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Chapter 1.  

Introduction 

Abstract 

A general introduction on the electrochemistry of batteries is given 

in this chapter. Subsequently, the focus is shifted to the working 

mechanism and properties of lithium-ion batteries. Attention is 

especially paid to all-solid-state thin-film micro-batteries: to what 

respect do these deviate from liquid-electrolyte based Li-ion 

batteries and what requirements do these have from their 

constituting materials. The last section of this chapter will elucidate 

the scope of this thesis. 



Deposition and Characterization of Thin Films for 3D Lithium-ion Micro-Batteries 

 

-2- 

1.1. Batteries 

Ever since the discovery of electricity as an energy carrier, there has been an interest in portable 

applications. A possible portable power supply is a battery, which is able to store electricity in  

the form of chemical energy. This chemical energy originates from an electrochemical cell where 

reduction and oxidation reactions take place at separate electrodes. Such a cell is schematically 

represented in Figure 1.1. The separation of the half-reactions results in an electric current if 

between the two electrodes a sufficiently conductive ionic path is provided inside the battery, 

and electronic conductivity completes the conductive cycle outside the battery. This electronic 

current delivers the required electrical energy.  

Typically, batteries consist of the following functional parts: 

- The electrochemically active electrode materials: i.e. the anode and cathode 

- The separator and electrolyte, which should prevent electronic conductivity between the 

two electrodes, but should be conductive for ions 

- Electrical contacts (or ‘current collectors’) for the anode and cathode (or – and + side) 

- Packaging, which contains and protects the battery materials and provides structural 

integrity 

The appealing aspect of this type of system is that the two charge transfer reactions in an 

electrochemical cell are separated, and the reaction rate can be controlled by the electrical current 

through the external circuit. Without any electron transport, in principle no redox reactions 

occur. Depending on the electronic load imposed on the battery, the reactions will proceed 

slower or faster. 

 

 

Figure 1.1 Schematic representation of an electrochemical (galvanic) cell during discharging 
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Two main types of batteries can be distinguished: primary batteries, which are not rechargeable, 

and meant for single discharge use only; and secondary batteries, which are reversible. 

Consequently, the electrochemical reactions can be reversed and the battery can be re-used after 

recharging. 

For both types of batteries, many different combinations of oxidation and reduction reactions 

are possible, but only a few of these are commonly used for commercial batteries. For primary 

batteries the most commonly used chemistry is based on zinc and manganese oxide in an acidic  

or alkaline electrolytic environment. These cells are commonly known as the zinc-carbon and 

alkaline cell, respectively.  The most commonly used secondary batteries are lead-acid batteries, 

nickel cadmium cells, nickel metal hydride and lithium-ion batteries. The highest gravimetric 

energy density for secondary batteries is nowadays obtained with lithium-ion batteries.  

1.2. Lithium-ion Batteries 

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

cathode and anode and vice versa. The cathode usually consists of a lithium metal oxide (e.g. 

LiCoO2), whereas the anode consists of graphitic carbon. The electrolyte is an organic solvent 

with a lithium salt dissolved in it. Separators for lithium ion batteries (polymer membranes) are 

used to prevent electrical contact between the electrodes. Such contact would result in an 

internal short circuit inside the battery and therefore give rise to a complete self-discharge. A 

typical example of a battery based on lithium ion chemistry is shown in Figure 1.2.  

 

 

Figure 1.2 Schematic representation of a Li-ion electrochemical cell under operating 

(discharging) conditions. When charging this battery all processes will take place in reverse 

direction 
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This battery is operating by the reaction system 

Li1-nCoO2 + n Li+ + n e-    

         
        

             
           LiCoO2   Eq. 1.1 

LimC6    

         
        

             
          m Li+ + m e- + C6  Eq. 1.2 

in which the cathode can usually be cycled up to n = 0.5, while the anode can be cycled to m = 1. 

This results in an overall reaction of 

2 Li0.5CoO2 + LiC6     

         
        

             
           2 LiCoO2 + C6   Eq. 1.3 

This type of cell can under moderate conditions be cycled between 3 and 4.2 Volt.  

A general charge/discharge plot of a lithium-ion battery can be seen in Figure 1.3. 

 

Figure 1.3 General charge/discharge voltage profile of a lithium-ion battery. The battery is 

first charged with a constant current, followed by a rest period. Subsequently it is discharged with 

a constant current. 

Other cathode chemistries that are also commonly applied in lithium-ion batteries are, for 

example, based on the electrochemical conversion of LiNiO2, LiMn2O4 or LiFePO4. In chapter 2 

several other battery materials are reviewed, with a special focus on their application for thin-film 

solid-state batteries. L. Baggetto defended his thesis at TU/e in 2010, which was fully devoted to 

anode materials for micro-batteries.  
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1.3. All-Solid-State Lithium-ion Micro-Batteries 

In our modern society an ever increasing number of mobile devices is applied. With the addition 

of wireless communication to these devices, also complexity of these electronic systems is 

further increased: distributed sensor systems can increase the comfort in our houses and offices, 

and improve medical diagnosis by external or even implanted sensor systems. The challenge with 

these distributed sensor networks is that each sensor requires electrical energy for sensing, data 

processing and wireless communication. This energy can be supplied by an energy harvesting 

system based on photovoltaics, piezo electricity, temperature gradients, biofuel cells etc., but also 

an energy buffer is needed to ensure continuous operation during peak power consumption (e.g. 

for communication) or temporary unavailability of energy to harvest (e.g. nighttime operation of 

a photovoltaic system). For this reason, research has lately been focussing on rechargeable 

micro-batteries. In these batteries, which are mostly based on the above described lithium-ion 

chemistry, thin film electrodes are applied instead of highly porous pressed powder electrodes. 

Also, to make a thinner electrolyte possible, micro-batteries are usually based on solid-state 

electrolytes, which have a typical thickness of 1 µm (cf. polymer separator membranes usually 

have a thickness of ~20 µm). This allows for a smaller form-factor of the battery, and because 

no liquid electrolyte is applied, the risk of a leaking battery is avoided. 

All-solid-state micro-batteries are usually deposited on a planar solid substrate, which has a large 

freedom for their shape and material (see Figure 1.4). The substrate can consist of virtually any 

material, varying from glasses, ceramics, metals to even polymers and paper. The main 

requirement for this material is that it should be able to withstand the conditions at which the 

battery layers are deposited and operated, and that the material does not show any interaction 

with the functional layers of the battery that are deposited on top of it. This last requirement 

means that the substrate material should be blocking for any chemical elements that might be 

harmful for the battery materials and interfaces, and should not allow lithium to diffuse out of 

the battery stack. If this substrate is conductive for lithium or some other elements, a separate 

barrier layer is required. This barrier layer can, if sufficiently electronically conducting, also serve 

as a current collector.  

On top of the first current collector, an active electrode (cathode or anode) is deposited. The 

requirements for a well-functioning electrode are a high volumetric charge density at a well-

defined potential, and good electronic and ionic conductivities to ensure high power capabilities.  
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Figure 1.4 A schematic layout of an all-solid-state thin-film battery 

The next layer in Fig. 1.4 is the solid-state electrolyte. This layer should combine a high ionic 

conductivity and a negligibly low electronic conductivity. The number of electrons leaking 

through this layer per unit of time, or bypassing via pin holes, determines the self-discharge rate 

of the battery. Therefore it is important that the electrolyte layer is completely closed and covers 

the whole interface of the two electrodes. On top of this solid electrolyte a second electrode is 

positioned, which has similar requirements as the first electrode, but should have a sufficiently 

different voltage window. Indeed, the difference between the equilibrium potential of the two 

electrode materials should be large enough to yield a sufficiently high battery voltage. The top 

contact of the second battery electrode is formed by the second current collector.  

Another important issue for the battery design is the packaging structure, which should provide a 

protective layer against external chemical and physical influences, and prevent parasitic reactions 

of the battery materials with air. 

Some principal differences exist between these all-solid-state batteries and their liquid based 

counterparts. First, the absence of an organic solvent in the electrolyte reduces the flammability 

of these batteries, which increases the intrinsic safety. The safety is also increased because 

leakage risks are avoided. Therefore, all-solid-state batteries form suitable candidates for 

(medical) implants and other autonomous devices. A third difference is that a much longer 

cycle-life is in principle possible for all-solid-state batteries, because the solid/electrolyte 

interphases play, in general, an important role in the de-activation for lithium-ion batteries. 

Moreover, deposition and handling techniques that are standard in semiconductor industry can 

be applied to manufacture these batteries. This facilitates integration of these batteries in system-

in-package devices, and gives a large degree of freedom for battery and device design. However, 

the main disadvantage of solid-state electrolytes is that the ionic conductivity is usually 

significantly lower than that of the liquid electrolytes, resulting in a relatively high voltage drop. 
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This can, however, be reduced by applying a much thinner electrolyte layer, to keep the total 

voltage drop over the electrolyte within an acceptable range. Another, more general, 

disadvantage of miniaturization is that the volumetric energy density of the battery becomes 

lower: the overhead of micro-batteries (packaging, substrate, current collectors, and possible 

power management system) occupies a relatively large volume when compared to the electrode 

volume.  

A method to improve planar thin-film micro-batteries is to make use of the third dimension 

(Figure 1.5). When a 3D geometry is etched in the solid substrate, and a thin-film battery is 

deposited conformally, the charge capacity of the battery can be increased without an increase of 

the volume of the overhead. Therefore, the volumetric charge density of the battery will increase. 

Moreover, a battery with higher current capabilities can be manufactured, because of the largely 

increased internal surface area of the battery combined with a smart choice of electrode and 

electrolyte materials.  

Several other concepts are proposed to manufacture 3D micro-batteries by different research 

groups, of which the most important ones will be outlined in the next chapter. 

 

 

Figure 1.5 A proposed structure for a 3D all-solid-state thin-film micro-battery 
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1.4. Scope of this Thesis 

This thesis focuses on the deposition and (electro)chemical characterization of electrode and 

electrolyte films for all-solid-state 3D-integrated thin-film micro-batteries. 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. Another important part of this study is devoted to the 

exploration of analysis techniques for thin-film batteries. All these topics are crucial steps on the 

road to the well-understood deposition process of 3D-integrated micro-batteries. 

Chapter 2 will give a review of available literature that was published in the field of 3D micro-

batteries. In this review potential electrode and electrolyte materials will be highlighted. 

Furthermore, several deposition techniques will be presented. Finally, several approaches to 

achieve 3D micro-batteries will be outlined and the state-of-the-art will be discussed. 

Chapter 3 reveals the experimental techniques used for this research: the deposition equipment is 

described and the (electro-)chemical and materials analysis techniques that were used for these 

investigations are described. 

In chapter 4, the systematic investigation of the deposition of the cathode material LiCoO2 by 

Low Pressure Chemical Vapour Deposition (LPCVD) will be illustrated, while chapter 5 will 

show the deposition of LiTaO3 and Li3PO4 as solid-state electrolytes by LPCVD. In chapter 6 

several anode materials deposited by LPCVD will be shown.  

Chapter 7 will focus on the analysis of a planar thin film battery by in-situ Neutron Depth 

Profiling (NDP). With this technique lithium ions can be monitored while moving through the 

battery upon (dis)charging. These NDP results will be compared with the electrochemical 

response.   

Chapter 8 reports the first explorations of the use of LPCVD for battery materials in 3D trench 

geometries. Chapter 9 compares the experimental results for this deposition in 3D structures 

with simulations, to further investigate the deposition processes and to eventually be able to 

predict the deposition behavior.  

Chapter 10 will finally evaluate the experiments done for this thesis, and give some 

recommendations for further research. 



Chapter 2.  

All-Solid-State Li-ion Micro-Batteries: 

A Review of Various 3D Concepts 

Abstract 

With the increasing importance of wireless microelectronic devices 

the need for on-board power supplies is evidently also increasing. 

Possible candidates for microenergy storage devices are planar all-

solid-state Li-ion microbatteries, which are currently under 

development by several start-up companies. However, to increase 

the energy density of these microbatteries further and to ensure a 

high power delivery, three-dimensional (3D) designs are essential. 

Therefore, several concepts have been proposed for the design of 3D 

microbatteries and these are reviewed. In addition, an overview is 

given of the various electrode and electrolyte materials that are 

suitable for 3D all-solid-state micro-batteries. Furthermore, 

methods are presented to produce films of these materials on a 

nano- and microscale.* 

 

 

                                                 

* The contents of this chapter have been published as J. F. M Oudenhoven, L. Baggetto, P. H. L. Notten, Adv. 
Energy Mater., 2011, 1, 11. 
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2.1. Introduction 

Electronic devices play a continuously increasing role in our daily life and the number of wireless 

devices is nowadays rapidly growing. Many efforts are devoted to develop autonomous wireless 

devices, which can be used for smart building control, smart medicine and other ambient 

technologies. These devices need a power supply, often an energy scavenging device like a 

photovoltaic cell or a bio-fuel cell. To ensure a stable current supply or to be able to deliver high 

peak currents, on-board energy storage is essential. The most obvious devices that guarantee 

energy storage are batteries. Common rechargeable batteries are based on a liquid electrolyte, 

which implies that there are several restrictions for their design and size due to the available 

separators and liquid electrolytes. Secondly, these liquid electrolytes carry the inherent risk of 

leakage. Therefore the need for all-solid-state micro-batteries arises, which can facilitate 

miniaturization, will create more flexibility for the design of stand-alone microelectronic devices 

and enhance the applicability in (medical) implants due to the avoided leakage risks. To enhance 

the power and energy density of these thin-film all-solid-state micro-batteries significantly, new 

advanced concepts are proposed, which are all based on the exploration of the third dimension. 

A few reviews have been published that highlight the research on solid-state micro-batteries, 

which together give a nice overview of the research in this field from several viewpoints.[1–6] In 

the present review an overview will be given of various aspects of thin-film solid-state batteries 

based on the 3D geometry. First a brief historical context will be outlined by illustrating the 

development of all-solid-state planar micro-batteries. Secondly, the necessity of thin-film solid-

state batteries, the requirements for the design of these, and their advantages and drawbacks will 

be discussed. In the third part of this review various commonly used thin-film battery materials 

will be described and compared. In the subsequent section, several examples of three-

dimensional battery concepts will be presented together with the methods to deposit thin-film 

battery materials. Although the present state-of-the-art of 3D micro-batteries does not yet allow 

a full comparison of the various approaches as only very few working devices have been 

demonstrated, it is interesting to highlight the advances that were already made in a relatively 

short period of time and the remaining challenges that are still ahead. This may serve as source 

of inspiration for further research and development in this interesting new scientific field. 
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2.2. Historical Context of Li-ion Solid-State Batteries 

The development of solid-state lithium-ion batteries is very similar to that of their liquid-based 

counterparts, which has been described extensively in the available literature.[7–9] Just as for 

liquid-based lithium-ion batteries, the first solid-state lithium-ion batteries were non-

rechargeable. As early as 1972 the first results on primary solid-state lithium-ion batteries were 

published, based on metallic lithium anodes, (doped) lithium iodide solid-state electrolytes and a 

metal-iodide based cathode.[10] These solid-state electrolytes were doped with small amounts of 

calcium iodide or ammonium iodide and had an ionic conductivity of the order of 2⋅10-6 S⋅cm-1 

at room temperature.[10] Since then, many different solid-state electrolytes were examined, for 

example lithium phosphates,[11] lithium metal phosphates[12] and polymer electrolytes.[13] A more 

elaborate description of several lithium ion conductors will be given in section 2.3.2. 

Rechargeable all-solid-state lithium-ion batteries were intensively reported in the 1990s, when the 

group of Bates patented[14] and published[15–20] a planar thin film battery concept based on glassy 

solid-state electrolytes, for example, lithium phosphate, lithium phosphorus oxynitride and 

lithium phosphorus silicon oxide. This approach formed the basis for many all-solid-state planar 

thin-film micro-batteries and also frequently served as a source of inspiration for the 

development of 3D integrated batteries. 

2.3. All-Solid-State Micro-Batteries 

All-solid-state batteries have the obvious advantage that there are no liquids involved, which 

increases their intrinsic safety. The absence of organic solvents results in the absence of possible 

fluid leakage and also reduces the risk of fire and explosions. Since the solvents of the liquid 

electrolytes are often involved in the degradation mechanisms of traditional lithium-ion 

batteries,[21] the cycle-life performance of solid-state batteries is reported to be much larger. The 

disadvantage of solid-state electrolytes is that the ionic conductivity is usually significantly lower 

than that in the liquid-based counterparts, resulting in a relatively higher voltage drop. This can, 

however, be circumvented by application of much thinner electrolyte layers, to keep the total 

voltage drop over the electrolyte within an acceptable range. This voltage drop can also be 

reduced by using lower current densities, which can be achieved by making use of the enlarged 

surface area of 3D micro-batteries. 

The use of solid-state materials also provides a large degree of freedom in the design of the 

batteries and can even be integrated in various types of devices. The application of thin film 
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electrodes reduces the need of electronically conductive additives as the paths to the current 

collectors are relatively short. This ensures that the entire electrode has essentially the same 

potential and therefore adopts the same State-of-Charge (SoC), assuming that no ionic transport 

limitations occur inside the electrodes. This significantly reduces the risk of local 

over-(dis)charging. 

A large variety of materials can be applied in all-solid-state thin-film batteries, and the with the 

combination of the properties of these materials the performance of the battery (for example 

capacity, voltage and current capabilities) can be tailored. In the following section several 

materials for the electrodes and electrolytes, and several of their key properties will be 

highlighted.  

2.3.1. Positive Electrode Materials 

In this section several cathode materials will be described that can be applied in all-solid-state 

thin-film batteries. Attention will be paid to the preparation methods, the gravimetric and 

volumetric storage capacity of these electrode materials. The various electrochemical storage 

capacities are reviewed in Figure 2.1. 
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Figure 2.1 Theoretical gravimetric (a) and volumetric (b) charge density of several electrode 

materials for lithium-ion batteries. These plots were composed based on the theoretical values 

found in the literature that is cited in section 2.3.a 
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LiCoO2 

Lithium cobalt oxide is one of the most frequently used cathode material in Li-ion batteries. 

Therefore it has been thoroughly studied in powder form and its material properties are well 

documented.[22] In general, LiCoO2 exists in two crystal forms: a spinel low temperature form, 

generally abbreviated as LT-LiCoO2,
[23] and a high temperature layered hexagonal structure, 

HT-LiCoO2.
[24] This denomination is based on the formation of LiCoO2 using solid-state 

reactions, where HT-LiCoO2 is generally formed at significantly higher temperatures than the 

LT-LiCoO2 compound. However, the formation of HT-LiCoO2 has also been reported by the 

application of relatively low temperature wet-chemical processes.[25] The same two polymorphs 

of LiCoO2 are also observed when depositing solid-state thin films which can, amongst other 

methods, be achieved by RF sputtering,[26–29] sol-gel deposition,[27,30–32] chemical vapour 

deposition[33,34] and pulsed laser deposition.[29] 

HT-LiCoO2 is well-known for its layered hexagonal structure. Due to this layered structure, 

strong orientation effects play a large role in the performance of LiCoO2 films. Because only 

two-dimensional diffusion paths are available in the layered structure, lithium transport through 

the active electrode can be seriously hindered if a LiCoO2 film is deposited in a strongly 

preferred orientation.[28,29] Differences in orientation result in a variation in lithium ionic 

conductivity of a few orders of magnitude.[35] 

When a polycrystalline HT-LiCoO2 film is randomly oriented, thereby providing lithium 

diffusion paths in all directions, or when it has a favorable orientation with respect to the 

electrolyte, it shows good rate capabilities. This makes it possible to reveal a very flat lithium 

intercalation/extraction plateau around 3.9 V vs. a Li/Li+ reference electrode, the standard 

reference electrode that is be used throughout this dissertation. 

This plateau corresponds to a lithium content of 0.75 < x < 0.93 in LixCoO2 and results from the 

two-phase coexistence of two different hexagonal phases. At higher potentials, between 4.1 and 

4.2 V, a third monoclinic structure of LixCoO2 appears.[36] It is generally accepted that LixCoO2 

can be reversibly cycled between 0.5 < x < 1, bringing the gravimetric charge capacity of a 

LiCoO2 electrode at a theoretical maximum of 137 mAh⋅g-1. This is equivalent to a volumetric 

storage capacity of approximately 700 mAh⋅cm-3 for a 97 Å3 Li3Co3O6 unit cell.[36,37] 
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LiNiO2 

LiNiO2 has a similar layered structure as LiCoO2, it also can exist in a cubic and a layered 

hexagonal structure of which only the layered hexagonal structure shows electrochemical 

activity.[38,39] LiNiO2 can also be prepared by similar methods as LiCoO2, although LiNiO2 is less 

elaborately reported in the available literature. That is especially the case for thin-films of LiNiO2.  

Lithium nickel oxides with different stoichiometries and crystal structures are often applied for 

their electrochromic behaviour. Deposition of these films on transparent substrates is 

demonstrated using pulsed laser deposition,[40] sputter deposition[41] and sol-gel deposition.[42] 

Deposition of the layered LiNiO2 that is suitable for thin-film batteries is reported by sputter 

deposition[43] and electrostatic spray deposition[44] but, similar to the electrochromic layers, also 

other deposition methods have been applied. Layered hexagonal LixNiO2 undergoes several 

phase transitions upon (de-)lithiation, and presents therefore a less stable charge/discharge 

voltage than LiCoO2. The (dis)charge plateaus of LixNiO2 range from 2.7 to 4.1 V.[45,46] The first 

cycle of LiNiO2 always deviates from subsequent cycles. In the following cycles lithium can 

reversibly be cycled between 0.35 < x < 0.85,[47] revealing a gravimetric capacity of around 

140 mAh⋅g-1. When taking a Li2Ni2O4 unit cell of 68 Å3,[48] the calculated maximum volumetric 

charge is slightly higher than 650 mAh⋅cm-3. 

Spinel Structures 

Spinel structures are cubic structures, which facilitate 3D diffusion. Therefore, the spinel 

structures do not suffer from any orientation effects that are encountered in layered structures 

like LiCoO2. A common spinel material for Li-ion application is LiMn2O4, which has recently 

drawn much attention as an alternative for commercial LiCoO2 cathodes.[49] Also in thin film 

form, LiMn2O4 was successfully prepared using various techniques, including sol-gel 

deposition,[50,51] pulsed laser deposition,[52] sputter deposition[53,54] and chemical vapour 

deposition.[55] 

LixMn2O4 has its main electrochemical response at around 4 V vs. Li/Li+ where x varies between 

0 < x < 1. When lithium manganese oxides are cycled in this region, the crystal lattice remains 

cubic and only a minor volumetric change occurs.[56–58] Due to this small volume change, a long 

cycle-life can be obtained when cycling between 3.5 and 4.5 V. When going to lower potentials, a 

second (de)lithiation region exists, with 1 < x < 2 at 3 V. In this region a Jahn-Teller distortion 

of the crystal lattice occurs and the cubic framework transforms into a tetragonal 
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symmetry.[56,58,59] This deformation is so severe that structural degradation of the electrode 

structure will significantly reduce the cycle-life. Therefore, only the 4 V region can be applied for 

practical battery applications, which yields a reversible gravimetric capacity of 148 mAh⋅g−1. 

Using a spinel unit cell of Li8Mn16O32 with a volume of 550 Å3, a theoretical volumetric capacity 

of 650 mAh⋅cm−3 can be calculated.[60] 

Lithium Metal Phosphates 

Recently lithium metal phosphates have received a lot of attention as potential electrode material 

candidates. Materials of this class are nowadays often applied in commercial rechargeable 

batteries, due to their high gravimetric capacity and relatively low cost. The most frequently 

applied lithium metal phosphate is LiFePO4, but also LiMnPO4 and LiCoPO4 are reported as 

suitable electrode materials in the literature. In general, lithium metal phosphates form an olivine 

(orthorhombic) crystal structure. 

LiFePO4 is applied in powder form in commercial batteries. It has also shown to be effective as 

thin film electrode, which can be deposited by pulsed laser deposition[61,62] and sputter 

deposition.[63–65] Sol-gel techniques have been applied to form LiFePO4 powders,[66–69] but this 

method can possibly be extended to thin film deposition.  

LixFePO4 has a stable reversible (dis)charge voltage at 3.4 V, which is relatively low for cathode 

materials, and it is usually cycled between 0.1 < x < 1. The theoretical value of the gravimetric 

storage capacity of LiFePO4 can be up to 152.9 mAh⋅g−1 due to the low molecular weight. The 

volumetric capacity is less exceptional: when an olivine unit cell is taken, consisting of 

Li4Fe4P4O16 with a unit-cell volume of 291 Å3,[70] cycling all lithium gives a maximum obtainable 

volumetric capacity of 610 mAh⋅cm−3. 

Other Lithium metal phosphates include LiCoPO4 and LiMnPO4, which adopt the same olivine 

crystal structure and can be prepared using similar methods. The deposition of LiCoPO4 films 

has been reported by RF sputtering[71] and electrostatic spray deposition.[72] Films of LiMnPO4 

have been prepared by electrostatic spray deposition.[73] Also sol-gel techniques were 

demonstrated, which yielded electrochemically active LiMnPO4 powders. The main benefit of 

LiCoPO4 over LiMnPO4 is its high (dis)charge voltage at 4.9 V. This high potential is combined 

with a relatively high maximum charge of 167 mAh⋅g−1 for cycling LixCoPO4 between 0 < x < 1, 

which yields a volumetric capacity of 620 mAh⋅cm−3 for a 289 Å3 Li4Co4P4O16 unit cell. When 
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cycling LixMnPO4 between 0 < x < 1 around 4.1 V,[74] a maximum capacity of 171 mAh⋅g−1 can 

be obtained. With a unit cell of 302.4 Å3,[75] this leads to a maximum theoretic capacity of 

590 mAh⋅cm−3. 

Vanadium Oxides 

Vanadium oxides exist in many oxidation states and received much attention during the last 

decades. Originally V2O5 was mostly investigated as electrode material and more than 30 years 

ago its electrochemical behaviour with respect to lithium was already well documented.[76] Since 

then, various vanadium oxides were synthesized, and investigated for lithium storage. The most 

popular include besides V2O5 also VO2, V3O8, V4O10 and V6O13. 

VO2 and V2O5 have a layered structure, consisting of square based VO5 pyramids. For VO2 these 

pyramids are sharing the edges of their bases with up-side-down pyramids, while V2O5 has some 

vacancies, resulting in partially edge- and cornersharing pyramids.[70] Except for these layered 

geometries, many other crystal structures have been described, which can, for example, be found 

in the extensive review by Zavalij and Whittingham.[77] 

Various methods have been described for the preparation of vanadium oxides and many thin 

film deposition techniques have proven to be successful for the deposition of vanadium oxide 

thin films. V2O5 films were, for example, deposited by sol-gel methods,[78,79] RF sputter 

deposition,[80] pulsed laser deposition,[81,82] chemical vapour deposition[83] and atomic layer 

deposition.[84] Similar methods could also be used for the deposition of VO2 (sol-gel coating,[85] 

RF sputter deposition,[86] pulsed laser deposition[82] and chemical vapour deposition[87]). 

When the most common vanadium oxide, i.e. V2O5, is cycled electrochemically, three main 

regions can be observed. At 3.2 and 3.4 V two sharp peaks are observed. The underlying 

electrochemical reactions can reversibly be applied for Li storage. In this region the lithium 

content of LixV2O5 varies between 0 < x < 0.8.[88] When going to lower potentials, a third 

response is observed at 2.3 V. At this potential the lithium content is increased up to x = 2, but 

the phase transformation that takes place is irreversible.[89] Therefore, LixV2O5 is generally not 

intercalated further than x = 0.8, which results in a theoretical maximum gravimetric capacity of 

118 mAh⋅g−1 and a volumetric capacity of 400 mAh⋅cm−3, considering a volume of 90 Å3 per 

V2O5 unit.[90] 
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2.3.2. Solid State Electrolytes 

LiNbO3 and LiTaO3 

LiNbO3 and LiTaO3 are widely applied for their optical and electrical properties. Therefore many 

methods have been described to form films of these materials, which include for LiNbO3 sol-gel 

deposition methods,[91] pulsed laser deposition,[92] chemical vapour deposition[93] and sputter 

deposition.[94] Also for LiTaO3 pulsed laser deposition,[95] sol-gel deposition,[96] chemical vapour 

deposition[97] and sputter deposition[98] were reported. 

For the use of these materials as solid-state electrolytes several properties are important. Most 

important is the ionic conductivity. Reported values for the ionic conductivity of LiNbO3 vary 

between 2.2⋅10−9 [99] and 8.4⋅10−7 S⋅cm−1 [100] for crystalline films at room temperature, while for 

amorphous materials values up to 10−5 S⋅cm−1 were measured.[101] Mixing LiNbO3 with, for 

instance, silicates can increase the conductivity for crystalline materials several orders of 

magnitude.[102] For LiTaO3 films values around 8⋅10−8 S⋅cm−1 are reported,[103] but also in this case 

amorphous bulk materials have been prepared with a much higher ionic conductivity.[101] A 

second important parameter is the electronic conductivity of these layers, this should be as low 

as possible, because this partially determines the self-discharge rate of the battery in which the 

electrolyte is used. The DC electronic conductivity for LiNbO3 and LiTaO3 is estimated to be 

lower than 10−11 S⋅cm−1, which is several orders of magnitude lower than the ionic 

conductivity.[101,103] 

These solid electrolytes have already been applied successfully in e.g. electrochromic “smart 

windows”,[104] where these electrolytes are used in combination with various electrode materials 

which change color upon (de)lithiation. 

Lithium Lanthanum Titanium Oxides (LLTO) 

Materials belonging to the LLTO class have recently received increased attention, due to their 

high ionic conductivities, which can be as high as 10−3 S⋅cm−1.[105] Due to this interesting 

property, some elaborate reviews have been published, evaluating the available literature on this 

class of materials.[106,107] LLTO with stoichiometry Li3xLa(2/3)-x TiO3 is amorphous or can adopt the 

perovskite crystalline structure. 
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Various deposition techniques have been demonstrated for LLTO films, although most of these 

films show a significantly lower ionic conductivity than bulk materials. Reported deposition 

techniques include e-beam evaporation[108] and sol-gel deposition.[109] Films with a higher ionic 

conductivity of up to 10−5 S⋅cm−1 were deposited with pulsed laser deposition.[110,111] 

LLTO has the benefit that it combines a high ionic conductivity with a good (electro)chemical 

stability. Half-cells based on LiCoO2 films covered with LLTO films deposited by pulsed laser 

deposition could be cycled for hundreds of cycles.[111] The disadvantage of bulk LLTO is that it 

requires high annealing temperatures (often > 1000 °C[107]) to obtain this high ionic conductivity. 

Thin films might not withstand these annealing steps due to the formation of interfacial layers, 

internal stress and even the formation of cracks. Furthermore, Li2O is formed upon annealing 

and lithium is extracted from the LLTO phase, resulting in less control over the stoichiometry of 

the LLTO material and, consequently, the ionic conductivity.[112] The electronic conductivity of 

LLTO is slightly higher (10−8 – 10−9 S⋅cm−1)[105] than that of, for example, LiNbO3 or LiTaO3. 

Therefore, a thicker electrolyte layer is required in a solid-state battery to obtain a similar self 

discharge rate. The benefits of the high ionic conductivity are then, however, (partially) lost. 

Lithium Phosphate Based Electrolytes 

Glassy amorphous lithium phosphates are a popular class of electrolytes due to their high ionic 

conductivity and relatively modest deposition conditions. Pure Li3PO4 has a relatively low ionic 

conductivity of 3⋅10−7 S⋅cm−1 in bulk form and 7⋅10−8 S⋅cm−1 has been reported for thin films.[15] 

Therefore, many experiments were performed to evaluate the properties of mixed phosphates 

and to increase the ionic conductivity. Examples of these mixed phosphates are the 

Li2O-P2O5-SiO2
[113–115] and Li2O-P2O5-TiO2 system.[116] Also a combination of these, sometimes 

with various metal oxides added, is frequently reported.[117] 

In the early 1990’s Bates et al. reported that Li3PO4 thin films deposited by sputter deposition in 

the presence of nitrogen gas resulted in a nitrogen-doped lithium phosphate (LIPON), in which 

doubly and triply coordinated nitrogen atoms form crosslinks between the phosphate chains. 

This material showed a high ionic conductivity of up to 3⋅10−6 S⋅cm−1.[15,118] Moreover, where 

most lithium phosphates were not stable in combination with a lithium metal plating anode, 

LIPON formed a (electro)chemically stable system. LIPON is therefore nowadays one of the 

most frequently employed electrolytes for all-solid-state planar micro-batteries. 
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LIPON films are usually prepared using reactive RF sputter deposition. In a nitrogen plasma, 

sputtering from a Li3PO4 target yields a LIPON film, of which the composition might vary with 

both the sputter power[119] and the partial nitrogen pressure in the system.[15] A second method 

for the formation of LIPON is pulsed laser deposition, in which also both the nitrogen partial 

pressure and the laser power influence the ionic conductivity.[120] A third method that was 

reported to yield ionically conductive LIPON films is ion-beam assisted deposition (IBAD).[121,122] 

LIPON films have very high ionic conductivities compared to other inorganic solid-state 

electrolytes: up to 3⋅10−6 S⋅cm−1 (sputtered films),[15] 1.6⋅10−6 S⋅cm−1 (pulsed laser deposition)[120] 

or 1.3⋅10−6 S⋅cm−1 (IBAD).[121] LIPON also has a low electronic conductivity of 8⋅10−13 S⋅cm−1 

(IBAD).[121] In addition, it is stable within a wide voltage range and can be used in combination 

with many different electrode materials, varying from pure lithium to LiCoPO4.
[71] 

Polymer Electrolytes 

Polymer electrolytes for solid-state batteries exist in different types. The first type is a polymer 

membrane impregnated with a lithium salt solution. This class of Hybrid Polymer Electrolytes 

(HPE), or gel-electrolytes, is already produced on a large scale and rechargeable macro-batteries 

based on this electrolyte type can already be found in state-of-the-art consumer electronics. The 

advantage of this class of electrolytes is that a high ionic conductivity can be obtained, 

comparable to electrolytic salt solutions. The disadvantage of these electrolytes is that many 

problems imposed by liquid electrolytes (solvents) are still present: the potential hazards due to 

leakage of the highly flammable organic solvents and the formation of a Solid Electrolyte 

Interphase (SEI).[123] 

Therefore a second class of polymer electrolytes was developed, the Solid Polymer Electrolytes 

(SPE) that do not rely on liquid electrolyte solutions. A classic example of such a SPE is a 

complex of a lithium perchlorate salt with poly(ethylene oxide).[124] Also, various more complex 

electrolytes were developed to achieve a higher ionic conductivity. Several extensive reviews give 

a more detailed description of the different types of polymer electrolytes and their 

development.[125–127] 

Polymer electrolyte films can be produced using various methods. It was reported that electrolyte 

films could, for example, be prepared by casting from a polymer solution,[128] evaporation 

methods,[129] or in situ plasma polymerization techniques.[130] 
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The first dry solid-state electrolytes had an ionic conductivity of approximately 10−7 S⋅cm−1.[127] It 

was discovered that ionic conductivity is mostly taking place in the amorphous zones of the 

polymer, so deposition methods that prevent crystallization improve the ionic conductivity. 

These methods may involve the addition of large side-groups to the polymer chains, crosslinking 

and the addition of plasticizers to keep the polymer chains mobile.[125,126] Using these 

improvements, the ionic conductivity could be increased by several orders of magnitude up to 

10−3 – 10−4 S⋅cm−1.[127] 

2.3.3. Negative Electrode Materials 

Titanium Oxides 

Titanium oxide has been investigated as interesting anode candidate for lithium-ion batteries. 

Titanium(IV)oxide (TiO2) is commonly encountered in three crystal structures: brookite, rutile 

and anatase, of which anatase shows the best electrochemical response.[131] Anatase is a material 

commonly used for (photo-)electrochemical applications and various methods for the deposition 

of thin-films have been elaborately described. It can be formed using sol-gel deposition,[132] 

sputter deposition,[133,134] pulsed laser deposition,[135] chemical vapour deposition[136] and atomic 

layer deposition.[137]  

During electrochemical lithiation, around 1.8 V, the anatase LixTiO2 structure can be intercalated 

up to x = 0.5, which results in a theoretical gravimetric charge density of 168 mAh⋅g−1, which is 

equivalent to a volumetric capacity of 660 mAh⋅cm−3, considering an anatase unit cell (Ti4O8) of 

135 Å3.[138] 

Another lithium electrode based on titanium is Li4Ti5O12. This oxide has a spinel structure 

(Li[Li1/3Ti5/3 ]O4), which has the advantage that it undergoes only very minor volumetric changes 

( < 0.2%) upon cycling.[139] Therefore, no structural degradation is observed. Li4Ti5O12 can be 

deposited using several thin film deposition techniques. Successful deposition is reported using 

sol-gel techniques,[140] magnetron sputtering[141] and pulsed laser deposition.[142] Li-ion 

intercalation in Li4Ti5O12 occurs via a two-phase coexistence process, resulting in a very stable 

(dis)charge voltage between 1.5 and 1.6 V. These high voltages imply that these titanium oxides 

can be used either as high-voltage anodes or low-voltage cathodes, depending on which 

electrode material these are combined within a battery. During the (dis)charging process the 

lithium content can be varied for LixTi5O12 between 4 < x < 7, resulting in a maximum 
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theoretical gravimetric capacity of 175 mAh⋅g−1. The lattice parameter for a spinel unit cell 

(Li[Li1/3Ti5/3]O4)8 is 8.37 Å,[139] which means that the maximum obtainable volumetric capacity is 

610 mAh⋅cm−3. 

