( )

( )= ( ) ( ) ( )
( ) ( ) ( )

d
r r r r

d

P f zf z h z
d z d top d top d top

f top P f top h top
  .               (Eq. 6.22) 

For a deposition experiment runs for t  seconds under steady-state conditions, the 

corresponding deposited film thicknesses ( ( )d z  and ( )d top ) can be represented by 

                                  ( )= ( )rd z t d z   and ( )= ( )rd top t d top .                                 (Eq. 6.23) 

From Eq. 6.20 it follows that 

                         
( ) ( ) ( )

( )= ( ) ( ) ( )
( ) ( ) ( )

r r

f z f z h z
d z d top td top td top

f top f top h top
  .        (Eq. 6.24) 

Eq. 6.24 clearly shows that changing the deposition time will increase or decrease the thickness 

of the deposited films in all available points simultaneously. The ratio of deposited film 

thicknesses in any two points depends on the geometry and deposition probability but not on 

the duration of the deposition process. Combining Eq. 6.18 and Eq. 6.23 results in  

                                
0

( , )= ( ) ( ) ( )
s d

d top T t kc T v P T f top ,                               (Eq. 6.25) 
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where only ( )sc T  and ( )dP T  depend on the deposition temperature. All other parameters are 

only dependent on the geometry or are physical constants. Since the temperature of the bulk 

gas phase is kept constant (room temperature), the dependency of ( )sc T  on temperature is 

related to diffusion and precursor decomposition rate. For two deposition experiments with the 

same deposition time but different deposition temperatures 
1T  and 

2T , the following relation 

holds 

                                    
1 1 1

2 2 2

( , ) ( ) ( )
=

( , ) ( ) ( )

s d

s d

d top T c T P T

d top T c T P T
,                                              (Eq. 6.26) 

and therefore 

                                    
2 2 1

1 1 2

( ) ( , ) ( )
=

( ) ( , ) ( )

s d

s d

c T d top T P T

c T d top T P T
,                                             (Eq. 6.27) 

which will be used to estimate the degree of mass transport limitation (i.e. decrease in surface 

concentration) in the high temperature deposition region. 

6.4.3 Monte-Carlo implementation  

According to Eq. 6.24 or Eq. 6.25, the thickness of deposited film at any point can be 

calculated. However, the equations are of no practical use, since ( )h z  and ( )h top  are, in 

general, unknown. The same statement holds for ( )f z  and ( )f top . However, both functions 

can be estimated by the Monte-Carlo method. Suppose that N  independent trajectories of 

incoming particles were modelled, considering bin 1[ , ]i iz z  on the wall and defining Monte 

Carlo estimator for ( )h z , 1[ , ]i iz z z  as  

                                          1

1

1ˆ ([ , ]) i
N i i

i i

N
h z z

N z z







,                                              (Eq. 6.28) 

where 
iN  is the number of collisions of the simulated particles on the wall in the interval 

1[ , ]i iz z
. When N  grows, the histogram estimate 1

ˆ ([ , ])N i ih z z  converges to the average value 

of the density of collisions ( )h z  in interval 
1[ , ]i iz z

, that is 

     
1

1
1

1 1

1 1ˆ ([ , ])= ( ) ( )
2

i

i

z
Pi i i

N i i N z
i i i i

N z z
h z z h z dz h

N z z z z 


 

 


  

   .             (Eq. 6.29) 
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In turn, the density of collisions at the top flat part is also estimated on the basis of the same N

emitted particles, producing ˆ ( )Nh top . The estimated deposition thickness in the interval 

1[ , ]i iz z
 is therefore 

                                         1
1 top

ˆ ([ , ])ˆ([ , ])=
ˆ ( )

N i i
i i

N

h z z
d z z d

h top




,                                         (Eq. 6.30) 

where topd [µm] is experimentally measured film thickness at the top surface of the substrate. 

Note that when N  is large, both 1
ˆ ([ , ])N i ih z z  and ˆ ( )Nh top  follow Gaussian distribution 

according to the Central Limit Theorem. Therefore, the Monte-Carlo distribution of Eq. 6.29 

follows a ratio law [28]. In the subsequent sections, the Monte-Carlo simulations are studied. Eq. 

6.29 is investigated for a number of experiments performed under a variety of temperatures. 

6.5 Simulation results and discussion 

6.5.1 Estimation of deposition probability 

A Matlab program implementing the Markov chain Monte-Carlo model has been set up. 

