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1. Introduction 

The present day has us surrounded with electronic devices. Wherever we go, the 
cell phone follows, often accompanied by a tablet, a laptop, iPod, or some other 
gadget – useful or otherwise.  The key technological achievement behind these 
portable devices is the lithium-ion battery (LIB). Since its introduction in the 
early 1990s, it quickly emerged as the staple of portable electronics.1 Yet the 
need for small-scale energy storage is ever growing. For instance, the era of ‘In-
ternet of Things’ seeks to build an all-invasive network of interconnected ‘smart 
objects’, i.e. objects with embedded electronics capable of collecting and ex-
changing data.2  

Although LIBs are the key enabler of the current success of mobile devices, 
they are quickly becoming one of the major bottlenecks in downscaling of the 
self-powered microelectronic devices. While advances in nanotechnology have 
enabled microchips with ever smaller diameters and higher performance, the 
battery technology has been unable to keep pace.3 One could even claim that, in 
a very general sense, since its commercialization, the lithium ion battery has 
seen very little change. Advances in materials and manufacturing methods have 
improved the available energy density and decreased the unit prices, but the 
basic elements have remained the same. While this is not a problem when scal-
ing upwards, as proven by the emergence/revival of the electric car and the im-
plementation of the LIB even for grid-scale applications,4 the miniaturization 
has proven to be much more problematic. As the battery size decreases, inactive 
components such as the separator or the protective casing become a major fac-
tor in reducing the overall volumetric energy density. Thus for the microscale, 
novel approaches need to be developed. 

Currently, all-solid-state thin-film batteries are a promising alternative for the 
conventional, liquid electrolyte based LIBs, with some commercial products al-
ready entering the market.5 The solid electrolyte greatly improves the integra-
bility as the need for the polymer separator and the complicated confinement of 
the liquid electrolyte is eliminated. Moreover, the all-solid-state LIBs do not suf-
fer from the safety issues associated with the flammable liquid electrolyte, and 
are more flexible in terms of the form factor.6 Yet, the concept is not without 
downsides. The device layout of stacked layers of the battery components leads 
to a situation where the energy density and power density become mutually ex-
clusive as both are linearly dependent on the layer thickness but with an oppo-
site relationship. As the battery footprint area is usually the limiting factor, an 
alleviation to the problem is sought from the third dimension. By manufacturing 
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3D-architechtured scaffolds such as micropillars or trench patterns, the effec-
tive surface area of a given footprint can be increased by orders of magnitude. 
This allows for improvement in the power density through reduction of the bat-
tery layer thickness without sacrificing the energy density.7–9 While the concept 
looks promising, lack of methods for conformal deposition of the electroactive 
layers on the 3D scaffold renders its implementation extremely challenging. 

Atomic layer deposition (ALD), a thin film deposition method known for its 
extreme conformality on high-aspect ratio substrates, is deemed as one of the 
key enablers for the 3D concept.10 As the deposition of lithium-containing ma-
terials with ALD is still an emerging field, the main obstacle for battery applica-
tions is the low amount of suitable deposition processes. Thus, before the full 
potential of ALD can be realized, innovative approaches are needed. 

 The present thesis is an attempt at demonstrating the applicability of ALD for 
the fabrication of all-solid-state thin-film LIBs. A novel deposition process for 
each of the electrochemically active layers, i.e. for the solid electrolyte and the 
positive and the negative electrodes is developed and their individual perfor-
mance is assessed. The electrolyte material of choice is lithium phosphororus 
oxynitrideI, selected for its relatively high ionic conductivity and electrochemi-
cal stability. The choice of the electrode materials reflects the potential for un-
conventional approaches enabled by the thin-film layout. Conjugated carbonyls 
are a promising group of redox active materials that in conventional bulk-for-
mat batteries suffer from solubility issues as well as from their inherently poor 
electronic conductivity. Here, the all-solid-state thin-film setup should mitigate 
both issues allowing for the full utilization of their perceived high redox reaction 
kinetics.  The negative electrode material, lithium terephthalate is one of the top 
performing material within the organic electrode materials’ group,II whereas a 
completely novel material, dilithium-1,4-benezenediolate was developed to 
function as the positive electrode.III,IV The work culminated in the demonstra-
tion of an all-ALD, all-organic solid-state thin-film battery, fabricated using 
these freshly developed ALD-processes.  
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2. All-Solid-State Thin-Film Batteries 