IVb-Group Materials 

Elements of the IVb group in the periodic table of the elements have always received a lot of 

attention to serve as anode materials in lithium-ion batteries. Carbon, of course, is a common 

anode material in its graphitic form, but it has been investigated in other forms as well, for 

instance, nano-tubes.[143,144] Moreover, the other elements in this column of the periodic table of 

elements show also very promising electrode properties: silicon can, for example, accommodate 

about 4 lithium atoms per atomic silicon by thermal alloying.[145] And although the 

electrochemical behavior deviates from the thermally made alloys, electrochemical experiments 

show a high lithium uptake of 3.75 Li per Si.[146,147] Similarly, germanium, tin and lead are known 

to alloy large amounts of lithium as well (more than 4 lithium atoms per lattice atom).[145] 

Unfortunately, a price has to be paid for these enormous storage capacities: during loading of 

these materials with lithium, a large volume expansion of about 300% is regularly observed, 

which is most detrimental for the structural integrity of the electrodes.[148,149] This will limit the 

cycle-life of these electrodes when fully charged/discharged. It is expected that this deterioration 

is much smaller when thin film electrodes are applied: when these materials are deposited on a 

solid substrate that can accommodate the stress.[149] Films of these materials can be deposited 

with several deposition techniques. Silicon films can, for example, be deposited using low 

pressure chemical vapour deposition[150] and evaporation.[151,152] 

The group IVb elements have a very high lithium uptake: the lithium content can theoretically be 

increased up to approximately 4008 mAh⋅g−1 for Li21Si5, 1565 mAh⋅g−1 for Li21+3/16Ge5, 

963 mAh⋅g−1 for Li21+5/16Sn5 and 556 mAh⋅g−1 for Li21+1/4Pb5.
[145] These values are based on 

thermodynamically stable alloys. In electrochemical experiments, however, some differences may 

occur. The lithium content that can be reached electrochemically in Si and Ge is 3.75 Li per host 

atom, corresponding to 3579 mAh⋅g−1 and 1385 mAh⋅g−1, respectively. With the crystal structure 

refinements for thermally obtained alloys[145] the volumetric charge capacity can be calculated, 

yielding (for the expanded lithiated structures) about 2300, 2000 and 1900 mAh⋅cm−3 for 

germanium, tin and lead, respectively. For Li15Si4 a volumetric charge capacity is estimated of 
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almost 2200 mAh⋅cm−3 based on the lattice constant of approximately 10.7 Å that has been 

determined for the electrochemically lithiated structure.[146,147] 

Conversion Anodes 

Lithium is stored by either intercalation reactions or alloying in the anode materials described 

above. A third different type of reaction mechanism takes place in conversion anodes. In these 

electrodes a metal oxide or a metal nitride is reduced to result in the formation of Li2O or Li3N 

following in case of a metal oxide the generalized reaction scheme[153,154]  

MOx + 2x Li+ + 2x e-  M + x Li2O    Eq. 2.1 

This type of mechanisms is frequently reported for transition metal oxides, for example, oxides 

of Co,[153] Fe,[153,155] Ni,[153] and Cu,[153] but also for nitrides, such as Cu3N.[156] A good overview of 

various conversion electrode materials was given by Li et al..[157] 

In some cases the formed metal is even reported to be active for further lithium storage as an 

alloying electrode, according to 

M + y Li+ + y e-  LiyM     Eq. 2.2 

SnO is an example of this class of conversion-alloying electrode materials, where the formed tin 

metal will further alloy with lithium until the composition of approximately Li21.3Sn5 is reversibly 

reached. The reversibility of reaction 2 (reaction 1 is in this case irreversible) is actually increased 

when compared to a metallic tin electrode. This effect was attributed to the formation of the 

Li2O framework that stabilizes the shrinking and expanding metal particles.[158] Also several 

nitrides were reported to undergo a similar alloying storage reaction, such as SnNx,
[159] Zn3N2

[160] 

and Ge3N4.
[161] 
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2.4. Three-Dimensional All-Solid-State Batteries 

Planar solid-state thin-film batteries have a relatively low volumetric capacity, because relatively 

much volume is occupied by inactive materials as substrate and packaging. To increase the 

volumetric energy density of these batteries, 3D geometries can be applied, for which with 

almost the same amount of packaging and substrate material much higher energy storage 

capacities can be obtained. An additional advantage of these 3D batteries is that the internal 

surface area between cathode, electrolyte and anode is enlarged, which means that with similar 

internal current densities, a much higher total battery current can be obtained. This ensures a 

relatively high current- and power capability for 3D all-solid-state batteries. 

Several concepts have been proposed for a 3D micro-battery layout. However, most of these are 

only conceptual and most published results have only been focusing up till now on partial solid-

state devices. These concepts, the accompanying deposition methods and reported intermediate 

results will be highlighted in this section. 

2.4.1. Three-Dimensional Concepts 

Three Dimensional Substrates Based on Templated Deposition 

To increase the active surface area of a solid-state battery, a three-dimensional structure can be 

formed onto a conventional planar substrate. A method to form such structure is the use of a 

template combined with classical solid-state deposition techniques. After removing the template, 

a 3D morphology is obtained which may serve either as support, current collector or active 

electrode in a 3D battery (Figure 2.2). For instance, when a membrane is pressed onto a 

conductive planar substrate, electrochemical deposition can be performed through the pores of 

the membrane. This process will result in selective deposition onto the surface of the conductive 

substrate inside the pores. In case of a membrane with straight pores, the deposited material will, 

in the ideal case, form a columnar structure. When subsequently the membrane is selectively 

dissolved, an array of free-standing nano- or microrods can be obtained.[162,163] Aluminum and 

copper are common materials for this method, and since these nano-rods will be low-ohmic, 

they can be used as current collectors for 3D batteries with a high surface area enlargement.[162-165] 

The approach proceeds with the deposition of the battery stack, for instance, either by sol-gel, 

electrodeposition or atomic layer deposition. 
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Fig. 2.2 A 3D battery manufacturing based on template deposition of nanorods. 

Advantages of this technique are that large area enhancements can be achieved in a relatively 

simple way. Perre et al.[162] calculated the surface area enhancement (A) for such structure to be 

1
)sin(2






s

hd
A       Eq. 2.3 

in which d and h are the diameter and height of the deposited columns, respectively, s is the 

spacing between the rods, measured between the centers of the rods, and Θ is the angle of the 

pattern in which the rods are positioned, to compensate if the pattern is not square. Using typical 

values of h = 10 μm, d = 200 nm, s = 500 nm and Θ = 60 ° it can be calculated that a surface 

area enhancement factor of 30 is obtained. Another advantage is that the size of the created 

micro or nano-rods can be tuned by the choice of the applied membrane. The amount of 

material to be deposited can be accurately controlled by monitoring the experimental 

electrochemical conditions. A disadvantage of this method is that, since most membranes have a 

very open structure, the resulting structure of rods will be very dense, which will significantly 

limit the possibilities for the deposition of the subsequent battery layers. In addition, the rods are 

rather fragile and these are highly sensitive to mechanical damage upon charging and discharging. 
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Arrays of Interdigitated Carbon Micro-Rods 

Microrods can also be constructed by means of photolithography and etching, using a top-down 

approach. This method was developed at the University of California and is schematically shown 

in Figure 2.3. In this case a layer of PhotoResist (PR) is spin-coated onto a planar substrate and 

developed after a UV-mask illumination step. The developed photoresist structure is 

subsequently pyrolized to form conductive carbon rods. Using two illumination/development 

steps, a 3D structure can be obtained consisting of arrays of carbon microrods on top of contact 

fingers with an interdigitated layout (Figure 2.3).[166] These interdigitated contact fingers are 

connected to two separate contact pads, which enables the use of half of these microrods as 

cathode current-collectors and the remaining rods as battery anode. Therefore an active cathode 

material can be prepared independently by electro-deposition on half of the rods, simply by 

contacting the current collector onto which deposition is required.[167,168] 

 

Fig. 2.3 Manufacturing of a 3D microrod structure of pyrolized photoresist.  

(Based on ref. [167] ) 

This method presents some strong advantages. Since the cathode as well as the anode sides are 

each connected to a current collector, both materials can be electrodeposited. Alternatively, the 

carbon rods themselves can serve as anode. Moreover, this technique offers a large degree of 
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freedom for the size of the rods and their spacing in comparison with membrane template 

growth. However, there are still two major challenges: the solid-state electrolyte needs to fill the 

entire structure and make good contact with the entire surface. Most likely, this electrolyte needs 

to be deposited via another technique than electro-deposition. Secondly, even though the rows 

of rods are alternating cathode and anode rows, the charge transport in the rods and through the 

electrolyte will be inhomogeneous and local over(dis)charging will be a significant risk when high 

currents are applied. Theoretical studies show that this risk could be reduced (although not 

completely avoided) by the choice of different pillar geometries and optimized arrangement of 

positive and negative electrodes.[169] 

Another drawback is that the surface area enhancement with the application of interdigitated 

arrays of microrods is limited when compared to the rods created in the previous, since only half 

of the rods are used for one electrode, and a part of the planar surface area cannot be used. 

Finally, if this system is applied as a completely filled solid-state structure, volume change of the 

electrodes upon (de)lithiation might give rise to mechanical problems. 

Three-Dimensional Architectures Based on Aerogels 

The three-dimensional structures described above have a regular structure. Another approach is 

to make use of an aerogel as a basis for a solid-state battery. An aerogel is a solid-state material 

with the structure of a gel: a randomly oriented solid-state network that consists for a large part 

of open volume, often as much as 75 – 99%.[3] Aerogels are usually produced by sol-gel 

techniques including non-equilibrium evaporation of the solvent. This non-equilibrium condition 

is a prerequisite, since equilibrium evaporation would result in capillary forces by which the 

porous structure collapses. Supercritical conditions are therefore often applied for the 

production of aerogels, which ensure that the open volume is maintained. A special case of 

aerogels are the ambigels that do not rely on supercritical pressures: very similar effects can be 

obtained with the use of low surface-tension, non-polar, solvents. When these aerogels consist of 

a material with adequate electronic and ionic conductivity, like manganese oxides, these can be 

used as a combined current collector and cathode in 3D micro-batteries (Figure 2.4a).[3,4] A 

benefit of these structures is that an extremely large surface-to-volume ratio can be formed. 

The relatively open structure also allows the expansion and shrinkage of the battery materials 

upon lithium ion insertion and extraction without damaging the structure. The next challenging 

step is to cover these types of structures with electrolyte, counter electrode and current collector. 

Although the volume is relatively open, which will promote the deposition into the three-



Chapter 2: All-Solid-State Li-ion Micro-Batteries: A Review of Various 3D Concepts 

 

-27- 

dimensional framework, it is not straightforward to obtain a uniform deposition onto such a 

random morphology. A very open morphology also results, however, in a low volumetric energy 

density. Therefore an optimum in porosity should be found. 

The aerogel approach has some extra requirements for battery materials. The electrolyte needs to 

be covering the random aerogel framework homogeneously with a closed layer (Figure 2.4b). 

Holes in this layer will create short-circuits between the cathode and anode and will, at best, 

result in a battery with a high self-discharge rate. Self-limiting electrodeposition processes are for 

example suitable for these structures. Also the electrode material that is deposited on top of the 

electrolyte needs to have a homogeneous distribution throughout the structure, although this 

layer does not need to be completely closed and could even consist of a percolated system of 

conductive nano-particles, as is suggested in the example of Figure 2.4c . These particles should, 

however, always form a continuous conductive phase or an additional current collector is 

required to connect individual “islands”. 

 

Fig. 2.4 Battery concept based on aerogel nano-architectures (Figure based on ref. [3]). An 

MnOx oxide aerogel (a) is homogeneously covered by an electrolyte (b), while colloidal RuO2 

particles serve as an anode (c). 

Another wet-chemical technique to obtain high surface area materials is the use of surfactants 

that form micellar structures in a liquid phase. In principle any reaction that selectively yields a 

solid product inside or outside the micelles can subsequently be applied to form a three-

dimensional solid meso-porous structure. With different reaction parameters the morphology 

can be well controlled. It has been shown that, for example, micellar spheres or rods can be 

obtained in this way as schematically represented in Figure 2.5.[170] Common parameters used to 

tune the morphology are the reaction temperature, and the concentration and chemistry of the 

surfactant. Generally, this procedure yields a nano-structured powder. If the liquid phase micelles 

are combined with an electrochemical technique, the formation of nano-structures can selectively 
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occur on a conductive substrate. Application of this technique for high surface area battery 

materials was proposed by Attard et al.,[170] and was proven to be an attractive method to yield 

porous films of silica,[171] platinum,[170,172] tin[170,173] and nickel oxides[174,175] with a significantly 

increased surface area. The pore size is in most cases very small, usually below 100 nm. The 

advantage of this technique is that the chemistry is relatively straightforward and well-

controllable. The feasibility of this method has been proven for various battery materials and a 

highly increased surface area can be obtained. The disadvantage of this method is that, since the 

typical dimensions are very small, homogeneous deposition of subsequent battery layers will be 

challenging. 

 

Fig. 2.5 Schematic representation of a 3D morphology based on micellar templates.  

(Based on ref. [170]) 

3D Batteries Based on Microchannel Plates 

In the concepts described above freestanding 3D-batteries are proposed or 3D structures on top 

of a planar substrate. A second possibility is to use a 3D structure inside a substrate. This 

method has the advantage that a mechanically more robust 3D structure is formed. One method 

to significantly increase the active surface area of a thin-film battery is, for example, to use a 

perforated material. Such perforated substrate can consist of silicon, but also various other 

substrate materials can be used, e.g. metals, glasses or even polymers. This approach was 

demonstrated by Peled et al.,[176,177] who employed plasma etching techniques to create 

microchannels in silicon or used commercially available microchannel glass plates. These 

channels have a typical radius between 15 and 50 μm. Subsequently, a stack comprising of a 

current collector, an active electrode, an electrolyte, a second electrode and, if required due to 
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low conductivity of the second electrode, a second current collector are deposited by means of a 

combination of electrolytic and vacuum impregnation techniques.[176,177] When a conductive 

substrate is used, no additional bottom current collector needs to be deposited. A schematic 

representation of the formed micro-battery is shown in Figure 2.6. 

 

Fig. 2.6 Schematic representation of a 3D thin-film battery based on microchannel plates. 

(based on ref. [177]) 

With this approach a good surface area enhancement can be achieved and a device with a good 

structural stability can be obtained. Peled et al. calculated a surface area increase (A) with a 

simplified equation  
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     Eq 2.4 

in which d represents the microchannel diameter, s the interchannel spacing and t the substrate 

thickness. With typical values of d = 50 μm, s = 10 μm and t = 500 μm a surface area 

enhancement close to 23 is obtained, when compared to a single sided planar battery.[177] 

The advantages of this production concept are that it consists of techniques which are 

reasonably cheap to apply, since microchannel substrates are readily available, and relatively 

simple preparation methods are applied. Another benefit of this concept is that the feasibility has 



Deposition and Characterization of Thin Films for 3D Lithium-ion Micro-Batteries 

 

-30- 

already been proven and results for working devices have been published. Indeed reversible 

storage capacities of a factor 20 – 30 higher than equivalent planar stacks have been 

published.[176] The main challenge for this approach is to find simple techniques and conditions 

for reproducible step-conformal 3D deposition. A second issue might be that, because both 

sides of the substrate are used for energy storage, device handling and integration into 

microelectronic or microelectromechanical devices become more complex than with single-sided 

devices. Also, the demonstrated devices are based on a polymer separator soaked with a liquid 

electrolyte. This has the benefit of a high ionic conductivity but also introduces the disadvantages 

of leakage and SEI- or dendrite formation, which might occur upon cycling, thereby potentially 

limiting the cycle-life of these devices. 

3D-Integrated All-Solid-State Batteries 

Silicon is the most widely used material in the semiconductor industry. Notten et al. therefore 

proposed to use this material as substrate material for the integration of all-solid-state micro-

batteries (Figure 2.7).[178] The first step in this approach is to use an anisotropic etching method 

to create a threedimensional structure in the substrate to enlarge the surface area. As etching 

techniques, either electrochemical[179] or reactive ion etching[180] can be applied. The etched 3D 

structure typically consists of trenches,[178] but various other geometries can also be made, like 

pores or pillars.[150] 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 can be calculated for a 

trench structure using 

 swL

sL
dA




 21      Eq. 2.5 

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.[181] A surface area enhancement of, for example, 28 can 

be calculated using d = 135 μm, w = 5 μm and s = 5 μm for single-sided integration,[181] and this 

value doubles for double-sided integration. Based on standard etching technology these 

dimensions are shown to be feasible. To prevent the battery from local over(dis)charging or self 

discharge, the cathode film, the electrolyte and the anode have to be deposited step-conformally. 

To meet this requirement, techniques such as Chemical Vapour Deposition (CVD), Atomic 

Layer Deposition (ALD) or electrodeposition can be employed to deposit the battery layers. 
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These techniques, and the conditions for successful 3D deposition, will be described in more 

detail in a later section. 

The step conformality of the current collectors is less critical: these layers should be closed and 

need to provide a back contact with a low enough resistivity to prevent significant ohmic losses 

over the current collector. It is important to note that, as silicon is also known as highly 

promising anode material in lithium-ion batteries, it is essential to introduce a lithium barrier 

layer in between the silicon substrate and the silicon anode in order to prevent lithium ions to 

diffuse from the anode into the silicon substrate. Lithium ions in the substrate might even 

interfere with other functionalities of the electronic device in which the battery is integrated or 

result in expansion of the substrate. 

The benefit of this approach 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 a trench geometry is beneficial: the battery 

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

risk for local overcharging is therefore reduced. The third advantage is that this concept 

introduces a solid-state electrolyte. Therefore a longer cycle-life is expected and no leakage risks 

are present, which widens the possible fields of application. Another advantage of a not 

completely filled structure is its mechanical stability. A disadvantage, in the other hand, is the 

relatively dense structure, which makes deposition of step conformal battery layers challenging. 

 

Fig. 2.7 All-solid-state lithium-ion battery integrated in a 3D substrate. 
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2.4.2. Deposition Techniques 

To deposit thin films of battery materials, various deposition techniques can be applied. 

Important for 3D batteries is the possibility to obtain a good penetration into the 3D structure. 

Therefore, a comparison is made of several deposition techniques comparing their applicability 

for battery materials and possibility to deposit step-conformal films. 

Sol-Gel Deposition 

The sol-gel deposition method is a wet chemical technique often applied to produce films of 

metal oxides. The first step of this technique is to form a solution of the precursor, often a metal 

alkoxide, which is subsequently hydrolyzed. These hydrolyzed molecules are very reactive and 

will start to form a colloidal suspension, i.e. a sol. The viscosity of the sol will further increase 

when the reactions proceed and this will eventually result in the formation of a gel. When the 

solvent is evaporating from the gel, two processes can take place: either an aerogel- or ambigel-

structure is formed or the gel collapses and forms a dense solid. This latter process will occur 

when the capillary forces of the evaporating liquid are sufficiently high. This technique can be 

used to form powders, but with the use of coating technologies, like spray coating, dip coating or 

spin coating, homogeneous thin films can also be obtained. Even a patterned film can be 

achieved when the sol-gel mechanism is combined with, for instance, inkjet printing. 

Since many thin-film battery materials are metal oxides and sol-gel is a common method to 

prepare such oxides, sol-gel techniques are often applied to form various lithium-ion battery 

electrode materials,[182] such as lithium cobalt oxides,[140,183–185] lithium nickel oxides,[186] lithium 

manganese oxides,[183] various vanadium oxides,[187,188] tin oxide[185] and titanium oxides.[140] It is, 

on the one hand, remarkable that sol-gel is a relatively mature technique for the deposition of 

electrode materials but, on the other hand, that a relatively low number of publications are 

describing the results for complete battery stacks produced by this method. Sol-gel techniques 

have the advantage that they are low-cost, give a good stoichiometric flexibility and can be 

applied for various metal oxides. One disadvantage is that the morphology of the deposited film 

is not always predictable; many process parameters influence the deposition process. It is also 

difficult to control the pin-hole density in sol-gel films: the substrate as well as the precursor 

solution should ideally be completely free of particles. A third disadvantage is that the purity of 

the deposited films is often rather low due to various additives to give the sol the desired 

viscosity or reactivity. 
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Sol-gel coatings on a planar surface often form a 3D morphology and can therefore be used as 

basis for 3D batteries. Sol-gel techniques can also be used to coat 3D micro or nanoparticles in 

suspension. This last procedure is, for example, reported for the coating of LiCoO2 

microparticles with a layer of Al2O3,
[189] SnO2

[190] or ZnO[191] to protect it against deterioration and 

to enhance the electrode cycle-life. The impregnation of a 3D substrate with a highly viscous sol 

is, however, a challenge: uneven wetting of the surface or trapping of gas bubbles inside pores 

will prevent formation of homogeneous coatings. A low viscosity sol is therefore required for 

deposition in 3D structures[192] or a vacuum impregnation step needs to be applied in order to 

enhance the sol infiltration and therefore the 3D step coverage. However, to obtain better step 

conformalities in high aspect ratio structures, a self limiting technique or a more directive 

method is desired. 

Electrochemical Deposition 

Another liquid based deposition technique is electrodeposition or electroplating. By applying a 

potential between a counter electrode and a conductive surface on which the material deposition 

is desired, a redox-reaction can be initiated. This is a common method to apply a metallic 

protective film on industrial scale but it can also be applied at lab-scale for the production of 

various battery layers. It has been demonstrated that, for example, Cu2Sb,[193] V2O5,
[194] MnO2,

[195] 

MoS2
[176,177] and metallic anodes like Bi,[196] Sn[197] and Cu-Sn alloys[198] can be deposited using 

electrodeposition.  

Advantages of electrodeposition are that the amount of deposited material can be well-

controlled, since this amount is proportional to the charge flowing through the electrodes. This 

technique is also capable of depositing step-conformal layers into 3D porous structures when the 

charge transfer reaction is kinetically controlled and is not limited by the diffusion of ionic 

species involved. Good step coverage can be achieved by limiting the current or by applying 

pulsed currents, which allows the concentration profile to reach an equilibrium state between the 

current pulses. 

Electrodeposition is also possible in combination with a non-conductive template, as was 

described in section previously. In this case a current collector or a sufficiently electronically 

conducting electrode, is deposited selectively in the pores of the template, yielding a material 

with a large surface area enhancement factor. After selective removal of the template a free-

standing microstructure of a current collector or electrode is created. 
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There are a few requirements for the electrodeposition process. There should be an electronically 

conducting back contact available, on top of which a material can be electroplated. Secondly, the 

material to be deposited should be sufficiently electronically conductive itself; otherwise the 

deposition process becomes self-limiting. This characteristic can, however, also be considered as 

an advantage for the coverage of 3D substrates since a self-limiting deposition process can 

induce homogeneous step conformal coatings over the entire structure. Self limitation takes 

place when the deposited layer is sufficiently blocking electron-transport. This effect can, in 

principle, be exploited for the deposition of fully closed solid-state electrolytes as solid-state 

electrolytes have this intrinsic, non-conductive, material property: the electro-deposition reaction 

will be inhibited when the layer thickness is growing. Eventually no electron transport is 

possible, the charge transfer reaction stops and a closed electrolyte layer has been deposited. As 

an example, the deposition of polymer electrolytes, using electrodeposition, was presented a few 

years ago by Rhodes et al.[199] 

A special case of electrodeposition is electroless plating, where a conductive back-contact and a 

counter electrode are not required. Electroless plating is, just as electrodeposition, dependent on 

a redox system. The difference is that electroless deposition is independent of an external current 

but dependent on reduction and oxidation reactions, taking place at the same surface. To 

promote deposition on a non-conductive substrate and to prevent the formation of solid 

particles in the electrolyte, the deposition should be catalyzed only by the substrate and the 

deposited layer itself. Therefore, this latter process is often referred to as autocatalytic. 

Electroless plating has the advantage that the substrate and the deposited layers are not required 

to be electronically conductive. The disadvantage is that, since no external current source is 

applied to control the deposition rate, it is more complicated to achieve a rate-limiting deposition 

process. It will therefore be more complex to achieve step conformal 3D depositions. Most 

results published on electroless deposition of thin films applicable for lithium-ion battery 

systems are the deposition of current collectors,[200,201] or the deposition of metal layers to protect 

an electrode against liquid electrolyte decomposition.[202] Li et al. recently published the electroless 

deposition of a Sn anode onto a copper foam structure, which yielded a stable 3D electrode 

configuration that can be used in lithium-ion batteries.[203] 

Physical Vapour Deposition 

For all-solid-state thin-film micro-batteries, often techniques are used that fall in the category 

Physical Vapour Deposition (PVD). In a PVD process a vapour is formed at very low pressures 
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that subsequently condensates onto a substrate. PVD techniques include, amongst others, 

sputter-deposition, pulsed laser deposition, e-beam evaporation and other evaporation 

techniques. The most simple evaporation technique involves the evaporation of a metal by 

resistive heating. A metal is used as a source and is heated until it releases a sufficient amount of 

vapour to condensate on the substrate. Another heating technique is used during e-beam 

evaporation, where a beam of electrons is used to heat the metal source and to evaporate the 

material. This evaporation technique is a line of sight deposition and the evaporated metal atoms 

have a relatively low energy (typically in the range of 0.04 to 0.3 eV).[204] Therefore this technique 

offers a relatively low chance to damage the structure of the deposited and underlying layers. The 

disadvantage of evaporation techniques is that the source material should be sufficiently volatile 

for the applied power, so it is usually limited to metals and organic materials. Evaporation is, for 

example, commonly used to deposit a pure lithium metal anode layer in all-solid-state planar 

thin-film batteries.[19,26] Metal oxides have, on the other hand, a much lower vapour pressure and 

can therefore not readily be deposited by evaporation. 

Pulsed Laser Deposition (PLD) is another PVD technique that is used in thin film battery 

research. Here a powerful laser is used to evaporate the material from a target (the source 

material). From the target molecular fragments, ions or ionic clusters are released, forming a 

plasma. These fragments will eventually recombine upon condensation onto the surface of the 

substrate. The advantage of pulsed laser deposition is that the highly focused energy beam 

ensures that even materials with a very low vapour pressure can be evaporated, such as several 

metal oxides. Consequently, the particles arriving at the substrate surface have a much higher 

energy (typically 10 – 100 eV)[205] than those made by the evaporation method and can therefore 

induce surface modifications. Possible modifications include re-arrangement of the surface 

atoms or even ejection of these. However, these surface reconstructions can often be reduced by 

active cooling of the substrate holder. Examples of materials for thin-film solid-state batteries 

prepared by PLD include cathode materials like LiCoO2,
[29,52,206] LiMn2O4

[52,207] and V2O5.
[208] Also 

the PLD of solid-state electrolytes, such as LIPON[209] and LLTO,[110,210] and even complete 

battery stacks[211] are reported in the literature. 

Another, more common technique to deposit low vapour pressure materials is sputter 

deposition. In this case the target is bombarded by high energy ions, either created by a plasma 

above the target or by an ion-gun. The target will subsequently release atomic or ionic fragments 

to the gas phase with an average kinetic energy in the range of 1 – 20 eV.[212] These fragments are 
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subsequently deposited when reaching a solid surface. Also electrons are released from the 

surface of the target, which are usually trapped in a magnetic field above the target. These 

trapped electrons will collide with the sputtering gas, resulting in the formation of new ions and 

therefore helping to sustain the plasma, increase the sputter rates and allow working at lower 

pressures. The gas mixtures used for sputtering can be inert ( e.g. argon) but can also be reactive 

(e.g. N2 or O2) to be incorporated into the growing film.  

Similar to PLD, high energy sputtering can be used to deposit low-volatility materials. Also in 

this case, the high energy of the deposited fragments can introduce structural modifications of 

the substrate and the deposited layer. Sputter deposition has another disadvantage that atoms 

from the gas phase can be incorporated in the deposited film. However, this can also be 

beneficial when a reactive gas is used to form, for instance, oxidic and nitridic materials. 

Sputter deposition is frequently applied for planar thin-film solid-state Li-ion batteries and can, 

amongst others, be applied to deposit TiS2,
[19,213] V2O5,

[19,214] LiMn2O4
[19,54] and LiCoO2

[26,215] 

electrodes. It is also the most common method to deposit lithium phosphate[18] and 

LiPON[15,19,216] solid-state electrolytes. 

In general, PVD is performed at very low pressures, where the mean free path in the vapour 

phase can extend up to several meters. These line-of-sight techniques are, therefore, in principle 

unable to deposit materials onto 3D structures in a step conformal way. There will in most cases 

be severe shadowing effects. This can, on the other hand, allow patterning: shadow masks can 

prevent deposition at places where it is not desired. 

Chemical Vapour Deposition 

Chemical Vapour Deposition (CVD) relies, just as PVD, on a vapour source. Transport in the 

gas phase of this technique is, however, not line-of-sight but is based on gas flow- and molecular 

diffusion mechanisms. The essential difference between PVD and CVD is that the formation of 

a layer is not based on a physical condensation process but on a chemical reaction mechanism. 

This combination of diffusive transport and reactive deposition makes CVD in principle more 

suitable for highly conformal 3D deposition. This is, however, only the case when the deposition 

rate is controlled by the chemical surface reaction and not by the flux of the chemical precursors 

to the surface. The supply rate can be increased by, for example, lowering the pressure in the 

reactor which increases the reactants diffusion rate. 
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The chemical process in the CVD reactor can be activated by several methods. This can be 

thermal activation but also plasmas or laser sources are frequently applied. A disadvantage of the 

latter two is that 3D penetration of a plasma or a laser is very limited, which makes step 

conformal deposition onto 3D substrates less likely: more reactive species are formed in the bulk 

gas phase, which influences the ratio of diffusive transport versus surface reaction rate. This 

makes it more likely that the overall process becomes diffusion-limited. When thermal activation 

is applied, activation can also occur inside the trenches, reducing this effect. 

Different designs are also available for the vapour source, which can consist of classical bubblers 

but might also consist of mist-evaporators or liquid injection systems which have less severe 

requirements with respect to the vapour pressure of the precursor. With these different designs 

of vapour sources, also various types of precursors are commonly utilized. The simplest 

precursors are already in gaseous form, like silane, which is frequently used for the deposition of 

silicon films. For the deposition of metal oxides, mostly organometallic precursors are applied. 

These include amongst others metal alkyls, metal acetylacetonates and metal cyclopentadienyls. A 

third frequently applied precursor class consists of metal halogenides. 

Although CVD is a relatively immature technique for the fabrication of thin-film batteries, 

successful depositions of several thin-film battery materials were demonstrated in the literature, 

such as lithium cobalt oxide,[33,34,55,217–219] vanadium oxides,[220,221] platinum current collectors[222] 

and various forms of silicon.[181,223,224] The deposition of common metal oxide layers like titanium 

dioxide[225,226] and tungsten- and molybdenum oxides,[227,228] that can be used as electrode materials 

for thin-film batteries, have been studied thoroughly for several other applications. The first 

steps to deposit lithium cobalt oxide into a trench structure using liquid delivery metal-organic 

CVD have also been reported.[33,219] 

Advantages of CVD are that the deposition relies on relatively low kinetic energy particles, that a 

multitude of chemistries is available and that the deposition of materials into 3D structures is in 

principle possible. However, CVD is relatively unknown for lithium containing films and 

therefore many reaction mechanisms that control the deposition process still have to be 

elucidated. Moreover, the precursors have to fulfill stringent requirements: a sufficient supply of 

material in the gas-phase is required and the precursor chemistry should allow reaction rate 

controlled growth under the applied deposition conditions when homogeneous deposition into 

3D structures is desired. 
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Atomic Layer Deposition 

Atomic Layer Deposition (ALD) is a special case of CVD, where the deposition reactions are 

self-limiting. The deposition process involves cycles consisting of chemisorptions of the 

precursor onto the surface and separate re-activation of the newly formed surface. One typical 

re-activation mechanism is the removal of the precursor ligands. Because the ALD process is 

self-limiting, it is highly suitable for step-conformal deposition in porous structures. ALD 

requires similar activation methods to start the deposition processes as CVD, also in this case 

thermally activated- or plasma-assisted deposition methods are frequently applied. 

There are only a few groups working on thin-film micro-batteries using ALD. Knoops et al. 

reported the deposition of planar and 3D films of TiN and TaN, which may serve as lithium 

diffusion barrier layers,[224,229,230] and 3D layers of platinum that can be used as cathode current 

collector.[231,232] Also the deposition of active electrode materials like V2O5,
[233] TiO2

[164] and 

Co3O4
[234] have been reported. Recently, the first successful deposition of lithium containing films 

(Li2CO3 and lithium lanthanum titanate) was shown.[235] 

ALD has the major advantage that it is a technique capable of step conformal deposition in high-

aspect ratio 3D geometries. The main disadvantage is that the growth rate for ALD processes in 

general is relatively low (typically 0.05 nm/cycle). These cycles take longer in the case of high 

aspect ratio 3D structures, where the precursor dosing and purging steps are required to be 

somewhat longer. To increase the ALD deposition rate, new methods are investigated, of which 

spatial atomic layer deposition is an interesting example.[236] This method does not rely on time 

separated dosing of different gasses, but the spatial separation of different gas phases through 

which the substrate moves. It can thus be concluded that ALD is a promising technique for 3D 

batteries consisting of nano-scale battery layers. In the future, when high deposition rate 

techniques become readily available, higher capacity electrochemical energy storage applications 

may benefit from the ALD deposition methods. 
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2.4.3. Three-Dimensional All-Solid-State Batteries 

In this section the recent progress in three-dimensional thin-film micro-battery research is 

described, in line with the concepts that were presented in section 2.4. 

Three-Dimensional Substrates Based on Templated Deposition 

The deposition of nano-rods through meso-porous membranes is a mature technique, which 

also has been explored for application in Li-ion rechargeable batteries. These nanostructures can 

be used in liquid electrolyte batteries to reduce the lithium ion transport distance through 

electrodes that have a low ionic conductivity, e.g. V2O5,
[237,238] or to cope with the high volume 

change that occurs in metallic electrode materials, e.g. Sn.[197] As described in section 2.4, these 

nano-rods can also serve as the starting point for 3D integrated solid-state micro-batteries, as 

was proposed by Perre et al.[162] The preparation of aluminum nano-rods, which are aimed to 

serve as cathode current collector, was achieved by pulsed electrodeposition of aluminum 

through an alumina membrane on an aluminum foil substrate.[162] These nano-rods had a 

diameter of approximately 200 nm, a height of circa 2 μm and a spacing of 400 nm (Figure 2.8). 

 

Fig. 2.8 Aluminum nano-rods covered with an ALD layer of TiO2 to serve as battery 

electrode. The inset shows a TEM cross-section of a single nano-rod covered with ALD TiO2. 

Reproduced with permission from [164]. Copyright 2009, The American Chemical Society. 

The calculated surface area enhancement was a factor 10. On these rods, a 17 nm anatase TiO2 

film was grown with ALD, giving good step conformality. Testing this 3D TiO2 electrode in a 

liquid electrolyte indeed yielded a capacity that was one order of magnitude higher than for the 

equivalent planar geometry (Figure 2.9).[164] A similar experiment was published in which nano-
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rods of copper with similar dimensions as the afore-mentioned aluminum rods were formed via 

template electrodeposition and subsequently covered with an electrodeposited Fe2O3 electrode 

film.[165] Although this approach was simply aiming at increasing the rate capabilities in liquid 

electrolyte batteries, it could also be applied for 3D batteries. 

 

 

Fig. 2.9 Comparison of the storage capacity of a 3D electrode consisting of Al nano-rods 

covered with TiO2 (circles) with a corresponding planar layer (triangles). Reproduced with 

permission from [164]. Copyright 2009, The American Chemical Society. 

Arrays of Interdigitated Carbon Microrods 

The formation of microrods based on pyrolized photoresist with an aspect ratio of up to 40 was 

demonstrated by Dunn et al.[168] The microrods were not only demonstrated on a planar substrate 

but the preparation of aligned rods on a (interdigitated) patterned current collector has also been 

demonstrated in the literature. These rods are sufficiently electronically conductive and are 

therefore suitable as current collectors for thin film batteries.[166] Since conductive current 

collectors are already present before preparation of both electrodes, the electrode layers can 

selectively be grown using electrodeposition. Because these rods consist of carbon it is, however, 

also possible to use these directly as an anode for Li-ion batteries.[168] One electrodeposition 

process to cover rods with an active electrode layer is electropolymerization of polypyrrole 

doped with dodecylbenzylsulfonate (PPYDBS), a cathode material with a redox potential around 

3 V. The published results cover only rods with a relatively low aspect ratio of up to 3.2. As the 

spacing between the rods was relatively large, a very low surface area enhancement was obtained 

in this case. Nonetheless, measurements in a liquid electrolyte with carbon rods as anode and 
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rods covered with an electrodeposited PPYDBS film as cathode (Figure 2.10) showed that both 

rodtype electrodes were electrochemically active and that a combination of two types of rods in 

an interdigitated geometry can be suitable as a battery. However, there is still a need for 

improvement: a very large self-discharge was observed resulting in a much lower discharge 

capacity than charge capacity (Figure 2.11). 

Secondly, the internal resistance of the current collectors was relatively high.[167] Also the energy 

density was low and these measurements were performed in a liquid electrolyte, so if this system 

would be applied for a solid-state battery, a method should still be developed to include a solid-

state electrolyte. An interdigitated pillar layout can also be obtained with template deposition. 

When a membrane is attached to a substrate with a patterned metal film, electrodeposition can 

be selectively performed in the pores of the membrane that ends at the connected metallic 

pattern.[239] When the metallic rods are formed by this template deposition to serve as current 

collectors for a solid state battery, the resistance of these current collectors is expected to be 

significantly lower than that of carbon microrods. The resulting electrochemical cell should 

therefore be capable of a much higher power delivery. Another method to create an 

interdigitated geometry is by using a 3D-structured solid-state electrolyte. This principle has very 

recently been demonstrated by Kanamura et al., who used a pre-shaped solid-state electrolyte 

with an interdigitated array of microcavities. This array was subsequently filled at each side with 

LiCoO2 and Li4Mn5O12 to produce a functioning 3D micro-battery.[240] 

 

 

Fig 2.10 Connected arrays of carbon and PPYDBS coated carbon microods. The panels show 

the same sample at various angles and magnifications. Reproduced with permission from [167]. 

Copyright 2008, Elsevier. 
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a b

c  

Fig. 2.11 (Dis)charging of the graphite anode (a) and PPYDBS cathode (b), both at 50 

μA⋅cm−2. A combination of these was charged at 90 μA⋅cm−2 and discharged at 20 μA⋅cm−2 

(c). Reproduced with permission from [167]. Copyright 2008, Elsevier. 