The program includes the precursor distribution and the “hard ball” collision model described 

in section 4.1. The Monte-Carlo simulations were performed by averaging over 5×106 

trajectories, which takes 15 ~ 25 minutes of computing time on a HP notebook with Intel® 

Core(TM) i7-2920 XM CPU@2.53 GHz with 32 GB operational memory. Histogram with 30 

bins was used to determine the deposition density. Figure 6.10 shows the simulation results for 

experimentally deposited TiO2 in 30 µm and 10 µm width trenches at various deposition 

temperatures. The experimental data are represented by the symbols, as shown in Figure 6.4, 

and the simulations are represented by the lines. The overall quality of fits is good, except for 

the slight deviations found at high temperatures. 
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Figure 6.10 Simulated (lines) and experimentally observed (symbols) profiles at the 

walls deposited at 350 °C (a) and (b); 400 °C (c) and (d); 450 °C (e) and (f); 550 °C (g) 

and (h). 

The parameters extracted from the simulations are summarized in Table 6.1. The values of 

Pd  listed in Table 6.1 are obtained by optimizing the simulated thickness profiles with respect 

to the experimentally measured ones, by variating deposition probability for each temperature 

separately. A non-linear least squares optimization algorithm was implemented in Matlab. The 

simulated thickness profiles were normalized to have exactly the same top thickness as in the 

measurements for each particular temperature. After that Eq. 6.27 was used to calculate the 

( )sc T / (350 C)sc  ratio. 

It is interesting to see how the Monte-Carlo simulations can be related to the Arrhenius plot 

of Figure 5.5. At 350 °C, clearly within the kinetically controlled temperature region, the 

deposition probability is very low ( P 0.0125d  ) and uniform depositions are achieved. In 

contrast, in the mass-transfer controlled regime, the deposition probability is moderate to high 

(above 0.65) and the films are inhomogeneous.  
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It also can be seen in Table 6.1 that the ( )sc T /  ratio changes considerably with 

increasing temperature. Since the deposition of TiO2 is kinetically controlled at 350 °C, the 

mass-transfer rate of the precursor is higher than the chemical decomposition rate on the 

substrate surface. Under these conditions, it is indeed to be expected that the surface 

concentration of precursor molecules at 350 °C is equal to the precursor concentration in the 

bulk of the gas phase. When the deposition temperature increases, the decomposition reaction 

rate increases to higher values, depleting the precursor on the substrate surface more 

significantly. Consequently, ( )sc T  decreases to lower values as Table 6.1 indicates [27].  

Table 6.1 Parameters of Monte-Carlo model for deposition process at various 

temperatures. 

T [°C] 
dP  [%] 

topd  [um], 

10 µm trench 

( )

(350 C)
s

s

c T

c

10 µm 

topd  [um],  

30 µm trench 

( )

(350 C)
s

s

c T

c

10 µm 

350 1.25 0.247 1.00 0.248 1.00 

400 65 0.375 0.03 0.391 0.03 

450 75 0.430 0.03 0.450 0.03 

550 80 0.435 0.03 0.455 0.03 

 

6.5.2 Deposition efficiency 

The deposition efficiency is defined as the total probability that a precursor molecule which 

is emitted from the source towards the trench at a particular angle   in point x  will be 

deposited. If the entrance point is at the top part of the substrate (segment T1 or T2), then the 

total deposition probability, denoted as P ( , )tot

d x  , is equal to the probability of deposition in a 

single event P
d

, because the precursor particle has only one chance to collide with the top 

surface, otherwise it will be reflected and return to the bulk gas phase. If the entrance point is 

at the opening of the trench, then, in general P Ptot

d d . Consider average total deposition 

probability ( Ptot

d
), where averaging is done across x  and   according to the precursor 

distribution. If P 1d   then P P 1tot

d d  , otherwise Ptot

d
 is a complicated function which can be 

evaluated only numerically by the Monte-Carlo method. The nominal estimate for Ptot

d
 is  

(350 C)sc
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                                       1 2P
( / P )

wall wall bottot

d

top d

Hd Hd Ld

Ld

 
                                              (Eq. 6.31) 

where 
1walld  and 

2walld  are average thicknesses of the deposited material on both walls, botd  is 

an average thickness of the deposited material at the bottom and topd  is the average thickness of 

the deposited material on the top part of the trench substrate. Eq. 29 is a ratio of the total amount 

of deposited material (in the numerator) to the amount of material which entered the trench (in 

the denominator). 

 

Figure 6.11 Total deposition probabilities and the ratios of P / Ptot

d d
 at various 

temperatures. 