A battery is an electrochemical device that is able to store and convert chemical 
energy directly to electric energy by means of redox reactions. If the associated 
redox reaction is chemically irreversible, the term primary battery is used. A 
secondary battery employs materials with reversible reactions, i.e. the battery 
is rechargeable. For microelectronic applications, the rechargeability is a de-
sired feature as servicing/replacing the battery is at best very difficult.11 An ideal 
case would be a microbattery working in tandem with an onboard energy har-
vesting system providing extended device life time.12 Hence in the following only 
secondary batteries are considered, though in many cases the same principles 
do apply to both types.  A number of chemistries exist for the reversible storage 
of energy, of which the lead-acid, nickel cadmium (NiCd), nickel metal hydride 
(NiMH), and the Li-ion battery have seen the most commercial success. Of 
these, the LIB provides the highest energy density and is considered as the 
chemistry of choice for microbatteries. This chapter describes the general prop-
erties of lithium-ion batteries and introduces the concept of all-solid-state thin-
film batteries. It should be noted that various other high-performance battery 
concepts do exist for microelectronics applications that are beyond the scope of 
the present thesis.11,13–16 

 

2.1 Working principle of LIBs 

A lithium-ion battery consists of one or more electrochemical cells intercon-
nected in series or parallel depending on the application needs. The principal 
components of each cell are the positive and the negative electrode (commonly 
referred to as the cathode and the anode, respectively), and the electrolyte. The 
electrodes are connected through an external circuit. When the circuit is closed, 
for instance by connecting the battery to a device, the chemical potential differ-
ence between the electrodes drives electrons from the negative electrode to the 
positive. In other words, the negative electrode oxidizes while a reduction reac-
tion occurs at the positive electrode. In order to maintain charge balance, ions 
(Li+ in the case of LIBs) are concurrently transferred from the negative to the 
positive electrode through the electrolyte. Ideally, the current flows until the cell 
reaches equilibrium. In the case of rechargeable batteries, the overall reaction 
can be reversed by placing an external power supply in the circuit.17 
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In conventional LIB designs, each electrode is a composite of the active mate-
rial powder mixed with a conductive additive such as carbon black and a binder 
material, for instance polyvinylidene fluoride. A liquid electrolyte is generally 
used, a common example is lithium hexafluorophosphate salt dissolved in a 
mixture of ethylene carbonate and dimethyl carbonate. Other central, but elec-
trochemically inactive components of a cell are the current collectors for con-
necting the composite electrodes to the external circuit, a polymer separator for 
preventing the short circuit of the cell, and of course packaging material to con-
tain all the components. 

The performance of the cell depends on the choice of materials. The reversible 
storage of lithium ions can occur through intercalation, conversion reaction, or 
alloying. As lithium exits as a monovalent ion, the specific capacity of an elec-
trode material, i.e. the amount of charge it can hold, is directly defined by the 
amount of lithium ions the material can reversibly intake. The theoretical ca-
pacity (Q) is calculated using the formula: 

 

M
nFgAsQ )/(   

(1) 
 
 

where n is the number of electrons transferred per formula unit, F is the Faraday 
constant and M is the molar mass of the material.  