 

Fig. 2.12 SEM images of a MnO2 nano-architecture (a) and a nano-architecture coated with 

PPO (b). Reproduced with permission from [199]. Copyright 2004, Elsevier. 
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Three-Dimensional Architectures Based on Aerogels 

A lithium-ion battery based on an aerogel nano-architecture can employ several types of 

chemistry. One system, proposed by Rolison et al., is based on manganese oxide (MnO2) as 

electrode material. This MnO2 electrode can either be a self-supported aerogel (Figure 2.12a),[199] 

or electroless MnO2 plated onto a preformed carbon nano-foam, used to enhance the electronic 

conductivity of the electrode.[241,242] Important for the application of a coating onto a nanoporous 

structure is that the deposition process is self-limiting. Self-limiting deposition can be achieved 

by ALD but also by electrochemical techniques, like electro- and electroless deposition. Self-

limiting electroless deposition was demonstrated for MnO2 but only within a certain pH range: 

under neutral conditions electroless deposition reaction was shown to be self-limiting. At lower 

pH the deposition process is not self-limiting, resulting in excessive deposition on the outer 

surface of the aerogel particles.[241,242] 

Also for the subsequent electrolyte layer, a self-limiting process is desired. For this film, Rolison 

et al. suggested the selflimiting electrodeposition of a poly(phenylene oxide) (PPO) film as 

separator. Even though this film is relatively thin ( < 25 nm), apparently a closed layer could be 

deposited that did prevent short-circuits between the cathode and anode (Figure 2.12b ).[199] 

After deposition this film was impregnated with a lithium perchlorate liquid electrolyte. The final 

step to complete the battery stack is the addition of a counter-electrode, which may e.g. consist of 

a nano-scale RuO2 colloid network[3] or can involve filling of the pores with V2O5.
[4] A prototype 

based on this V2O5 electrode material was produced but the results revealed several major 

challenges: The electronic conductivity of the V2O5 was relatively low, thereby introducing a 

large ohmic drop in the operation voltage of the device. Secondly, the ionic transport through 

the PPO film was relatively slow and the overpotential losses were therefore increased further.[4] 

In section 2.4.3 it was also described that micelles of surfactants can also be used to create a 3D 

meso-porous framework. The use of this method is widespread for various applications but its 

use for all-solid-state micro-batteries is limited. Owen et al. have reported that several materials 

prepared, based on micelle template deposition can be used as components for lithium-ion 

batteries. Platinum is an example of a prepared meso-porous material, which was suggested to be 

used as a current collector in batteries and various other applications.[170,172] This platinum was 

made in film form by using a solution containing a non-ionic surfactant, water and 

hexachloroplatinic acid (H2PtCl6). When electrodeposition from this solution was performed on 
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a gold electrode, it yielded a platinum film with a specific surface area of approximately 

22 m2⋅g−1, which is approximately five times higher than the surface area of a film deposited 

without the presence of a surfactant. Important to notice is that the top surface roughness is 

only approximately 20 nm and that the main surface area enhancement is achieved due to pores 

in the film. These pores were found to be only approximately 25 Å in diameter, which is a much 

smaller scale than the surface roughness. However, the authors suggested that the pore diameter 

could be controlled by varying the chain length of the surfactant.[170,172] In its present form this 

current collector can serve as basis for a 3D-battery, although the surface area enhancement will 

become insignificant with the application of the first active electrode layer, which will be 

blocking the pore structure. 

Tin is another material, prepared by Owen et al., that can be applied as a negative electrode 

material.[170,173] Similar as for platinum deposition the deposition of a meso-porous tin layer was 

also performed using a surfactant in combination with electroplating. Tin has the tendency to 

lose a large part of its storage capacity upon cycling, which has mainly been attributed to material 

pulverization. Tin has a large volumetric expansion upon lithiation, which leads to structural 

deformation and eventually to disintegration. It was found that surfactants could be used to form 

a meso-porous structure onto a copper foil substrate and that the disintegration effect upon 

cycling was delayed for several cycles. It was suggested that this stability increase was originating 

from the more porous structure, which can better accommodate the volume changes in the 

electrode.[170,173] However, due to their small pore size, these meso-porous structures do not seem 

to be applicable for 3D all-solid-state thin-film batteries. 

 

Fig. 2.13 SEM images of several steps in the formation of a 3D micro-battery based on a 

microchannel plate: nickel current collector on the microchannel plate (a), Molybdenum oxysulfi 

de cathode on a nickel current collector (b) and a polymer membrane on the current collector-

cathode stack (c). Reproduced with permission from [176]. Copyright 2006, Elsevier. 
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3D Batteries Based on Microchannel Plates 

Peled et al.[177] used a soda-lime glass microchannel plate as basis for their 3D micro-battery. This 

plate had a thickness of 500 μm with pores through it, having an average diameter of 50 μm. The 

surface area enhancement of this 3D substrate is 20 – 30 compared to a single-sided planar 

device. As the substrate was non-conductive, the first process step consisted of electroless 

deposition of nickel as bottom current collector. A step conformal film of a few μm thickness 

was produced in this way.[243] Subsequently, a cathode material was deposited. This material was 

prepared by electrodeposition and consisted of molybdenum oxysulfide.[177] Alternative 

demonstrated cathode materials were electrodeposited copper-[244] and iron sulfide.[245] The 

electrolyte in this device consisted of a hybrid polymer electrolyte: first the cathode was coated 

with a polymer separator using successive impregnation and evacuation steps. The polymer 

precursor was a commercial Poly(vinylidene fluoride) (PVDF) mixed with a solvent and SiO2 

nanopowder. This combination was previously found to yield high ionic conductivities when 

impregnated with liquid electrolytes: ionic conductivities up to 2⋅10−3 S⋅cm−1 were reported.[123] 

The anode precursor consisted of a slurry, comprising mesocarbon microbeads (MCMB), which 

was also deposited by consecutive spincoating and evacuation steps. The coating evacuation 

cycle was repeated until the microchannels were completely filled. The polymer membrane film 

and the MCMB anode were simultaneously soaked under vacuum with a liquid electrolyte 

composed of LiPF6 or LiBF4 in ethyl carbonate/diethyl carbonate to obtain sufficient ionic 

conductivity. The last step to create an active battery stack was the lithiation of the graphite 

anode, which was obtained by placing a piece of lithium foil onto the graphite anode and 

allowing it to equilibrate for several hours.[176,177] 

A device based on this procedure was prepared and the reported SEM images clearly showed a 

well-covered 3D substrate (Figure 2.13). Electrochemical tests of samples mounted in coin cells 

were presented. When comparing the 3D device to a planar sample that was produced with the 

same procedure, an increase in the storage capacity of a factor 20 – 30 was indeed obtained, in 

agreement with the predicted surface area enhancement (Figure 2.14).[176,177] 
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Fig. 2.14 Cycle-life of a 3D micro-battery based on a microchannel plate compared to a 

corresponding single-sided planar 2D battery. Modified batteries were prepared with a 

poly(ethylyneoxide) additive in the deposition-electrolyte, which improved the electrochemical 

stability and activity of the electrodeposited molybdenum oxysulfide cathode. Reproduced with 

permission from [176]. Copyright 2006, Elsevier. 

These nice results demonstrate that a 3D Li-ion micro-battery can indeed be prepared and that it 

is feasible to use these as power supply for micro-devices. A disadvantage is that still a hybrid 

polymer electrolyte is used, soaked in a liquid electrolyte. To achieve full solid-state devices an 

inventory of possible solid-state polymer electrolytes has recently been made.[246] 

3D-Integrated All-Solid-State Batteries 

When 3D thin-film batteries are integrated into a silicon substrate, a lithium diffusion barrier 

layer is essential to prevent the loss of lithium into the substrate. Lithium diffusion barrier layers 

are often metal-nitrides, of which titanium nitride (TiN) and tantalum nitride (TaN) show 

suitable properties. Thin films of these materials are commonly deposited using sputtering 

deposition techniques but since the goal of this approach is to make 3D geometries covered with 

step-conformal layers, ALD was investigated as potential technique to provide these barrier 

layers. Knoops et al.[229,230,232] found a process for the ALD deposition of these layers and 

concluded that ALD TiN formed an even more promising barrier layer than its sputtered 

equivalent.[150,230] Since ALD is a self-limiting technique, it was expected to be capable of 

delivering step-conformal 3D barrier layers. This was indeed demonstrated: a film of 
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approximately 60 nm thickness could be deposited into trenches step-conformally of 1 μm width 

and 20 μm depth (Figure 2.15 a and b).[232] 

 

Fig. 2.15 Thin films deposited in trench structures: ALD TiN film at the top (a) and at the 

bottom (b) of a 1 × 20 μm trench.[232] ALD-deposited SiO2, TiO2 , Pt current collector stack 

at the top (c) and bottom (d) of a 1 × 20 μm trench.[232] 400 nm thick LiCoO2 deposited by 

LPCVD in a 10 × 30 μm trench (e). (a,b,c,d: Reproduced with permission from [232]. 

Copyright 2009, The Electrochemical Society). 

TiN is well electronically conductive, so apart from utilizing it as a barrier layer, it can also be 

used as current collector. When a higher electronic conductivity is required or when no barrier 

layer is needed, for example when the first deposited layer is a cathode film, an ALD film of 

platinum can be used as current collector. Metallic platinum can also be deposited using ALD, 

but it is known to form various silicides.[247] This sillicide formation is detrimental for the 

adhesion and stability of the film. Therefore, a film of SiO2 followed by a film of TiO2 has been 

introduced before depositing the Pt layer, to provide a current collector stack that is stable under 

conditions at which the thin film battery is deposited and operated. Also for this stack, 

deposition was demonstrated in high aspect-ratio trenches. It is clearly visible in 

Figure 2.15c and d that the layers at the bottom of the trench are significantly thinner than the 

layers at the top: at the bottom the SiO2, the TiO2 and the Pt layers have a thickness of 
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approximately 60, 50 and 30 nm, while their thicknesses at the top are 100, 60 and 55 nm, 

respectively. However, since the Pt layer is used as current collector, a uniform thickness is of 

less importance as long as the closed current collector stack is sufficient thick, providing good 

electronic conductivity.  

For the electrochemically active electrode materials, the volume of the layer determines the 

storage capacity of the electrode. Usually a film of the order of μm thickness is required for the 

cathodes, whereas alloying anodes generally require a much lower film thickness. The low 

deposition rate of ALD is making this technique less favorable for the deposition of cathode 

layers. CVD techniques seem therefore more suitable. One of the most common cathode 

materials for Li-ion thin-film batteries is LiCoO2. This film is usually produced by sputter-

deposition, which is generally less suitable for deposition into 3D structures. Therefore the use 

of LPCVD was recently investigated as a method to deposit poly-crystalline LiCoO2 films. 

Conditions were found that delivered crystalline LiCoO2 films that showed a good 

electrochemical response in liquid electrolyte.[217] As expected, sharp charge- and discharge peaks 

were observed at 3.9 V (Figure 2.16). The cycle-life was negatively affected by the liquid 

electrolyte, which could be significantly prolonged by the application of a solid-state electrolyte 

layer.[217,248] Moreover, preliminary experiments showed that a good step coverage could be 

obtained for the deposition of LiCoO2 in low aspect ratio trenches of 10 μm wide and 30 μm 

deep (Figure 2.15e ). 
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Fig. 2.16 Cyclic voltammetry of HT LiCoO2 deposited on a planar substrate by LPCVD. 

Si, Ge and Sn-based materials are suitable candidates to be applied as anode. These materials are 

known for their extremely high lithium uptake but suffer from a short lifetime in bulk materials 

due to structural disintegration in the first (dis)charge cycles. For silicon it was, for example, 



Chapter 2: All-Solid-State Li-ion Micro-Batteries: A Review of Various 3D Concepts 

 

-49- 

demonstrated that a mono-crystalline silicon wafer shows many cracks after only one full 

charge/discharge cycle.[181] This expansion is, however, less detrimental for thin films, where 

large stresses can be more easily accommodated and mechanical integrity can be maintained. 

Experiments were performed on 60 nm poly-Si films deposited onto a TiN current 

collector/barrier layer and tested in liquid electrolyte. These tests demonstrated that the films 

kept their mechanical stability over more than 50 cycles. The cycle-life was also in this case 

limited by the liquid electrolyte: cycling up to full capacity was hindered after 30 cycles by the 

formation of a SEI layer, which could nicely be visualized by SEM and using single crystal 

wafers.[150,181] A Si film covered with a protective solid-state electrolyte, on the other hand, did 

not show any SEI formation and hence no capacity loss was found upon cycling, which indicates 

that Si layers are indeed very suitable candidates for 3D all-solid-state batteries.[150,151,178,181] 

Thin films are also of particular interest as these can be (dis)charged with very high rates: when 

delithiated at 100 C-rate ( i.e. complete discharge in 36 seconds) Si thin films still deliver 90% of 

their original storage charge capacity.[181] An advantage of silicon as anode is furthermore that it 

has already been successfully proven as electrode in commercial 3D-capacitors, deposited by 

LPCVD in high aspect ratio pores.[249] Also for high aspect ratio 3D negative electrode stacks, 

silicon was successfully deposited and it showed a reversible electrochemical storage capacity that 

was significantly higher than that of planar films (Figure 2.17).[224] 
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Fig. 2.17 (a) SEM images of an anode stack (ALD TiN and LPCVD Poly-Si) in a 1 μm 

wide and 12.5 μm deep pore. (b) Capacity increase of a 3D anode stack based on trenches with 

aspect ratio 10 and 20 (denoted in this figure as AR 10 and AR 20, respectively). More 

extended results on this system were previously presented.[224] 
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Other promising thin film anode materials for all-solid-state thin-film batteries are Ge- and Sn-

based. These materials reveal several advantages, such as several orders of magnitude higher 

electronic and ionic conductivities, while the volumetric storage capacities are very similar to that 

of Si.[159,250] 

2.5. Applications 

Integrated batteries are expected to play an increasing role in many interesting new applications 

in the near future. 3D solid-state batteries are ideal candidates for use in Small Autonomous 

Networked sensor Devices (SAND) as they combine a small volume with a high storage and 

power capability. The key features of these autonomous devices are wireless communication, on-

board sensing function(s) as well as an energy harvesting capability to facilitate autonomy. 

Energy harvesting can be done by photovoltaic cells (Figure 2.18a) but also piezoelectric, 

thermoelectric and electrostatic energy harvesters are regularly proposed.[251,252] Because wireless 

communication often requires high peak currents, on-board energy storage is a necessity for 

these autonomous devices. When the overall energy consumption is relatively low, storage can 

ideally be offered by 3D solid-state micro-batteries, which combine high current capabilities with 

relatively high energy densities. 

a b

 

Fig. 2.18 Autonomous power supply consisting of 3D-integrated all-solid-state lithium-ion 

batteries with energy scavengers. Possible scavengers are photovoltaic cells (a) and bio-fuel cells 

(b). Figure 19a is reproduced with permission from [178]. 



Chapter 2: All-Solid-State Li-ion Micro-Batteries: A Review of Various 3D Concepts 

 

-51- 

Another field in which micro-batteries will be applied is in medical systems, e.g. implants and 

electronic pills. E-pills can function as imaging devices and mechanical surgeons,[253] or as 

autonomous functioning devices that can diagnose and accordingly control drug delivery.[254,255] 

For in vivo applications, different energy scavenging techniques have to be adopted. A possible 

source of electrical energy is, e.g. by making use of bio-fuel cells. The most straightforward and 

most examined bio-fuel cell for in vivo applications is nowadays based on glucose oxidation, 

glucose and oxygen reduction. This can occur either microbially, by active enzymes present in 

living cells, or enzymatically, mimicking the biological power supply. More details of these types 

of biofuel cells are widely available in literature.[256,257] For in vivo applications more stringent 

safety requirements also hold for energy storage: there should be a complete absence of 

substances which can be harmful for living organisms and the leakage risk should be completely 

eliminated. This makes solid-state batteries promising candidates for the storage of energy in 

combination with bio-fuel cells (see artist impression in Figure 2.18b). 
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2.6. Conclusions 

Thin-film all-solid-state battery research is a relatively new field of scientific interest. Many 

different materials and various deposition methods were applied to manufacture planar thin film 

batteries. To increase the battery storage capacity while keeping the same footprint area, various 

different 3D methodologies are proposed. In this review the most relevant of these approaches 

have been highlighted and some of the most recent advances have been shown. The discussed 

concepts for 3D batteries are based on a membrane template, on pyrolysed photoresist 

microrods, porous aerogels or micelle structures, microchannel plates and anisotropically etched 

micro-structures. All these approaches have their own advantages and disadvantages and all 

concepts are still in the very early stage of development. 

Only recently, the very first tests indicating the feasibility of these 3D batteries were published. 

Although several challenges still remain, it is shown that various research groups all over the 

world put a large effort into this new scientific field. It is therefore very likely that the appearance 

of the first practical application(s) of 3D-integrated solid-state micro-batteries is to be expected 

shortly. 
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Chapter 3.  

Experimental Methods 

Abstract 

This chapter describes the experimental methods that were used for 

the experiments described in this thesis. The deposition methods 

and the electrochemical measurements that are used are discussed. 

Finally, an overview of the applied materials analysis techniques is 

given. 
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3.1. The Aixtron 200 RF Chemical Vapour Deposition Reactor 

Most thin film battery materials that are described in this thesis were deposited with an Aixtron 

200 RF Low Pressure Chemical Vapour Deposition (LPCVD) set-up (Figure 3.1). An LPCVD 

setup generally consists of three parts: the gas delivery system, the reactor and the waste gas 

treatment. Also this Aixtron 200 RF consists of these three parts: a gas mixing cabinet, a 

horizontal cold wall quartz reactor tube and a scrubber to clean the waste gas. 

 

Figure 3.1 Different views of the Aixtron 200 RF LPCVD set-up. Outside view of the 

electronic control rack and gas mixing cabinet (a), glovebox andreactor section (b) and the inside 

of the gas mixing cabinet (c) and the reactor tube with RF heating coil (d). 

The gas-mixing cabinet (Figure 3.1a and c) contains all systems to deliver precursors and carrier 

gasses to the reactor tube. The first stage is the evaporation of the precursor. Precursors are 

delivered in stainless steel bubblers and an inert carrier gas (the source flow) is lead through these 

to regulate evaporation. By choosing the right temperature, pressure and source flow through the 

bubbler, the evaporation rate of precursor can be controlled. The gas flow through each bubbler 

is switched using three coupled pneumatic valves: the source flow can either go through the 

bubbler, or bypass it (Figure 3.2). These coupled valves have the benefit that no significant 



Chapter 3: Experimental Methods 

 

-63- 

pressure changes are observed due to switching. Finally, the gas-precursor mixture from the 

bubbler can be diluted further to reach the desired concentration by adding an extra flow of inert 

gas (referred to as pusher flow).  

Before deposition, the bubbler usually is brought to a lower pressure to enhance the evaporation 

rate. To ensure that the evaporation process in the bubbler has reached a steady state, the first 

few minutes the precursor will flow into the ventline instead of the reactor. The ventline is a low 

pressure runline, which leads straight to the pump, bypassing the reactor.  

A total of nine bubblers can be installed in the Aixtron 200 RF system, six of these in 

thermostatic baths (precursor 1-6 in Figure 3.3) in which the temperature can be regulated 

around or below room temperature (273 – 300 K). The three remaining bubbler positions are 

located in furnaces (precursor 7, 8 and 9) and are suitable for low vapour-pressure precursors 

that require higher evaporation temperatures. The temperature of the lines from these bubblers 

to the reactor chamber should be at least equal to the temperature of the furnace, to prevent 

condensation. Therefore, the lines are also heated using electric heat-tapes. The maximum 

temperature to which these lines can be heated is approximately 380 K, which also limits the 

maximum evaporation temperature in the furnaces to 380 K.  

Solid or liquid precursors are evaporated from one of the nine bubblers. For gaseous reactants, 

the gas mixing cabinet contains six more inlets. These are for example used to bring oxygen into 

the reactor. Oxygen is connected to gas inlet 1 and 2 in Figure 3.3. Two different gas inlets are 

used for the oxygen supply because different Mass Flow Controllers (MFC’s) are installed. One 

of these is an accurate low flowrate MFC, while the other gives the possibility to achieve higher 

flows. Just as for the evaporators, also the gaseous reactant dosing system contains a source flow 

(i.e. the pure supplied gas) and a pusher flow to lower the concentration (carrier gas).  

Finally three dummy precursor supplies are available. These supplies only deliver inert carrier 

gas, and can be used to prevent pressure fluctuations during reactor operation: when a reactant 

source is opened to start deposition, a dummy with the same flowrate is closed. This switching 

ensures that the total flow and pressure in the lines, and thus in the reactor can remain constant. 

All these inlets (evaporators, gas inlets and dummy precursor supplies) are connected to one of 

the five runlines. These runlines are the main lines to the reactor, and are continuously flushed 

with carrier gas to prevent back diffusion and back flow. The runlines are combined to two lines 
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near the two reactor entrances: one for the gas input and one for the precursors delivered from 

the bubblers (Figure 3.4). 

 

Figure 3.2 A typical bubbler system for evaporation of a liquid or a powder form precursor. 

MFC is the abbreviation of Mass Flow Controller and PC of Pressure Controller. 

 

Figure 3.3 Schematic overview of the tubing in the gas mixing cabinet 

 

Figure 3.4 Schematic cross-section of the reactor tube 

Susceptor
RF heating coil

Thermocouple

Gas in from runlines

Wastegas to pump
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All these inlets (evaporators, gas inlets and dummy precursor supplies) are connected to one of 

the five runlines. These runlines are the main lines to the reactor, and are continuously flushed 

with carrier gas to prevent back diffusion and back flow. The runlines are combined to two lines 

near the two reactor entrances: one for the gas input and one for the precursors delivered from 

the bubblers (Figure 3.4). 

These two entrances of the reactor consist each of a gas inlet tube with a hole directed towards a 

hemispherical reflector. Since there are two inlets and two hemispheres above each other, and 

because the flow is laminar, a “two sheet model” can be used to describe the gas flow at the start 

of the reactor, which reduces the intermixing of the reactants before reaching the susceptor and 

therefore limits premature gas-phase reactions.  

The reactor itself (Fig. 3.1d) is constructed of quartz glass. In this reactor tube a graphite 

susceptor is placed. This susceptor is heated via an RF heating coil and the temperature is 

controlled via a thermocouple that is placed inside the susceptor. On the centre of the susceptor 

a smaller graphite disk is placed, which is slowly rotated (~20 rpm). This slow rotation is applied 

to ensure homogeneous deposition on the sample that is placed on this rotating disk.  

The reactor itself is not heated, only the susceptor; since the deposition process is an thermally 

activated process a thin film is preferentially deposited onto the susceptor and the substrate and 

the deposition rate on the glass walls is kept relatively low. The reactor pressure is controlled by 

a manometer connected to a throttle valve between the reactor tube and the vacuum pump. The 

waste gasses from the pump are subsequently lead to a two-stage scrubber, containing a liquid to 

dissolve environmentally dangerous materials. 

A typical CVD run of a single layer consists of the following steps: 

1. Set the standard settings and give the controllers time to reach equilibrium 

2. Decrease the reactor pressure 

3. Increase the reactor temperature 

4. Open the bubbler valves and decrease the pressure of the bubbler to the desired value. 

Simultaneously the reactor temperature can be set to the deposition temperature. Gas 

from the bubbler flows into the ventline at this stage, to reach steady-state for the 

evaporation process 

5. Wait for the reactor and bubblers to reach equilibrium 
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6. Switch the valve of the gas and precursor supplies from the ventline to the runlines and 

close an equivalent flow using the dummy lines 

7. Deposit a film for the desired amount of time 

8. Switch the bubbler lines back to the ventline and open the dummy lines again 

9. Bring the bubbler back to ambient pressure and close the coupled valves 

10. If necessary perform a thermal anneal step 

11. Cool the reactor and increase the reactor pressure to ambient pressure. 

When a multilayer stack is deposited, steps 4 - 9 can be repeated. To ensure continuous 

deposition, steady state of the bubblers for the next layer can be reached during deposition of 

the previous layer. 

 

3.2. Physical Vapour Deposition 

Several current collectors for solid-state measurements and the battery stacks described in 

chapter 7 of this thesis were deposited using Physical Vapour Deposition (PVD). The PVD 

set-up at Philips Research Eindhoven consisted of two deposition chambers: one for RF 

magnetron sputtering and one for evaporation. Both of these chambers are positioned inside an 

argon filled glovebox, to enable the deposition of films that are free of contamination with water, 

oxygen and nitrogen. 

The sputter chamber contained three target holders, in which 2” targets for LiCoO2, lithium 

phosphate and various other metal oxides could be mounted. The base-pressure of the 

deposition chamber was in the order of 10-6 mbar. Gasses (argon, oxygen or nitrogen) are 

introduced at low pressures, with which a plasma is formed using the RF magnetic field above 

the target (RF generator: Hüttinger PEG600). The substrate is mounted upside-down above the 

sputter target, and a patterned mask can be applied to obtain a film with a well-defined surface 

area. A bias voltage can be applied between the target and the substrate, to generate a more 

efficient deposition process. 

Two methods of evaporation were available in the evaporation chamber, a resistive heating 

source and an e-beam evaporator (BOC coating Technology, TRC-3460). The deposited layer 

thickness could be followed in situ using an Intellimetrics quartz crystal oscillator. Also in this 

set-up a mask can be applied to generate well-defined surfaces. This masking can, for example, 

be applied to create contact pads for connection to the electrochemical measurement equipment. 
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3.3. Electrochemical Measurements 

3.3.1. Wet-chemical Set-up 

To obtain information on the electrochemical characteristics of the deposited layers, films are 

deposited on a conductive substrate, usually comprising of a circular silicon sample covered with 

a thin layer of platinum. Half-cell measurements are performed in a wet-electrochemical set-up. 

For these measurements, the samples are mounted as a working electrode in a cylindrical Teflon 

cell and two pieces of lithium metal foil (approximately 1 x 0.5 cm) serve as counter and 

reference electrodes to complete the three-electrode set-up (Figure 3.5). These cells were filled 

with a commercial grade liquid electrolyte solution, and connected to a potentiostat/galvanostat, 

e.g. an Autolab PGSTAT302 (Metrohm) or a Maccor series 4300 battery tester. Because the 

lithium electrodes and some of the deposited layers are oxygen, water and/or nitrogen sensitive, 

the measurements are performed in an argon filled glove-box.  

The deposited layers can be analyzed in this set-up using various electrochemical techniquessuch 

as Electrochemical Impedance Spectroscopy (EIS), Cyclic voltammetry (CV) and galvanostatic 

charging and discharging. 

 

Figure 3.5 Teflon electrochemical cell containing the three electrodes 
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3.3.2. Testing of Solid-State Battery Stacks 

For the solid-state electrochemical measurements, a dry-electrochemical set-up was positioned 

inside an argon-filled glovebox. This glovebox was dedicated for these measurements to exclude 

the influence of evaporated solvents. Samples with patterned current collectors were used, which 

contained specially designed contact pads. Thin probe needles were positioned onto these 

contact pads with manual XYZ manipulators. The angle between these needles and the contact 

pads was very low, to reduce the risk of mechanical damage. These needles were connected to a 

multichannel VMP3 (Princeton Applied Research) potentiostat/galvanostat to perform 

galvanostatic and cyclic voltammetry measurements or to perform electrochemical impedance 

spectroscopic measurements. 

Using this set-up, layered stacks could be measured. These stacks could consist of complete 

batteries to do charge/discharge and cycle-life tests. Another series of samples consisted of 

sandwich stacks: a solid-state electrolyte layer between two metal conductors. This type of 

samples was used for impedance spectroscopy to determine the ionic conductivity of the solid 

electrolytes. For the determination of the activation energy of the lithium conduction processes 

in these samples, these measurements could also be performed at elevated temperatures, by 

positioning the sample on a heated surface. 

3.3.3. Electrochemical Methods 

The most straightforward electrochemical technique is galvanostatic charging and discharging of 

an electrode material. With this method a constant current is applied, and the resulting voltage 

change is measured versus the lithium reference electrode. From voltage changes electrochemical 

measurements can be deduced, and from the (dis)charge time the charge capacity of the 

electrode can be determined. When applying various (dis)charge currents, the voltage at which 

the electrochemical reactions occur will change. From this voltage change, detailed information 

of the kinetics can be obtained.[1, 2]  

Another basic technique to analyze the electrochemical behavior of a sample is Cyclic 

Voltammetry (CV).[1, 2] A cyclovoltammogram consists of a cyclic linear potential scan in time, 

while measuring the current that is required to obtain this potential scan. In a three-electrode set-

up as described in 3.3.1. it is common to measure the voltage between the working electrode and 

the reference electrode, while applying the current through the counter electrode. By separating 

the counter- and reference electrode, the voltage can be measured without a significant current 
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flowing through the reference electrode. Therefore this set-up gives the possibility to ignore the 

electrochemical processes occurring at the lithium counter electrode surface and focus purely on 

the working electrode. 

All redox reactions have a specific potential at which they take place, so when a certain potential 

is reached during CV, the electrochemical reaction will start to occur. By scanning further 

towards more positive potentials, the driving force for the electrochemical reactions will increase 

with a rise of the reaction rate as a consequence. At higher potentials (and more importantly after 

some time has elapsed) the current decreases again, because the reaction at the working electrode 

nears completion. When reaching the (prescribed) maximum potential, the potential scan is 

reversed and the reduction reaction will occur. A typical example of a CV measurement is given 

in Figure 3.6, which shows the electrochemical lithiation of TiO2. Because the potential axis is 

linearly related to time, the integral of the positive and negative CV-plot also indicate the charge 

that was inserted or extracted from the working electrode, and therefore reveal the storage 

capacity of the electrode. 

 

Figure 3.6 Cyclic voltammogram for the electrochemical (de-)lithiation of TiO2 
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A third technique that can be applied is Electrochemical Impedance Spectroscopy (EIS).[1, 3] This 

technique is used to separate processes that occur at different time-scales, for example ionic 

conductivity and electrochemical charge transfer. The method is based on applying an alternating 

voltage superimposed on an offset dc-voltage at varying frequencies, according to  

)sin( tEEEEE mdcacdc       Eq. 3.1 

in which Edc signifies the fixed voltage and Eac the imposed alternating voltage, which is 

described by its amplitude (Em), frequency ( ), and time (t ). The effects of these perturbations 

on the current through the system are monitored. The observed current for basic systems is 

expected to follow 

)sin(   tIII mdc       Eq. 3.2 

in which I, Idc and Im denote the total current, direct component of the current and the amplitude 

of the alternating component of the current, respectively.   is the phase shift of the measured 

current.  

When the electrochemical system behaves as an ideal resistor, there is no phase shift (i.e.   = 0) 

because the current through a resistor is defined via Ohms law as 

)sin(
)sin(

tII
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tEE

R
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     Eq. 3.3 

The impedance Z (which is the ac equivalent of resistance) is therefore 

R
I

E
Z          Eq. 3.4 

The current through a capacitor is defined as the time derivative of the voltage 

)
2

sin()cos(


  tCEtCE
dt

dE
CI mm    Eq. 3.4 

in which C is the capacitance. In this equation a phase shift of π/2 radians or 90° is observed. To 

implement this phase shift in the impedance calculations, a complex notation is used for the 

current, implementing Eulers formula 
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tj

m eECjI         Eq. 3.5 

The impedance of a capacitor is therefore defined as  

C
j
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ac
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11
       Eq. 3.6 

An electrochemical reaction usually consists of an electrochemical charge transfer reaction, 

which can be described as a resistor, and an electrical double layer capacity in parallel. The 

impedance of this system can therefore be modeled by 

ct

dl

ctdltot R
Cj

ZZZ

1111
       Eq. 3.7 

in which the subscripts tot, dl and ct denote total, double layer and charge transfer, respectively. 

From Equation 3.7 the total impedance of this system can then be described by  
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   Eq. 3.8 

A common method of displaying the results of electrochemical impedance measurements is by 

using Nyquist plots. In this type of plots the real part of the impedance is displayed on the 

horizontal axis and the negative value of the imaginary impedance on the vertical axis. A 

capacitor in parallel with a resistor, as described by Equation 3.8, will in this method result in a 

semi-circle with diameter Rct and its maximum is given by 

dlctCR

1
         Eq. 3.9 

In more complex electrochemical systems also a resistance for the electrolyte solution is 

encountered (see Figure 3.7a). A typical Nyquist plot would then appear as shown in Figure 3.7b. 
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Figure 3.7 Equivalent circuit (a) and Nyquist plot (b) displaying a system containing a 

resistance for the electrolyte solution Rs, a double layer capacitance (Cdl) and a charge transfer 

resistance (Rct). In a measurement, Rs and Rct can be obtained from the intersections with the real 

axis, while Cdl is determined from the angular frequency at the maximum of the semicircle. 

Often results will deviate from this ideal semi-circular behaviour. Diffusion, for example, will 

also often play a role in EIS measurements. Diffusion is generally a low-speed process, which 

will manifest at low frequencies (at the right-hand side of the semi-circle). Other deviations that 

are frequently observed are depression or flattening of the semi-circle. This can, for example, 

originate from roughness of the films, when Rct and Cdl are not fixed values but follow a certain 

distribution. A second cause for non-circular semi-circles can be the overlapping of two semi-

circles originating from processes that occur at similar time-scales. 

3.4. Materials Analysis Techniques 

3.4.1. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a commonly applied technique for the analysis of the 

morphology of solid state samples. Electrons are accelerated in a high-vacuum set-up towards 

the sample, with which they will interact in various ways. The first class of electrons that returns 

from the sample to a detector consists of high energy electrons from the electron beam that are 

scattered back by elastic collisions. This backscattering is more efficient if the sample consists of 

heavier atoms. Regions containing atoms with a higher atomic number appear therefore brighter 

in backscattered electron images than areas that consist mainly of lighter atoms. The 

disadvantage of backscattered electron imaging is that these electrons can, due to their high 

energy, not only be released from the surface, but also from the sub-surface, limiting the 

resolution of this imaging technique.  
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Cdl Rs Rs+Rct

dlctCR
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Also secondary electrons can be detected: these electrons originate from inelastic scattering 

interactions, and have a much lower energy (typically < 50 eV). These are, therefore, mainly 

originating from the surface of the sample and can generally provide a higher resolution image of 

the surface topography. Because of this higher resolution for surface topography, secondary 

electron imaging is in general the most frequently used SEM technique. 

To prevent charge buildup at the surface, the measured sample should be sufficiently conductive. 

If the sample is non-conductive, it is usually coated with a conductive layer of carbon, gold or 

palladium.[4]  

3.4.2. X-ray Diffraction 

X-ray diffraction (XRD) is a powerful technique to give information on the crystallographic 

properties of analyzed materials. When a sample is exposed to X-rays, the diffracted rays will 

show constructive interference at some incident angles, depending on the wavelength of the 

X-rays and the distance between the crystal planes.  

To relate the angle at which constructive interference will occur with the distance between the 

crystal planes, Bragg’s law can be applied: 

 sin2dn          Eq. 3.10  

in which n is an integer,  the wavelength of the X-rays, d the distance between the crystal planes 

and Θ the incident angle, as displayed in Figure 3.8. 

 

Figure 3.8 Schematic representation of the diffraction of X-rays on two parallel crystal planes 

When doing XRD measurements a scan of a range of angles Θ is made and the interference is 

recorded. With the help of these interference patterns the distances between various crystal 

planes can be determined. For thin films also information on preferential crystallographic 

orientation (for example for layered structures) can be obtained.[4] 

Crystal Plane 1

Crystal Plane 2

Incident X-rays Diffracted X-rays

dΘ
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3.4.3. Neutron Depth Profiling 

To detect lithium in a battery stack, Neutron Depth Profiling (NDP) can be applied. Low energy 

neutrons originating from a nuclear reaction are for this technique used as a probe. A neutron 

can in the sample react with 6Li to form a triton (3H) and an alpha particle (4He) with a known 

energy (2.727 and 2.055 MeV, respectively). By detecting the energy of the particles emitted from 

the sample, the stopping power can be used to determine the depth at which the triton and alpha 

particle were formed. Therefore, a depth profile for lithium can be obtained. It is beneficial that 

the energy of the neutrons is relatively low. This means practically that only a minor interference 

with battery operation is possible and that in-situ measurements can therefore be made to 

monitor the lithium depth profile while cycling the battery electrochemically.[5,6]  

3.4.4. Other Analysis Techniques 

Various other techniques were applied to determine the amount of material deposited and its 

composition. Rutherford Backscattering Spectrometry (RBS) was, for example, used to 

determine the amount of material deposited. In RBS helium ions are accelerated towards the 

sample, and after collision backscattered. The energy of these backscattered ions can 

subsequently be used to determine the number of ions on the sample surface and to create a 

depth profile of the sample.[4] 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) is a technique to 

determine the concentration of metal ions in solution. For this technique, a solution is fed into a 

plasma, and the atomic emission is compared to the emission resulting from standard solutions. 

The advantage of this technique is that it gives the possibility to determine the ratio of different 

metals in solution. If, for example, a deposited LiCoO2 film is dissolved in a strong acid, it is 

possible to determine the lithium to cobalt ratio. 

X-ray Photoelectron Spectroscopy (XPS) employs X-rays to eject electrons from the investigated 

sample. By analyzing the energy of these electrons, information is obtained of the material from 

which it is emitted: which elements does the sample consist of, what is their oxidation state and 

what types of chemical bonds are present. By combining XPS with sputtering, a depth profile 

can be obtained.[4] 
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Chapter 4.  

Low Pressure Chemical Vapour 

Deposition of a LiCoO2 Cathode 

Abstract  

LiCoO2 is one of the most common electrode materials for Li-ion 

batteries, both in bulk and thin-film form. Therefore it has been 

used as a reference compound to test the feasibility of LPCVD 

deposition, and especially the used Aixtron 200RF equipment, 

for the deposition of thin film battery materials. In this chapter the 

first explorations for the deposition of lithium cobalt oxide will be 

described, and subsequently the deposition parameters will be 

optimized.* 

 

 

                                                

* This chapter has partially been published by J. F. M. Oudenhoven, T. van Dongen, R. A. H. Niessen, 
M. H. J. M. de Croon and P. H. L. Notten, in J. Electrochem. Soc., 156 (5) D169 (2009). 
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4.1. Introduction 

A well-known and commonly used cathode material for Li-ion batteries is LiCoO2, which has 

been thoroughly investigated over the past few decades. Various methods have been described to 

deposit electrochemically active LiCoO2 films. These include sol-gel methods,[1-4] RF-magnetron 

sputtering[4-6] and pulsed laser deposition.[6] On the other hand, surprisingly few investigations 

have focused on LPCVD, although LPCVD is a well-known technique to deliver very crystalline 

and well-defined films for various materials.[7] Moreover, LPCVD has several advantages: it 

provides excellent stoichiometry control since separate precursors are used for lithium and cobalt 

and it can be used for step conformal deposition in three dimensional structures. Before LPCVD 

can be successfully used as a method to produce 3D-micro-batteries, the process on planar 

substrates needs to be thoroughly understood.  

In the early 1990s, a few preliminary studies on Chemical Vapour Deposition (CVD) of LiCoO2 

using volatile metal organic precursors were published. The films obtained were compared with 

sol-gel deposited[8] and spray pyrolysis synthesized films.[9] Both studies concluded that CVD was 

not the most favourable method to deposit LiCoO2 thin films. Sol-gel deposited films showed a 

more open structure, which is beneficial for a large contact area between the LiCoO2 film and a 

liquid electrolyte, and gives the material a higher power capability.[8] Spray pyrolysis was 

suggested as a more favourable technique compared to CVD from a hardware point of view, 

implying that less hardware investments and more simple reagents are required.[9] However, 

neither sol-gel nor spray pyrolysis deposition allow step conformal deposition of thin films into 

three dimensional structures. 