Figure 6.11 shows that Pd  increases with increasing temperature, which is consistent with 

the fact that high temperatures will enhance the precursor decomposition rate. It is interesting 

to note that Ptot

d  inside the trenches are always higher than P
d

, for both the 30 and 10 µm wide 

trenches. The trench geometry also influences the values of Ptot

d . Narrow trench (10 µm) shows 

higher values for Ptot

d  at all temperatures.  

The ratio of P / Ptot

d d  reaches the highest value of 6.4 for the 10 µm wide trenches at 350 

°C. This means that compared to the top surface, the DR precursor molecules entering the 10 

µm trenches have a 6.4 times higher chance to be deposited than returning back to the bulk of 

the gas phase. As shown in Figure 6.8, molecules entering the trench can have multiple collision 
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options before they decompose. Contrastingly, the precursor molecules only have a single 

chance to be deposited at the top flat part of the substrate. The deposition probability inside the 

trenches ( Ptot

d ) is therefore higher than that on the top surface. However, when the deposition 

probability close to 1 as deposition temperature increases, the precursor molecules would 

immediately deposit as they collide with the substrate surface, leaving less opportunities to 

reflect inside the trench. Under this circumstance, without the contribution of multiple 

reflections inside the trench, there is no significant difference between Ptot

d
 and Pd

. Therefore, 

the ratio of Ptot

d
/ Pd

 drops quickly as deposition temperature increases. 

6.5.3 Distribution of precursor inside trench 

As discussed in section 6.5.2 and illustrated by Figure 6.8, at lower temperatures, when the 

value of Pd  is low, there are more precursor molecular reflections inside the trenches. However, 

at higher temperatures, the number of reflections decrease significantly as Pd  increases. These 

reflections will facilitate the precursor molecules to transfer to the bottom of the trenches. 

Therefore, the final distribution of precursor inside trench is not only determined by the initial 

distribution as explained in section 4.1, but also influenced by the reflections inside trenches. 

Figure 6.12 shows the simulated precursor distribution (i.e. normalized per one particle 

entered the trench) inside 30 µm and 10 µm wide trenches. Figure 6.12a and b corresponds to 

the deposition at 350°C, at which the deposition process is kinetically-controlled. The precursor 

concentrations in both trenches are more or less constant, with only minor concentration drops 

appear near the walls and bottoms. That is indeed to be expected for a kinetically controlled 

deposition process. This implies that not much precursor is consumed in the trenches and that 

almost all precursor molecules will eventually return back to the gas phase. Because of this 

homogeneous distribution of precursor, uniform films are deposited. 

Figure 6.12c-d relates to the deposition at 550°C with P 0.8
d
 , which corresponds to the 

mass-transport controlled deposition region. It is clear that the precursor density drops rapidly 

inside the trenches, which is different from the kinetically-controlled case shown in Fig. 6a and 

b. Because the deposition probability is high, the precursor molecules entered the trench are 

readily deposited, leaving less chance to be reflected to the bottom of the trench. Consequently, 

obvious concentration gradients are established. Difference in concentrations of precursor at 

the opening and near the bottom of the trench reaches almost three times for 30 µm trench and 



 

122 
 

four times for 10 µm trench. Naturally, the wider opening provides larger number of molecules, 

therefore more molecules reach the bottom of the trench. 

 

Figure 6.12 Simulated precursor density in 30 µm (a and c) and 10 µm (b and d) 

trenches. Figures (a) and (b) correspond to the low temperature (350°C); (c) and (d) 

relates to high temperature deposition (550°C). 

It also can be seen that at the small depths, there is a concentration profile across the width 

of the trench, with larger density values in the middle of the trench. Apparently, when 

deposition rate is high, the precursor near the substrate surface where deposition process taking 

place will be consumed, resulting in a lower concentration than the middle part of the trench. 

Near the bottom, the concentration profile across the trench is flat. There, not only reactions 

were carried on the surface of the bottom of the wall, the deposition also takes place on the 

bottom surface, therefore, no differences in concentration are observed. Note that Figure 6.12 

represent probability density of the precursor molecules, i.e. normalized per one molecule 

entered the trench. By this reason, the average level of precursor densities in Figure 6.12a-b are 

consistent (30 µm wide trench). The same holds for Figure 6.12c-d (10 µm wide trench). The 

real density of precursor will depend on the surface concentration of the precursor, as discussed 

in section 6.4.1. 
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6.5.4 Overview of deposition profiles 