The energy density (conventionally measured in mWh/g or equivalent) is the 
amount of energy the cell can provide. It is the product of the cell capacity (de-
termined by the limiting electrode) and the cell voltage, which is the difference 
of the individual electrode potentials when the cell is in equilibrium and hence 
called the open circuit voltage (OCV): 

 
NegativePositiveCell VVV  (2) 

 
 
When the cell is in operation the cell voltage deviates from the OCV value due 

to several factors, colloquially called the overvoltage or cell polarization that re-
duces the available energy. The main factors are: 

 
1. Activation polarization ( a) arising from the charge transfer at the inter-
faces.  
2. Concentration polarization ( c) resulting from the concentration gradient 
of the active species due to slow mass transfer. 
3. Ohmic polarization ( Ohm) from the internal resistance of the cell due to lim-
ited ionic/electronic conductivity in the materials/interfaces, also known as 
the iR drop due to its proportionality to the current drawn from the cell.  
 
The extra energy consumed by the overvoltage is lost as waste heat. The over-

voltage influences the power density, i.e. the energy supplied per unit of time 
(e.g. mW/g), as it places a limit on the maximum useable current for the cell. 
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2.2 Thin-film layout 

In a microelectronic device, the size is everything. While in conventional batter-
ies the performance metrics are often scaled with mass, in microbatteries per-
formance per unit volume (cm3) or footprint area (cm2) is more relevant. When 
the size of the LIB is reduced, the conventional methods of manufacturing 
quickly become impractical. Typical component thicknesses in a composite elec-
trode based cell are 50 μm for each of the electrode, 10 to 15 μm per current 
collector, and 20 μm for the polymer separator.6 On top of that comes the sturdy 
casing to contain the electrolyte. As the dimensions are reduced, the amount of 
inactive material quickly becomes dominant devastating the volumetric energy 
density. The manufacturing methods for the composite electrodes are not appli-
cable to microscale either. Coin cell type batteries are the typical minimum prac-
tical size for conventional LIBs.9 

Thus, the way of making the batteries needs to be rethought. One of the most 
promising approaches is the all-solid-state battery that has already seen some 
efforts of commercialization. The concept is presented in Figure 1. The basic 
components are still the same, but the liquid electrolyte is replaced by a layer of 
solid electrolyte. In the configuration, the electrolyte then doubles as the sepa-
rator allowing a planar layer-by-layer manufacturing process with physical va-
pour deposition (PVD) methods such as sputtering, pulsed laser deposition 
(PLD) and thermal evaporation, or chemical vapour deposition (CVD) and sol-
gel methods.18 Especially the PVD methods are convenient as the use of shadow 
masks allows the manufacturing of batteries with arbitrary shape and size. 
Moreover, the volumetric energy density is improved as the need for inactive 
materials is reduced; the solid electrolyte makes the requirements for the pack-
aging less stringent and the need for a polymer separator is removed. In addi-
tion, safety is improved. The solid electrolytes are generally non-flammable and 
the planar design allows for uniform current distribution throughout the cell 
and concentration gradient induced local overcharge/discharge can be 
avoided.19 

 

 

Figure 1. Schematic presentation of a planar thin-film battery. The active layers including the 
current collectors are concurrently deposited on top of a substrate. For shielding the device 
from ambient air, a protective casing is employed. 
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 Further gains in volumetric energy density are made as the electrodes consist 
of pure materials without conductive additives or binder. Consequently, suffi-
cient electronic and ionic conductivity are required from the electrode materials 
in order to sustain efficient charge transport through the electrode layers. The 
solid-state electrolyte has to be a good ionic conductor but with low electronic 
conductivity to suppress self-discharge. The exact layer thicknesses are material 
dependent, but in general the overall thickness of a planar all-solid-state thin-
film battery is in the range of 10 to 15 μm.9 In the case of the solid electrolyte, an 
ideally thin layer is beneficial for both energy and power density. However, for 
the electrodes high energy and power density are mutually exclusive. The energy 
density increases with layer thickness, but the increased ohmic resistance then 
limits the power density. An additional consideration is the mechanical stability 
as the lithiation/delithiation induced stress becomes more pronounced with 
thick films.20 Thus the practical energy density of planar thin-film batteries is 
limited to about 1 mWh/cm2 with moderate rate performance.21 Properties of 
current commercially available rechargeable all-solid-state thin-film batteries 
are listed in Table 1. The cells made by Cymbet and ST are based on the 
LiCoO2/LiPON/Li chemistry originally developed by the Oak Ridge National 
Laboratory,22 whereas the manufacturing process used by Ilika is undisclosed.   
 