Also in a thesis by Kenny, volatile precursor LPCVD has been employed to deposit LiCoO2.
[10] 

Many different analysis techniques were applied to investigate the influence of deposition 

parameters on the quality of the deposited films. The desired lithium-to-cobalt ratio could be 

obtained, but the investigations did not provide any evidence of the presence of crystalline 

LiCoO2. Moreover, no electrochemical investigation was performed on these samples.  

Cho et al.[11,12] used Liquid Delivery Metal Organic Chemical Vapour Deposition (LDMOCVD) 

to deposit LiCoO2 films on planar substrates and trenches with a depth and a width of 

approximately 1 µm. Their initial measurements revealed that CVD is capable of depositing 

LiCoO2 films in 3D structures, but that many deposition variables influence the properties of the 

deposited films. 
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In this chapter the suitability of volatile precursor LPCVD is investigated for the deposition of 

LiCoO2 cathodes for thin film batteries. It comprises of an investigation of the deposition 

parameters for Li2O, Co3O4 and LiCoO2 films by LPCVD in which electrochemical, chemical 

and crystallographic results are combined. The influence of the ratio of different reactants, 

susceptor temperature and deposition time on the chemical composition, structure and 

electrochemical properties is determined. 

4.2. Experimental 

4.2.1. Thin Film Deposition 

Thin films were deposited onto circular silicon substrates with a diameter of approximately 3 cm. 

The samples prepared for electrochemical measurements were deposited on similar substrates 

covered with an adhesive layer (ca. 50 nm) of TiO2 and a layer of platinum (ca. 200 nm) to create 

a conductive back-contact. Platinum covered substrates were not used for the other analyses, 

since platinum could interfere with the materials analyses. 

To deposit these thin films, the horizontal cold walled LPCVD reactor described in Chapter 3 

was used. The substrate was positioned on a graphite susceptor that was heated via RF. The 

temperature was monitored using a thermocouple inside this susceptor. To increase homogeneity 

of the deposited films, the 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 573 and 

1273 K and the reactor pressure between atmospheric pressure and 6 mbar. 

Two precursor bubbler positions were used in the vapour supply system (position 1 and 9 in 

Figure 3.3), one of which was placed in a thermostatic bath and the other was positioned in a 

furnace, to control low and higher 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 vapour generated at 

elevated temperatures, i.e. from the bubbler positioned in the furnace, was led to the reactor 

through heated lines and valves. Oxygen, mixed with argon, was fed into the reactor via a system 
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completely separated from the precursor bubblers. The oxygen and precursor gas flows were 

allowed to mix in the deposition chamber.  

The starting materials were cobalt dicarbonyl cyclopentadienyl (CpCo(CO)2) and tert-

butyllithium (t-BuLi), both 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 supplied via a purifier to assure oxygen and water free gas flows. Because 

the vapour pressure of the used precursors was unknown, first several films of Co3O4 and Li2O 

were deposited. Materials analysis techniques were used to determine the amount of material 

deposited, and the crystallinity of the Co3O4 films. With this knowledge, the deposition 

parameters were adjusted to yield a sufficient deposition rate. These settings (for the vapour 

supply system summarized in Table 4.1) were used as starting point for the deposition of LiCoO2 

films. 

Four series of LiCoO2 samples were deposited, with variations in the lithium-to-cobalt ratio 

(series A), oxygen flow (series B), susceptor temperature during deposition (series C) and 

deposition time (series D). Two extra samples were deposited for cycling stability experiments, 

both containing a LiCoO2 film deposited for 2 hours at 773 K. On one of the samples a thin 

protective layer of a Solid State Electrolyte (SSE), lithium phosphate, was added. 

Table 4.1 Vapour supply system settings. The flows indicated for tert-butyllithium and 

CpCo(CO)2 are argon flows led through the bubblers in standard cubic centimeter per minute 

(sccm). The total gas flow indicated is the total of the argon flow through the transport lines, the 

argon flow through the bubblers and the oxygen flow. 

Precursor Temperature Pressure Flow 

 K 

 

Pa sccm 

tert-butyllithium 323 4.0·10
4
 400 

CpCo(CO)2 291 2.5·10
4
 13.8 – 55.2 

Oxygen Room temperature  1 – 50 

Total gas flow Room temperature  1550 
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4.2.2. Sample Analyses 

Samples were analysed by means of X-ray diffraction (XRD) using a Panalytical X’Pert PRO 

MPD diffractometer equipped with a Cu Kα X-ray source. To suppress the diffraction peaks of 

the single crystalline Si substrate, a Θ-offset of 3° was applied. Scanning Electron Microscopy 

(SEM) was performed using a Philips/FEI XL 40 FEG instrument, and Rutherford 

Backscattering Spectroscopy (RBS) measurements were done using the singletron radiation 

facilities of Eindhoven University of Technology. The lithium-to-cobalt ratio was determined 

using Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). 

4.2.3. Electrochemical Analyses 

All electrochemical measurements were performed in an argon filled glovebox (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.[13] The cell was filled with a 

commercial grade liquid electrolyte consisting of 1 M LiClO4 in propylene carbonate (Puriel, 

Techno, Semichem Co., Ltd, Korea). This three-electrode setup was connected to an Autolab 

PGSTAT 30 potentiostat/galvanostat (Ecochemie B.V., the Netherlands) to perform Cyclic 

Voltammetry (CV) and constant current charge/discharge tests at room temperature. The 

samples were cycled at 1 mV/s and all potentials are given versus a Li/Li+ reference electrode 

couple. The constant current experiments were performed at 8.3 µA cm-2. 

4.3. Results and discussion 

4.3.1. Li2O and Co3O4 Deposition 

The vapour pressure of the precursors was not known beforehand, and therefore the optimum 

evaporator settings had to be determined via an iterative approach. The evaporator settings for 

the lithium- and cobalt-precursor were tested independently. After a visual inspection of the 

deposited film, the amount of material deposited was analyzed using materials analysis 

techniques (ICP-AES for Li2O and RBS for Co3O4). The evaporator settings were adjusted to 

obtain a sufficiently high deposition rate. The resulting evaporation parameters were used to 

initiate the LiCoO2 deposition experiments and are listed in Table 4.1. 
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4.3.2. Precursor and Oxygen Flows 

To determine the correct ratio of flows through the precursor bubblers, a series of samples was 

prepared. First, the flow through the cobalt bubbler was varied, while the other flows were kept 

constant (Series A). The process conditions of these deposition runs are listed in Table 4.2. 

Three different argon flows through the cobalt precursor bubbler (FCo) were chosen: 13.8, 27.6 

and 55.2 standard cubic centimetres per minute (sccm). The pusher flow of argon was matched 

to obtain an equal total flow through the reactor in all cases. The active layers were deposited on 

planar silicon. The expected phases formed are LiCoO2 and Co3O4 in the case of an excess of 

cobalt precursor, and LiCoO2 and Li2O when using an excess of lithium precursor. The 

sensitivity of XRD for Li2O is generally very low and this species could therefore not be 

observed in the diffractograms. XRD was only used as a tool to distinguish between the Co3O4 

and LiCoO2 phases, while the formation of Li2O was assumed since most organolithium 

compounds are known to react with oxygen. 

Table 4.2 Process parameters for deposition of LiCoO2 samples. Listed are the oxygen flow 

(FO2 ), argon flow through the cobalt bubbler (FCo ), total gas flow through the reactor (Ftot ) and 

the susceptor temperature (Tdep ). 

 FO2 FCo Ftot Tdep 

 sccm sccm sccm K 

Series A 50 13.8 – 55.2 1550 773 

Series B 1 – 50 13.8 1550 773 

Series C 1 13.8 1550 573 – 873 

The XRD results (Figure 4.1) clearly show the diffraction lines for Co3O4 and LiCoO2. At high 

cobalt precursor flows the Co3O4 peaks dominate the diffractogram, while they disappear 

completely for the lowest flow. This is most clear for the Co3O4 220 line at 31.3 º2Θ, which is 

not visible for a flow of 13.8 sccm. The disappearance of the Co3O4 511 and the Co3O4 400 lines 

also illustrates that no crystalline Co3O4 is formed at this precursor flow-rate. 

XRD results show that the best stoichiometry was obtained using a precursor flow of 13.8 sccm. 

To check the cobalt-to-lithium ratio of this sample, it was also analysed by ICP-AES. The film 

has a composition of Li:Co = 1.1:1, which is a slight overstoichiometry in lithium. 
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Figure 4.1 XRD patterns of LiCoO2 (series A): varying argon FCo. 

To evaluate the effect of the oxygen flow (FO2), three different samples were prepared with 

FO2 = 50, 25 and 1 sccm (series B). The deposition conditions are summarized in Table 4.2. 

X-ray diffraction (see Figure 4.2) showed that the samples deposited under various FO2 are 

different and that the LiCoO2 101 diffraction line was reduced for samples deposited at higher 

oxygen flows. A similar, but much weaker effect was observed for the 104 diffraction line.  

 

Figure 4.2 XRD diffraction patterns of LiCoO2 (series B) deposited at different oxygen flows. 
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The cyclic voltammetric results on series B samples are shown in Figure 4.3. Three different 

transitions are generally observed for LiCoO2 electrodes cycled between 3.3 and 4.3 V. In this 

range lithium is removed from stoichiometric LiCoO2, which has a slightly distorted hexagonal 

structure with the R3m space group. When extracting lithium from LiCoO2 a second hexagonal 

phase is formed at a potential of approximately 3.9 V and a two-phase coexistence region exists 

for LixCoO2 with 0.75 < x < 0.93. This gives rise to a large peak in the cyclic voltammogram. 

Two small peaks are observed at 4.1 and 4.2 V, between which a monoclinic phase exists due to 

re-ordering of lithium ions. At potentials higher than 4.2 V the hexagonal structure is 

re-appearing.[14] 

 

Figure 4.3 Cyclic voltammetry performed at LiCoO2 electrodes (series B), deposited with 

multiple oxygen flows. 

It is clear that the three samples of series B behave electrochemically very similar (Figure 4.3). A 

trend is visible which shows that the samples deposited with a higher oxygen flow have a slightly 

smaller peak area. This indicates a lower lithium (de-)intercalation capacity. However, these 

effects are only very marginal. As the amount of electrochemically active LiCoO2 is nearly the 

same for all samples, the difference observed in the XRD measurements (Figure 4.2) indicate 

that the oxygen flow does not influence the crystallinity of the deposited material much, but only 

influences the crystallographic orientation.  

4.3.3. Deposition Temperature 

Various properties of LPCVD-processed LiCoO2 layers are expected to be dependent on the 

deposition temperature, as many, if not all, processes in the deposition reactor are influenced by 
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temperature (e.g. the decomposition reaction rates and precursor diffusion). To investigate these 

effects, several samples were deposited with the susceptor temperature varying from 573 to 

873 K in steps of 50 K (Series C in Table 4.2). All other parameters were kept constant. The 

XRD results obtained with samples series C reveal large differences (Figure 4.4). 

 

Figure 4.4 XRD patterns of LiCoO2 thin films deposited at multiple temperatures (series C). 

Films deposited at 573 or 623 K contain only negligible amounts of crystalline materials. At 

deposition temperatures higher than 673 K, crystalline LiCoO2 is indeed formed, as can be seen 

from the LiCoO2 101 and 104 lines at 37.3 and 45.3 º2Θ, respectively. Moreover, some Co3O4 is 

present in the films (for example the 220 and 311 line at 31.3 and 36.9 º2Θ in Figure 4.4). This 

effect is strongest in the layer deposited at 723 K, where both the LiCoO2 and Co3O4 crystal 

structures were observed most clearly. These results suggest that deposition at a higher 

temperature (>723 K) yields a more crystalline film, but also that the lithium-to-cobalt ratio of 

the films changes with temperature. The low temperature and high temperature phases (LT- and 

HT-LiCoO2 respectively) of LiCoO2 cannot be distinguished using these diffractograms, since 

their diffraction patterns are highly coincident.[15] 

Using SEM imaging (Figure 4.5.) it is confirmed that the sample deposited at 673 K indeed 

shows an amorphous morphology, with an island-like deposition structure. Deposition at higher 

temperatures gives rise to a more homogeneous, and more crystalline film structure. SEM images 
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were also used to determine the layer thickness, which was found to be approximately 90 nm for 

the film deposited at 773 K. 

 

Figure 4.5 SEM images of samples from series C, deposited at 573, 673, 773 and 873 K. 

The samples of series C were also subjected to RBS and ICP-AES analyses in order to determine 

the amount of material deposited and the lithium/cobalt/oxygen ratio. From these analyses 

(Table 4.3) it is clear that deposition at low temperatures yields films that deviate significantly 

from a lithium-cobalt ratio of 1:1. For temperatures below 673 K, oxygen and lithium are found 

to be present in excess in the deposited films. A ratio of Li:Co:O of 1.3:1:2.7 is observed for the 

sample deposited at 623 K, and even 3.3:1:7.1 at 573 K. This result, combined with the absence 

of a crystalline phase in the X-ray diffraction pattern (Figure 5), indicates that the processes in 

the deposition reactor will not complete at low temperatures and that the desired LiCoO2 phase 

is not formed. Instead, various partially oxidized precursor residues might be present. 

For the samples deposited at 673 and 723 K, RBS/ICP-AES data show that oxygen is under-

stoichiometric, while Co is somewhat over-stoichiometric (Table 4.3). This is consistent with the 

XRD results (Figure 4.4), showing that a Co3O4 phase is formed. The Co3O4 phase has a lower 

oxygen-to-cobalt ratio compared to stoichiometric LiCoO2. 

The data found with RBS and ICP, combined with the layer-thickness found in the cross-section 

SEM images could be used to determine the density of the deposited film. The layer deposited at 

773 K has a density of approximately 3 g/cm3, which is slightly higher than the density of a high-

density powder.[16]   

500 nm 573 K 673 K

773 K873 K
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Table 4.3 ICP, RBS and electrochemical results for the samples in Series C, deposited at 

different temperatures. 

Temperature [K] 573 623 673 723 773 823 873 

ICP Li:Co 1:0.3 1:0.8 1:1.6 1:1.7 1:1.2 1:1.2 1:1.0 

RBS Co/cm
2
  

[·10
15

 atoms cm
-2
] 

41.8 129 179 190 167 172 172 

RBS Co:O 1:7.1 1:2.7 1:1.8 1:1.9 1:1.9 1:1.8 1:1.8 

Initial lithium (de-)intercalation capacity [C cm
-2

, 3.3 –  4.3 V] 

Charge 4.95·10
-3 

9.08·10
-3

 1.37·10
-2

 1.29·10
-2

 1.48·10
-2

 2.02·10
-2

  

Discharge 1.61·10
-3

 1.84·10
-3

 5.93·10
-3

 9.94·10
-3

 1.19·10
-2

 1.58·10
-2

  

Li
+
 per Co 

(charge/discharge) 

0.74/0.24 0.44/0.09 0.48/0.21 0.42/0.33 0.55/0.45 0.73/0.58  

 

To examine the electrochemical performance of series C, five LiCoO2 samples were prepared on 

a platinum current collector, at susceptor temperatures varying from 573 to 823 K. It can be 

observed in Figure 4.6 that the films deposited at low temperatures show hardly any 

electrochemical activity, while the samples deposited at higher temperatures have a more defined 

CV plot. The sample deposited at 823 K shows a distinct behaviour: after the first charge step 

that reveals, as expected, a large peak at 3.95 V and two smaller peaks at 4.07 and 4.2 V, the 

discharge behaviour is somewhat deviating as it shows a single broad peak that is shifted towards 

more negative potentials. Also duplicate samples show a similar behaviour. To find the cause of 

this electrochemical degradation, more in-depth research is required.  

The integral of a peak in a cyclic voltammogram divided by the scan-rate equals the amount of 

charge (de-)intercalated. In this way the discharge capacity of the first cycle was calculated from 

the CV plots shown in Figure 4.6. Combining this with the number of Co atoms obtained with 

RBS, the reversibly extractable number of lithium ions per Co atom was calculated. For samples 

deposited at 773 and 823 K, the discharge capacity was found to be around 0.55 Li per Co. This 

is the maximum amount of lithium that can be extracted and intercalated reversibly in LiCoO2.
[14] 

Since the sample deposited at 823 K shows a distinct discharge behaviour, further experiments 

were limited to deposition at 773 K, where the best crystallinity, and a good storage capacity 

were obtained. 
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Figure 4.6 Cyclic voltammetry of LiCoO2 layers series C (varying Tdep). 

4.3.4. Deposition Time 

Various samples of samples were deposited at 773 K during 1, 2, 4, 6 and 8 hours(series D). The 

rest of the parameters were unaltered compared to the temperature-dependent experiments 

(series C) shown in Table 4.2. Again the deposited samples were evaluated electrochemically. The 

CV plots (Figure 4.7) show that the area under the oxidation and reduction peaks increases with 

deposition time. The potential at which the maximum current is observed in the CV plot also 

shifts with the deposition time, which is mainly due to the resistance of the liquid electrolyte. 

Using electrochemical impedance spectroscopy (not shown here), this resistance was found to be 

approximately 70 Ω. For a peak current of 1.2 mA (for the layer with 8 hours deposition time), 

an Ohmic drop of 70 Ω results in a shift of 84 mV from the equilibrium potential. This agrees 

well with the shift in Figure 4.7. Also a broadening of the oxidation and reduction peaks, which 

cannot be readily explained by Ohmic losses, is observed for samples with a longer deposition 

time. This broadening can be attributed to the increased film thickness, and longer diffusion 

pathways for lithium ions. Diffusion limitations will play a more important role for thicker solid 

electrodes. 
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Figure 4.7 Cyclic voltammetry of samples with varying deposition times (Series D). The inset 

shows the charge and discharge capacities of these films. 

The charge stored in the series C electrodes was calculated with a similar method as mentioned 

above. The results of these calculations are shown as the inset of Figure 4.7. This reveals that the 

charge increases linearly with deposition time, as expected. It can also be concluded that 

nucleation effects during thin film deposition can be neglected at this scale as the linear fit of the 

data points passes the origin. The difference in charge and discharge capacity can be attributed to 

irreversible side reactions, e.g. oxidation of the liquid electrolyte[17] the formation of the less 

electrochemically active spinel LiCo2O4 phase[18] or mechanical strain induced degradation of the 

LiCoO2 film.[19]  

4.3.5. Cycling Stability 

To determine the stability of the optimized samples a cycle-life experiment was performed. A 

sample was charged using a current density of 8.3 µA cm-2 until the cut-off potential of 4.1 V was 

reached. After a relaxation time of 1800 seconds the sample was discharged to 3.0 V at the same 

current density, after which again a relaxation period of 1800 seconds followed. This procedure 

was repeated for 50 times.  

It was observed that a film of LiCoO2 in liquid electrolyte degrades significantly during 50 cycles 

(Figure 4.8 B and C). This is mainly due to an increase in impedance, which can be concluded 
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from the potential increase of the charging plateau and the decrease of the discharge potential 

plateau. This indicates that a resistive interface is formed. 

 

Figure 4.8 Cycling stability of LPCVD deposited LiCoO2 films. Constant current charge 

and discharge cycle 10 (black), 20, 30, 40 and 50 (lightest shade of gray) are displayed for 

LiCoO2 thin films with (A) and without (C) a protective layer of lithium phosphate, a solid 

state electrolyte (SSE). The charge ( , ) and discharge ( , ) capacities for, respectively, the 

protected and unprotected LiCoO2 films are shown in (B). 
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However, since the goal is to investigate the feasibility of CVD for an all-solid-state battery, a 

sample with an additional thin layer of solid state electrolyte (lithium phosphate) was also tested 

under the same conditions (Figure 4.8 A and B). This sample showed a much more stable 

behaviour and could be cycled without a major loss of capacity. Also the plateau potentials 

remain unchanged, indicating that the loss of capacity for the original LiCoO2 sample is due to 

the interaction of the liquid electrolyte with the thin film electrode, and does not influence the 

feasibility of CVD for all-solid-state batteries. 

4.4. Conclusions 

The influence of various LPCVD deposition parameters on the film properties of LiCoO2 was 

investigated by material analyses and electrochemical characterization. It was found that using 

the chosen precursors, the lithium-to-cobalt ratio can be controlled well by varying the argon 

flow through the cobalt precursor bubbler. The oxygen flow had an impact on the crystal 

orientation of the deposited LiCoO2 but did not influence the electrochemical behaviour of the 

films significantly. It was shown that the most crystalline films are deposited at susceptor 

temperatures of 773 K or above. As samples deposited at 823 K showed a distinct discharge 

behaviour, experiments were limited to deposition at 773 K, at which a good crystallinity and a 

high storage capacity are obtained. Reversible storage capacities around the theoretical value of 

0.55 Li per LiCoO2 formula unit were found.  

Cycle-life experiments showed that in liquid electrolyte the significant degradation of capacity 

during cycling is mainly due to the interaction between the LiCoO2 thin film electrode and the 

liquid electrolyte. The addition of a thin layer of a solid-state electrolyte enhanced the stability to 

a great extent, indicating that LPCVD deposited LiCoO2 thin films are suitable for application in 

all-solid-state thin-film micro-batteries. 
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Chapter 5.  

Solid-State Electrolytes Deposited by Low 

Pressure Chemical Vapour Deposition 

Abstract 

An important ingredient of all-solid-state micro-batteries is the 

solid-state electrolyte. The properties of this material determine, to 

a large extent, the performance of the battery. Lithium-tantalate 

and lithium-phosphate were identified as possible candidates for  

thin-film batteries deposited by LPCVD. In this chapter, the 

investigation of the deposition characteristics of these electrolyte 

materials is described, as well as the investigation of their 

electrochemical properties. 
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5.1. Introduction 

An important part of thin-film solid-state batteries, which to a large extent determines its 

performance, is the solid-state electrolyte. This film should combine a good (electro)chemical 

stability in a sufficiently large voltage window with a high ionic conductivity. Moreover, the 

electronic conductivity should be low and the film should provide a pinhole-free barrier between 

the two electrodes. In the second chapter a few electrolyte materials were reviewed, which can 

basically be divided into classes of polymeric electrolytes and inorganic metal 

oxides/nitrides/phosphates. For 3D thin film batteries deposited by using chemical vapour 

deposition techniques, the class of inorganic electrolytes is most beneficial, because similar 

procedures can be applied as for the previously described LiCoO2 cathode material. 

Ionic conductive materials that were identified as possible candidates for LPCVD deposition 

were LiTaO3 and Li3PO4. These materials have the benefit that, because the deposition of 

LiCoO2 was already investigated, only one alternative precursor needs to be installed, for which 

chemicals with sufficient vapour pressure are available. Moreover, LiTaO3 is a material that has 

previously been deposited successfully ion a planar form by CVD (for optical applications) using 

a liquid delivery system.[1,2] For the available Aixtron 200RF, however, evaporation from bubblers 

is necessary and therefore a precursor with sufficiently high vapour pressure has to be used. One 

organometallic precursor that could fulfil this requirement is tantalum(V)ethoxide, which has 

proven to be effective for various vapour deposition techniques to deliver Ta2O5 films.[3,4]  

The second solid-state electrolyte that was considered, Li3PO4, is relatively new in the field of 

CVD. Li3PO4 is a basic solid-state electrolyte, with a relatively low ionic conductivity. It can, 

however, be interesting because with the addition of titanium, silicon or nitrogen, electrolytes can 

be formed that show much better performance in thin-film form. And even though the 

deposition of Li3PO4 with CVD is still virtually unexplored, the parallels with other metal-

phosphates deposited by CVD can lead to a quick start. CVD has, for example, shown to be 

effective for the deposition of hydroxyapatite (a calcium-phosphate-hydroxide), which is a 

constituent of human bones and can be used as a coating to increase bio-compatibility of 

artificial joints.[5] Another example is the deposition of titanium phosphates by CVD, a material 

class that can be applied as inorganic UV filter or in crystalline form even as lithium battery 

electrode.[6,7] For an electrode material, a high electronic conductivity is required while a good 

electrolyte material has a high ionic conductivity but a low electronic conductivity. Kuo et al. 
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Determined that the electronic conductivity of titanium phosphate is highly dependent on the 

deposition temperature.[6] The above mentioned CVD processes make use of trimethylphosphite 

or trimethylphosphate as the phosphorus source.  

In this chapter, the conditions are explored for the deposition of Ta2O5, to investigate the 

behaviour of the tantalum(V)ethoxide precursor. Subsequently a LiTaO3 electrolyte film is 

deposited and analyzed. Unfortunately, P2O5 has a relatively high vapour pressure and the 

material can thus not be deposited in a thermally activated set-up. Therefore, only the lithium 

phosphate deposition from trimethylphosphate and t-butyllithium has been investigated. 

The examination of these solid-state electrolytes consisted of several materials analyses 

techniques to determine the composition, and electrochemical analyses for the determination of 

the voltage stability window and the ionic conductivity. For some samples, the ionic conductivity 

was also measured at various temperatures to determine the activation energy for the ionic 

conductivity. 

5.2. Results and Discussion on the deposition of LiTaO3 

5.2.1. Deposition of Ta2O5 

For the deposition of LiTaO3 electrolyte, t-butyllithium was used as lithium precursor, of which 

the evaporator settings and the deposition behaviour were previously determined for the 

deposition of LiCoO2 (chapter 4). The applied tantalum precursor, tantalum(V)ethoxide, was 

initially applied for the deposition of Ta2O5 films. These experiments were used to find the 

desired precursor bubbler settings to generate a sufficient amount of Ta-precursor vapour and 

subsequently to determine the required deposition temperature range. The amount of material 

deposited in the films was analysed using RBS. This amount could also be used to calculate the 

deposition rate with the assumption that the system was at steady-state. 

An example of the results of these initial measurements is shown in Figure 5.1, where the 

deposition rate is plotted versus the flow rate of the carrier gas (argon) through the precursor 

bubbler. The total gas flow through the reactor was kept constant in these experiments by 

adjusting the flow through the dummy runlines. Therefore, no differences in flow- and 

temperature profiles are expected to occur. The bubbler pressure was for these experiments 

1000 mbar, its temperature 383 K (110 °C) and the deposition temperature was 773 K (500 °C). 
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Thin films were deposited for 30 minutes. The overall deposition parameters for this and all 

other experiments described in this section can be found in Table 5.1. 

It can clearly be observed that the deposition rate is linearly dependent on the flow rate of the 

carrier gas through the bubbler. It can therefore be concluded that the evaporation process is (in 

this flow range) in equilibrium, and that the source gas flow (Fig 3.2) is effectively saturated with 

the precursor. The concentration of the precursor at the reactor entrance can therefore be 

linearly controlled using the flow through the bubbler. Secondly, it can also be concluded that 

the reaction rate is showing a first order dependence on the tantalum precursor concentration. 

Surprising observation is that a linear fit through these measured points crosses the rate-axis 

above the origin. Several explanations are possible for this behaviour. Firstly, the deposited film 

thickness is relatively thin (on average ca. 20 nm) and therefore the inaccuracy of the 

determination of the deposition rate is relatively large. Secondly, because the deposition time is 

relatively short, any initial substrate effects may play a larger role. These may, for example, 

involve the promotion of nucleation at the interface. A third explanation may be that the carrier 

gas is not completely saturated at relatively high argon flow through the precursor bubbler. In 

this case a linear fit would be expected for the lower flow rates where the vapour would be 

saturated. When a the flow is increased and saturation is not achieved, a decrease in slope is 

expected. A trend like this cannot be excluded based on the presented results, but can also not 

be confirmed with this small number of datapoints. 

 

Figure 5.1 Ta2O5 deposition rate at 773 K (determined by RBS) vs. the carrier gas flow of 

Ar through the bubbler. The data is compared with a linear fit and a fit with decreasing slope. 
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Table 5.1 Settings applied for the experimental results displayed in section 5.2. 

 Reactor Settings Ta-precursor Li-precursor O2 

Tdep tdep Flow T p Flow T P Flow 

Figure (K) (min) (sccm) (K) (Pa) (sccm) (K) (Pa) (sccm) 

5.1 773 30 50-400 383 1·105 - - - 50 

5.2 623-923 30 200 383 1·105 - - - 50 

5.3 773 60 200-400 383 4·104 400 323 4·104 1 

5.4-5.6 623-923 120 200 383 4·104 400 323 4·104 1 

 

For the deposition reaction, the temperature of the susceptor is also of vital importance. This 

key deposition parameter was varied between 623 and 923 K (350 - 650 °C) with increments in 

steps of 50 K. The bubbler pressure for these experiments was atmospheric (105 Pa), the 

evaporation temperature was 383 K (110 °C) and the flow through the precursor bubbler was 

200 sccm. Again, the deposition rate was determined by RBS. Results of these measurements are 

plotted according to the Arrhenius equation in Figure 5.2.  

 

Figure 5.2 Arrhenius plot for the deposition rate of Ta2O5 (determined by RBS). The solid 

line is a linear least squares fit for the two distinguished temperature regimes. Detailed deposition 

conditions may be found in Table 5.1. 
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In this plot, clearly two zones can be distinguished: a high-temperature range, where the 

deposition rate is only weakly dependent on the susceptor temperature and a low-temperature 

regime, where the deposition rate is strongly dependent on the deposition temperature. This may 

indicate that different processes are rate-determining in these temperature ranges. It is, for 

example, known that Fickian bulk diffusion effects are dependent on the temperature via a 

relation close to T 1.75 while a kinetically controlled deposition process rates will follow an 

Arrhenius form TR

EA

e


. A consequence of this is that the temperature dependence is much 

stronger for the kinetically controlled deposition rate than for the diffusion controlled process. 

Therefore it was concluded that the deposition rate was limited by diffusive transport in the 

high-temperature range, while the chemical kinetics limited the deposition at lower temperatures 

where the slope in Figure 5.2 is much steeper. 

5.2.2. Deposition of LiTaO3 

After tantalum oxide was successfully deposited, experiments were initiated to grow LiTaO3. The 

first important parameter for the deposition of LiTaO3 is the ratio of the lithium and tantalum 

precursor. This was regulated by varying the carrier gas flow through the tantalum bubbler for 

which it was concluded above that it was linearly related to the vapour composition. The lithium 

evaporator settings were kept constant and remained the same as for the LiCoO2 deposition. 

This has the benefit that when a stack of different films is deposited, the settings for the 

Li-precursor evaporation do not need to be adjusted. No time is then required for the bubbler to 

achieve the new steady-state, and non-stop deposition is possible. To increase the Ta-precursor 

evaporation rate, to match the concentration of the Li-precursor, the pressure of the Ta-bubbler 

was reduced.  

Three films that were deposited with different Ta-concentrations were dissolved in a small 

accurately determined amount of a mixture of hydrochloric acid and hydrofluoric acid. The 

concentrations of Li and Ta in the obtained solutions were subsequently analyzed with ICP-AES. 

The results of these measurements are shown in Figure 5.3. It can be observed that the 

lithium-to-tantalum ratio in the deposited films can be controlled linearly by the tantalum 

concentration in the precursor gas phase. Because it was determined previously that the 

composition of the gas phase is also linearly dependent on the flow through the precursor 

bubbler, it can be concluded that the dependence of the deposition rate of tantalum in the 

lithium tantalum oxide layer has a first order dependence on the Ta-precursor concentration. 
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This offers very straightforward tools to directly control the composition of the reactive gas 

phase, and indirectly of the deposited films. Because a Li:Ta ratio of 1:1 was found for a flow of 

200 sccm through the Ta-precursor bubbler, this flow was used for further experiments.  

These films were also analysed using X-ray diffraction, to determine the crystallinity of the films. 

Because the films had a thickness that is well within the detection limits of XRD, the absence of 

any diffraction peaks in the results indicated that the deposited films were amorphous or had a 

nano-crystalline structure. 

 

Figure 5.3 Ratio of tantalum-to-lithium determined using ICP-AES for various flows 

through the tantalum precursor bubbler while keeping the conditions constant for the lithium 

precursor bubbler. 

The influence of the deposition temperature on the films was also investigated. Films were 

deposited in a temperature range between 623 and 873 K. Their composition was again analysed 

by ICP-AES and the total number of deposited atoms per cm2 was determined by RBS. RBS was 

also applied to determine the ratio of Ta:O. The results of these measurements are plotted in 

Figs. 5.4 and 5.5. 
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Figure 5.4 Deposition rate for LixTayOz determined by RBS as a function of the susceptor 

temperature during deposition. 

 

Figure 5.5 Ratio of lithium-to-tantalum (determined by ICP-AES) and the ratio of 

oxygen-to-tantalum (determined by RBS) for samples deposited at various susceptor 

temperatures. 
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weaker for the deposition at higher temperatures. Also in this case it was concluded that 

deposition at high temperatures was diffusion controlled (>723 K), while deposition at low 

temperatures was reaction rate controlled. 

In Figure 5.5 the Li/Ta and O/Ta ratios are plotted. The most remarkable observation in this 

figure is that the composition of the deposited layer is only very weakly dependent on the 

deposition temperature. Below 700 K, at temperatures at which also the deposition rate of Ta2O5 

(Fig. 5.2) and LixTayOz (Fig. 5.5) show a strong temperature dependence, the composition 

deviates significantly from the desired LiTaO3 stoichiometry. When a deposition temperature is 

chosen above 700 K, the lithium-to-tantalum ratio is approximately 1, while the 

oxygen-to-tantalum ratio is near 3.5. This slight overstoichiometry can be (partially) forthcoming 

from the formation of undesired side-products (e.g. LiCO3) and the inaccuracy of the performed 

analyses. 

5.2.3. Electrochemical Analyses of LiTaO3 

For the electrochemical behaviour of the electrolyte, two aspects are most important: the ionic 

conductivity and the electrochemical stability window. To investigate the stability window, CV 

measurements were applied, while EIS analysis yielded results for the ionic conductivity. 

First, a control measurement was performed on a Pt covered substrate that was similar to the 

substrates onto which the LiTaO3 films were deposited. The Pt electrode was mounted in a cell 

filled with 1M LiClO4 solution in propylene carbonate as electrolyte and metallic lithium counter 

and reference electrode. The result of this CV measurement is shown in Figure 5.6f. It is clearly 

visible that Pt is not completely inert in the used electrolyte solution, although the currents are 

relatively low. If these responses are related to lithium insertion/extraction in/from platinum, 

these might be of importance for the interpretation of the measurements to determine the 

stability range of the solid-state electrolytes. If, however, different effects form the basis of this 

electrochemical response (e.g. Pt-catalyzed electrolysis of the liquid electrolyte) these will not be 

visible for the solid-electrolytes samples as direct contact of the Pt electrode with the electrolyte 

is absent. 

The clearest electrochemical responses at platinum are visible towards 0 V, at 0.5 – 0.7 V and at 

3.6 – 3.7 V. The irreversible 0 V electrochemical reaction (indicated by 1 in Fig. 5.6f) is most 

probably due to the reduction of the carbonate-based solvent of the liquid electrolyte. The 

reduction peak that is observed just below 0.5 V, and the coupled oxidation peak at around 1.0 V 
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(indicated by 2) are very similar to the peaks that were observed by Aurbach et al. for the 

electrochemistry on a gold electrode, who attributed this to metallic lithium deposition at higher 

potentials that the expected 0 V vs. Li/Li+.[8] The most pronounced effect, that was observed at 

3.6 – 3.7 V (3 in Fig. 5.6), is most likely due to the oxidation of a metallic silver contamination.[8] 

The source of this contamination might be the Leitsilber, which is used to create an electronic 

contact. In Fig. 3.5 it was shown how the backside of the sample is connected to the 

electrochemical measurement set-up via a copper disc. The substrate onto which the Pt film is 

deposited consists, however, of high-ohmic silicon and an electronic path from the Pt film to the 

copper disc is therefore required. This is obtained by painting a small Leitsilber track round the 

edge of the substrate. If the O-ring is not completely sealing the bottom of the cell, or if the 

measured area is (slightly) contaminated with silver, a clear silver oxidation peak can be observed 

starting at 3.6 – 3.7 V. 

The same CV measurements were also performed for the deposited LiTaO3 solid-state 

electrolyte films. In Figure 5.6a-e the results for samples deposited at different temperatures is 

displayed. It is clear that the electrochemical activity for the samples deposited at 773 K and 

higher is significantly lower between 2 and 4.3 Volt than for the bare Pt current collector, even 

when excluding the silver oxidation in the case of platinum (f). Below 1.8 V there is, however, a 

significant reduction visible, which is possibly due to the degradation of the solid-state 

electrolyte. Also the electrolyte layers that were deposited at lower susceptor temperatures gave 

similar results: also in this case an increase in reduction current appears at potentials below 2 V. 

However, also an oxidation current was observed between 3.5 and 4.3 V for these samples. 

It can therefore be concluded that a LPCVD deposited LiTaO3 solid-state electrolyte is lacking 

sufficient stability for the intended solid-state battery. It can also be concluded that only the 

material deposited at a temperature of 773 K or above can be used and then only in combination 

with a high-voltage anode material and, for example, a LiCoO2 cathode. At this moderately high 

temperature, however, the deposition process is expected to be diffusion limited, and therefore 

not applicable for step-conformal 3D thin-film micro-batteries. 
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Figure 5.6 Cyclic Voltammetry of LiTaO3 films deposited at various susceptor temperatures 

(a-e). f shows a reference measurement of the Pt current collector. 

To determine the ionic conductivity, LiTaO3 layers were deposited on a Pt current collector, 

after which a pattern of nine circular dots of copper was evaporated onto these solid-state 

electrolytes. This pattern of small current collector spots was chosen to prevent that a single 

short circuited point would make the entire sample unusable. For this test 5 different samples 

were prepared, deposited at 773 K with various deposition times (1, 2, 3, 4 and 8 hours with a 

deposition rate of approximately 50 nm/hour). These experiments were performed for two 

reasons. Firstly, the ionic conductivity should be independent on film thickness for a 

homogeneous solid-state electrolyte and these tests would therefore verify the homogeneity and 

reproducibility of the deposited layers. Secondly, by comparing the number of spots that were 

short-circuited and by comparing the capacitive behaviour of the samples in the impedance 

measurements also the sample “leakage” could be analysed. 
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The results for these samples are listed in Table 5.2. For a film with a thickness of 50 nm all 

spots are short-circuited, and no reliable results could therefore be obtained from this film. Also 

for the 100 nm film, short circuits were encountered for most spots, while for the thicker films 

the number of shorted spots was approximately constant. It can also be observed that the ionic 

conductivity shows no clear correlation with the thickness. Moreover, the resistances that were 

measured for the 100 and 150 nm sample (on which the values for the ionic conductivity are 

based, see Section 3.3.3) were found to be 42 and 38 kΩ, respectively. A slightly lower resistance 

for a thicker film thickness indicates that not only a homogeneous ionic conductivity mechanism 

determines the resistance, but that probably also some start-up effects of the initial deposition 

play a significant role. That can also explain why the thickest layer shows the highest ionic 

conductivity. In that case the role of an initialization effect becomes less significant for the 

overall impedance. The ionic conductivity measured for the thickest film is also the closest to the 

value of 8·10-8 S·cm-1 that was found by Li et al. for nano-sputtered LiTaO3 films that had a 

thickness of 500 nm.[9]  

Table 5.2 Electrochemical impedance measurement results for LiTaO3 samples. 