After optimizing all the parameters, the overview of the thickness profiles trenches with 

three widths are plotted, as shown in Figure 6.13. In Figure 6.13a, 17c and 17e, deposition profiles 

are normalized to correspond to the same top thickness (400 nm), stressing the shape of 

deposition profiles. Profile for the top flat part is shown to illustrate the scale of figure; top flat 

part corresponds to negative values of the trench depth. It can be concluded that thickness of 

the deposited film on the wall increases with decreasing P
d

, and all positions reach 400 nm 

when Pd  approaches to zero. In this case the deposited layers are ideally conformal and no 

visible changes in film thickness can be observed. That conclusion holds for trenches of all 

widths, implying that kinetically controlled deposition of TiO2 is applicable up to the structures 

with large aspect ratio. In contrast, when Pd  increases, the step coverage becomes worse. It also 

should be noted that thickness of deposited material declines faster when the trench becomes 

narrower, especially near the bottom of the trench. For example, in 5 µm trench (Figure 6.13e), 

the film thickness starts to become negligibly small at a depth approximately 10 µm.  

The thickness profiles in Figure 6.13a, c and e are normalized to the same top deposition 

thickness, under the assumption of sufficiently long deposition time. In contrast, Figure 6.13b, d 

and f give the shape of deposition profiles at a constant deposition time. The deposition time is 

set to the value which gives 400 nm at the top flat part for 
dP 1 . It is clear that deposition 

probability has a large influence on the thickness and shape of the deposited films. Apparently, 

low deposition probability creates more uniform deposited film, i.e. the film thickness 

difference between the top surface and bottom is small, but the intensity of deposition process 

is smaller, resulting in a thinner top film thickness. From these plots, it can be concluded that 

reducing deposition probability leads to decrease of deposition rate, and therefore to decline in 

top film thickness, but increasing uniformity. 
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Figure 6.13 Evolution of deposition profiles as a function of deposition probability 

for trench width 30 µm (a and b), 10 µm (c and d), 5 µm (e and f), respectively. 

6.6 Conclusions 

The deposition of TiO2 thin films in 3D-structured substrates has been experimentally and 

theoretically investigated as a function of deposition temperature. It was experimentally found 

that the deposition kinetics on planar substrates can be accurately controlled by adjusting the 

deposition temperature. In the high-temperature region the deposition was found to be mass-

transfer controlled whereas it becomes kinetically-controlled in the low-temperature region. 

The thickness profiles of deposited thin films in 3D-structured substrates have also been 

investigated as a function of temperature. 



 

125 
 

A Markov chain Monte-Carlo simulation model has been developed to simulate the 

experimentally determined 3D deposition profiles of TiO2 in trenches as a function of trench 

depth and width at various temperatures. A theoretical description of the Monte-Carlo method 

is given. For the first time, a systematic study of the deposition process parameters has been 

performed.  

 The experimentally observed deposition profiles are compared with the developed 

MCMC model. Good agreement between the model and experiments has been achieved in all 

cases. It was found that the deposition probability (reactive sticking coefficient) of a single 

collision is close to zero in the kinetically-controlled temperature region and is close to one in 

the mass transport controlled temperature region. An estimation of the precursor distribution 

inside the trenches has also been extracted from the Monte-Carlo model. The precursor 

concentration keeps decreasing as the trench depth increases in the diffusion-controlled region. 

On the other hand, the precursor molecules are homogeneously distributed inside the trenches 

in the kinetically-controlled region. The reflections of precursor molecules inside trench play 

an important role in reaching a uniform 3D deposition. The Monte-Carlo approach was found 

to be successful in explaining the experimentally observed deposition profiles. A simple “hard 

ball collision” scheme without considering scattering between precursor molecules and 

carrying gas molecules, is sufficient to accurately describe the experimental LPCVD deposition 

process of TiO2. 

6.7 Appendix: Markov chains and integral equations 

Suppose that the deposition probability P
d

 is between zero and one. The phase variable of 

the model consists of three numbers: coordinates x  and z , which denote a position inside the 

simulated area (including the boundaries); and  , which denotes the incoming angle of the 

precursor molecules. The set of all possible (boundary) coordinates is given by

1 2 1 2D T T W W O B      . Consider =D [0,2 ]D' , setting D'  by Borel  -algebra  

B' , forming measurable space ( ),D' B' . A point in this phase space is denoted as ' ( , , )r z x 

. Variable 'r  takes values in D [0,2 ] . Extend the phase space by an additional special state 