Table 1. Properties of commercially available rechargeable all-solid-state thin-film batteries. The 
cells from Cymbet and ST are based on LiCoO2/LiPON/Li configuration, whereas the chemistry 
of Ilika is undisclosed. The specific capacity and energy density are scaled on the total surface 
area of the cell. 

Manufacturer Dimensions 
(mm) 

Capacity 
( Ah/cm2) 

Voltage 
(V) 

Energy 
(mWh/cm2) 

Peak current 
(mA/cm2) 

Cycle 
life 

Cymbet23 5.7x6.1x0.2 144 3.8 0.50 N/A >5000 
Ilika24 10x10x0.75 250 3.5 0.88 5 >5000 
ST25 25.7x25.7x0.22 106 3.9 0.41 1.5 >4000 

 

2.3 3D structuring for all-solid-state batteries 

The energy density of an electrode material is directly related to its volume. As 
the high rate performance demands for a reduction in thickness, the logical way 
to negate the loss in energy density is to increase the surface area. As the battery 
footprint area is a limited commodity, it has been proposed that the effective 
surface area per footprint area can be markedly increased by using three dimen-
sional patterned substrates.7–9 Such structures include micro/nanopillar arrays, 
pores and trench patterns, as well as more exotic layouts such as aerogels. The 
general requirement is sufficient electronic conductivity as the substrate acts as 
one of the current collectors. This can be achieved by either coating a non-con-
ductive substrate such as etched silicon with a conformal conductive layer, or 
using an intrinsically conductive substrate material such as Ni nanowires.26 

The factor that determines the surface area enhancement (SAE) is the aspect 
ratio (AR) of the structure. It signifies the ratio of the structures dimensions in 
different dimension. For a well-defined feature such as a pore or a trench pat-
tern, AR is simply the ratio between the feature height, h, divided by the width, 
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w, but is less well defined for more complicated structures. In addition, the fea-
ture density has to be taken into account. For instance the surface area enhance-
ment for micropillar arrays can be calculated using the equation9: 

 

1
sin2s
dhA   

(3) 
 

where d is the pillar diameter, h is the pillar height, s is the separation between 
pillars determined from the distance between the pillar centre points, and  is 
angle between pillars in the arrangement (see Figure 2a and 2b for graphical 
illustration). Exemplary SAE factors for various feature sizes are presented in 
Figure 2c. As can be expected the greatest enhancement is obtained with the 
smallest pillar diameter/separation and it increases with increasing pillar 
height i.e. aspect ratio. The actual gain in energy density is however not linearly 
dependent on the SAE. The smallest feature size considered in Figure 2c, d = 
200 nm, s = 500 nm, leaves only 300 nm of free space between neighbouring 
pillars. Even if 100 % filling of the structure could be achieved, the overall cell 
thickness can only be 150 nm including the current collectors and the electro-
lyte. While the power density would certainly be improved with the thin elec-
trodes, the SAE factor needs to be very high for the 3D battery to reach the en-
ergy density of a planar battery with thicker electrodes. Higher pillar height 
yields increased SAE, but after a certain height, the mechanical stability of the 
structure becomes the limiting factor.27 Careful optimization is thus needed for 
the 3D designs to actually outperform the planar cells.  

 

 

Figure 2. Illustration of the factors used in Eq. 3 that affect the surface area enhancement in 
micropillar arrays: (a) side and (b) top view. (c) Exemplary SAE values as a function of pillar 
height with varying pillar dimensions.   