Thickness 50 nm 100 nm 150 nm 200 nm 400 nm 

 (1 h) (2 h) (3 h) (4 h) (8 h) 

Short-Circuited Spots (out of 9) 9 7 2 3 3 

Ionic Conductivity (at 303 K, S·cm-1) n/a 4.7·10-9 8.0·10-9 7.7·10-9 6.2·10-8 

Activation Energy (eV) n/a 0.48 0.60 0.54 0.50 

 

Conductivity measurements at various temperatures and plotting the results according to the 

Arrhenius equation, reveal the activation energy for the conductivity process. The values 

calculated for these experiments are approximately 0.5 eV. This value is significantly higher than 

the 0.25 eV found by Li et al. for sputtered 500 nm nano-amorphous lithium tantalate films,[9] but 

much lower than those determined by Bennani and Husson, who determined values close to 

1 eV for polycrystalline LiTaO3 powders.[10] It can therefore be concluded that the LPCVD 

LiTaO3 films are slightly more nano-crystalline than sputtered films, but that these still reveal 

some non-crystalline or nano-crystalline conductivity behaviour. 
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5.3. Results and Discussion on the Deposition of Lithium Phosphate 

5.3.1. Deposition of Lithium Phosphate 

For the optimization of the lithium phosphate deposition process, no separate P2O5 deposition 

runs could be performed, because no film could be deposited due to the high vapour-pressure of 

P2O5. Therefore, the first measurements were performed to evaluate the ratio of lithium and 

phosphorus in a deposited LixPOy film in relation to the flow through the phosphorus precursor 

bubbler (with constant total flow through the reactor, constant Li-supply and a fixed deposition 

temperature of 573 K). Table 5.3 presents a summary of the deposition conditions that were 

applied for all samples.  

Table 5.3 Settings applied for the LixPOy samples described in section 5.3. 

 Reactor Settings P-precursor Li-precursor O2 

Tdep tdep Flow T p Flow T P Flow 

Figure (K) (min) (sccm) (K) (Pa) (sccm) (K) (Pa) (sccm) 

5.7 573 120 0-40 293 5·104 400 323 4·104 1 

5.8 573-673 120 40 293 5·104 400 323 4·104 1 

5.9 623 0-2160 10 293 5·104 400 323 4·104 1 

5.10 623 240 10-90 293 5·104 400 323 4·104 1 

5.11-12 773 960 10 293 5·104 400 323 4·104 1 

 

The composition of the films was determined via ICP-MS after dissolution of the films in a 

mixture of hydrochloric and nitric acid. From Figure 5.7 it becomes clear that the relation 

between the carrier gas flow and the composition of the film is not linear, as was the case for the 

tantalum precursor. Instead, the increase of the phosphorus content in the deposited films 

appears to become less steep with increasing gas flow through the phosphorus precursor 

bubbler. The origin of this effect may either be that the carrier gas does not reach an equilibrium 

state in the bubbler, or that the evaporation of deposited P2O5 will play a more important role at 

higher phosphorus contents. This plot does, however, make clear that because of this levelling 

effect, it is with these conditions not possible to reach the desired composition of Li3PO4. 
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Figure 5.7 The influence of the carrier gas flow through the phosphorus precursor bubbler on 

the composition of the deposited film, as determined by ICP-MS. The deposition temperature was 

573 K, and the total gas flow through the reactor tube remained constant in these experiments. 

 

Figure 5.8 The correlation of the composition of the deposited film and the deposition 

temperature, as was determined by ICP-MS. The Ar flow through the P precursor bubbler was 

40 sccm. 
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The influence of the susceptor temperature on the composition of the deposited film was also 

investigated. For this purpose, several films were deposited at various susceptor temperatures 

while keeping the remaining deposition parameters constant (a flow of 40 sccm through the 

P-precursor bubbler). The results of this experiment are displayed in Figure 5.8. The data in this 

figure show that the phosphorus-to-lithium ratio in the film increases significantly with 

deposition temperature, giving a second parameter to control the composition of the deposited 

film.   

 

Figure 5.9 Deposited film thickness determined by cross-section SEM. 

Also the thickness of the deposited electrolyte films was analysed, using cross-section SEM. 

Samples deposited with varying deposition times were analysed and their thickness was measured 

(Figure 5.9). This plot reveals a linear relation with deposition time, indicating that the deposition 

process can be assumed steady-state without a significant growth delay in the initial stages of the 

deposition process. 

5.3.2. Electrochemical Analyses of Lithium Phosphate 

The electrochemical behaviour of the deposited films has been evaluated as a possible electrolyte 

applied in all-solid-state thin-film micro-batteries. Similar tests were performed for the LixPOy 

thin films as described for the LiTaO3 samples. First, the electrochemical stability-window was 

determined in a liquid-electrolyte for samples deposited with a varying precursor flow-rate (in the 

range 10 – 90 sccm). The results are shown in Figure 5.10.  
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It becomes immediately clear that the stability of this electrolyte is much better than that for 

lithium tantalate: basically no oxidation or reduction reactions are observed in a potential 

window between 0.4 and 4.3 V. Below 0.4 V a reduction current was observed, similar to the 

response of the Pt-covered substrate without a solid-state electrolyte film (Figure 5.10f). To 

reveal whether this current is indeed resulting from the platinum current collector, one of the 

solid-state electrolyte depositions was repeated on a substrate that consisted of highly doped 

(and therefore reasonably conductive) n++ Si. The CV plot of this sample can is showed in 

Figure 5.10a, and indeed shows a much lower current below 0.25 V. Therefore it can be 

concluded that, from an electrochemical stability point of view, the LPCVD LixPOy solid-state 

electrolyte is a promising candidate for a solid-state micro-battery.  

 

Figure 5.10 Cyclic voltammetry tests to observe the stability range of LixPOy films deposited at 

various P-precursor flows. (a) is deposited on a Si n++ conductive substrate, while b-e are 

deposited on top of a Pt layer. As a reference a cycle of this Pt-covered substrate is shown in (f). 
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Figure 5.11 Temperature-dependent impedance spectroscopy for a Li3PO4 solid-state electrolyte 

film, deposited with a precursor evaporator flow of 40 sccm at 773 K.  

 

 

Figure 5.12 Arrhenius plot of the ionic conductivity obtained from the temperature dependent 

EIS measurements for determination of the activation energy of the ion conduction process. 

Detailed deposition parameters are available in Table 5.3. 
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The ionic conductivity of this type of electrolyte material was determined by EIS measurements 

of a solid-state stack, consisting of the electrolyte film deposited on a Pt-covered substrate, with 

a pattern of 20 square Cu current collector spots on top of it. The ionic resistance that was 

obtained from the diameter of the semi-circle (Fig. 5.11) was combined with the thickness of the 

film that was determined using cross-section SEM. This resulted in an ionic conductivity of 

1.5·10-9 S·cm-1 (at 303 K) for an electrolyte film with a precursor bubbler flow of 40 sccm 

deposited at 773 K. This is more than an order of magnitude lower than values found for 

sputtered films.[11] The activation energy that was determined from the temperature-dependent 

measurements (Fig. 5.12) was 0.53 eV. 

In an attempt to improve the ionic conductivity, a film was also deposited at 673 K. It is 

expected that at this lower deposition temperature the layer is more amorphous, and therefore 

will show a better ionic conductivity. Measurements prove that the ionic conductivity is indeed 

increased to 4.7·10-8 S·cm-1. This value is much closer to the value of 7·10-8 S·cm-1 that was 

reported for sputtered Li3PO4 films.[11] The activation energy is also decreased. The determined 

value was 0.50 eV which is even lower than the reported value of 0.64 eV for sputtered films[11] 

and 0.55 eV for bulk Li3PO4.
[12]  

5.4. Conclusions 

LPCVD was evaluated as a tool for the deposition of inorganic solid-state electrolyte films to be 

applied in thin film batteries. For this purpose, two different material candidates were 

investigated, lithium tantalate and lithium phosphate. 

Lithium tantalate could be deposited by LPCVD, and the composition of this film could be 

controlled by the flow of carrier gas through the precursor bubblers. A relatively thick LiTaO3 

film had an ionic conductivity of 6.2·10-8 S·cm-1, which is in the same order of magnitude as the 

values reported for nano-amorphous sputtered films. The activation energy for the ionic 

conduction process was, however, somewhere between the value that was reported for the nano-

sputtered films and the poly-crystalline bulk material. It can be concluded that the deposited 

LiTaO3 films were slightly more crystalline than the sputtered films.[9] The major disadvantage of 

this electrolyte is its narrow electrochemical stability range: below 1.8 V significant reduction 

reactions take place, which makes this electrolyte only suitable in combination with very high-

voltage anode materials. 
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Therefore a second class of solid-state electrolytes was investigated: lithium phosphate. The 

control of the composition of this film was non-linear with the flow of carrier gas through the 

precursor bubbler, probably due to the high vapour pressure of P2O5. The deposited films did, 

however, show a much larger electrochemical stability range than the LiTaO3 films. The 

reduction currents that were observed were similar to those of the bare substrate. When the 

substrate material was changed from Pt to n++ doped Si, lower reduction currents were found, 

indicating that the reduction current was indeed originating from lithiation of Pt. The measured 

ionic conductivity of 4.7·10-8 S·cm-1 was close to the reported value for sputtered films. A similar 

activation energy of 0.50 eV was found. It was therefore concluded that LPCVD deposited 

lithium phosphate was a suitable candidate for further application in all-solid-state thin-film 

micro-batteries, even though the measured P:Li ratio was deviating from the ideal Li3PO4. 
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Chapter 6.  

Anode Materials Deposited by Low 

Pressure Chemical Vapour Deposition 

Abstract 

To complete the solid state battery stack, an anode material is 

desired that can be deposited by low pressure chemical vapour 

deposition, and that shows good electrochemical behaviour. In this 

chapter, several materials are explored that are potential anode 

materials for a thin-film battery. 
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6.1. Introduction 

The requirements for anode materials are similar to those for cathode materials, so the ionic 

conductivity as well as the electronic conductivity should be high. Obviously, also a high 

volumetric charge density and good cycling stability are desired. A last requirement is that the 

potential should be sufficiently low, such that the combination with suitable cathodes would 

yield a high battery voltage, which facilitates a high energy and power density. 

Chemical vapour deposition was explored as a tool for the deposition of these materials. Except 

for silicon thin film deposition, CVD is an uncommon deposition technique for anode materials 

in battery applications. However, CVD has been applied to deposit materials for various 

applications that may also be suitable as battery anodes. Examples of these materials are Co3O4, 

MoO3, TiO2 and RuO2. Most of these oxides are known to have an intermediately high 

equilibrium potential for their lithium insertion/extraction reactions, and can therefore play a 

role as both anode and cathode, depending on the potential of the counter electrode. In the 

proposed concept in which LiCoO2 is used as cathode, these materials are considered as possible 

anode materials. In this chapter the deposition of Co3O4, MoO3 and RuO2 are explored. The 

deposition of TiO2 is reported in Chapter 9, combined with a more in-depth theoretical study. 

6.2. Cobalt Oxide 

The development of a LiCoO2 electrode has been described in Chapter 4. On the road to this 

cathode material, first Co3O4 was investigated. Co3O4 is, however, much more than a stepping 

stone into the direction of LiCoO2, as it can also play the role of a conversion anode in lithium 

ion batteries. This application of Co3O4 was previously described and the reaction mechanism 

for the lithium insertion/extraction was extensively discussed in the literature. 

In 1985 Thackeray et al. compared XRD analysis of chemically lithiated Co3O4 and a constant 

current electrochemical charge/discharge response. They suggested that the first reaction up to 

x = 1 is a single phase reaction[1] 

x Li+ + Co3O4 + x e-→ LixCo3O4       Eq. 6.1 

An interesting observation reported in this publication was that particles that were lithiated 

beyond this stoichiometry showed an interaction with the magnetic stirrer. This may indicate that 
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metallic cobalt is formed, which is proposed by most authors as the overall first conversion 

reaction[2,3] 

 8 Li+ + Co3O4 + 8 e-  4 Li2O + 3 Co     Eq. 6.2 

It is, however, sometimes stated that reaction 6.2 is not fully reversible, and that an electrode can 

only be cycled between[4] 

 Li2O + Co  2 Li+ + CoO + 2 e-      Eq. 6.3 

With this in mind, Co3O4 electrodes have a major drawback that a quarter of the available lithium 

is lost due to the initial conversion step. Reaction 6.2 would result in a gravimetric capacity of 

890 mAh·g-1, while the lower cyclability in 6.3 leads to 667.5 mAh·g-1. Also, a relatively poor 

cycling stability is often mentioned. To increase the stability, several nanostructured and 

nanoporous forms of Co3O4 have been described,[5-9] varying for example from nanorods[5,6] to 

nanoflake structures.[8,9] Also thin films have been suggested as a beneficial geometry.[3,4] 

Therefore, the deposition of Co3O4 thin films was analysed and combined with a brief 

electrochemical investigation. The films were tested for their electrochemical activity and a few 

observations were made on the stability of the films. 

First, the deposition conditions for Co3O4 were examined. These investigations focussed on the 

ratio of oxygen/reactants flow and the deposition temperature. The Co precursor and the 

evaporator settings were equal to the ones that were applied in Chapter 4. For clarity these are 

summarized in Table 6.1. Although the oxygen flows were varied between experiments, the total 

flow through the reactor was always maintained at 1550 sccm by compensating the differences 

with the pusher flow. 

Table 6.1 Deposition conditions for the formation of Co3O4 films. The flow indicated for the 

CpCo(CO)2 bubbler is the flow of argon carrier gas through it. 

 Temperature Pressure Flow 

 (K) (Pa) (sccm) 

CpCo(CO)2 bubbler 291 2.5·10
4
 22 

Oxygen delivery Room temperature  1 – 90 

Reactor conditions 623 – 823 6.0·10
2 

1550 
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The first investigated parameter was the influence of the oxygen flow. For LiCoO2 it was 

previously determined (Secion 4.3 b) that the oxygen concentration had a negligible influence on 

the electrochemistry of the resulting films. The X-ray diffractogram for LiCoO2 showed some 

variations for different oxygen flows, but it was expected that these resulted from an orientation 

effect of the layered LiCoO2 structure. Co3O4 has, however, a spinel cubic structure and 

therefore it was argued that a variation in the oxygen flow (within the previously used range) 

would not have an effect on the deposited layer.  

Remarkably, XRD revealed large differences on the oxygen flow rate for the samples deposited 

at 623 K, as is shown in Figure 6.1. At these conditions, the crystallinity changes with oxygen 

flow. The XRD observation of the sample deposited at 1 sccm shows only a few very weak 

diffraction lines, which are already much sharper for the 5 sccm sample. At higher O2 flows, 50 

and 90 sccm, the Co3O4 seems to be fully crystalline: these two diffraction patterns are essentially 

the same. From a crystallinity point of view it was thus concluded that a high oxygen flow is 

beneficial. 

 

Figure 6.1. XRD pattern of Co3O4 films deposited at 623 K with increasing oxygen flow.  

The four samples analyzed with XRD were also investigated by SEM: after cleaving each sample 

a cross-section image was made. These SEM micrographs are displayed in Figure 6.2. From these 

images it becomes immediately clear that indeed the high-flow samples have a high crystallinity, 

with very sharp crystallite peaks. The samples deposited at low oxygen flow rates showed a layer 

that was more compact and has a better attachment to the substrate.  
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Figure 6.2. Cross-section SEM images of Co3O4  films deposited at 623 K at several 

oxygen flows. These were the same samples as analyzed by XRD in Figure 6.1. 

 

Figure 6.3. Arrhenius plot of the deposition rate of Co3O4 at several temperatures, 

determined from RBS measurements. The oxygen flow was set at 50 sccm (spheres) or 1 sccm 

(crosses).  
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A second series of samples was deposited with a fixed oxygen flow of 50 sccm with varying 

deposition temperature. The deposition rate was established from RBS analysis, and plotted in an 

Arrhenius plot (spheres in Figure 6.3). A remark should be made before interpreting this plot. 

First, as can be deduced from the SEM images, the deposited layers are very rough. This 

roughness was also dominant for the RBS results, which limits the accuracy of these 

measurements. Still, a clear trend can be observed with a decreasing deposition rate at higher 

deposition temperatures. This seems contradictory to the theory, because both the diffusion and 

reaction rate are positively influenced by the temperature. It may, however, be that because of 

the increased rates, depletion of the bulk gas phase might occur, because more CoCp(CO)2 is 

consumed by gas-phase reactions or more Co3O4 is deposited on the susceptor before reaching 

the sample. To test this hypothesis a few extra samples were prepared at a lower oxygen flow of 

1 sccm. These samples are plotted as crosses in Figure 6.3. The first observation that can be 

made is that the average deposition rate is not strongly dependent on the oxygen flow. The 

deposition rate for the 1 sccm sample deposited at 623 K was approximately half of the 

deposition rate at a 50 times higher oxygen flow. Moreover, the deposition rate with low oxygen 

flow is more constant with temperature, and the samples deposited at 823 K with 1 sccm O2 has 

even 50 % higher deposition rate than the 50 sccm sample deposited at the same temperature. 

This supports the hypothesis that at higher temperatures undesired reactions deplete the 

precursor in the gas phase, which can be reduced by decreasing the concentration of the oxygen 

reactive gas. 

The electrochemical response of a sample deposited at 673 K with 3 sccm of O2 was determined 

in a wet-chemical experimental set-up. The 1 mV·s
-1

 cyclovoltammetry measurement is plotted 

in Figure 6.4 (cycle 1,2,3) and 6.5 (cycle 4,6,8,10). The starting potential was equal to the open 

cell potential, which was approximately 3 V. It becomes immediately clear that the first cycle 

deviates largely from the subsequent cycles. During the first lithiation step the first current peak 

appears at 1.2 V and the second at 0.7 V. For the reversed cycling direction, the only oxidation 

peak appears at 2.0 V. This is relatively close to earlier described experiments with nano-Co3O4 

materials,[5] although the relative current and separation of the peaks is different in our system. 

The most obvious feature in the first cycle is, however, the sharp current peak at 0.6 V. The 

right-hand edge of this peak is sharper than can be expected for electrochemical reactions and 

the noise-level of the signal is increased after this peak. Features like these often indicate a 

sudden loss in quality of the electrical contact between the reacting species and the 

electrochemical measurement equipment. This is, in this case, likely to be resulting from 
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detachment of the film from the substrate: when the cell was opened after the 12th cycle it was 

observed that most Co3O4 was released from the substrate and was floating in the cell. After the 

first reduction/oxidation cycle the currents are greatly reduced due to this loss of active material. 

However, after the second cycle, the remaining electrochemical activity of the sample shows an 

improved stability. 

 

Figure 6.4. Cycle 1, 2 and 3 of the 1 mV·s-1 CV investigation of a Co3O4 film. This layer 

was deposited at 773 K and is expected to have a thickness of approximately 250 nm. 

 

Figure 6.5. Cycle 4, 6, 8 and 10 of the same CV investigation of the Co3O4 film that was 

displayed in Figure 6.4. Note:  The current scale in this figure deviates from Figure 6.4. 
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The storage capacity was calculated based on these cyclovoltammograms and plotted in 

Figure 6.6. This plot clearly illustrates the decrease in charge capacity during the first two cycles. 

Based on the RBS results also the expected charge was calculated. The as-deposited sample had a 

Co3O4 coverage of 3.5·10-7 mole·cm-2 and a charge capacity of 75.3 µAh·cm-2 is therefore 

expected when reaction 6.2 has taken place, and 56.5 µAh·cm-2 when 2 Li-ions are inserted per 

cobalt atom according to reaction 6.3. The first cycle showed a higher capacity for the charge 

involved in the lithiation reaction than is expected from this calculation. This can be explained by 

the artefact in the form of the peak at 0.6 V. The much lower capacity after cycle 1 is caused by 

the delamination of the Co3O4 film. 

 Figure 6.6. Charge capacity of the studied electrode based on cyclovoltammetry. The black 

diamonds indicate charge involved in the reduction (lithiation) reaction while the white symbols 

respresent the oxidation reaction. 

Overall, it can be concluded that LPCVD Co3O4 is not the most rational choice to serve as an 

anode for integrated thin-film batteries. The idea of using the same precursors and settings for 

cathode and anode films might be convenient from a manufacturing point of view, but the low 

cycling stability, the high anode potential and the large difference in charging/discharging voltage 

make this electrode material less suitable for general application in all-solid-state thin-film micro-

batteries. However, the stability might be increased when a solid-state electrolyte is applied 

instead of a liquid electrolyte. 
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6.3. Molybdenum Oxide 

Another oxidic electrode material is MoO3, which is, because of its relatively high 

charge/discharge potential of 2.5 – 3 V, more generally applied as cathode than as anode. The 

lithium content of LixMoO3 can be increased up to approximately x = 1.5 which results in a 

100% volume expansion.[10] Therefore, highly porous structures are required to obtain a stable 

MoO3 cycling behaviour.  

MoO3 deposition by CVD-techniques has been reported in the literature, mostly for 

electrochromic purposes. The most commonly used precursor is molybdenum hexacarbonyl, 

Mo(CO)6,
[11-14] for which the evaporation behaviour has been collected by Chellappa et al. based 

on various references.[14] 

In this section the application of CVD for the production of MoO3 films from Mo(CO)6 for thin 

film batteries is evaluated. First, the influence of the deposition temperature on the properties of 

the material is explored for deposition on silicon substrates. Subsequently the electrochemical 

behaviour of MoO3 deposited on a Pt current collector is investigated. The deposition settings 

are summarized in Table 6.2. 

RBS was again applied to determine the deposition rate. Results plotted in an Arrhenius plot 

(Figure 6.7) clearly indicate two growth regimes. The deposition at temperatures lower than 

580 K has a stronger correlation with the deposition temperature, so a higher activation energy is 

expected. This figure also shows that the data points for samples deposited at the same 

conditions except for a different oxygen flow (1 or 50 sccm) coincide. It can thus be concluded 

that the oxygen flow does not influence the deposition rate. 

Table 6.2 Deposition conditions for the deposition of MoO3 films. The indicated precursor 

flow is the carrier gas flow, the flow indicated for reactor conditions is kept constant for all 

deposition experiments. 

 Temperature Pressure Flow 

 (K) (Pa) (sccm) 

Mo(CO)6 291 1.0·10
5
 55 

Oxygen delivery Room temperature  1, 50 

Reactor conditions 523 – 723 6.0·10
2 

1550 
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Figure 6.7. Arrhenius plot for the deposition of MoO3 from Mo(CO)6. The closed symbols 

indicate deposition runs with a 50 sccm oxygen flow rate while the open symbols have a 1 sccm 

oxygen supply. This plot is based on RBS measurements on samples deposited for 2 h. 

 

Figure 6.8. X-ray diffractogrammes of 5 MoO3 samples deposited at several temperatures. 

The broad peak at 68° is originating from the silicon substrate. 

Analyzing the X-ray diffraction patterns (Figure 6.8) reveals a clear correlation between the 

deposition temperature and the crystallinity of MoO3. At low deposition temperature (573 K) the 
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α-MoO3 structure can be seen. This indicates a very pure, but also very strongly preferentially 

oriented material. At the intermediate temperatures of 623 and 673 K also a strong preferential 

orientation is observed, but in these cases still a weak response of the some other crystal planes 

is present, e.g. the 110 line at 23°. Therefore, the preference for a single orientation is clearly 

somewhat less strong for these temperatures. 

The morphology of these samples was also studied as a function of the deposition temperature. 

For this purpose cross-section SEM images were made (Figure 6.9). From these pictures it is 

clear that the deposited material has a strong 3D morphology, and can hardly be considered a 

thin film. Moreover, the shape of the deposited structures is heavily influenced by the deposition 

temperature. At the lowest temperature, 573 K (Fig. 6.9a), the films forms a rough but still 

relatively homogeneous film. Some of the grains have grown somewhat larger, indicating 

preferential growth locations. For the two intermediate temperatures nanowires were observed 

(Figure 6.9 b and c). Nanowires are typically formed when deposition preferentially occurs on 

the existing growth cores (autodeposition), and when the material has a strongly preferred 

growth direction. For dedicated nanowire growth this is often stimulated by the use of catalyst 

droplets. In this case, however, it was also achieved without a catalyst. At higher deposition 

temperatures it is also observed that autodeposition is preferred, but now there is no preference 

for the growth direction. This results at 773 K in the formation of the relatively large crystals that 

can be observed in Fig. 6.9 e. This also offers an explanation why the X-ray diffraction lines had 

a lower intensity for this sample: the sample is not evenly covered. It seems that 723 K is an 

intermediate temperature, where both large crystallites and some nanowires are observed.  

The morphology can thus be influenced by the deposition temperature. However, the 

morphology is in all cases a pronounced 3D structure, which makes it very complex to integrate 

this material into solid-state thin-film batteries.  

Because the substrate plays an important role in the morphology of the subsequently deposited 

layers, a SEM-cross-section was also made for a sample deposited at 723 K on a Pt current 

collector. This temperature was chosen since it resulted on a blank Si substrate in the 

intermediate between nano-wire and crystallite growth. Figure 6.9 f shows that deposition on a 

Pt film results in a denser and more homogeneous structure of crystallites, which might be more 

suitable for application in solid-state batteries. The film is, however, still very rough, and 

obtaining a good contact between this material and the subsequent battery layer might still be 

quite challenging.  
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Figure 6.9. SEM-images of MoO3 samples deposited in a temperature range of 573 – 773 K. 

Pane a – e are deposited on a silicon wafer while f is deposited on a Pt-covered Si-substrate. 
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Figure 6.10. CV plots (1 mVs-1) of MoO3 films deposited at 4 different temperatures. The 

first cycle is coloured black while the second and third cycle are dark and light grey, respectively. 

A total of four samples in the temperature range from 623 – 773 K was deposited on a Pt 

current collector for electrochemical investigations. These samples were mounted in a Teflon cell 

that was filled with 1 M lithium perchlorate dissolved in propylene carbonate as electrolyte. The 

first three cycles of these samples measured by CV are displayed in Figure 6.10. 

From these measurements it can be concluded that 623 and 673 K are too low deposition 

temperatures to result in well-defined electrochemical behaviour. Deposition at 723 and 773 K 
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does, however, result in a good response. During the first scan, a reduction peak appears at 

2.7 V. This peak is only present at the first cycle and vanishes upon further cycling. It is known 

that this peak results from the first phase change, around x = 0.25 in LixMoO3, where the 

orthorhombic α-MoO3 irreversibly transforms in a different LixMoO3 phase. This behaviour is 

also reported for the chemical[15] and electrochemical[10] lithiation of α-MoO3 powders. The main 

reversible reduction and oxidation peaks occur at 2.3 and 2.5 V, respectively. These peaks are 

reversible and also occur in the subsequent cycles. The charge that was expected for LixMoO3 

cycled between x = 0 and 1.5 based on RBS data was 5.5 µAh·cm-2, while the charge based on 

the complete second CV cycle was found to be 8 for lithiation and 7 µAh·cm-2 for de-lithiation. 

This higher charge capacity may be due to the inaccuracy of the RBS measurements and the 

background current. The peaks are relatively low and the background has therefore a large 

influence on the capacity. The influence of this background current is limited when the plot is 

integrated between 1.75 and 3 V instead of over the whole range. The resulting charge is then 

reduced to approximately 6 µAh·cm-2 for the charge as well as the discharge capacity, which is 

much closer to the expected value, based on the RBS data. 

It can therefore be concluded that, in principle, MoO3 is a material that can be deposited by 

LPCVD in the crystalline (alpha)-MoO3 phase. This phase is electrochemically active, and shows 

the same behaviour as powder-samples. It was, however, also observed that this material gives 

rise to a very pronounced 3D morphology which can hardly be considered as a thin film, and 

application of this material in thin-film batteries will therefore be challenging. The morphology is 

dependent on the deposition conditions and the substrate material onto which it is deposited, 

and it is possible to obtain a more homogeneous layer by carefully choosing these parameters.  

6.4. Metallic Ruthenium and Ruthenium Oxide 

Ruthenium oxide is a material that is often proposed as current collector for semiconductor 

applications.[e.g. 16] It has a high electronic conductivity and its deposition by chemical vapour 

deposition techniques was reported in the literature.[16-19] The precursors for these deposition 

processes are often of a cyclopentadienyl-type.[17-19] More interestingly, RuO2 was also 

investigated as electrode for high-aspect-ratio 3D capacitors.[17] It might therefore also be useful 

as current collector for 3D integrated micro-batteries. However, RuO2 is also known to be a 

conversion electrode material for lithium storage according[20]  

4 Li+ + RuO2 + 4 e-  2 Li2O + Ru      Eq. 6.4 
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RuO2 can therefore be considered as an interesting electrode material for the proposed 3D 

integrated battery concept. Therefore the deposition of RuO2 by LPCVD is investigated, in this 

casse using di(isobutylcyclopentadienyl)-ruthenium as the precursor. In this section the influence 

of the oxygen flow on the material properties is described. Also the effects of the deposition 

temperature were exploredand the as-deposited electrodes were examined electrochemically. The 

deposition conditions are summarized in Table 6.3. 

Table 6.3 Deposition conditions for the ruthenium deposition experiments 

 Temperature Pressure Flow 

 (K) (Pa) (sccm) 

(iButylCp)2Ru 373 4.0·10
4
 200 

Oxygen delivery Room temperature  50 – 600 

Reactor conditions 673 – 873 6.0·10
2 

1550 

 

In the first series of experiments three different deposition temperatures were chosen (673, 773 

and 873 K) while the oxygen flow remained fixed at 90 sccm. At these conditions material was 

deposited on a blank silicon substrate for 120 minutes. These samples were subsequently 

subjected to X-ray diffraction to identify the phases and analyse the crystallinity of the deposited 

films. The results are plotted in Figure 6.11. 

From these XRD plots several clear observations can be made. First, at the lowest deposition 

temperature only metallic ruthenium is deposited. The intensity of the experimentally obtained 

pattern deviates somewhat from the reference spectrum and shows a slight preference for the 

002 line at 42°. At the higher deposition temperatures also some RuO2 appears. The preferential 

orientation increases at these high temperatures, for metallic Ru the 002 line becomes very 

dominant and the 200 line for RuO2 at 40° has a much higher intensity than expected from the 

reference pattern (that is based on a randomly oriented powder). Also the ratio of the 110 peak 

at 28° and the 101 peak at 35° is significantly deviating for the RuO2 phase in the sample 

deposited at 873 K. These strong orientation effects are, however, believed to be irrelevant for 

the lithium storage behaviour, since the first conversion reaction will transform RuO2 into 

metallic ruthenium and Li2O, which amorphizes the crystalline structure.[20] 
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Figure 6.11. X-ray diffraction of ruthenium(oxide) deposition at three deposition 

temperatures. The oxygen flow was fixed at 90 sccm. Also the reference patterns for Ru[21] and 

RuO2
[22] are given. Note that at 69° both reference patterns have a line. 

 

Figure 6.12. X-ray diffraction patterns for ruthenium and ruthenium oxide deposited at 

various oxygen flows. The deposition temperature was 773 K. 
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The influence of the oxygen flow was also investigated as a steering parameter for the deposition 

process. Samples were deposited at 773 K for 120 minutes on plain silicon substrates and the 

samples were subjected to X-ray diffraction. It can be concluded from these XRD results 

(Fig. 6.12) that the oxygen flow can be used to fully control the ratio of metallic ruthenium and 

ruthenium oxide in the deposited films. At a low flow of 50 sccm almost pure ruthenium is 

formed, while at a high oxygen flow of 200, 400 and 600 sccm pure RuO2 is observed. It is clear 

that also in this case a strong preferential orientation is found, similar to the samples in the 

temperature experiment. 

To get more insight into the ratio of Ru and O in the samples of the experiments with varying 

oxygen flow and to learn more about the amount of material deposited, RBS was employed. The 

results of these experiments were as expected: in all cases approximately 550·1015 atoms of Ru 

were deposited per cm2. The amount of oxygen in the layer is dependent on the oxygen flow 

rateas can be observed in Figure 6.13. These RBS measurements confirm the XRD results that at 

an oxygen flow of 200 sccm and higher results in a pure RuO2 phase. 

 

Figure 6.13. RBS results for the ruthenium/oxygen ratio in the deposited films with varying 

oxygen flow. The error bars indicate the estimated accuracy of the RBS measurements (due to 

roughness etc.). The line serves as a guide to the eye, for which the asymptote is based on the 

pure RuO2 phase found by XRD for high oxygen flows (Fig. 6.12). 
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One sample was also tested electrochemically, using a CV scan. The sample used for this test was 

deposited for 120 minutes on a highly doped n++ Si wafer, with a susceptor temperature of 

773 K and an oxygen flow of 400 sccm. This ensures the deposition of a fully crystalline RuO2 

film. To make sure that the CV measurement only involved reaction of lithium with RuO2 and to 

exclude a Solid Electrolyte Interphase (SEI) formation and the insertion of lithium into the 

silicon substrate, the CV scans were performed between 1 and 4 V. Results for the first three 

cycles are displayed in Figure 6.14. 

   

Figure 6.14. CV investigation (1 mV·s-1) of RuO2 deposited at 773 K with a 400 sccm 

O2 flow.  

This plot shows the lithiation and de-lithiation peak at 2 and 2.7 V, respectively. This is well in 

accordance with the existing literature.[20,23,24] It also shows that the current density decreases 

dramatically upon cycling, the maximum current at the third cycle is only 25% of the initial value. 

The same holds for the stored and retrieved charge, based on the integral of this scan. The third 

cycle involves only 30% of the charge of the initial cycle, which indicates that this material has a 

very poor cycling stability in liquid electrolyte.  

It is also interesting to calculate the number of lithium ions that can be stored during this cycling 

process, and compare it to the number of ruthenium atoms on the surface determined by RBS. 

The charge stored and retrieved during the first cycle is equivalent to 9.1 and 8.5·1017 Li-ions per 

cm2, respectively. It was measured by RBS that 5.5·1017 Ru atoms were present per cm2, resulting 
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in a first lithiation of up to x = 1.6. This is slightly more than the value for the 2 V plateau that 

Balaya et al. found for RuO2 powder electrodes.[20] During the second cycle this number is 

reduced to x = 1, and further cycling results in a capacity that is equivalent to x = 0.3. 

Altogether it can be concluded that RuO2 seems to be a interesting electrode material from the 

viewpoint that it has already proven as a material that can be deposited in 3D trenches by CVD 

techniques, and for which the chemical composition can be well-controlled by the amount of 

oxygen in the reactive gas mixture. The amount of charge that was involved in the first cycle was 

comparable to the amount reported in the literature, however, the stability of the film might be 

problematic for application in thin-film batteries. Also the price and toxicity of ruthenium is 

limiting the applicability of this material in commercial devices. 

6.5. Conclusions 

In this chapter cobalt oxide, molybdenum oxide and ruthenium oxide were explored for 

application as anodes in all-solid-state thin-film micro-batteries. All of these have a relatively high 

voltage, which limits the possible energy density of the total battery, but circumvents limitations 

that are related to the instabilities of solid-state electrolytes at low potentials. All of these three 

investigated materials are potentially interesting electrode materials and all have their own 

specific advantages and disadvantages. Co3O4 is very convenient from a device processing point 

of view: the same precursor can be applied as for the LiCoO2 cathode, limiting the number of 

different chemicals and processes involved in battery manufacturing. Unfortunately, the cycling 

stability of this material in a liquid electrolyte environment was limited. Further experiments are 

required to show whether this is also a problem when Co3O4 is covered by a solid-state 

electrolyte. It is known for various materials that the cycling stability is drastically increased when 

a protective layer of a solid-state electrolyte is added. This has, for example, been demonstrated 

for LiCoO2 in Chapter 4 of this thesis (Figure 4.8) and for Si.[25] 

MoO3 is a material that can also be deposited using LPCVD, as was demonstrated in this 

chapter. It has the advantage that materials deposited at relatively high temperatures (773 K) has 

a better stability in the first few cycles, but the very pronounced 3D morphology will make the 

application in all-solid-state batteries challenging. Also, because the morphology is clearly 

dependent on the substrate onto which the material is deposited, it will be necessary to 

investigate in more detail what the morphology of MoO3 will be when applied in combination 

with other battery materials. 
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RuO2 is a material that is already well investigated by LPCVD, and even 3D deposition 

experiments were previously reported. Also in the applied set-up, this material could be 

deposited. The composition of Ru/RuO2 could be well controlled using the oxygen flow and a 

highly crystalline material with a strong preferential orientation was deposited. However, also in 

this case the cycling stability was very limited in a liquid electrolyte and further investigations on 

the stability in combination with solid-state electrolytes should be performed to confirm or reject 

the feasibility of LPCVD deposited RuO2 films as electrodes for thin-film batteries. 
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Chapter 7.  

in situ Neutron Depth Profiling of 

Micro-Batteries 

Abstract 

Neutron Depth Profiling (NDP) is one of the few techniques that 

can quantitatively analyze lithium. Moreover, it is for practical 

purposes non-destructive, and it can be used to make a depth 

profile of the lithium distribution inside thin-film batteries. In this 

chapter, the feasibility of NDP is demonstrated, and it is shown 

that the time-resolution is sufficient to monitor battery cycling. 