 , corresponding to the ‘End of Trajectory’ (EOT). The   state is reached when particle is 

either deposited or flew back to the gas phase via the opening. The   is an ‘absorbing’ state; 

particle which enter EOT will never leave it. Consider an extended phase space ( ),D B , where 
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( ),D D'  and B  is minimal  -algebra containing B' and { } . A sequence of points 

representing trajectory of the precursor molecule, i.e. 
1 , 

2 ,…
 forms homogeneous 

Markov Chain with the phase space ( ),D B . Without restricting generality, assume that a 

probability space ( , F, P)  associated with such Markov Chain is defined. The construction of 

this probability space follows the Markov Chain simulation scheme defined in section 4.1. A 

transition function of this Markov chain is well defined, i.e. there exists a regular conditional 

probability distribution 1( , ) ( )n np r p r r      for each rD  and B [29]. Since point   

is an ‘absorbing’ state, then ( ,{ }) 1p    . A starting point of Markov Chain, 
1 ,  is distributed 

in B  according to distribution ( )dr . The source distribution ( )dr  defines a distribution of 

particles coming directly from the bulk of the gas phase without any collisions/reflections. By 

definition, ( )dr is the probability that precursor molecules coming into simulation area will 

collide with the top/wall/bottom in the ‘elementary volume’ dr of the phase space near the point 

r . Denote the ‘absorption’ probability 1( ) ( )n na r p r       and define the length of the 

trajectory of Markov chain as 
kmax(k : )    . The ‘absorption’ probability 

determines probability of the Markov chain to go to the state  at the next step if currently it is 

in the state r , r   . Note that ( ) P
d

a r   if 
1 2W W Br   ; and ( ) 1a r   if 

1 2T T Or   . 

Therefore, ( ) Pda r   and    . 

 The constructed phase space agrees with the general probabilistic description of Markov 

chain for solution of linear integral equations [30, 31]. Denote the distribution of precursor 

molecules after the first collision with the walls by the expression 

                                     (1)

1 1 0 0( ) ( ) ( )r p r r dr  
D

,                                                        (Eq. A.1) 

according to the total probability law. Consider an integral operator P  corresponding to Eq. 

A.1, then Eq. A.1 can be rewritten as   

                                             (1) P  .                                                                  (Eq. A.2) 

In a similar way one can define the distribution of precursor molecules after the second, third 

and higher order collisions as 

                                    
( ) ( 1)

1 1( ) ( ) ( )n n

n n n nr p r r dr  

  
D

,                                           (Eq. A.3) 
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or, in operator notations,  

                                             ( )n nP  .                                                             (Eq. A.4) 

Now define distribution   according to  

                                               
0

n

n

P 




 ,                                                           (Eq. A.5) 

with apparent convention 
0P   . It can be shown that  satisfies the following integral 

equation 

                                               P    ,                                                           (Eq. A.6) 

which is a Fredholm integral equation of 2nd kind. The Monte-Carlo simulation of the particle 

trajectories is, in fact, a calculation of the Neumann series solution of Eq. A.6. Denote the 

moment of absorption of the Markov Chain as 

 . According to Lemma 1.1.3 in reference[31],  

a distribution ( )(dr) P dr    is expressed as 

                                                     ( ) ( ) ,(dr) a r dr                                                  (Eq. A.7) 

where   is an iterative solution of Eq. A.6, (i.e. Eq. A.5). Suppose that a solution for   in Eq. 

A.6 is available and one must estimate a distribution of number of deposition events on the wall 

(say T1), in the histogram bin 
1[ , ]i iz z 

, then the required absorption estimator can be given by  

                                               H ( ) ( )
iih I r dr  ,                                                 (Eq. A.8) 

where set Hi
 determines the element of histogram 

      Hi
={  , ,r z x   such that 1[ , ]i iz z z  , 0x  , [0, 2 ]  },                (Eq. A.9) 

and H ( )
i

I r  defines an indicator function of Hi
 

                                           H

1, H
( )

0, Hi

i

i

r
I r

r


 


.                                                (Eq. A.10) 

Now consider a sequence of independent trajectories of this Markov Chain. The simulated 

trajectory is a sequence of points in the phase space, i.e. after the modeling of N  trajectories 

the following dataset is available 
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(1)

1r , 
(1)

2r , … 
1

(1)

Kr ,      

                                        
(2)

1r , 
(2)

2r , … 
2

(2)

Kr ,                                                   (Eq. A.11) 

                                           ... ,   ... ,   …,   ... ,       

                                           
( )

1

Nr , 
( )

2

Nr , … 
( )

N

N

Kr ,      

where notation 
( )j

kr  refers to the kth link of the jth trajectory. Note that jK  is the length of jth 

trajectory and all trajectories are finishes by an absorbing state  . A natural (first moment) 

estimator for a number of depositions in ith interval of histogram is, therefore, defined as  

                                             ( )

H

1

1ˆ ( ) ( )
i j

N
j

i K

j

h N I r
N 

  .                                                 (Eq. A.12) 

Obviously ˆ ( )
i

h N  is a consistent estimator of 
ih , i.e.  

                                                  ˆ ( )i iN
h N h


 .                                                   (Eq. A.13) 

If the deposition probability Pd  is known, any consistent estimator of the number of collisions 

ˆ ( )if N  can be used to obtain an estimator of the number of depositions, according to 

ˆ ˆ( ) P ( )i d ih N f N . In particular, one can use standard collision estimator [30], defined as  

                                         ( )

H

1 1

1ˆ ( ) ( )
j

i j

KN
j

i K

j k

f N I r
N  

  ,                                                 (Eq. A.14) 

which provides a large space for improvements and variance of reduction techniques. 
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Chapter 7  Summary and Outlook 

Nowadays, the raising concepts of IoT and industry 4.0 create the emerging markets of 

smart cards, RFID tags, MEMS and wireless sensors, which all need power supply, but the 

room left for power supply is limited to mini-scales. In some conditions, powering smart 

devices from grid is not convenient or even impossible, leaving thin film microbatteries the 

only option. Compared with other power solutions, thin film microbatteries have lots of 

advantages. First, the size and shape of microbatteries are very flexible, which makes them 

easily embedded on/into other devices. The opportunities in which to use the microbatteries are 

endless. Secondly, thin film microbatteries have excellent cycle life performance. Normally, 

there is no pressure for solid-state microbatteries to cycle over 5000 times, which is sufficient 

to cover the life span of most devices. Thirdly, the power needs of smart sensors are very small 

and the power generated by a solar cell or other energy harvesting systems under normal 

condition is sufficient to power these sensors. Thin film microbatteries can easily be combined 

together with solar cells or other environmental energy harvesting systems, creating a “Zero-

Power Wireless Sensor”. Beside the above arguments, there are some other advantages of 

microbatteries, which have been illustrated in Chapter 1. In summary, the flexibility of size and 

shape, excellent cycle life and easy combination with environmental energy harvesting systems, 

make thin film microbatteries indeed an ideal power solution for MEMS and sensors, which 

will be widely distributed in our future smart society. 

Planar solid-state microbatteries are already in commercial production. The fast 

development of autonomous devices pushes the demand for batteries with higher energy and 

power density. Moving from planar layered structures to high aspect ratio 3D-structures holds 

promise to significantly increase the energy and power density. Many methods have been 

applied to deposit thin film microbatteries. However, these methods are either unsuitable for 

3D deposition, such as sputtering, e-beam evaporation and pulsed laser deposition, or too slow 

for large-scale production, like atomic layer deposition. Low pressure chemical vapor 

deposition (LPCVD) stands out to be a promising method to deposit homogeneous 3D-

structured thin film microbatteries with a fast growth rate. In this thesis, thin films of a solid 

electrolyte (LiPO) and anode materials (Si, TiO2 and Li4Ti5O12) have been deposited by 

LPCVD. The deposition parameters have been optimized for planar thin films and the 

electrochemical performance of the deposited films have been investigated. What’s more, the 
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feasibility of 3D deposition of these film is also investigated and a Monte Carlo simulation 

model is built to better understand the deposition mechanism. 

High quality Lithium phosphate (LiPO) thin films have been deposited by LPCVD, using 

tert-butyllithium and trimethyl phosphate as precursors. The LiPO films deposited at 300 °C 

yielded the highest ionic conductivity of 3.9×10-8 S∙cm-1. As the deposition temperature 

increases, the surface morphology of the deposited films becomes more rough. XRD results 

show that LiPO starts to crystallize when the deposition temperature increases beyond 350 °C. 

The ionic conductivity of these films quickly decreases to lower values when the deposition 

temperature increases. A kinetic study on planar substrates indicates that the growth of LiPO 

films is a diffusion-controlled process. This is confirmed by investigating the thickness 

development of the deposited thin films inside 3D-structures. 

Silicon is an excellent anode candidate for Li-ion batteries due to its extremely high storage 

capacity. However, the volume expansion induces tremendous material deterioration, resulting 

in a poor cycle life performance. In order to cope with this shortage, various strategies have 

been proposed. The electrochemical performances of Si anodes with various morphologies, 

such as nanowires, honeycomb structures, planar thin films and 3D-film structure, are reviewed. 