When NDP is combined with a 6Li-enriched LiCoO2 cathode, it 

appears to be a valuable tool to obtain more insight in lithium 

transport mechanisms. Finally, NDP is demonstrated as a tool to 

determine the degradation mechanism of solid-state thin-film 

micro-batteries.*  

 

 

                                                 

* Parts of this chapter have been published as J. F. M. Oudenhoven, F. Labohm, M. Mulder, R. A. H. Niessen, F. M. 
Mulder, P. H. L. Notten, Adv. Mater., 2011, 23, 4103. 
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7.1. Introduction 

Thin-film all-solid-state lithium-ion micro-batteries have been developed to facilitate the 

integration of high capacity energy storage devices into micro-electronics.[1,2,3] In these batteries, 

lithium ions shuttle between cathode and anode (and vice versa) during battery operation.[4] It is 

therefore crucial to know how lithium ions are distributed throughout the battery stack, and to 

get more insight into their mobility. Information on these topics is commonly indirectly deduced 

from e.g. electrochemical measurements. Direct observation of lithium ions in a battery stack in a 

non-destructive way is, however, not possible by conventional material analysis techniques, 

because of their low sensitivity towards lithium. It has previously been shown that Neutron 

Depth Profiling (NDP) is capable of determining lithium concentration gradients in optical 

waveguides,[5,6,7] electrochromic devices,[8,9,10] thin-film battery electrodes and electrolytes[11] and 

dismantled Li-ion batteries.[12,13]  

In this chapter NDP is brought one step further: it is demonstrated for the first time that lithium 

depth profiles can be measured in situ inside all-solid-state thin-film micro-batteries during the 

charging and discharging processes. The number of transported lithium ions that was analyzed in 

real time using NDP was confirmed by simultaneously performed electrochemical 

measurements. Secondly, because NDP is only sensitive for the 6Li isotope, a thin-film battery 

that contained a 6Li-enriched LiCoO2 cathode was analyzed in situ, resulting in significantly 

enhanced signals with higher accuracy. Both these experiments show that NDP is a valuable tool 

for the analysis of thin-film batteries, which will be of importance to elucidate the behaviour of 

lithium ions inside these complex material systems. NDP results are therefore of key importance 

for the improvement of these batteries to achieve, for example, higher charge/discharge rates 

and a longer cycle-life. 

7.2. Experimental 

The NDP technique is based on low-energy neutrons (ca. 25 meV) which react with 6Li to form 

an α-particle (4He) and a triton (3H) according to 

6Li + n  4He + 3H        Eq. 7.1 

These α-particles and tritons have a well-defined energy of 2055 and 2727 keV, respectively, at 

the moment that these are formed. By measuring the energy loss of the particles that reach the 

detector, the depth at which these were formed can be deduced. One of the thermal neutron 
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beam lines of the nuclear reactor of the Reactor Institute Delft was connected to the NDP set-

up. A schematic representation of the NDP measurement set-up is given in Figure 7.1. The 

battery is mounted inside a vacuum chamber at an angle of 30 degrees to the incident neutron 

beam, facing towards the detector. A mask is used to delimit a well-defined measurement area. 

The battery is connected to a Keithley 2400 Sourcemeter for electrochemical characterisation. 

 

Fig 7.1 Schematic representation of the NDP set-up. The inset shows the orientation of the 

battery inside the NDP measurement chamber.  

The first battery that was analyzed in this measurement was similar to the battery stack presented 

by Neudecker et al.,[14] and consisted of a monocrystalline silicon substrate with a 200 nm Pt 

bottom current collector, a 500 nm LiCoO2 cathode, a solid-state electrolyte consisting of 1.5 µm 
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nitrogen doped Li3PO4 (LiPON) and a 150 nm Cu top current collector. The LiCoO2 and 

LiPON film were deposited using magnetron sputtering. The sputter chamber contained a 

LiCoO2 and a lithium phosphate target, and the base-pressure of this set-up was in the order of 

10-6 mbar. Gasses (argon, oxygen or nitrogen) are introduced at low pressures, and a plasma is 

formed using an RF magnetic field above the target (RF generator: Hüttinger PEG600). The 

substrate is mounted upside-down above the sputter target, and a patterned mask was applied to 

obtain a film with a well-defined surface area. The Cu current collector was deposited using e-

beam evaporation (BOC coating Technology). Sample manipulation for these deposition 

techniques was completely performed in an argon filled glovebox (MBraun). 

The lithium-metal anode is formed during the first charge cycle by in situ lithium plating. On top 

of the copper current collector a thick protective coating was deposited to protect the battery 

stack. In the NDP set-up, this coating is facing the neutron beam and detector. The battery is 

cycled between 0 ≤ x ≤ 0.5, according to  





 

   exLixCoOLiLiCoO x
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    Eq. 7.2 
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      Eq. 7.3 

The second battery prepared was similar to this first, with equivalent layer thicknesses, with the 

exception that the LiCoO2 film consisted of maximally 6Li-enriched LiCoO2, while the LiPON 

electrolyte still contained the natural abundance of 6Li and 7Li: 7.5 and 92.5 %, respectively. The 

top protective film was also omitted for this battery. This has the advantage that the NDP 

spectrum will be shifted towards higher energies which increases accuracy. To prevent 

degradation of the battery, it was kept in inert dry argon atmosphere between deposition and 

NDP analysis. 

The battery used for aging tests consisted of a 200 nm Pt current collector, a 500 nm thick 

sputtered LiCoO2 cathode with the natural 6Li/7Li isotope ratio, a 1.5 µm sputtered Li3PO4 

electrolyte, and was finished with a 50 nm e-beam evaporated Si anode and a 150 nm copper 

current collector. 
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7.3. Results and Discussion 

7.3.1. In Situ Analysis of Thin-Film Batteries 

A typical neutron depth profile of such all-solid-state battery is displayed in Figure 7.2, including 

marks that indicate the formation energy of the alpha particle and the triton as references. Below 

both formation energies a profile appears that is representative for the entire battery stack. The 

profile for the α-particles is much wider than that originating from the tritons, because the 

stopping power is generally much larger for α-particles than for tritons.[15] Therefore the more 

detailed spectrum of the α-particles can, in this particular case, best be used for the in situ 

analyses of the battery. If, however, the battery stack would have consisted of much thicker 

films, the analysis of the triton signal would have been more appropriate. The spectrum of the 

α-particles suffers in the latter case from too high energy loss to determine an accurate profile.  

For the α-particle profile in Figure 7.2a, the intensity remains negligibly low between 1600 and 

2055 keV. This region corresponds to the energy loss in the layers of packaging and the top 

current collector. Obviously, no lithium is present in these layers of the as-deposited battery 

stack (grey curve), and therefore no signal arises in this energy range. Between 900 and 1600 keV 

a plateau is clearly visible that can be related to the LiPON solid-state electrolyte. Between 500 

and 900 keV, another plateau is observed, arising from the lithium in the LiCoO2 cathode. The 

difference between the discharged and charged state is also evident and is further clarified in 

Figure 7.2b: it is clearly visible that the cathode profile is reduced in intensity while an intense 

narrow peak with an equal area appears at the anode side.  

The simultaneously recorded electrochemical response is displayed in Figure 7.3. The battery was 

charged at a constant current of 10 µA, corresponding to approximately 0.3 C-rate. Charging was 

terminated at 4.2 V. Subsequently, the NDP spectrum was recorded at the charged state during 

the 1 hour resting period.  After this resting period, the battery was discharged at the same rate. 

The voltage profile in Fig. 7.3a shows the well-known behaviour of a LiCoO2 based Li-ion 

battery, revealing a clear plateau at 3.9 V, followed by a more sloping voltage profile.  
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Figure 7.2. Overview of the NDP spectrum of the as-deposited battery and the battery after 

the first charge and discharge. Based on the 4He and 3H reference energies the packaging/top 

current collector, the anode, the electrolyte and the cathode can be clearly distinguished (a). 

When the spectrum of the as deposited state is subtracted from the spectra of the charged and 

discharged state, the amount of lithium shuttled during use of the battery can straightforwardly 

be determined (b). 
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Figure 7.3. The charging curve of a Pt/LiCoO2/LiPON/Li/Cu thin-film battery during 

10 µA charging/discharging (~0.3 C-rate) (a) and the lithium transpport determined by 

in situ 4He NDP measurements for the cathode and the anode compared to the 

electrochemically integrated charge (b). 
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10 minutes, short enough with respect to the ~3 hours (dis)charging time to follow these 

processes in situ. The results of these measurements are plotted in Figure 7.3b and show that the 

NDP results for both the anode and the cathode coincide closely with the electrochemical 

measurement. It can therefore be concluded that NDP is a technique that can follow lithium 

motion during charging/discharging of a thin-film battery with adequate accuracy. 
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7.3.2. NDP Analyses of a Thin-Film Battery Containing an Enriched 6LiCoO2 Cathode  

NDP is only sensitive to 6Li, a lithium isotope that has a natural abundance of approximately 

7.5 at.%. To increase the signal strength, lithium batteries can also be prepared with 100 % 6Li. 

In order to test this, a battery was prepared that contained a sputtered 6LiCoO2 cathode, while 

the LiPON electrolyte still contained ~7.5 % 6Li. This battery had the same thicknesses as the 

battery that was analyzed in the previous measurements, but did not contain any packaging on 

top of the copper current collector. As the energy losses will be lower in this latter case, the 

NDP profiles are shifted to higher energies when compared to Figure 7.2. The NDP profile of 

this battery is plotted in Figure 7.4a during several stages of the charging process. It is clear that 

the intensity of the as-deposited LiCoO2 cathode is increased (with a factor of approximately 13) 

when compared to the original plot (Figure 2), as is expected from the increased 6lithium 

content. It is also clear that prior to cycling the enriched lithium remains in the cathode and that 

no significant lithium-exchange can be determined between cathode and electrolyte in the time 

between production of the battery and NDP analysis (about one week).  

After starting the charging process (constant current, 0.5 C) a decrease in intensity becomes 

apparent for the lithium signal in the cathode, as would be expected in accordance to 

Equation 7.2. This decrease, however, is not homogeneous, the part in contact with the solid-

state electrolyte decreases faster than the part further away from it. This effect can have two 

possible explanations. The first possibility is that the discharge is not homogeneous, and that a 

concentration gradient is formed in the electrode. This is, however, only a partial explanation. 

The decrease in lithium signal between 1100 and 1300 keV is significantly larger than 50% (the 

maximum decrease is even 70 %), which corresponds to a decrease in concentration of 6Li in the 

6LiCoO2 layer by more than 50%. Lithium deficient LixCoO2 is, however, unstable for x < 0.5, 

and it is unlikely that the battery is overcharged at these relatively mild conditions (low currents 

and cut-off voltage). The decrease of 70 % observed in the NDP plot can therefore not only be 

attributed to a decrease in the total amount of Li in LiCoO2 upon charging, but it is expected 

that 6Liy
7LizCoO2 (with y + z = 0.5) is formed by the exchange of 6Li from LiCoO2 by 7Li from 

the electrolyte. This 7Li exchange does, however, not seem to reach the backside of the LixCoO2 

electrode, where the difference in intensity between the as-deposited state and the fully charged 

state is indeed about 50 %. When the battery is charged, the 6Li content in the electrolyte is 

indeed increasing. This increase is gradual, starting from the cathode side moving in time 

towards the anode.  
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Figure 7.4. NDP plots of a battery sputtered with enriched 6LiCoO2 and standard 

LiPON at the start, and after 35, 70 and 105 minutes of charging (a) and during 

equilibration in the charged state after 0, 1 and 2 hours (b). 
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Most remarkable is that only a very limited exchange of lithium occurs between the LiCoO2 

electrode and the LiPON electrolyte during the relatively long time between the deposition and 

the NDP-analyses of the battery. It is, however, known that lithium is mobile across the interface 

of two Li-conducting phases at equilibrium.[16] It can therefore be concluded that the (initial) 

exchange rate is very low, for example, due to the absence of required Li-vacancies in the 

electrode or electrolyte, or due to a high activation energy for the ion conductivity mechanism in 

these materials. During the charging process, the necessary exchange of lithium is induced 

between the cathode and electrolyte. 

To investigate the 6Li mobility in the electrode and the electrolyte after the charging process the 

battery was analysed without application of an external driving force for two hours. Results of 

this measurement are displayed in Figure 7.4b. From this figure it becomes clear that after 

2 hours of equilibration the 6Li gradient in the electrolyte is almost completely flattened. The 

profile in the Li1-xCoO2 electrode remains, however, unchanged. This indicates that the lithium in 

the electrolyte is highly mobile at this time-scale, while the lithium in the LiCoO2 requires a 

driving force to promote lithium mobility. It can therefore be concluded that the absence of 

lithium exchange between the electrode and electrolyte of the as-deposited battery can be 

atributed to the low mobility of lithium in the LiCoO2 cathode when no external current is 

applied.  

7.3.3. NDP Evaluation of Aging Effects During Long-Time Cycling 

Several general mechanisms are known to explain the degradation of classical liquid electrolyte 

lithium-ion batteries. One of these involves the formation of a Solid-Electrolyte Interphase 

(SEI), a film of various reaction side-products at the interface between the solid electrode and a 

liquid electrolyte. It is expected that this mechanism is not occurring in solid-state batteries, 

because of the absence of any liquid electrolyte.  

A second degradation mechanism involves mechanical stability. This is especially important for 

solid-state batteries: such battery will only perform well when a good contact is established 

between the electrodes and the electrolyte. For a liquid electrolyte this will, more or less, always 

be the case. In thin-film batteries, however, delamination may occur which will decrease the 

contact area of the films, and therefore decrease the power capability. 
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A third degradation mechanism is the aging of the electrode materials. During battery cycling, 

and especially during over(dis)charging, side reactions may occur in the electrodes that result in 

electrochemically inactive material. 

Of these degradation mechanisms, both the electrode degradation and the formation of a solid-

electrolyte-interphase involve the immobilization of lithium or the loss of sites that can 

accommodate lithium. Therefore NDP is expected to be a technique that can offer valuable 

insights into the degradation mechanisms of thin-film batteries. 

The thin-film battery of which the degradation was analyzed by NDP consisted of a LiCoO2 

cathode, a LiPON solid-state electrolyte and a silicon anode. This battery was protected by a 

barrier layer. Silicon is expected to be a good anode for this type of battery, because of its high 

storage capacity, relatively good stability, and electrode voltage that is slightly more positive than 

the potential at which lithium plating occurs. Such silicon-based anode should therefore be 

beneficial for the stability with respect to the solid-state electrolyte. This battery was, therefore, 

selected for long-time cycle-life analysis. 

The initial storage capacity of this battery was approximately 93.5 mC or 26.0 µAh. The battery 

was first cycled for 30 cycles between 3 and 4 V at a charge/discharge current of 10 µA. The 

voltage curves of these cycles are displayed in Figure 7.5a and b. The voltage curves are plotted 

as a function of time in Fig. 7.5a, which gives a clear view on how the discharge capacity of the 

battery evolves during cycling. It is clear that the strongest capacity decay occurs in the first 

cycles, while subsequent cycling results in a smaller decrease as can be seen in Fig. 7.5c. The 

same cycles are also normalized (Figure 7.5b and d), which makes it more clear how the shape of 

the voltage profile changes upon cycling. This may help to differentiate between effects that 

change the processes inside the electrodes  and the effects that only result from a decrease in the 

amount of active material. In the latter case, the shape of the normalised discharge profiles will 

remain the same. 

From Figure 7.5b it is clear that the battery charging process shows a somewhat larger difference 

than the discharging process during the first cycles. After a few cycles, the inversion point of the 

first charge cycle disappears. This may be caused by the amorphisation of the Si anode: it is well-

known that crystalline Si results in a more pronounced discharge behaviour than amorphous 

Si.[17] Such structural change in the Si-anode may result in a less defined discharge pattern. 

Structural effects should, however, have a similar impact on the charging and discharging 
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behaviour, while this plot shows clearly that the impact on the charging profile is stronger than 

on the discharging profile. At the end of the 30th cycle, both the capacity decrease and change in 

shape of the voltage profile have become much less per cycle.  

To be able to monitor the effect induced by a larger number of cycles, the (dis)charging rate was 

increased after the 33rd cycle to 20 µA. With this current, the cycling was continued for several 

hundreds of cycles. A gradual further decrease of the storage capacity can be observed in 

Figure 7.5c. However, the change in shape of the voltage profile (see Figure 7.5 d) was very 

small, indicating that this capacity reduction is mainly induced by the decrease of active storage 

sites in the electrode materials. 

 

Figure 7.5 Charge/Discharge cycles of a LiCoO2/LiPON/Si thin film battery. 
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Figure 7.6 Capacity evolution during cycling. 

These observations imply that two mechanisms form the basis of the capacity loss of this thin-

film battery. During the first cycles the characteristics of (one of) the electrodes change, while 

upon prolonged cycling the battery operation remains more or less the same, and that only a 

reduction of active material is responsible for this decay. It can also be deduced from the 

capacity plot (Figure 7.6) that two degradation mechanisms are responsible for the capacity loss: 

during the first cycles a steep decrease is visible, while during subsequent cycling the decrease is 

much slower. After cycle 350, the Constant Current (CC) charging was followed by a Constant 

Voltage (CCCV), to determine which part of the charge capacity loss was reversible. It is clear 

from the last points in Fig. 7.6 that only a small part of the capacity loss can be restored by this 

more thorough charging method, and that most of the capacity loss is therefore irreversible. 

To explore the underlying mechanisms behind solid-state battery degradation the NDP spectra 

were examined, which were continuously recorded during the electrochemical measurements. 

Firstly, the NDP spectra of the cycled battery in the discharged state were compared with the 

spectrum of the as-deposited (discharged) battery before cycling. The raw measurement spectra 

are displayed in Figure 7.7a. In these spectra some differences can be observed, but these 

become much more pronounced in the difference plot, where the spectrum of the pristine 

battery is subtracted from the spectra of the discharged state during cycling. These plots are 

shown in Figure 7.7b.  
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Figure 7.7 Raw  4He NDP spectra of the battery in the discharged state during several 

stages of the aging process (a), the difference between these spectra and the spectrum of the as 

deposited battery (b), and the difference between the spectra of the charged state in the same 

cycles and the pristine battery (c). 
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From the difference plot it becomes immediately clear that already after the first cycles some of 

the lithium cannot return to the LiCoO2 cathode. Some of this lithium remains in the anode, but 

most of it is fixed as a zone of immobilized lithium that is slowly extending from the anode into 

the electrolyte. This process mostly occurs during the first 30 cycles, whereas the size of this 

zone is only showing a minimal difference in the plotted spectra between cycle 50 and 250. The 

immobilization of lithium is therefore a suitable explanation for the fast decay process during the 

first cycles. 

In Figure 7.7c the difference between the charged state and the pristine (not charged) battery is 

plotted during several stages of the cycling process. In the charged battery, lithium is removed 

from the LiCoO2 cathode and stored in the anode, which is, indeed, clearly visible in this plot. 

What is also visible is that no significant difference can be seen for the various cycles on the 

cathode side, while a lithium gradient is built up from the anode into the electrolyte. It can also 

be seen that the amount of lithium stored in the anode is decreased after prolonged cycling.  

From the level of lithium in the delithiated cathode, which does not change upon cycling, it can 

be deduced that no lithium is immobilized inside this cathode during cycling. Also, it can be seen 

that in this state, the lithium distribution is homogeneous over the cathode, indicating that the 

entire cathode is more or less delithiated to the same extend, and that the properties of the 

electrode are rather homogeneous. However, inside the lithiated cathode (the discharged battery 

in Figure 7.7b) the distribution of lithium is not homogeneous, and lithium is preferentially 

positioned towards the current collector. The combination of this inhomogeneity in the 

discharged state and homogeneous distribution in the charged state, indicate that the number of 

lithium vacancies is larger than the supply of lithium ions. It can therefore be concluded that the 

capacity loss of this battery is not related to a loss in lithium storage capability of the cathode, 

but to an overall loss of mobile lithium elsewhere in the battery. This location of the 

immobilized lithium is clearly indicated by these NDP measurements, in the anode and in the 

solid-state electrolyte extending from the anode of the battery. 

It is well-known that at the interface of the anode and the liquid electrolyte of a traditional Li-ion 

battery a parasitic surface film or SEI layer may be formed upon cycling.[18] Similar effects are 

observed for thin-film silicon anodes. It was, however, also found that the formation of this film 

could be reduced significantly when instead of a direct contact between a silicon anode and a 

liquid electrolyte a LiPON solid electrolyte protective layer was included.[17] These measurements 

were, however, performed against metallic lithium electrodes, that contained a large excess of 
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lithium. Capacity loss due to immobilization of lithium in the solid electrolyte could therefore 

not be determined when the amounts of lithium per cycle are very small. In this full solid-state 

battery, however, no excess of lithium is available. The immobilization of lithium in an interfacial 

layer can therefore have a much more severe impact on the total storage capacity of the battery. 

The form in which lithium is immobilized cannot be directly deduced from the NDP 

measurements. It does, however, establish that lithium is immobilized at the anode and in the 

electrolyte facing the anode. It is also clear that the immobilization starts at the anode side, and 

then moves forward into the electrolyte when more charge/discharge cycles are applied. It is, 

however, not penetrating the full electrolyte: the effect slows down when a larger distance from 

the anode is reached.  

One possible explanation is therefore that the formation of this non-mobile lithium phase is 

dependent on Li-induced solid-state diffusion of silicon from the anode into the electrolyte. 

Solid-state diffusion at room temperature is generally very slow (except for small mobile ions like 

lithium), but the timescale of this experiment is long. Moreover, silicon is well-known to be very 

reactive, and to form silicide compounds when in contact with various materials. Also in this 

case, silicon might be reacting, and the formation of lithium-silicon-phosphates may occur. 

Lithium-silicon phosphates are a class of stable materials, that do also function as solid-state 

electrolyte and that therefore not necessarily impair the battery operation. The formation thereof 

is, however, consuming lithium and silicon, and will in this way delimit the charge capacity of the 

battery.  

This result seems to contradict previously reported results, which showed that a poly-crystalline 

Si anode revealed a good stability in combination with a solid state lithium phosphate based 

electrolyte.[17] In this case, however, e-beam evaporation is used to deposit silicon, which might 

will have a strong influence on the properties of the anode. It was, for example, also reported 

that the interface between a e-beam evaporated Si anode and a solid electrolyte is dependent on 

the  type of solid electrolyte. Differences were observed for Si covered with pure Li3PO4 and 

LiPON.[19] Considering this sensitivity, it is not surprising that the order of deposition (Si on 

Li3PO4 instead of Li3PO4 on Si) may also lead to different properties. Moreover, previous studies 

also showed that the stability of evaporated Si is strongly influenced by the depth of (dis)charge. 

When it is cycled between 0 and 0.7 V vs Li/Li+ the cycle life is significantly longer than when 

the electrode is cycled between 0 and 3 V, an effect that was attributed to the mechanical stability 

of the film.[20] In this study the complete battery is cycled between a cell voltage of 3 and 4 V, so 
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the voltage of the Si anode is expected to remain within the range at which a longer cycle-life was 

obtained. 

Assuming that a lithium-silicon-phosphate is formed, it is possible to quantitatively calculate the 

increase in lithium concentration in the electrolyte based on the NDP results. The NDP results 

in Fig. 7.7b show an increase of the lithium signal of approximately 0.05 c/s in the electrolyte. 

Because the total signal intensity in Fig. 7.7a is around 0.5 c/s it can be concluded that the 

lithium concentration is increased by approximately 10 % after 250 cycles. The original 

composition Li3PO4 will then have increased to Li3.3PO4. The electrochemically, determined 

capacity loss is approximately 64 mC, which is equivalent to 6.6·10-7 mole Li+. An estimate of the 

amount of Si that is lost from the anode can be deduced using Fig. 7.7c. The charge capacity loss 

of the anode is in this plot found to be approximately 50 %. It was previously observed in Fig. 

7.5d that the shape of the charge/discharge profile is not changed upon cycling, and that 

therefore the ratio of Li:Si in the anode is expected to remain the same. The battery had a 

footprint area of 1 cm2, and the Si-anode had a thickness of 50 nm. Using the density 

(2.33 g/cm3) and the molar weight of Si (28.1 g/mole), it can be calculated that the anode 

consisted originally of 4.14·10-7 mole Si. If 50 % of the silicon has indeed been moved into the 

electrolyte, this would accumulate to 2.1·10-7 mole. The ratio of Li:Si that was introduced into 

the electrolyte (6.6·10-7 and 2.1·10-7 mole, respectively) is then approximately Li3Si. The 

composition of the electrolyte near the anode is then thought to be Li3.3Si0.1PO4. This 

composition is unknown in phase diagrams, which are usually based on materials formed from a 

combination of Li2O, P2O5 and SiO2, based on which this stoichiometry cannot be reached.[21] 

Unfortunately, no further analysis on the formed film could be performed. This battery did not 

contain a protective top-layer. The NDP spectra, measured in a vacuum set-up, were therefore 

more accurate. After measurements the battery was exposed to air which induced complete 

delamination of the films. 
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7.4. Conclusions 

It has been demonstrated that NDP is a suitable technique for the analysis of all-solid-state thin-

film micro-batteries. It can be applied to elucidate the operation of the battery, and be performed 

as a (semi) non-destructive technique simultaneous with electrochemical cycling of the battery. 

The results have shown that the capacity determined with NDP agrees closely with the 

electrochemical charge, and that the time-resolution of NDP is sufficient to follow relatively 

slow cycling of solid-state batteries in-situ. When an enriched 6Li cathode is used, NDP can also 

be applied to visualize diffusion effects, and ionic conduction mechanisms, because the exchange 

of 6Li and 7Li can be followed during the charge and discharge processes. 

In general, most battery degradation processes in solid-state batteries can be related to a loss of 

mobile lithium or to a decrease in availability of lithium storage sites. Both these effects can be 

visualized using NDP, and it was demonstrated that a LiCoO2/LiPON/Si battery shows a 

relatively strong degradation process during the first 30 electrochemical cycles. This degradation 

is observed electrochemically, and NDP measurements have shown that lithium ions become 

immobilized in the anode and in the electrolyte in contact with the anode of the battery. This 

effect is possibly caused by the formation of a lithium silicon phosphate, which reduces the 

capacity of the battery by a reduction of available mobile lithium. This formed material is 

expected to have an overall average stoichiometry of Li3.3Si0.1PO4. Further investigations are 

required to determine the properties of this material. At the cathode side of the battery, however, 

no degradation is observed during hundreds of cycles. 

 



Chapter 7: In-situ neutron depth profiling of micro-batteries 

 

-153- 

References 

1. P. H. L. Notten, F. Roozeboom, R. A. H. Niessen, and L. Baggetto, Adv. Mater. 19 4564-

4567 (2007). 

2. M. Armand, J.-M. Tarascon, Nature 451 652-657 (2008). 

3. J. F. M. Oudenhoven, L. Baggetto, and P. H. L. Notten, Adv. Energy Mater. 1 10-33 

(2011). 

4. J.-M. Tarascon, and M. Armand, Nature 414 359-367 (2001). 

5. L. Salavcova, J. Spirkova, F. Ondracek, A. Mackova, J. Vacik, U. Kreissig, F. Eichhorn, 

and R. Groetzschel, Optical Mater. 29 913-918 (2007). 

6. G. P. Lamaze, H. H. Chen-Mayer, and K. K. Soni, Appl. Surf. Sci. 238 108-112 (2004). 

7. P. Kolářova, J. Vacík, J. Špirková-Hradilová, and J. Červená, Nucl. Instr. And Meth. Phys. 

Res. B 141 498-500 (1998). 

8. L. H. M. Krings, Y. Tamminga, J. van Berkum, F. Labohm, A. van Veen, and W. M. M. 

Arnoldbik, J. Vac. Sci. Technol. A 17 198-205 (1999). 

9. G. P. Lamaze, H. Chen-Mayer, M. Badding, and L. Laby, Surf. Interface Anal. 27 644-647 

(1999). 

10. G. P. Lamaze, H. H. Chen-Mayer, A. Gerouki, and R. B. Goldner, Surf. Interface Anal. 29 

638-642 (2000). 

11. G. P. Lamaze, H. H. Chen-Mayer, D. A. Becker, F. Vereda, R. B. Goldner, T. Haas, and 

P. Zerigian, J. Power Sources 119-121 680-685 (2003). 

12. S. M. Whitney, S. R. F. Biegalski, and G. Downing, J. Radioanal. Nucl. Chem. 282 173-176 

(2009). 

13. S. M. Whitney, S. R. Biegalski, Y. H. Huang, and J. B. Goodenough, J. Electrochem. Soc. 

156 A886-A890 (2009). 

14. B. J. Neudecker, N. J. Dudney, and J. B. Bates, J. Electrochem. Soc. 147 517-523 (2000). 

15. D. J. Skyrme, Nucl. Instr. Meth. 57 61-73 (1967). 

16. M. Wagemaker, A. P. M. Kentgens, and F. M. Mulder, Nature 418 (6896) 397-399 (2002). 

17. L. Baggetto, R. A. H. Niessen, F. Roozeboom, and P. H. L. Notten, Adv. Funct. Mater 18 

1057-1066 (2008). 

18. D. Aurbach, J. Power Sources 89 206-218 (2000). 

19. L. Baggetto, R. A. H. Niessen, P. H. L. Notten, Electrochim. Acta 54 5937 (2009). 



Deposition and Characterization of Thin Films for 3D Lithium-ion Micro-Batteries 

 

-154- 

20. L. Baggetto, Negative Electrode Materials for Lithium-ion Solid-State Microbatteries (2010) PhD 

Thesis, Eindhoven University of Technology, page 72. 

21. E. A. Hayri and M. Greenblatt, J. Non-Crystalline Sol. 94 387 (1987). 



Chapter 8.  

Low Pressure Chemical Vapour 

Deposition on 3D-Structured Substrates 

Abstract 

The deposition of several materials in 3D trenches with different 

geometries by LPCVD has been investigated. These materials 

include simple metal-oxides Ta2O5 and TiO2, of which the former 

forms amorphous films and the latter polycrystalline layers. Also 

LiCoO2 has been investigated, a metal oxide prepared from two 

precursors. The deposited films of these materials are investigated 

by SEM and the composition of LiCoO2 inside the trenches is 

revealed by EELS. It is concluded that the step-conformality is 

strongly dependent on the deposition temperature and the trench 

width, and that the composition of LiCoO2 does not vary along 

the trench depth. 
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8.1. Introduction 

3D integrated micro-batteries are dependent on the 3D structure for their performance. For 

successful application the 3D structure has to fulfil several requirements. First, the surface area 

enhancement should be sufficiently large. The success of a 3D micro-battery relies on this 

surface area enhancement, which determines to a large extent the performance of the battery. 

Secondly, the open volume of the structure should be sufficiently large. The battery stack should 

fit in the structure and it should be able to cope with possible expansion of the battery layers 

upon cycling. A third prerequisite is that the structure should possess an adequate mechanical 

stability, such that it is able to withstand normal handling and temperature shocks during the 

battery manufacturing process and the stress that is related to the expansion or shrinkage of the 

battery materials during battery operation. Finally, the structure should be compatible with the 

deposition process: it should be able to withstand the deposition conditions (temperature, 

pressure), offer enough open volume to deliver battery materials evenly throughout the entire 

structure. The material should also be chemically compatible with the deposited films, resulting 

in an interface between the substrate and the first battery layer that delivers a good adhesion and 

(electro)chemical stability. 

Although many techniques are available to create 3D substrates, this chapter focuses on those 

formed by reactive ion etching in silicon.[1] This technique uses lithography to etch a high aspect 

ratio structure that can have any shape. Most frequently applied shapes are trenches, pores or 

pillars (Figure 8.1). However, also more elaborate structures like honeycomb patterns are 

possible. These different patterns all have their advantages and disadvantages. 

 

Figure 8.1 The three proposed 3D substrate geometries: trenches (left), pillars (centre) and 

pores (right). 
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A structure with trenches is relatively simple. The structure has a relatively good mechanical 

stability, a large open volume. When taking a trench with an infinite length, a width of 5 µm, a 

depth of 30 µm and a distance between the trenches of 5 µm, the surface area would become 7 

times the original surface area. Furthermore, for battery research trench structures are beneficial, 

because it is relatively easy to make cross-sections of the trenches to observe step-coverages in 

electron-microscopy. 

A structure that consists of cylindrical pillars instead of trenches has a more open volume 

between the pillars. This has the consequence that deposition techniques based on diffusion, like 

CVD, would result in a better step-conformality. A disadvantage of this structure is the 

mechanical stability of high aspect-ratio pillars: there is a significant risk that these would break. 

If the same dimensions are taken as for the trenches (pillar diameter of 5 µm, height 30 µm and a 

5 µm spacing in a square pattern as displayed in Figure 8.1) the surface area is 5.7 times that of a 

planar system. This is lower than for a trench. However, the surface area enhancement can be 

further increased up to a factor of 10.4 when an extra pillar is added in the centre of each four 

cylinder square. The same surface area enhancement can be reached when pores are used, the 

negative situation of pillars. This structure has a much higher mechanical stability, a high surface 

area enhancement but has the disadvantage that the open volume is relatively low. The CVD 

deposition into pores is therefore less favourable than onto pillared structures. 

Also for battery operation, geometry plays an important role. In a trench-structure, the battery 

layers can (except for the corners) be considered as parallel plates. This makes them equivalent to 

planar designs with respect to their properties and helps to get a less inhomogeneous 

charge/discharge profiles along the battery.[2,3] The only point of serious consideration is, in this 

case, the corners. When applying the circular pores or pillar geometry, the risk of local 

overcharging or discharging of the electrodes is therefore much higher.  

It can thus be concluded that the surface area enhancement for the two cylindrical geometries 

are preferable over the trench structure but that the trenches are better for initial experiments 

because these offer better properties for cross-section SEM analyses and a more stable 

electrochemical performance is expected. Therefore, trenches were chosen as test structures for 

the deposition experiments. 
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8.2. Experimental 

For 3D deposition experiments, substrates were used that consisted of a silicon wafer with 

trenches that were prepared using reactive ion etching. The samples contained trenches with a 

width of 1, 3, 10 and 30 µm, which all had a depth of approximately 30 µm and a length of 

3 mm. The number of trenches on the substrate was relatively low and therefore the surface area 

enhancement was not influencing the deposition process. This is of course not representative for 

the intended battery manufacturing process, but offers at least the opportunity to compare the 

results on planar and 3D substrates as it prevents cross-influencing of the various trenches in the 

sample during the deposition process. The results of the experiments give, however, valuable 

insight in the behaviour of the deposition process in the trenches, which can later be used to 

predict the deposition process in more dense structures. The applied deposition settings were the 

same as mentioned in previous chapters. 

The main tool to investigate the step conformality in these trenches is SEM. Cross-sections of 

the samples were simply made by breaking the sample through the trenches. Subsequently, the 

sample was mounted in a Philips/FEI XL 40 FEG SEM. Using secondary electron imaging the 

layer thickness was determined at various locations along the trench walls. More detailed 

investigations were performed with Transmission Electron Microscopy (TEM), combined with 

Electron Energy Loss Spectroscopy (EELS) to determine the composition variations throughout 

the trench. EELS can be used to detect lithium[4] as well as cobalt.[5] TEM samples were prepared 

by application of a Focused Ion Beam (FIB) after sputtering a layer of Pt on the sample. TEM 

measurements were performed on a Philips/FEI Tecnai F30ST TEM. 

8.3. Results and Discusison 

8.3.1. Tantalum Oxide 

The deposition of tantalum oxide was extensively described in Chapter 5.2, as an intermediate 

stage of LiTaO3. It was found that the deposition rate related to the susceptor temperature via a 

typical Arrhenius behaviour, with two distinct temperature ranges. It was concluded that the 

deposition rate was limited by diffusive precursor transport in the high temperature range while 

the surface reaction was kinetically controlled at low temperatures. This conclusion implicates 

that step-conformal deposition in the high temperature range is impossible, while at lower 
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temperatures successful 3D deposition is expected. This hypothesis was tested and the results are 

shown in Figure 8.2. 

This figure shows that the above hypothesis is indeed right, and that the step-coverage is 

strongly dependent on the deposition temperature. At 673 K a perfect step coverage is obtained, 

while at 873 and 773 a strong decrease in film thickness around the corner is observed. It is also 

visible that the step-coverage is dependent on the trench width: the narrower trenches effectively 

worsen the step conformality at 873 and 773 K. For the sample deposited at 673 K, however, the 

step conformality remains excellent and even at the bottom of a trench that is 1 µm wide and 

30 µm deep the film has the same thickness as at the top (Figure 8.3). For the higher deposition 

temperatures, no significant deposition could be observed at the bottom of the narrow trenches. 

Step-coverage is not the only parameter influenced by the deposition temperature. Also the 

materials properties will be influenced by it. It is clearly visible in Figure 8.2 that the films 

deposited at 673 and 773 K have a smooth and homogeneous structure, which indicates that this 

layer is amorphous. The film deposited at 873 K shows, however, a columnar poly-crystalline 

structure.  It is plausible that something similar will happen with LiTaO3, since sol-gel deposited 

LiTaO3 is also reported to crystallize when annealed at 873 K.[6, 7] It should be noted that a 

change in the micro-morphology will have a large impact on the ionic conductivity of the 

LiTaO3.
[8] 
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873 K, 5 h 773 K, 5 h 673 K, 20 h

10 µm

3 µm

1 µm

 

Figure 8.2 Tantalum oxide deposited with a susceptor temperature of 873, 776 and 673 K 

into trenches with a depth of 30 µm and a width of 10, 3 and 1 µm. The films deposited at 

873 and 773 K were both deposited for 5 hours while the low-temperature deposition time was 

increased to 20 h to yield a film with sufficient thickness. A more detailed picture of the 1 µm 

wide trench of the sample deposited at 673 K is given in Figure 8.3. 

1 µma b
 

Figure 8.3 Tantalum oxide is deposited step-conformally at the top (a) and on the bottom (b) 

of a 1 by 30 µm trench at a deposition temperature of 673 K for 20 h. 



Chapter 8: Low Pressure Chemical Vapour Deposition on 3D Substrates 

 

-161- 

8.3.2. Titanium Oxide 

Titanium oxide deposition is extensively described in Chapter 9, because it is an ideal compound 

as input for modelling: only the precursor (Titanium Tetra IsoPropoxide, TTIP) and the carrier 

gas are needed for the deposition process, no additional oxygen is required. Additionally, TiO2 is 

also a material that is electrochemically active towards lithium and can be applied as electrode 

material. The Arrhenius plot does, however, not show two clear regions as was found for Ta2O5. 

Only one line appears for the deposition rate vs. the susceptor temperature, and the slope of this 

line is relatively low. The determined activation energy for this TiO2 deposition is 3.3 kJ/mole  

while the activation energy for the Ta2O5 is for example 7.6 kJ/mole for the diffusion limited 

regime, while the activation for the kinetically limited temperature range was determined to be 

165 kJ/mole. Therefore it is considered that TiO2 deposition is diffusion-controlled in the entire 

temperature range.  

SEM images directly confirm that, as displayed in Figure 8.4, the deposition is diffusion limited 

at susceptor temperatures of 723 and 673 K, resulting in a low step-conformality. For the films 

deposited at 623 K, it appears that the step-conformality is good in terms of layer thickness. This 

is, however, only valid at a first glance: the crystals grow with the same thickness but the amount 

of material that is deposited is much less because there are large spacings between the crystals. 

Halfway the trenches, the thickness of the layer decreases instantly and a much thinner 

continuous layer is deposited (Figure 8.5). The origin of this instantaneous decrease is unknown 

yet. 

For TiO2 it is therefore not possible to obtain a good step-conformal film with this precursor 

under these conditions. There are, however, a few methods applicable to ensure better step-

conformal deposition. For this the ratio of the reaction rate constant and the diffusion constant 

need to be altered. This can be done by changing the chemical composition of the precursor, 

decreasing the reactor pressure, or the addition of a substance that slows down the reaction 

rate.[9] These methods will be more thoroughly discussed in Chapter 10. Another  possibility is to 

use this precursor and conditions, and optimize the parameters (temperature, pressure, 3D 

geometry) to reach a level of conformality that is still acceptable for battery operation. A 

mathematical model may help to find these parameters with a reduced amount of experimental 

effort. The possibilities for such a model are explored in Chapter 9. 



Deposition and Characterization of Thin Films for 3D Lithium-ion Micro-Batteries  

 

-162- 

723 K, 12 h 673 K, 12 h 623 K, 12 h

10 µm

3 µm

1 µm

 

Figure 8.4 TiO2 deposited at three deposition temperatures in trenches with a width of 1, 3 

and 10 µm and a depth of 30 µm. 

1 µma b

c
 

Figure 8.5 TiO2 deposited at 632 K in a 10 by 30 µm trench on the top (a), in the centre (b) 

and at the bottom (c) of the trench. Please note that on top of the silicon first a thin film of 

amorphous SiO2 is present under the crystalline TiO2 film. The thickness of TiO2 on the bottom 

of the trench only about 5% of that of the top-layer.  
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8.3.3. LiCoO2  

LiCoO2 is more complex than Ta2O5 and TiO2, because it involves two precursors and therefore 

not only the step conformality is important, but also the composition of the film may change 

inside the trenches. It was found that the temperature is a crucial factor for the step-

conformality, for which again a lower temperature is in general better than a high temperature, 

where the deposition is diffusion limited.[10, 11] For Ta2O5 (and to a lesser extent also for TiO2) a 

better step-conformality was indeed observed at lower deposition temperatures. It was, however, 

found in Chapter 4 that for LiCoO2 a high-temperature deposition process is desired for the 

formation of an electrochemically active film. To solve these conflicting requirements, tests were 

performed to evaluate the possibility of a low-temperature deposition followed by a higher 

temperature annealing step. For this purpose 5 planar LiCoO2 films were deposited at 623 K for 

120 minutes, which were subsequently annealed at 973 K inside the LPCVD reactor. To 

investigate the influence of the duration of this anneal step, the samples were annealed for 3, 6, 

15 and 30 minutes.  

Cyclovoltammetry was performed at 1 mV·s-1 to investigate whether the material behaved 

electrochemically like the high or low temperature crystalline phase. Results of these 

measurements are shown in Figure 8.6. It is clearly visible that the inclusion of an annealing step 

in the deposition process increases the peak current, and results in a behaviour very similar to 

samples deposited at much higher temperatures. It also follows from this measurement that 

crystallization occurs relatively fast and that there is only a very small difference between an 

anneal step of 3 or 6 minutes and no further improvement is observed after more than 

6 minutes. It can therefore be concluded that a relatively short curing step at 973 K is sufficient 

to transform LiCoO2 films deposited at a low temperature into the high temperature crystalline 

phase. Consequently, the seemingly contradictory requirements of a low deposition temperature 

for a good 3D step-coverage and a high deposition temperature for the desired crystalline 

structure can be easily circumvented. 
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Figure 8.6 Cyclovoltammogrammes of LiCoO2 measured at 1 mV·s-1 annealed at 973 K for 

3, 6 or 15 minutes are compared with the as-deposited film. The plot for 3, 6 and 15 minutes 

annealing almost completely overlay. 
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623 K, 2 h 623 K, 4 h 623 K, 8 h

10 µm

3 µm

1 µm

 

Figure 8.7 SEM images of the trenches with a width of 1, 3 and 10 nm into which LiCoO2 

was deposited for 2, 4 and 8 h at 623 K. After each hour of deposition, a 3 min. anneal step at 

973 K was included. 

 

With the combined knowledge that low temperature deposition processes usually deliver the best 

step-conformality and that with subsequent annealing the high temperature crystalline LiCoO2 is 

formed, 3D deposition experiments were initiated. For these experiments LiCoO2 was deposited 

at 623 K with a 3 minute anneal step at 973 K after every hour of deposition. A sample 

deposited for 1 hour therefore received one anneal step, a 2 hour deposition time was cured 

twice, etc. The reactor pressure was set at 6 mbar. The samples that were deposited for 1, 2, 4 and 

8 hours were examined by SEM. The results are displayed in Figures 8.7, 8.9 and 8.10, while the 

measured layer thickness on a planar section of the sample is given in Figure 8.8. 
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Figure 8.8 The measured layer thickness of LiCoO2 deposited as a function of the deposition 

time analyzed on the planar part of the sample as determined by cross-section SEM.  

500 nm

220 nm

a b
 

Figure 8.9 (a) LiCoO2 deposited for 4 h in a 3 µm wide and 30 µm deep trench. At a depth 

of 6 µm from the top, the film thickness suddenly increases, although theory predicts that less 

material will be deposited. (b) LiCoO2 deposited for 4 h in a 1 µm wide and 30 µm deep 

trench, cross-section at approximately 15 µm from the top. At the lowest point reached by 

LiCoO2 islands are formed. 
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5 µm

 

Figure 8.10 LiCoO2 deposited for 8 h in a trench that is 10 µm wide and 30 µm deep. 

These experiments reveal a few interesting results. Firstly, Figure 8.7 shows that the step-

conformality is strongly dependent on the trench width. The trench with a width of 10 µm 

shows a nearly step conformal coverage of the corners, while the 3 µm and 1 µm wide trench 

already suffers form a thickness decrease at the top corner. It is also visible that for a layer that 

was deposited for a longer time, which was therefore thicker; the relative step coverage has 

worsened. This is most clear from the bottom row of Figure 8.7: the film thickness on the wall 

of the 1 µm wide trench is almost the same for the sample deposited for 4 hours and the sample 

of 8 hours, while the top-layer has grown much thicker. The planar layer has increased linearly 

with time (Figure 8.8), while the deposition inside the trenches is hindered by the closing trench 

entrance and the decreasing trench width, which both hinder diffusive material transport. 

One should, however, be careful by using film thickness as a tool to determine the 

step-conformality. In Figure 8.9a it is, for example, clear that the thickness of the film increases 

at a depth of ca. 6 µm inside the trench. This thickness increase is large (a factor two or more), 

while theory predicts that less material is deposited deeper inside a trench. A sudden increase in 

thickness can therefore not be attributed to a sudden increased amount of material, and 

therefore the density of the deposited film must have decreased at this point. This can be 
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originating from a change in morphology of the deposited film: a more porous island-like layer 

can be formed. One of the most extreme cases of this island growth can be observed in 

Figure 8.9b. In this cross-section of a 30 by 1 µm trench, which was taken approximately halfway 

from the top, the deepest (thinnest) observable LiCoO2 was found to form relatively large 

crystals instead of a continuous thin layer. This indicates that, at low concentrations, indeed 

nucleation plays a crucial role and that initially islands are formed. This might also be the reason 

that poly-crystalline material in the form of porous layers may be formed in the wider trench. 

This porosity might, however, change with precursor concentration and differences in film 

density are therefore likely to occur inside the trenches. The film displayed in Figure 8.10 does, 

however, have a homogeneous appearance without revealing any discontinuity in thickness. It 

can be concluded that LiCoO2 can be successfully deposited with a step conformality of over 

80 % in 10 by 30 µm trenches. 

Not only the thickness and the density but also the composition of the film inside the trenches is 

of importance for the battery operation. Since two separate precursors are used for lithium and 

cobalt, there might be a variation in stoichiometry of the film. To investigate this, LiCoO2 was 

deposited in 20 by 50 µm trenches that were covered with platinum. This sample was analyzed 

by a TEM equipped with EELS. For the TEM measurement three samples were from one single 

trench, prepared with FIB milling: one sample of the top of the trench, one in the middle and 

one of the bottom of the trench. These measurements showed that (within the accuracy of the 

EELS measurements) no variation in composition was determined. The Li:Co ratio was at all 

spots approximately 1:1, without a measurable variation (Fig 8.11). 
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Figure 8.11 The Li:Co ratio determined by EELS at the top, centre and bottom of a 20 by 

50 µm trench. 
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8.4. Conclusions 

Several oxide materials were deposited by LPCVD onto 3D-structured substrates, containing 

trenches of varying widths. Tantalum oxide (Ta2O5) forms closed homogeneous films and the 

step-conformality is found to be clearly dependent on the deposition temperature. In chapter 5 

the Arrhenius plot was reported for Ta2O5, and it was concluded that below 773 K the 

deposition was kinetically controlled and above this temperature the deposition was diffusion 

limited. Based on these results it was expected that the deposition would result in a step-

conformal film inside trenches below 773 K and that films deposited above this temperature 

would yield non-conformalstructures. SEM-images indeed confirm that this is the case.  

TiO2 reveals an Arrhenius plot with a much smaller activation energy, which was comparable to 

the activation energy that was determined for the diffusion controlled growth of Ta2O5, and it is 

therefore to be expected that the deposition is diffusion controlled over the whole temperature 

range. SEM images confirm this. Unfortunately with this precursor and these trenche geometries 

no successful 3D deposition is possible. To accomplish improvements in this respect either 

different geometries or a different precursors are required. A third possibility is the use of a 

reaction-retardant, which reduces the reaction rate thereby increasing the step coverage. 

For the deposition of LiCoO2 the requirements seem to be contradictory. LiCoO2 only shows a 

good electrochemical behaviour when it is deposited at high temperatures, while the best step 

conformal deposition is usually obtained at low deposition temperatures. Deposition at a low 

temperature with a subsequent anneal-step does, however, also yield the required good 

electrochemical performance of a high-temperature deposited LiCoO2. And even though it did 

not deliver a good step-conformality in 1 or 3 µm wide trenches, the deposition in a 10 or 30 µm 

wide trenches resulted in a step-coverage of over 80 % without a variation in Li:Co ratio between 

the top and bottom of the trenches. It can therefore be concluded that 3D LPCVD deposition 

of this active battery layer is principle possible. However, more extensive research on other 

electrode and electrolyte materials and different precursors is required before a complete all-

solid-state battery can be deposited using LPCVD. 
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Chapter 9.  

LPCVD of TiO2 in Trench Structures:  

An Experimental and Theoretical Study 

Abstract 

In this chapter, it is shown that electrochemically active anatase 

TiO2 can be deposited using LPCVD, but that deposition into 

3D trenches lacks step-conformality under the chosen experimental 

conditions. To be able to understand and improve the deposition 

behaviour, and to determine the optimized deposition parameters, 

the experimental results for a 30 x 30 µm trench were combined 

with a multi-scale model reactor. These values can then be used to 

predict a deposited layer thickness profile in narrower trenches. 

Moreover, Monte Carlo particle based simulations were performed. 

These simulations agreed well with the experimental results, but 

have limited predictive value. 
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9.1. Introduction 

Titanium dioxide (TiO2) is a widely used material that can, for example, be applied as a pigment[1] 

or anti-reflective coating.[2] TiO2 is also a semiconducting material that, due to the band-gap of 

3.2 eV, can be used as a basis for dye-sensitized solar cells[3] and photocatalysts.[4] Another 

application of TiO2 is to serve as an electrode in rechargeable lithium ion batteries.[5,6]  

For many of these applications the use of TiO2 in a thin film form is beneficial and therefore a 

large number of publications have been released during the last decade dealing with the 

deposition of films. One common method for deposition of TiO2 thin films is thermal LPCVD 

using Titanium Tetra Iso Propoxide (TTIP) as precursor.[7-9] 

In this chapter the experimental conditions for the chemical vapour deposition of TiO2 on 3D 

trench structures are explored. In the second part theoretical models are proposed to describe, 

understand and predict the deposition behaviour.  

9.2. Experimental 

The cold wall laminar flow LPCVD set-up as described in chapter 3 was used to deposit TiO2 

thin films. As a precursor for the deposition of TiO2, Titanium(IV)Tetra Iso Propoxide (TTIP) 

(SAFC Hitech, United Kingdom) was used as-received. A stainless steel bubbler with TTIP was 

connected to the LPCVD set-up and kept at 298 K. Argon was used as carrier gas for transport 

of precursor vapour. Deposition temperatures were varied between 623 and 873 K and the 

reactor pressure was maintained at 600 Pa. 

Films were deposited on three types of substrates: blank planar silicon substrates, planar 

substrates with a thin platinum layer and silicon samples with trenches. To prevent interference 

with the signal from the platinum layer, XRD and RBS investigations were preformed on 

samples deposited on blank planar silicon substrates. For electrochemical analysis the second 

type of substrate was used, because a conductive back-contact is necessary in this case. The third 

type of samples contained arrays of 1, 3, 10 and 30 µm wide trenches with a spacing of 50 µm 

and a depth of approximately 30 µm, which were produced using reactive ion etching in silicon. 

This substrate type was used to evaluate the deposition of TiO2 in three dimensional structures 

by SEM. 
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XRD was performed on a Panalytical X’Pert PRO MPD diffractometer with Cu Kα radiation, in 

which the sample was positioned at an offset of 3º to reduce the diffraction lines of the 

crystalline silicon substrates. RBS measurements were done using the RBS set-up at Philips 

Research in Eindhoven, The Netherlands, and for electrochemical measurements an Autolab 

PGstat 302 potentiostat/galvanostat was applied. Electrochemical measurements were 

performed in an argon filled glovebox, using a three electrode cell with lithium metal counter- 

and reference electrodes, using a 1 M solution of LiClO4 in propylene carbonate as electrolyte 

(Puriel, Techno, Semichem Co., Ltd., Korea). A Philips/FEI XL40 FEG SEM was used to 

investigate cross-sections of trench samples to determine the deposited thickness profiles. 

9.3. Results and Discussion 

The deposited films were first analyzed using XRD to determine the crystallographic phases 

(Figure 9.1). In this figure only the diffraction pattern is displayed for a film deposited at 623 K. 

Samples deposited at different temperatures in the range of 623 – 923 K all gave a similar 

response. The only diffraction lines visible in this figure can be attributed to anatase TiO2. No 

other phases could be observed. The intensity of the diffraction lines does not correlate with the 

reference pattern based on powder diffraction data,[10] indicating a strong preferential orientation. 

This is most clearly visible for the (105) and (211) diffraction lines at 54 and 55 º 2Θ, 

respectively: the (211) line can be distinguished in the measured data, while the (105) line does 

not appear. However, in the randomly oriented powder reference pattern these lines show the 

same intensity.[10] Therefore it can be concluded that the only deposited crystalline phase is a 

preferentially oriented anatase TiO2 phase.  

Since the envisioned application for TiO2 films is the use of these as an electrode for thin film 

batteries, the electrochemical lithium insertion/extraction behaviour of a film deposited at 723 K 

was examined using cyclic voltammetry with a scan rate of 1 mV/s. In Figure 9.2 the Li 

intercalation and extraction peaks are visible at 1.7 and 2.1 V vs Li/Li+, respectively. This is in 

good agreement with values reported in the literature.[5,11,12] From the peak areas in this 

measurement the reversibly stored charge can also be calculated, resulting in 26 mC/cm2. A 

combination with the results from RBS measurements that approximately 3·1017 structural units 

of TiO2 were deposited per cm2, it was calculated that 0.5 Li+ was intercalated per TiO2, which is 

close to the values commonly reported in the literature. 
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Figure 9.1 XRD pattern of a thin film deposited at 623 K. A reference pattern for anatase 

TiO2 is indicated by the vertical bars.[10] 

 

Figure 9.2 Cyclic voltammetry plot showing a cycle for a TiO2 sample deposited at 723 K. 
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RBS was used to determine the deposition rate at several temperatures between 623 and 923 K. 

With the temperature dependence of the deposition rate the activation energy of the deposition 

process could be determined, which can show whether the deposition rate is limited by chemical 

reactions or diffusion processes. 

The correlation of the reaction rate constant (kdep) with the reaction temperature (T ) is generally 

given in an Arrhenius form, 

RT

E

dep

A

eAk


          Eq. 9.1 

in which A is the pre-exponential factor, EA the activation energy and R is the gas constant. 

Assuming first order reaction kinetics, which is only dependent on the precursor concentration 

near the surface (C ), the overall deposition rate (Rdep) will follow an Arrhenius behaviour as well, 

thus  

CeACkR RT

E

depdep

A




        Eq. 9.2 

implying  

 CAE
RT

R Adep  ln
1

ln        Eq. 9.3 

Figure 9.3 displays the natural logarithm of the measured deposition rate against the inverse of 

the deposition temperature for the investigated TiO2 films. This deposition rate dependence 

agrees well with the linear relation in Eq. 9.3 and yields an activation energy of the overall 

deposition process of 3.3 kJ/mole. The activation energy is more than an order of magnitude 

lower than the commonly reported values for deposition reactions to form TiO2 from TTIP,[13-15] 

indicating that the deposition rate in this temperature range is not limited by the chemical 

reaction kinetics, but by diffusion. If this is indeed the case, it is expected that deposition into 3D 

trenches will not be step-conformal, but will result in a strong decrease in layer thickness inside 

porous structures. To confirm this, SEM measurements were performed. 
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Figure 9.3 Arrhenius plot for the deposition of a planar film of TiO2 film from TTIP. 

For the analysis of the deposition in trenches, films were deposited for 12 hours at 623 K. This 

temperature was chosen to improve the step-conformality, which is generally achieved at low 

deposition temperatures. For deposition at temperatures lower than 623 K, no crystalline TiO2 

deposition was observed. The substrates for this deposition experiment contained arrays of 

trenches with varying width. After making a cross-section of this sample, SEM was used to 

evaluate the thickness of the deposited TiO2 film into these trenches (Fig. 9.4). For the trenches 

of 30 (Fig. 9.4 a) and 10 µm wide (Fig. 9.4 b), the deposited layer profile was measured (Fig. 9.5). 

The thickness profile was, however, too thin for narrower trenches (Figs. 9.4 c, 9.4 d), and 

measuring these yielded no reliable results.  
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Figure 9.4 SEM images of TiO2 films deposited trenches with varying width. 

The results displayed in Figure 9.5 lead to the following observations. Firstly, the layer deposited 

on the planar part of the substrate is around 430 nm thick. Considering the 30 µm wide trench, it 

is observed that the average thickness on the trench walls is approximately 141 nm. The layer 

deposited at the bottom of the trench was found to be about 65 nm thick. A rough estimate 

learns that the total amount of material deposited inside the trench is around 80 % of the 

amount of TiO2 deposited on a 30 µm wide area of a planar part. Therefore, it can be concluded 

that the average precursor flux from the bulk gas phase towards a trench opening is not larger 

than the flux towards a planar surface. Accordingly, it can be concluded that this flux has already 

10 µm  10 µm  
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reached its maximum value for the planar deposition, and that the deposition process is fully 

diffusion controlled.  

Secondly, the TiO2 profile deposited at the entrance of the 10 µm trench is much steeper than in 

the 30 µm trench. This indicates that the effective diffusion coefficient in the narrow trench is 

lower than in the wide trench, assuming that the reaction rate constant is the same in both 

trenches. A possible explanation for this is the Knudsen diffusion effect, which postulates that 

not only the intermolecular distance (mean free path) influences the diffusion coefficient but also 

the geometry of the domain where diffusion takes place. This situation occurs when at least one 

of the dimensions of the diffusion domain is smaller than or comparable to the mean free path 

of diffusing molecules in the gas phase. 

 

Figure 9.5 Deposited thickness profile on the horizontal planar part (I) and on the vertical 

trench wall (II–IV) for a 30 and a 10 µm wide trench. The SEM inset shows the deposited 

layer thickness at the top (I, II), center (III) and bottom (IV) of the 30 µm wide trench. Note 

that the indicated lines are a guide to the eye. 
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9.4. A Multi-scale Model for LPCVD Deposition 

9.4.1. Model Description 

A mathematical model was set up to investigate the deposition processes of TiO2 by means of 

LPCVD. Validated by experimental results, this model can be used to predict the deposition 

under alternative conditions. Furthermore, it will be the starting point for further experiments, 

including the deposition of different materials on different 3D surfaces. For doing so, several 

unknown parameters of the deposition process need to be estimated, such as the reaction rate 

constant and the diffusion coefficient(s). These values are essential, as they determine the step-

coverage (defined as the ratio of the thickness midway of the depth of the trench and that at the 

top) of thin films deposited into three dimensional structures and can therefore be used to 

predict the feasibility of LPCVD as a technique to create 3D micro-batteries. With the help of 

this model the optimum deposition conditions can be determined with significantly lower 

experimental efforts, when compared to fully experimental investigations. 

9.4.2. Modelling Approach and Assumptions 

Modelling the LPCVD of TiO2 in micro-trenches involves processes to be considered at 

different scales. The flow and the temperature in the gas phase are computed in the entire 

reactor (macro-scale is typically 10-30 cm), whereas the deposition of thin films takes place inside 

trenches that are much smaller than the reactor (the micro-scale is typically 10-30 µm).  

Four orders of magnitude are separating these scales, therefore a transition scale (the meso-scale) 

is additionally introduced.[16,17] The modelling strategy is schematically shown in Figure 9.6: the 

three scales introduced as calculation regime are coupled by the continuity of both the 

concentration and the mass flux. The macro- and meso-scale models are involving Fickian 

diffusion, whereas two different diffusion coefficients are considered in the micro-regime: one 

outside and one inside the trenches. The diffusion in the trench can be smaller because of a 

possible Knudsen diffusion effect. A more detailed description is given later. 

The present mathematical model involves several assumptions. First the flow in the reactor tube 

is assumed to be laminar. This assumption can safely be made, since the Reynolds number for 

the system is very low (approximately 5). Furthermore, the flow is assumed to be at steady state, 

as the carrier gas is allowed to equilibrate before the precursor dosing is started. Next, the 

properties of the carrier gas (argon) are predominant in the temperature and flow calculations, 
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and follow the ideal gas law. This assumption is plausible since the concentration of the 

precursor molecules in the carrier gas is very low and the total gas pressure (P) is relatively low. 

Further, the energy flux due to concentration gradients is ignored, which simplifies the energy 

equation. The fourth assumption is that deposition is negligible on the non-heated surfaces of 

the cold wall reactor and selectively takes place on the heated surface, only which has a uniform 

temperature. Finally, the influence of the deposited layers on the geometry of the trenches is 

neglected. In analogy with dissolution and precipitation processes, this assumption makes sense 

if the deposited layer is thin, so that its thickness can be neglected when compared to the trench 

size.[18] If this is not the case, the trench geometry is changing in time, depending on the 

deposited layer, which has an a priori unknown thickness. The resulting model would then 

involve a free boundary at the trench scale.[19,20]  

 

Figure 9.6 Modelling approach, revealing the three adopted modelling scales. 
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9.4.3. Modelling Equations and Boundary Conditions 

The mathematical model for the carrier gas consists of the continuity equation (Eq. 9.4), the 

momentum equation (Eq. 9.5), and the energy equation (Eq. 9.6). 

  0 v           Eq. 9.4 

       PIvvvvv T  
3
2     Eq. 9.5 

   kvTTvcp          Eq. 9.6 

In these equations ρ denotes the density, v the velocity vector, µ the dynamic viscosity, I the 

unity matrix, P the pressure, cp the heat capacity and k the thermal conductivity. This system is 

completed by boundary conditions. At the reactor inlet, the gas flow and the temperature are 

controlled parameters. At the reactor outlet only the pressure of the gas mixture is known and 

the normal component of the temperature gradient is assumed zero. Furthermore, no-slip 

conditions are assumed at all solid boundaries, implying that the gas velocity is 0 at the cold walls 

and the heated surface. Finally, the temperature of the gas at the border is prescribed by the 

temperature of the solid surfaces.  

To describe the transport process of the precursor molecules outside and inside the micro-

trenches two different diffusion coefficients are involved: the Fickian diffusion coefficient (D) 

and the effective diffusion coefficient that is applicable inside the trenches (Dtr ). Dtr is equal to 

the Fickian diffusion coefficient as long as the trench is very large when compared to the mean 

free path of the molecules in the gas phase. Whenever the trench is much smaller than the mean 

free path, Dtr is equal to the Knudsen diffusion coefficient (Dk ), which is only dependent on the 

trench width (w ) and the mean speed of a molecule in the gas phase ( ), according to  

 
m

Tk
wwD B

k



8

3
2

3
2         Eq. 9.7 

where kB the Boltzmann constant and m is the mass of the diffusing molecule. In the 

intermediate kinetic/diffusion controlled regime, the diffusion coefficient can be obtained via 

the Bosanquet approximation,[21] which estimates that the trench diffusion Dtr is related to the 

Knudsen diffusion coefficient Dk and the Fickian bulk diffusion D via a parallel resistance model 
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ktr DDD

111
         Eq. 9.8 

The transport of precursor molecules in the bulk gas phase is determined by mass flow and 

diffusion. The concentration is therefore modeled by the advection diffusion equation 

  0 CDvCCt        Eq. 9.9 

which states that the concentration change in time ( Ct ) is equal to the mass transport due to 

flow processes ( vC ) and diffusion ( CD ). To ensure mass conservation, the deposition rate 

equals the normal component of the flux at the heated surface, where the precursor molecules 

are adsorbed 

CkCDn dep         Eq. 9.10 

For simplicity, the deposition is assumed to occur via a first order reaction. This was 

experimentally observed to be valid for deposition on a planar surface, but the same equations 

are also assumed to be applicable inside the trenches. However, as mentioned before, the 

parameters inside trenches and outside these might be different. Therefore in the first case a 

subscript tr is added. The analogous of Eqs. 9.9 and 9.10 inside trenches become  

  0 trtrtrtrt CDvCC       Eq. 9.11 

trdeptrtr CkCDn         Eq. 9.12 

The two models (inside trenches and in the bulk) are coupled by interface conditions. At these 

interfaces, continuity of concentration and of the total molecular transport is assumed, i.e. 

CCtr      and       CDvCnCDvCn trtrtr     Eq. 9.13 

Clearly, the system of Equations 9.4 – 9.6 models the temperature and the gas flow, while 

Equations 9.9 – 9.12 model the precursor transport, diffusion and deposition. Because the 

properties of the carrier gas are assumed predominant in the flow and temperature equations, 

these are decoupled from the precursor molecule transport equations and can be solved 

independently. Results of these calculations are subsequently used as input for the transport 

equations. 
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9.4.4. Estimation of Parameters by a Micro-Scale Steady-State Model 

The mathematical model involves several unknown parameters. The diffusion coefficients and 

reaction rate constant are not known, requiring a first estimate as a starting point for the 

numerical simulations. For this purpose, a simplified setting is considered. A single trench with 

width w and depth L is used in the calculations, and the system is assumed to be at steady-state. 

The steady-state situation with no net concentration change allows simplification of Eq. 9.11. 

Assuming that mass transport occurs only by diffusion, Eq 9.11 may be rewritten for a 2D 

trench geometry as 

0
2

2

2

2











y

C

x

C
        Eq. 9.14 

The system is assumed symmetric with respect to the vertical median (y = 0), while the precursor 

flux (J ) at the top of the trench (x = 0) is assumed to be constant. This is based on the 

experimental observation that the deposition rate is limited by the supply of precursor to the 

surface. This system of equations and assumptions is schematically represented in Figure 9.7. 

 

Figure 9.7 Simplified system of equations used to model the deposition behaviour in a single 

trench. 

In this simplified framework, separation of variables can be employed to obtain an analytical 

solution for the TiO2 deposited on the trench wall y = ½ w, i.e. 
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with nn

tr

dep

D

wk
Da  tan

2
         Eq. 9.15 

In this equation Da is the second Damköhler number, which is the only undetermined parameter 

in this equation, ζn a supporting variable directly related to the Damköhler number and J is the 

precursor flux towards the surface. The flux is for this system obtained from the deposition rate 

on a planar surface. Eq. 9.15 is used to fit the experimental data, yielding an estimate of the 

Damköhler number. In turn, this determines the ratio of the reaction rate constant and the 

diffusion coefficient in the trench. For instance, in case of a 30 µm wide and 30 µm deep trench 

the closest fit is achieved for Damköhler numbers between 0.6 and 1 (see Figure 9.8). Because 

this Damköhler number only gives the ratio of the reaction rate constant and the diffusion 

coefficient inside the trench it has a very low predictive value for other systems. Furthermore, it 

does not model processes on the reactor scale. The fit can, however, be used as a first estimate 

for the more general multi-scale model described above. 

 

Figure 9.8 Measured data for a 30 by 30 µm trench, compared to the amount of material 

deposited according to the trench-scale model presented in Eq. 9.15 for several Damköhler 

numbers. 
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9.4.5. Computation Strategy for the Multi-Scale Model 

To simulate all processes taking place in the LPCVD set-up, a non-overlapping domain 

decomposition approximation was used. First the (macro-scale) flow and temperature in the 

reactor were calculated and subsequently used as input for computing the species concentration. 

A non-overlapping domain decomposition technique was used: a small region (the meso-scale) 

was detached from the reactor (the macro-scale). At these levels the trenches are not visible yet. 

For coupling, flux continuity was imposed from the meso- to the macro-scale, whereas in the 

reverse direction continuity of concentration was imposed as shown in Figure 9.6. This process 

of backward and forward coupling was iterated until convergence of the solution was achieved. 

The downscaling was followed by coupling of the meso- and micro-scales. In this case, flux 

continuity was imposed in the forward direction and the continuity of concentration in the 

reverse direction. 

All computations were performed in a dimensionless setting. The Finite Element Method (FEM) 

has been used to perform numerical computations, as implemented in the COMSOL 

Multiphysics suite.[22] The discretization was adaptive, with triangular elements. The mesh was 

refined in the region of the macro-scale where it was coupled with the meso-scale. A similar 

approach was employed for the transition from the meso-scale to the micro-scale. This provided 

sufficient accuracy for the computations in the corners of the trenches. Also for time stepping, 

adaptive step sizes were taken. 

As follows from Figure 9.8, the analytical solution inside a single trench (Eq. 9.15) gives an 

estimate of the ratio of the reaction rate constant and the diffusion coefficient. This solution was 

also used to initiate the full scale numerical simulations. Further iterations on the full scale 

numerical experiments were conducted for the 30 µm trenches to obtain a good fit with the 

experimental observations. In this manner, the bulk diffusion, trench diffusion and reaction rate 

constants were estimated. For prediction of the deposition profile in the 10 µm trenches, the 

bulk diffusion coefficient (D) and the reaction rate constant (kdep) were the same as those 

determined by the computations for the 30 µm trenches. To determine the diffusion coefficient 

inside the trenches (Dtr), the afore-mentioned Bosanquet approximation (Eq. 9.8) was used. To 

validate the model, the prediction based on these coefficients for the 10 µm wide trench was 

compared to the experimentally observed layer thickness profile. 
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9.4.6. Results of the Multi-Scale Model 

From the experimental results it was concluded that the deposition rate is controlled by the 

diffusion rate. Therefore, the deposited layer thickness on a planar surface is almost purely 

determined by the bulk diffusion coefficient D and much less by the surface reaction rate 

constant kdep.  

Therefore, first the bulk diffusion coefficient was determined, based on the experimental 

observation that in 12 hours a layer of 430 nm thickness was deposited on a planar surface. 

Using the multi-scale model, the bulk diffusion coefficient was estimated to be D = 3.2·10-3 m2s-1 

at 623 K and the deposited layer thickness was indeed observed to be almost independent on 

kdep when it was chosen sufficiently high. Assuming that intact TTIP molecules diffuse into the 

trench, Eq. 9.7 allows computing the Knudsen diffusion coefficient Dk. In case of a 30 µm 

trench and a deposition temperature of 623 K this becomes 4.31·10-3 m2s-1. This Knudsen 

diffusion coefficient is higher than the value in the bulk gas phase, because it ignores the distance 

between molecules in the gas phase and only incorporates the distance between the diffusing 

precursor molecule and the trench walls. Therefore, Dk is larger than D when the mean free path 

is smaller than the trench width, although the effective diffusion coefficient Dtr inside the trench 

will be smaller. Based on Eq. 9.8 Dtr becomes 1.84·10-3 m2s-1, which is indeed lower than D. 

Having estimated these coefficients, an initial prediction for the reaction rate constant, kdep, can 

be obtained using the Damköhler number that was obtained in Figure 9.8. Subsequent iterations 

using the multi-scale model to fit the experimentally observed deposition resulted in a reaction 

rate constant kdep = 131 ms-1. By Eq. 9.15, the Damköhler number is then Da = 1.07, which is at 

the edge of the range predicted by the analytical model, where Da was estimated between 0.6 and 

1.0. As follows from Figure 9.9, the thickness profile obtained by simulation agrees well with the 

experimental results.  

Subsequently, these parameters are adopted when modelling the deposition behaviour for the 

10 µm wide trench. The values of parameters kdep and D are the same as for the 30 µm wide 

trench, whereas the Dtr is recalculated from Eqs. 9.7 and 9.8, yielding Dtr = 9.9·10-4 m2s-1. This 

results in the simulation depicted in Figure 9.10. Although a good match was obtained for the 

30 µm wide trench, this simulation shows results that have a clear mismatch with the measured 

profile. Possible explanations for this mismatch will be discussed in the next section. 
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Figure 9.9 Results of the multi-scale model (line) compared to the measured layer thickness 

(data points) for a 30 µm wide trench. The model used coefficients kdep = 131 m s-1, 

D = 3.2·10-3 m2s-1, Dtr = 1.84·10-3 m2s and Da = 1.07. 

 

Figure 9.10 Predicted deposition profile by the multi-scale model (solid line) compared to the 

measured layer thickness (data points) for a 10 µm wide trench. The model used coefficients 

kdep  = 131 m s-1, D = 3.2·10-3 m2s-1, Dtr = 0.99·10-3 m2s and Da = 0.66. 

0

100

200

300

400

-5 0 5 10 15 20 25 30

D
e

p
o

si
te

d
 T

h
ic

kn
e

ss
 (

n
m

)

Distance from top-corner trench (µm)

30 µm Experimental

30 µm Model

0

100

200

300

400

-5 0 5 10 15 20 25 30

D
e

p
o

si
te

d
 T

h
ic

kn
e

ss
 (

n
m

)

Distance from top-corner trench (µm)

10 µm Experimental

10 µm Model



Deposition and Characterization of Thin Films for 3D Lithium-ion Micro-Batteries 

 

-188- 

9.4.7. Discussion on the Multi-Scale Modelling Results 

A mathematical model is presented for the LPCVD deposition process of TiO2 on a micro-

trench structure. This model has been built on different scales and is an attempt to model CVD 

processes in complex 3D-structures. The simulation results for a 30 µm wide trench show a 

good agreement with the experimental results and the fitted deposition rate constant kdep, as well 

as the diffusion coefficients D (bulk) and Dtr (inside trenches) are in a physically reasonable 

range. However, the predictive value of the model is limited. When applying it to a narrow 

trench of 10 µm width, the predicted deposition profile gives sufficient agreement for the planar 

part and deeper part of the trench. The top third of the trench, however, deviates substantially 

from the measured thickness profile (see Figure 9.10). This may be explained by the underlying 

model assumptions.  

First, the diffusion coefficient inside the trenches Dtr differs from the coefficient in the bulk 

reactor, D. This results in a discontinuity of the diffusion coefficient at the interface separating 

the trench from the bulk gas in the micro-scale (Figure 9.6). For the 30 µm trench, the influence 

of this discontinuity is limited, because the trench diffusion coefficient is nearly 60 % of D. For 

the 10 µm trench this effect becomes stronger, as Dtr is reduced to only 30 % of D. It is expected 

that, if the influence of the Knudsen diffusion extends above the trench opening, less material 

will pass through the trench entrance. Consequently less material will be deposited inside the 

trench, as was also observed experimentally. Moreover, the original Knudsen diffusion theory is 

only based on diffusion, and does not take chemical reactions into account. 

However, a model including more effects would contain many more parameters, which are 

unknown for the used TTIP-Argon mixture. Although having more parameters gives more 

possibilities to match the model with experimental data, it is not clear how to obtain their real, 

physical values, as different sets of values can yield similar simulation results. Therefore, such a 

model would have a reduced predictive value. 

Finally, the present model does not take the deposited layer thickness into account. This has two 

consequences. First, the model cannot cope with a discontinuity of the layer thickness at the 

corner of the trench. Secondly, the reduction of the trench width influences molecular transport 

in this trench. Such effects can be neglected for thin layers in relatively large or even moderate 

trenches, like the 30 µm wide trench. However, in case of narrow trenches the deposited layer 

thickness becomes more significant compared to the trench width. This requires a different 



Chapter 9: LPCVD of TiO2 in Trench Structures: An Experimental and Theoretical Study 

 

-189- 

modelling strategy, taking explicitly into account the dynamic change of the trench geometry, 

with direct consequences on the diffusion processes.[19,20] 

In view of the above, a more detailed modelling approach is proposed for future research. This 

will involve more complex models including a free boundary separating the deposited layer from 

the gas phase inside trenches. This will lead to a decrease in the trench width, causing a change in 

the diffusion coefficient inside trenches during the deposition process. It is important to note 

that the position of the interface between the gas and solid phase is not known a priori, because 

it depends on the amount of material deposited on the initial interface.  

In the described multi-scale model the trenches are only present at the micro-scale, and not at 

the meso- and reactor scale. For the described experiments this is a valid assumption, because 

the samples consist of a planar substrate with relatively few trenches etched into them. The 

surface area enhancement is therefore relatively low. Moreover, the deposition process is mostly 

dependent on the bulk diffusion rate. Whenever a higher trench density is taken and the 

transport becomes less dominant, this assumption is invalid. In this case, the trench surface in 

the macro- and meso-scales can be replaced by a smooth surface, where an effective boundary 

condition is imposed. This boundary condition takes the surface area enhancement into account 

yielding an apparent reaction rate constant. Once this is achieved, the simulation can proceed 

with calculations at the trench scale.  

Moreover, it is not clear if the continuum description (even incorporating the Knudsen diffusion 

coefficient) is valid for the present conditions. Knudsen diffusion does not involve reactions at 

the trench wall, but is based on scattering collisions. Furthermore, the finite depth of the 

trenches is not taken into account. Such situations require a more extensive model, for example 

based on an individual particle scale simulation, as is described in the next section. However, a 

particle model is not suitable for macro-scale simulation, which raises naturally the question 

whether micro-scale particle models can be coupled to a continuum description for the meso- 

and macro-scale. 
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9.5. Micro-Scale Monte Carlo Particle Simulation 

One of the main limitations of the multi-scale modelling approach is that it makes use of bulk- 

and Knudsen diffusion to describe the transport of precursor molecules in the micro-scale 

trenches. This has the benefit that it can be coupled straightforwardly to macro-scale transport 

phenomena, but has the disadvantage that Knudsen diffusion does not take deposition reactions 

into account. Another approach is not to look at overall processes, but simulate individual 

particles. One method to simulate individual particles is Monte Carlo simulation. In Monte Carlo 

simulations a large number of individual particles is simulated, and their trajectories and possible 

reactions are followed.  