To suppress the SEI formation and improve the cycling stability of Si anode, thin films of LiPO 

were deposited as protecting layer on top of Si film anodes. The normalized voltage-capacity 

curves show that the capacity decay of unprotected Si is mainly attributed to active material 

losses. A thin film of LiPO with a thickness of only 200 nm fully suppresses the SEI formation 

and dramatically improves the cycle life of Si thin film electrodes. The coulombic efficiency of 

the LiPO-protected Si anode is higher than 99.98%. Up to almost 500 cycles, hardly any 

capacity loss can be observed. The SEM images of Si anodes after the cycling tests revealed 

that the LiPO-protecting layer suppressed SEI formation completely and kept the Si film anode 

intact. In contrast, the unprotected-Si cracked into many pieces and the Si layer was invisible. 

Li4Ti5O12 is well known to be a safe and efficient anode material for Li-ion batteries. An 

LPCVD process has been developed for the synthesis of Li4Ti5O12 thin film anodes on planar 

and 3D substrates. The influence of various deposition parameters, including precursor flow 

rates and post-annealing temperatures, has been investigated by material and electrochemical 

analyses. Li4Ti5O12 thin films deposited at the optimized process parameters showed a high 

crystallinity and high electrochemical activity. A reversible storage capacity of 151 mAh/g was 

achieved at a current of 0.5 C, corresponding to 86.3% of the theoretical specific capacity of 
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Li4Ti5O12. Up to almost 600 cycles, the electrodes showed no significant capacity losses. 

Furthermore, the deposited thin film anodes also showed excellent rate capability. Compared 

to the storage capacity at 0.5 C, 93% of the capacity was maintained at 10 C. Thin films were 

also deposited on highly structured substrates to investigate the uniformity and electrochemical 

performance. Compared to planar substrates, the capacity per footprint area of 3D LTO 

electrode was improved by a factor of 2.5. Demonstrations of planar all-solid-state 

microbatteries, LTO/LiPON/Li, were prepared. The prepared all-solid-state batteries are 

electrochemical active, but with a much lower capacity. Interfaces strongly influence the 

electrochemical performances of all-solid-state microbatteries. To prepare all-solid-state 

batteries with good electrochemical performance, not only the depositions of each film 

component need to be optimized, but also the interfaces between various films need to be 

carefully designed. 

TiO2 has been considered as a promising electrode for Li-ion batteries since it is safe, non-

toxic, readily available and has a high theoretical volumetric capacity. A flexible and 

deterministic 3D fabrication route to create 3D-TiO2 film anodes by combing reactive ion 

etching with LPCVD was demonstrated. The deposition kinetics has been investigated and 

showed that the LPCVD deposition of TiO2 thin films can be characterized by two rate-

determining processes: diffusion controlled and kinetically controlled processes. Deposition 

within the kinetically controlled temperature range, uniform 3D TiO2 film electrodes were 

achieved. Compared with planar TiO2 electrodes, the storage capacity of 3D TiO2 electrodes 

increased more than 6 times at low current density (footprint area current density 4 µA cm-2) 

and even 16 times at a high current density (80 µA cm-2). The high storage capacity is 

maintained even after 450 cycles at low current density. Beside the significant improvement of 

storage capacity, the power performance is also improved. At all output power densities, the 

3D TiO2 electrodes manifested a higher capacity than planar electrodes. Our results clearly 

demonstrate the advantages of 3D electrodes in improving the storage capacity and power 

performance of thin film batteries. 

To better understand and improve the deposition process, the experimental results of the 

3D deposition of TiO2 are combined with Monte Carlo simulations. A Monte-Carlo Markov 

Chain (MCMC) method is applied to model the observed deposition profiles of TiO2 inside 

deep trenches as a function of the depth of the trench, width of the trench and deposition 

temperature. A theoretical description of the Monte-Carlo method was given. For the first time, 
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a systematic estimation of the parameters of deposition process was performed. It was found 

that the probability of deposition in a single collision (reactive sticking coefficient) is close to 

zero in the kinetically controlled regime and close to one in the mass-transfer controlled regime. 

It is also shown that the reflections of precursor molecules inside the trenches play an important 

role in achieving homogeneous 3D deposition. Experimentally observed deposition profiles are 

compared with the MCMC model. Good agreement between the model and experiment has 

been achieved in all cases. An estimation of the precursor density in the trenches has also been 

extracted from the Monte-Carlo model. A sharp drop of the precursor concentration with 

increase of depth was detected in the diffusion-controlled regime. In the kinetically-controlled 

regime, the precursor concentration remains constant within the trench. The Monte-Carlo 

approach is found to be successful in explaining the experimentally observed deposition 

profiles. A “hard balls wall-collision” scheme and the absence of scattering between precursor 

molecules and carrying gas appear are a good approximation to describe the experimental 

LPCVD deposition processes. 