For LPCVD processes with sufficiently low pressure and sufficiently narrow trenches, the 

trajectory of a precursor molecule is assumed to be linear. After hitting a solid surface, two 

possible events occur: either the molecule reflects, or it reacts and the material is deposited 

following 

 DR (g) 

        
    

        
      D (s) + R (g)       Eq. 9.16 

in which DR is the precursor in gaseous form, D(s) the deposited solid material and R(g) the 

gaseous residue. The probability of this reaction taking place when DR hits a surface is given by 

p1. When the gaseous residue R hits the surface the reverse reaction may occur, and the 

probability that it reacts with solid D to form DR again is indicated by p2.  

    

Figure 9.11 In the simulations particles are introduced uniformly distributed at line s, with an 

introduction angle () uniformly distributed between 0 and 180 (a). An example of a trajectory 

is given (b) with the probability of reflection and reaction indicated.  
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In this model, the trajectory of a large number of particles is calculated to obtain statistically valid 

results. Each trajectory is calculated from its introduction at line s until it is deposited or until it 

leaves the simulation domain by crossing line s again. Subsequently, the density of deposited 

particles is normalized to the layer thickness on the planar surface next to the trench opening. 

The particle density is multiplied with this normalization factor to result in the layer thickness 

deposited throughout the trench. 

One of the practical considerations important for this model is the number of particles of which 

the trajectory is simulated. The number of particles should be sufficiently large to obtain reliable 

results. However, a large number of particles will require a long calculation time, and therefore 

an optimal number of particles will have to be chosen. An accurate simulation is valuable, 

however, it is not advantageous to do a simulation that is much more accurate than the 

experimental results onto which the model is based. 

The advantage of this model is that the only input parameters are the probabilities p1 and p2. It is 

relatively straightforward to optimize these two variables to match the model with the 

experimental results, and explain the experimental results with the found probabilities. The 

model was applied to the experimental results that are displayed in Figure 9.5, which were also 

used to simulate with the multi-scale model. The trajectories were calculated for 2.5·106 particles, 

and the probabilities that were found giving the best match with the experimental results were 

p1 = 0.85 and p2 = 0.045. The results of this simulation are displayed for trenches with a width 

of 30, 10, 3 and 1 µm in Figures 9.12-9.14, respectively. 

In Figure 9.12 and 9.13 it is shown that the Monte Carlo simulation matches the experimentally 

observed thickness profile very closely: the differences between the experimental points and the 

simulated line are generally within the accuracy limit of the experimental results. Therefore, it can 

be concluded that the reaction probability is very high (p1 = 0.85) and the probability of the 

recombination reaction is relatively low (p2 = 0.045).  

When the same probabilities are applied for a 3 or 1 µm wide trench, as is displayed in 

Figure 9.14, the modeled layer thickness is very low. The simulated thickness at the top of the 

wall of a 3 µm wide trench is 56 nm, and for a 1 µm wide trench only 14 nm. Inside the trench 

the thickness decreases rapidly. Although the trenches of 3 and 1 µm wide were analyzed with 

SEM (Figure 9.4), it was not possible to obtain reliable measured thickness profiles for these 

trenches. With the used sample and SEM set-up film thicknesses below 50 nm could not be 
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determined accurately in these trenches. Qualitatively, however, a film could be observed in the 

top few micrometers of the 3 µm wide trench. For the 1 µm wide trench, no TiO2 film could be 

observed. This is in agreement with the simulation shown in Figure 9.14. 

The Monte Carlo approach generally shows a nice agreement with the experimentally obtained 

results. A few remarks should, however, be made for this approach. First, the presented method 

is only valid when no collisions occur between molecules in the gas phase inside the trench, 

which is only valid in very narrow trenches or at very low reactor pressure. Monte Carlo 

simulations can, however, be extended to include collisions between particles. This will, however, 

make the model more complicated, and will require much more calculation time.  

Moreover, the reaction model is to a large extend simplified, and it is assumed that the density of 

the deposited material is uniform. Importantly, Monte Carlo simulations can only be used to 

model the micro scale, with a relatively small number of particles. A Monte Carlo model for a 

larger than micro-scale including a more complex chemical systems will require a large 

calculation effort and is therefore not (yet) feasible. Moreover, it is complex to couple particle 

based Monte Carlo simulations with the fluid dynamics model for the reactor described in 

section 9.4. The most important drawback of this type of simulation is, however, that it only has 

the probabilities p1 and p2 and the 3D geometry as input parameters, while the goal of a the 

CVD modelling is to find which conditions (e.g. temperature, pressure, geometry and 

concentration) can be used to optimize the deposition process. The parameters p1 and p2 are 

related to reaction kinetics, and therefore indirectly also to the deposition temperature. The 

coupling of reaction probabilities via reaction kinetics to temperature is, however, not 

straightforward. The current Monte Carlo simulations can, therefore, only assist in the 

optimization of the trench geometry. 
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Figure 9.12 Results of the Monte Carlo simulation for 2.5·10 6 particles for a 30 x 30 µm 

trench using  p1 = 0.85 and p2 = 0.045. The model is compared to the experimentally 

obtained thickness.  

 

Figure 9.13 Results of the Monte Carlo simulation for 2.5·10 6 particles for a 10 x 30 µm 

trench using  p1 = 0.85 and p2 = 0.045. The model is compared to the experimentally 

obtained thickness. 
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Figure 9.14 Results of the Monte Carlo simulation for 2.5·10 6 particles for a 3 x 30 µm 

and a 1 x 30 µm trench using  p1 = 0.85 and p2 = 0.045. The inset shows a magnification of 

the thickness profiles at the top part of the trench wall. 

 

9.6. Conclusions 

It has been shown that LPCVD can successfully be used to deposit preferentially oriented 

anatase TiO2 films that show electrochemical activity towards lithium (de)intercalation. The 

thickness of the deposited layer depends mainly on the transport in the gas phase because the 

reaction rate at the surface is very fast. This conclusion was based on temperature-dependent 

planar deposition experiments and on deposition in 3D trenches.  

For analyzing the deposition behaviour and prediction of the deposition process at different 3D 

geometries, a multi-scale model was constructed. To obtain preliminary estimates of the 

Damköhler number inside the trench, an analytical steady-state model at trench scale was 

devised. The Damköhler number estimated was used as input for the multi-scale model. From 

the calculations with the multi-scale model realistic values were obtained for the reaction rate 

constant and the diffusion coefficients in a 30 µm wide trench. However, due to several 

simplifying assumptions, the model had only a limited predictive value for a 10 µm wide trench. 

It estimated the deposited layer thickness on the planar part sufficiently well and gave a 
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reasonable result below 10 µm depth, but failed in estimating the layer thickness on the top part 

of the trench. Several modifications for the model are therefore proposed, including a more 

detailed diffusion description and a free boundary approach, which will have better predictive 

properties for the deposition behaviour, including the discontinuity at the top corner of the 

trench. Furthermore, for a wider range of applicability, a homogenized deposition rate 

coefficient at the macro-and meso-scale has to be included. 

Monte Carlo simulations can be used to simulate the deposition process in micro-scale 

geometries more accurately. It was shown that the model could accurately follow the 

experimentally observed results. It also shows that no accurate thickness profiles could be 

measured for the narrower trenches below 3 µm. Monte Carlo simulations have, however, only a 

limited predictive value: these cannot be used to model the effects of temperature, pressure and 

concentration of reactants. It can therefore only be used to optimize the 3D substrate geometry. 

Moreover, coupling of particle-based Monte Carlo simulations to a fluid dynamic model of the 

reactor chamber will be non-trivial, and a particle based simulation of a scale larger than the 

trench-scale will require a computational effort that is presently not feasible. Optimization of the 

trench shape can therefore be performed using Monte Carlo simulations, but for a full 

optimization of deposition parameters an improvement of the multi-scale LPCVD model is 

required.  
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Chapter 10.   

Conclusions and Future Outlook 

 

One of the most promising methods to power autonomous micro-electronic devices is the use 

of integrated micro-batteries. For safety and size reasons, all-solid-state thin-film batteries have 

gained an increased attention in the past two decades. The energy density in these batteries 

remains, however, relatively low. To increase this energy density an approach was proposed in 

which 3D thin-film deposition techniques are combined with 3D micro-structures. This work 

has addressed some aspects for a promising candidate to deposit 3D-structured thin-films: 

Chemical Vapour Deposition (CVD). CVD is a relatively new technique in the field of batteries, 

and the deposition of electrode and electrolyte films was therefore first demonstrated on planar 

substrates. 

First, the influence of deposition parameters were investigated for LiCoO2, which can be used as 

positive electrode material. It was found that the composition of the deposited layer can be 

controlled by the precursor concentration in the gas phase and that the morphology, crystallinity 

and electrochemical activity are to a large extend influenced by the deposition temperature. 

Although the charge capacity of LiCoO2 layers appeared to decrease during electrochemical 

cycling in a half-cell set-up with a commercial liquid electrolyte, this decrease was significantly 

reduced by the application of a solid-state electrolyte. 

Two different options were investigated for the solid-state electrolyte: LiTaO3 and Li3PO4. Both 

these materials have a similar ionic conductivity, but differ in other properties. LiTaO3 has a 

relatively limited voltage stability window, and can only be used in combination with high-

voltage anode materials. Moreover, it requires a relatively high deposition temperature to obtain 

the desired films, at which step-conformal deposition into 3D structures will be not achievable. 

Li3PO4 may be deposited at a much lower temperature, and has a larger voltage window in which 

the electrolyte is stable. Therefore, it can be used with lower-voltage anodes. For these reasons, 

Li3PO4 was selected as a suitable electrolyte candidate. 
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For the battery anode, the use of Co3O4, MoO3, RuO2 and TiO2 was explored. These materials 

all have their own advantages and disadvantages. Co3O4 has the advantage that it is compatible 

with the deposition of LiCoO2. However, the cycling stability found during the first experiments 

was low. For MoO3 better electrochemical results were obtained, but the morphology was 

difficult to control, and the voltage of this anode is relatively high (around 2.5 V vs Li/Li+). An 

even higher voltage is found for RuO2, which has, in addition, a low cycling stability. TiO2 has, 

compared to these materials, a much better performance: it has a voltage of 2.1 V vs Li/Li+, and 

has better cycling stability. 

Another important topic that was addressed is the analysis of complete all-solid-state thin-film 

micro-batteries. The analysis of lithium-containing materials is challenging, because lithium is a 

very lightweight and mobile element. Many techniques are not capable of detecting lithium or 

will influence the position of lithium during the measurement. One technique that was 

demonstrated to be successful in analyzing complete all-solid-state batteries was Neutron Depth 

Profiling (NDP). It is capable of analyzing thin-film batteries in situ: it can be applied to follow 

the transport of lithium inside micro-batteries and is e.g. able to determine the origin of the 

capacity loss of these batteries during long-time cycling experiments. This was tested on a 

thin-film battery that consisted of a LiCoO2 cathode, lithium phosphate electrolyte and Si anode. 

It was determined that the deterioration mainly occurs in the electrolyte, in the silicon anode and 

at their interface. A possible explanation of this deterioration is the formation of a film with an 

elemental composition of Li3.3Si0.1PO4. 

These experiments were all performed on planar substrates. Deposition into 3D micro-structures 

is, however, much more complex. During deposition on planar substrates mass transport of 

precursors is followed by subsequent deposition reactions. Inside 3D structures, however, the 

deposition reaction and mass transport (diffusion) are in competition. Therefore, it is of crucial 

importance which of these two processes is limiting the deposition: with a diffusion limited 

process 3D deposition will not be successful. If, however, the diffusion of precursors is 

sufficiently fast, or the reaction rate sufficiently slow, step-conformal 3D deposition is possible. 

It was shown in Chapter 8 and 9 that the deposition temperature, geometry and pressure may 

influence the 3D deposition. The pressure can only induce a very limited improvement on the 

step-conformality in 3D micro-structures. When the pressure is lowered, the diffusion rate 

increases because the mean free path of molecules in the bulk gas phase is increasing. The 
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diffusion inside the 3D micro-structures is, however, at low pressure limited by the size of the 

structure (Knudsen diffusion).   

The influence of the geometry of the microstructure is an important parameter, which requires a 

relatively large effort when it is studied purely experimental. This is therefore a good parameter 

to investigate using a combination of experimental work and a modeling approach. The 

introduction of different geometries is relatively straightforward in a multi-scale model while new 

etching procedures have to be developed for every new experimentally tested geometry. 

Moreover, the model has the advantage that it yields important and more generally applicable 

deposition parameters like reaction rate constants and diffusion coefficients. These values are 

also crucial for the prediction of deposition when the process is transferred from a research to a 

production environment. 

For experimental work, the deposition temperature is the most commonly varied parameter to 

improve the step conformality. It may improve conformality because in general chemical 

reactions have a much stronger temperature dependence than mass transport. A sufficiently low 

process temperature will therefore in many cases result in a reaction rate limited step-conformal 

deposition process. Moreover, it is relatively easy to control temperature during the deposition 

process, and a wide range of temperatures can be used. It was shown for Ta2O5, TiO2 and 

LiCoO2 that at low temperatures the conformality was improved. However, this parameter is 

also limited in use. Firstly, not only the deposition process, but also the properties of the 

deposited film are influenced by the deposition temperature. LiCoO2 is an example of this: at the 

required low deposition temperature the desired electrochemical activity cannot be obtained. 

However, this problem was solved by deposition at low temperature followed by a higher 

temperature anneal step. The electrochemical activity of these annealed films was found to be 

the same as the activity of films deposited at high temperatures. A second, more practical, 

problem is that the overall deposition rate also decreases with temperature, making in this case a 

longer deposition time necessary. Thirdly, sometimes the lowest possible deposition temperature 

is still resulting in a diffusion-limited process. This was e.g. found for TiO2. To reduce the 

consequences of this problem one could vary the geometry used for 3D deposition. The 

deposition of TiO2 is, however, suitable as the input for a model. The deposition process is 

relatively simple and involves only one precursor. Moreover, it is a material that shows good 

electrochemical activity.  
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Two modeling methods were studied. Firstly, a multi-scale finite elements model, which can be 

used to link concentration profiles in the large scale reactor to the concentration profiles in the 

micro-scale 3D geometry. This model is based on standard continuum diffusion and in micro-

structures the diffusion constant was adapted using Knudsen diffusion theory. The model 

showed to be able to fit the experimental results for a 30 µm wide trench accurately, but showed 

only limited predictive value for narrower, 10 µm wide, trenches. One of the problems may be 

that the Knudsen diffusion theory does not take chemical reactions into account. 

Secondly, a Monte-Carlo particle based model was used. This model can be used to describe the 

path of single molecules inside a geometry, and can be applied to determine the deposition 

profile. A simulation with this model showed a good quantitative match with the experimental 

results for both a 30 and 10 µm wide trench. It is, however, difficult to couple this particle-based 

model to a macro-scale reactor model. Moreover, the used Monte-Carlo simulations are 

straightforward when the deposition is pure Knudsen-diffusion, which means there are no 

interactions between precursor molecules in the gas-phase. This will, however, only occur in very 

small geometries at very low pressures, which is outside the range of the presently performed 

deposition experiments. This model requires, therefore, an improvement that includes 

interactions (collisions) between precursor molecules in the gas phase. 

Further research into precursor chemistry is one of the key research topics that will yield 

information on how to increase the possibilities for CVD deposited thin-film batteries. A good 

precursor fulfills several requirements. It should be possible to bring sufficient amounts of the 

precursor into a vapour phase, i.e. it should posses a sufficiently high vapour pressure. Secondly, 

the precursor molecules or molecular fragments should diffuse fast through the gas phase, so 

preferentially have a low mass. Furthermore, the reactivity of the precursor should be relatively 

low, to ensure reaction rate limited deposition. To decrease the deposition rate and increase 

conformality it was also suggested in literature to use growth inhibitors, molecules that reversibly 

occupy reactive sites on the substrate and thus effectively hinder surface reactions.[1,2]  The search 

for suitable precursors could therefore also be extended with a search for suitable inhibitors. 

Moreover, to reduce the complexity of the reaction system and to increase the accuracy of the 

ratio of e.g. lithium and cobalt in the deposited layer it is possible to design single-source 

precursors that contain both lithium and cobalt in the right ratio. A similar approach has 

successfully been demonstrated for PZT (Pb[ZrxTi1-x]O3 lead zirconium titanate) films.[3] Single-

source precursors have the benefit that the stoichiometry of the deposited layer is fixed. Since 
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only one precursor is used, no composition variations due to different diffusion behaviour of 

different precursors will occur in the layers deposited in 3D microstructures. 

Finally, the development of 3D micro-batteries should go hand in hand with the development of 

the devices that will be powered with these. An efficient device can only be achieved when the 

voltages, currents and energy requirements of the battery and the applications are well matched. 

A range of electrode materials needs to be available for that purpose, which can be applied to 

tailor the properties of all-solid-state batteries. 
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Summary 

Deposition and Characterization of Thin Films  

for 3D Lithium-ion Micro-Batteries 

Electricity has since its first discovery evolved to become one of the most commonly used 

energy carriers. It is clean and versatile and enables a large part of the technology that is currently 

playing an important role in everyday life. Storage of this electrical energy has been of interest 

since its discovery. One of the main storage methods of electrical energy is the use of galvanic 

cells, which are to the general public better known as batteries or accumulators. These cells have 

made that electrical energy is not only available in stationary applications, but also for mobile 

applications. The miniaturization of these mobile wireless applications has created a demand for 

miniaturized batteries. Especially now a trend is observed towards distributed sensor networks, 

which consist of individual miniature sensor devices that communicate wirelessly with a base 

station. The energy for these sensors can be supplied by an energy harvester, e.g. based on 

photovoltaic, thermoelectric or piezoelectric generators. This energy needs, however, to be 

stored to ensure a continuous energy supply to the sensor. For this purpose, all-solid-state micro-

batteries are a suitable form of energy storage. The disadvantage of these micro-batteries is that 

their energy density is relatively low. To increase the energy density, the concept of a 3D 

integrated all-solid-state thin-film micro-battery was proposed. This concept is described in 

Chapter 1. 

Several concepts and fabrication methods for these 3D all-solid-state batteries have been 

proposed in recent literature, which is reviewed in Chapter 2. The key aspects of a 3D micro-

battery are the formation of a 3D geometry and the conformal deposition of battery materials. 

One method for the fabrication of 3D geometries is the use of anisotropic etching of silicon. 

This is a well-established method that is commonly applied in semiconductor industry. The focus 

of the research in this dissertation lies on the deposition of thin-film battery materials using Low 

Pressure Chemical Vapour Deposition (LPCVD), and the analysis of the deposited films. In 

Chapter 3 the used LPCVD set-up and other applied deposition and analysis techniques are 

described. 

Because LPCVD is not commonly applied as a deposition technique for battery materials, the 

deposition parameters were first systematically investigated for a standard cathode material for 
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lithium-ion batteries. The results of these experiments are given in Chapter 4. It was concluded 

from these measurements that electrochemically active LiCoO2 can be deposited using LPCVD. 

The composition of the deposited film can be controlled using the composition of the precursor 

gas and a sufficiently high temperature is required for the deposition of crystalline 

electrochemically active LiCoO2. Finally, it was observed that the deposited LiCoO2 has a stable 

cycling stability when combined with a solid-state electrolyte. 

For the role of the solid-state electrolyte Li3PO4 and LiTaO3 were investigated in Chapter 5. 

These layers both have a similar ionic conductivity, in the order of 5-6 S·cm-1. The deposited 

Li3PO4 was, however, more stable at low potentials, which opens more possibilities for the anode 

material. Reduction reactions occurred for LiTaO3 films at 1.8 V vs. Li/Li+, while Li3PO4 was 

stable to substantially lower voltages (at least to 0.5 V). And even though the composition 

control of the Li3PO4 film was less straightforward than LiTaO3, it was concluded that because 

of the larger voltage window Li3PO4 is a more suitable material for all-solid-state thin-film micro-

batteries manufactured by LPCVD. 

Several anode materials are explored in Chapter 6. Co3O4, MoO3, Ru and RuO2 were deposited 

using LPCVD and their properties were examined. All these materials had their own advantages 

and disadvantages, which can play a role for the choice of the material for the eventual battery. 

Co3O4 is practically a convenient battery material, because the same cobalt precursor can be used 

as for the LiCoO2 cathode. It showed, however, a large difference in lithiation and delithiation 

voltage (0.8 and 2.0 V respectively) and the observed cycling stability was very limited. It should, 

however, be noticed that these measurements were performed in liquid electrolyte, and that 

further stability testing should be performed in combination with a solid-state electrolyte. MoO3 

is an electrode material that shows electrochemical activity at around 2.5 V. It can therefore be 

applied as anode or cathode, depending on the other electrode. The main disadvantage of this 

material is that it is complex to control the morphology in the condition range available in the 

used LPCVD set-up. The deposition of RuO2 is well established in LPCVD, and also in this case 

it was demonstrated successfully. However, also for this material the cycling stability in a liquid 

electrolyte is limited. 

The analysis of a fully working battery is using Neutron Depth Profiling (NDP) is reported in 

Chapter 7. This technique is capable of making a depth profile of a thin-film battery while it is 

being cycled. The measured profile agrees well with the measured electrochemical response, and 

it can be applied to evaluate the degradation of thin-film micro-batteries while these are being 
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cycled. A general capacity loss mechanism for all-solid-state lithium-ion batteries involves the 

loss of mobile lithium as a charge carrier. It was concluded that for the analysed planar all-solid-

state micro-battery, which was deposited using Physical Vapour Deposition (PVD), this was 

indeed the case. Lithium became in this battery immobilized in the solid-state electrolyte at the 

anode side of the battery. One possible explanation for this degradation is the formation of a 

lithium-silicon-phosphate material. The average composition of this material was calculated to be 

Li3.3Si0.1PO4. 

The previous experiments were performed for thin films on planar substrates. Conformal 

deposition in 3D structures is a bit more complex, as is described in Chapter 8. It is shown that 

the conformality of the deposition is strongly dependent on the size of the 3D geometry and the 

deposition temperature. The geometry is a variable that is not easily modified, because each new 

structure will involve the design of a new mask for patterning and a new etching optimization 

process. Therefore, a single procedure was developed to produce a silicon substrate containing 

trenches with different widths. Trenches were chosen as the shape because these are the most 

suitable for cross-section imaging and because this geometry can be used for 2D simulations. 

The trenches on each substrate were 30, 10, 3 and 1 µm wide and 30 µm deep.  

The second variable influencing the step conformality is the deposition temperature. Two 

different processes are at the basis of LPCVD: transport of precursor molecules from the gas 

phase to the surface of the substrate, and the chemical reactions at the surface. Important for 

conformal 3D deposition is that the deposition rate is delimited by the chemical reaction rate. 

This chemical reaction rate is strongly dependent on the deposition temperature, while the 

temperature dependence of the transport processes is much weaker. Therefore, LPCVD 

processes generally have a low-temperature regime in which the deposition rate is reaction rate 

limited, and a higher temperature range where transport limits the deposition rate. 

For the deposition of Ta2O5, which is one of the basic parts of the LiTaO3 electrolyte, these two 

temperature ranges were clearly observed, and a good conformal deposition was obtained for all 

trench widths. For TiO2, a possible electrode material, the layer thickness, and thus the 

deposition rate, were more difficult to determine due to the polycrystalline appearance of the 

film at some temperatures. However, it was observed that at the lowest temperature at which 

deposition is possible the deposition is not step-conformal. LiCoO2 is the proposed cathode 

material. This is a more complex metal oxide, because both lithium and cobalt need to be 

deposited. With LiCoO2 it was also observed that at low temperature the best conformality was 
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achieved. However, it was previously observed that deposition at high temperatures is required 

to obtain electrochemically active LiCoO2. This electrochemically active LiCoO2 can, however, 

also be formed using deposition at low temperature followed by a high temperature anneal step. 

With this approach a film with 80 % step conformality could be achieved, of which was 

determined that the ratio of Li:Co was the same, at the top, in the centre and at the bottom of a 

50 µm deep trench. 

Although TiO2 was not deposited conformally it may serve well as a basis for a model. The 

deposition of TiO2 from the used precursor (Titanium Tetra Iso Propoxide, TTIP) is most 

suitable for modelling because the precursor already contains oxygen, and therefore no extra 

oxygen is required for the deposition of TiO2. The number of species involved in the modelling 

is therefore limited. Moreover, the resulting model can lead to an improvement of the 3D 

deposition with a reduced experimental effort. First, the deposition of TiO2 was investigated 

experimentally. From these measurements it was concluded that using LPCVD anatase TiO2 

could be deposited and that this film was electrochemically active. Subsequently, two model 

approaches were used to model this deposition process: a multi-scale finite elements model, and 

a Monte Carlo simulation. The multi-scale finite elements method uses three different length 

scales: the reactor scale (10-30 cm), the micro-scale of the trenches (10-30 µm), and a meso-scale, 

that is used as a transition scale between the macro and micro-scale. This model has the 

advantage that it is a complete model of the system that involves every aspect of the deposition 

process. That is, however, also its disadvantage: it is a complex model that needs a large number 

of input variables. It was observed that the agreement of the model and experimental results 

were only limited. The Monte Carlo simulation is more simple, and involves only a particle 

model on the micro-scale. This model managed to give a good agreement with experimental 

results, but is only of limited value for the prediction of experimental results because of its 

simplicity. 

Overall, it is concluded in Chapter 10 that LPCVD is a successful method to deposit electrode 

and electrolyte materials for thin-film all-solid-state micro-batteries. The conformal deposition 

was investigated both experimentally and using modelling approaches. Moreover, it was 

demonstrated that NDP can be applied as a technique to study the behaviour of thin-film 

batteries in situ. Furthermore, several approaches for future research were suggested, e.g. the 

research to single-source precursors and growth inhibitors to tune the chemical reaction rate. 

Finally, it was commented that for successful 3D thin-film batteries, their development should 

go hand in hand with devices that these will power. 
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Samenvatting 

Depositie en Analyse van Dunne Films  

voor 3D Lithium-ion Microbatterijen 

Elektriciteit is sinds de ontdekking ervan uitgegroeid tot één van de meest gebruikte 

energiedragers. Elektriciteit is schoon en veelzijdig en maakt een groot deel van de technologie 

mogelijk die tegenwoordig een belangrijke rol speelt in het dagelijks leven. Sinds de ontdekking 

van elektriciteit heeft de opslag ervan veel aandacht gekregen. Één van de belangrijkste 

opslagmethoden is het gebruik van galvanische cellen, beter bekend als batterijen of accu’s. Deze 

cellen hebben het mogelijk gemaakt dat elektriciteit niet alleen beschikbaar is op vaste locaties, 

maar ook gebruikt kan worden voor mobiele toepassingen. Het steeds kleiner worden van 

mobiele draadloze toepassingen heeft ervoor gezorgd dat er een vraag is ontstaan naar 

microbatterijen. Een bijzondere ontwikkeling is de trend naar draadloze sensorsystemen, die 

bestaan uit individuele sensoren die draadloos met een basisstation communiceren. De energie 

voor deze sensoren kan bijvoorbeeld gewonnen worden via zonnecellen, uit beweging of met 

thermische energieopwekking. Er blijft echter ook energieopslag nodig om een continue 

energietoevoer te waarborgen. Een mogelijke vorm van energieopslag voor dit doel is de vaste-

stof dunne film microbatterij. Deze batterijvorm heeft echter als nadeel dat de energiedichtheid 

relatief laag is. Daarom is het concept voor een 3D geïntegreerde vaste-stofbatterij voorgesteld, 

zoals beschreven is in het eerste hoofdstuk. 

Verschillende onderzoeksgroepen hebben verschillende concepten en fabricagemethoden 

voorgesteld. De recente wetenschappelijke literatuur op dit gebied wordt beschreven in 

hoofdstuk 2. De belangrijkste ontwikkelpunten voor een 3D microbatterij zijn het maken van 

een 3D basisvorm en het aanbrengen van een gelijkmatige laag van batterijmaterialen op deze 

structuur. Het concept beschreven in dit onderzoek gaat voor de 3D basisvorm uit van 

anisotroop etsen van silicium, een veelgebruikte technologie in de halfgeleiderindustrie. Het 

zwaartepunt van dit onderzoek ligt echter bij het deponeren van dunne films voor 3D batterijen 

en de analyse van de afgezette lagen. Voor de depositie wordt gebruik gemaakt van chemische 

dampafzetting onder verlaagde druk (Low Pressure Chemical Vapour Deposition, LPCVD). De 

gebruikte LPCVD opstelling wordt beschreven in hoofdstuk 3, waar ook de andere gebruikte 

experimentele technieken worden uitgelegd. 
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LPCVD is geen gangbare techniek is voor het afzetten van batterijmaterialen. Daarom werd eerst 

de depositie van LiCoO2 onderzocht, een standaard elektrodemateriaal voor Li-ion batterijen. Uit 

de resultaten van deze experimenten, zoals beschreven staat in hoofdstuk 4, kan geconcludeerd 

worden dat elektrochemisch actief LiCoO2 kan worden afgezet met LPCVD. De samenstelling 

van de afgezette lagen kan rechtstreeks worden beïnvloed met de samenstelling van de gasfase en 

de kristallografische eigenschappen kunnen worden gestuurd met behulp van de temperatuur. 

Wanneer de temperatuur hoog genoeg gekozen wordt zullen de afgezette lagen elektrochemisch 

actief zijn, en zullen deze een goede stabiliteit vertonen wanneer ze gebruikt worden met een vast 

elektrolyt.  

Li3PO4 en LiTaO3 kunnen de rol van vast elektrolyt spelen, zoals is aangetoond in hoofdstuk 5. 

Deze lagen hebben een gelijkwaardige iongeleiding, rond 5-6 S·cm-1. Li3PO4 was echter stabieler 

bij lage spanningen waardoor het gecombineerd kan worden met meer verschillende 

anodematerialen. Tests toonden aan dat LiTaO3 al reductiereacties vertoonde bij 1.8 V vs. Li/Li+, 

terwijl Li3PO4 stabiel was bij veel lagere spanningen (minimaal tot 0.5 V). Door deze stabiliteit 

werd geconcludeerd dat Li3PO4 geschikter is als elektrolyt dan LiTaO3, ondanks dat bij LPCVD 

de samenstelling van Li3PO4 minder eenvoudig beïnvloed kan worden 

In hoofdstuk 6 worden enkele anodematerialen verkend. Co3O4, MoO3, Ru en RuO2 lagen zijn 

afgezet met LPCVD en de eigenschappen zijn onderzocht. Al deze lagen hebben hun eigen voor 

en nadelen bij toepassing als elektrodematerial. Co3O4 is praktisch gezien een goede kandidaat, 

omdat dezelfde grondstof gebruikt kan worden als voor de LiCoO2 kathode. Co3O4 vertoonde 

echter een groot verschil in laad- en ontlaadspanning (resp. 0.8 en 2.0 V), waardoor de batterij 

waarin dit materiaal gebruikt wordt energetisch niet efficiënt zal zijn. Daarnaast was de stabiliteit 

over meerdere laad- en ontlaadcycli beperkt. Deze metingen zijn echter gedaan in een vloeibaar 

elektrolyt, en verdere tests met een vast elektrolyt zijn nodig om dit materiaal verder te testen. 

Lithium kan in MoO3 opgeslagen en onttrokken worden rond 2.5 V. Daardoor kan het zowel de 

rol spelen van anode of kathode, afhankelijk van de elektrode waarmee het gecombineerd wordt. 

Het grootste nadeel van dit materiaal is dat de ruimtelijke structuur ervan bij de gebruikte 

omstandigheden moeilijk te controleren zijn. De afzetting van RuO2 met LPCVD is al langere 

tijd bekend voor andere toepassingen, en ook voor batterijen kon het gedeponeerd worden. De 

stabiliteit van RuO2 was echter beperkt in een vloeibaar elektrolyt. 

In Hoofdstuk 7 wordt de analyse van een werkende batterij beschreven gebruik makend van een 

neutronenbundel. Met deze techniek kunnen Neutronen Diepte Profielen (NDP) van lithium 
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worden gemaakt terwijl de batterij wordt opgeladen of ontladen. De gemeten profielen kwamen 

goed overeen met de gelijktijdig uitgevoerde elektrochemische metingen. Omdat met NDP de 

locatie van lithium kan worden bepaald kan deze methode gebruikt worden om de veroudering 

van de gebruikte batterijen te volgen. Een algemeen voorkomende oorzaak voor 

capaciteitsverlies van batterijen is de immobilisatie van lithiumionen (de ladingsdragers). Uit 

NDP metingen bleek dat dit ook het geval was voor de gemeten dunne-filmbatterij, die was 

gefabriceerd met fysische dampafzetting (Physical Vapour Deposition, PVD). Lithium raakte in 

deze batterij geïmmobiliseerd in het elektrolyt aan de kant van de anode van de batterij. Een 

mogelijke verklaring voor dit verouderingsmechanisme is de vorming van een lithium-silicium-

fosfaat fase. De berekende gemiddelde samenstelling van dit materiaal was Li3.3Si0.1PO4. 

De voorgaande experimenten toonden vooral de haalbaarheid van LPCVD voor vlakke films 

van batterijmaterialen aan. Gelijkmatige bedekking van 3D structuren is gecompliceerder, zoals 

wordt beschreven in hoofdstuk 8. Hierin wordt aangetoond dat de gelijkmatigheid afhankelijk is 

van de afmetingen van de 3D structuren en van de temperatuur. Een uitgebreid onderzoek naar 

de invloed van de 3D structuur is moeizaam omdat voor elk nieuw patroon een nieuw masker 

gemaakt moet worden en het etsproces moet worden aangepast. Daarom werd één masker 

ontworpen dat gebruikt werd silicium substraten te maken met sleuven met verschillende 

afmetingen. Sleuven zijn als vorm gekozen omdat daarvan eenvoudig dwarsdoorsneden gemaakt 

kunnen worden en omdat een model voor de afzetting van lagen in deze sleuven slechts 

2-dimensionaal hoeft te zijn. De gekozen sleuven waren 30, 10, 3 en 1 µm breed en 30 µm diep.  

Twee verschillende processen vormen de basis van LPCVD: transport van de 

grondstofmoleculen vanuit de gasfase naar het oppervlak en de chemische reacties op het 

oppervlak. Voor gelijkmatige afzetting is het belangrijk dat de depositiesnelheid wordt begrensd 

door de reactiesnelheid. De reactiesnelheid is sterk afhankelijk van de temperatuur terwijl de 

diffusie (het transport) daardoor veel minder beïnvloed wordt. Daarom kennen LPCVD 

processen in het algemeen een temperatuurbereik bij relatief lage temperatuur waar de 

depositiesnelheid beperkt wordt door de chemische reacties en een hoger temperatuurbereik 

waar massatransport de snelheid bepaald. 

Voor de depositie van Ta2O5 waren deze twee temperatuurgebieden duidelijk zichtbaar, en bij 

lage temperatuur werd een gelijkmatige bedekking bereikt voor alle gebruikte sleuven. Voor 

TiO2, een mogelijk elektrode materiaal, was de situatie complexer: de laagdikte, en daarmee de 

depositiesnelheid was moeilijk te bepalen vanwege de kristalstructuur van het oppervlak bij 
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bepaalde temperaturen. Het was echter duidelijk dat de afgezette laag zelfs bij de laagst mogelijke 

depositietemperatuur niet gelijkmatig was. LiCoO2, het voorgestelde kathodemateriaal, is een 

complex metaaloxide, omdat hiervoor zowel lithium als kobalt neergeslagen moeten worden. 

Voor LiCoO2 was het echter ook duidelijk dat bij lage temperatuur de beste stapbedekking 

bereikt kon worden. Eerder werd echter aangetoond dat hoge temperaturen nodig zijn om 

elektrochemisch actief LiCoO2 te produceren. Deze activiteit kon echter ook bereikt worden 

door depositie bij lage temperatuur gevolgd door een hoge temperatuur nabehandeling. Met deze 

aanpak kon 80 % stapbedekking worden bereikt, waarbij ook werd aangetoond dat de 

lithium/kobalt verhouding op de bodem van de sleuf hetzelfde was als op de top. 

Voor de depositie van elektrochemisch actief TiO2 werd Titanium Tetra Iso Propoxide (TTIP) 

gebruikt, een precursor die zuurstof bevat. Het was daarom mogelijk om TiO2 te deponeren 

zonder andere reagentia. Door de eenvoud is dit proces gekozen om een model op te baseren. 

Daarnaast was de gelijkmatige afzetting van TiO2 in 3D structuren niet succesvol, en het 

opgestelde model zou dus uiteindelijk gebruikt kunnen worden om dit proces te verbeteren. 

Twee methoden werden in hoofdstuk 9 toegepast om een model te maken van TiO2 LPCVD: 

een finite element model, en een Monte Carlo simulatie. De finite element methode gebruikt drie 

afmetisngsschalen: de afmeting van de reactor (10-30 cm), de schaal van de sleuven (10-30 µm), 

een tussenschaal om de reactorschaal en de microschaal te koppelen. Het sterke punt van dit 

model is dat het volledige proces wordt gemodelleerd. Dat is echter ook het zwakke punt: omdat 

het model zo uitgebreid is zijn er veel variabelen nodig. Daarnaast was de overeenkomst van het 

model met experimentele resultaten slechts beperkt. De Monte Carlo simulatie is veel 

eenvoudiger en bevat alleen een botsende-deeltjes model op de schaal van de sleuven. Met dit 

model kon een goede overeenstemming bereikt worden tussen de experimentele resultaten en de 

simulatie. Het model heeft door zijn eenvoud echter weinig mogelijkheden om bij andere 

omstandigheden experimentele resultaten te voorspellen.  

In hoofdstuk 10 wordt de algemene conclusie getrokken dat LPCVD kan worden toegepast voor 

vaste-stof dunne film micro-batterijen. Het gelijkmatig afzetten van films op 3D structuren is 

zowel experimenteel als modelmatig onderzocht. Daarnaast werd aangetoond dat NDP gebruikt 

kan worden om batterijen tijdens opladen en ontladen te analyseren. Bovendien werden enkele 

mogelijke toekomstige onderzoeksgebieden aangeduid waarin dit onderzoek opgevolgd kan 

worden, bijvoorbeeld door onderzoek naar geschikte precursors en de toevoeging van stoffen 

die de chemische reacties vertragen. Ten slotte werd opgemerkt dat voor succesvolle 3D 

batterijen hun ontwikkeling hand in hand moet gaan met de ontwikkeling van hun toepassingen. 
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