Overall, LPCVD is a very successful method to deposit electrode and electrolyte materials 

for thin-film all-solid-state microbatteries. The composition and crystal structure of deposited 

films can easily be adjusted by changing deposition temperature and flow rates of the precursors. 

In addition, the deposited films are generally very homogeneous and the deposition processes 

are reproducible. By selecting the proper precursors, LPCVD can deposit many kinds of battery 

materials and is capable for large wafer deposition. However, for many materials, uniform 

deposition is limited to planar deposition. Homogeneous 3D deposition by LPCVD is quite 

challenging. The thermodynamic characteristics of precursors play a very important role in 

determining whether a material can be deposited uniformly on 3D substrates or not. Adjusting 

deposition temperature, flow rates of precursors and reactor pressure can help to improve the 

uniformity of 3D deposition. For future research, two approaches may help to achieve uniform 

3D deposition: one is exploring single-source precursors, which combines all required elements 

in one precursor. This will suppress the reaction in gas phase and simplify the mass-transfer 

and deposition processes; the other method is adding growth inhibitors to tune the chemical 

reaction rate. By decreasing the surface reaction rate, the growth of thin films may shift into the 

kinetically-controlled region, in which homogeneous 3D films are likely to be deposited. 

Finally, it was commented that for successful 3D thin-film batteries, their development should 

go hand in hand with the development of precursors and the energy demand of micro-device.



 

135 
 

Acronyms 

3D three-dimensional 

ALD atomic layer deposition 

a-Si amorphous Si 

CE columbic efficiency 

c-Si crystalized Si 

CV cyclic voltammetry 

CVD chemical vapor deposition 

EBPVD electron Beam Physical Vapor Deposition 

EIS electrochemical impedance spectroscopy 

EOT end of Trajectory 

GC galvanostatic cycling 

HOMO highest occupied molecular orbital 

IoT internet of things 

LiPO lithium phosphate 

LiPON nitrogen doped lithium phosphate 

LPCVD low pressure chemical vapor deposition 

LTO Li4Ti5O12 

LUMO lowest unoccupied molecular orbital 

MCMC Markov chain Monte-Carlo 

MEMS micro-electro-mechanical systems 

MOCVD metal-organic chemical vapor deposition 

PC propylene carbonate 

PECVD plasma-enhanced chemical vapor deposition 
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PVDF polyvinylidene fluoride 

RIE reactive ion etching 

RPCVD reduced pressure chemical vapor deposition 

SEI solid electrolyte interface 

SEM scanning electron microscope 

SMT surface-mount technology 

SoC state-of-charge 

t-BuLi tert-butyllithium 

TMPO trimethyl phosphate 

TTIP titanium isoproxide 

XRD X-ray diffraction 
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List of symbols 

( )a r  absorption probability 

( )sc T  precursor concentration at the source plane, [µm-3] 

D  geometrical set of all boundary points of a trench, 
1 2 1 2D T +T +W +W +B  

DR  precursor molecule composed by deposition part D  and residual part R  

1walld , 
2walld  average thicknesses of the deposited material on both walls 

botd  average thickness of the deposited material at the bottom 

topd  average thickness of the deposited material at the flat-top part 

topd  experimentally measured film thickness at the top surface 

( , )d z z  average thickness of the deposited film in the interval z  around point z  

( )rd z  steady-state deposition rate around point z  

( )rd top  steady-state growth rate on the top flat part 

d  differential solid angle 

( )f top  density of collision numbers on the top flat part, [µm-2] 

( )f z  density of collision numbers in point z , [µm-2] 

( )h z  density of depositions in point z , [µm-2]. ( ) ( )dh z P f z  

( )h top  density of depositions on the top flat part, [µm-2] 

1
ˆ ([ , ])N i ih z z  average value of the density of depositions ( )h z  in the interval 

1[ , ]i iz z
 

k  proportionality constant, [µm3/s] 

M  molecules entered system via the source boundary in time t 

zM  incoming particles in the interval z  around point z  

O  trench opening 
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P  distribution probability of precursor molecules 

Pd
 probability of deposition in a single collision 

Ptot

d  average total deposition probability 

S  source line, 
1 2S T  + O + T  

1T , 
2T  top parts of the substrate on the left and right side of the opening 

2TiOV  volume of a single TiO2 molecule 

1W , 
2W  two opposing walls of the trench 

Y  length of segment along dimension y  

  flying angle of precursor molecular 

  absorbing state 
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