 
The need for reasonably high AR substrates poses a major challenge for the 

currently used deposition methods as the active layers need to conformally 
cover all the surfaces of the 3D substrate. As stated earlier, the otherwise versa-
tile PVD methods rely on line-of-sight mass transfer and thus are unable to coat 
surfaces parallel to the vaporized stream of particles or shadowed by other parts 
of the substrate. As demonstrated by Talin et al.28 even conical micropillars of 4 
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μm in height and with 3.6 μm of interpillar separation could not be evenly 
coated by sputtering. The key issue is the lateral growth of the layers on top of 
the pillars. Due to shadowing effects, the bottom of the pillar is insufficiently 
covered by the electrolyte layer causing short-circuiting (Figure 3a), whereas a 
thicker layer renders the interpillar space inaccessible to the subsequent anode 
layer (Figure 3b). 

Markedly better step coverage can be achieved with CVD, which under suita-
ble conditions can result even in superconformal deposition.29 Generally, if the 
CVD process can be operated under kinetic control, highly uniform coatings can 
be obtained.30 However, relatively few processes for lithium-containing films 
have been tried on 3D-patterned substrates. As shown in the cases of Li4Ti5O12 
and Li3PO4, achieving the kinetic control regime is by no means guaranteed.31,32 
Under diffusion limited process control, a thickness gradient is observed in the 
3D patterned substrates as depicted in Figure 3c. For example the aforemen-
tioned processes yielded very low step coverage values of ~20 % on trench pat-
terns 30 μm deep and 30 μm wide (AR = 1). Better results were obtained for 
lithium phosphorous oxynitride solid electrolyte films with a step coverage of 
94 % achieved on a 2 μm by 2 μm trench pattern.33 

For the all-solid-state 3D batteries, much higher aspect ratios are aspired. 
Current opinion is that for such complex structures, the best options to reach 
close to 100 % step coverage (Figure 3d) are electrodeposition and atomic layer 
deposition. Of these, electrodeposition is a solution-based method where the 
target material is deposited on a conductive substrate via a redox reaction con-
trolled by potential difference between the substrate and a counter electrode. By 
proper control of the deposition current, highly conformal thin films can be ob-
tained. The major downside is that it cannot be used as the sole method; the 
required solid electrolyte is by definition an electronically insulating material 
on top of which the subsequent electrode layer cannot be deposited. The ALD 
method, which does not suffer from any of the aforementioned hindrances, is 
described in detail in the next chapter. 

 
 

 

Figure 3. Schematic illustrations of the thin film conformality over high AR substrates using vari-
ous methods: (a) PVD; thin layer, (b) PVD; thick layer, (c) CVD, and (d) ALD or electrodepo-
sition.   
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3. Atomic Layer Deposition of Lithium-
Containing Materials 

Atomic layer deposition can be considered as a subcategory of the chemical va-
pour deposition method. Invented in the Soviet Union by Aleskovskii and 
Koltsov in the 1960’s34 and independently in Finland by Suntola and Antson in 
the 1970’s,35 the method has since then risen to one of the key enabler of the 
modern semiconductor industry.36 The defining feature of ALD is the sequential 
pulsing of the vapour-phase precursors into the reactor chamber with inert gas 
purging occurring between the pulses. In conjunction with the requirement that 
the precursor molecules only react with the surface and do not decompose or 
get adsorbed in the given process conditions, the digital exposure of the reac-
tants ideally leads to a self-saturating process with only a monolayer of the pre-
cursor molecules deposited during each pulse. Consequently, the resulting thin 
films are highly uniform with the layer-by-layer growth mode permitting sub-
nanometre scale thickness control.36 In ideal cases, the uniformity is retained 
on arbitrary high aspect ratio substrates given that the exposure times are suf-
ficient for the precursors to reach the entire structure. For instance, uniform 
zinc oxide layers have been demonstrated on anodized alumina substrates with 
AR of 5000.37 The required exposure time is dependent not only on the aspect 
ratio of the structure but also on its geometry. For instance, Monte Carlo simu-
lations conducted by Cremers et al.38 indicate that for a given surface area en-
hancement factor, the exposure time is significantly smaller for a pillar structure 
than it is for a pore geometry. Thus with the ALD approach for 3D all-solid-state 
batteries, in addition to the SAE factor, also the substrate geometry is to be con-
sidered.  

The utilization of ALD on lithium-ion battery applications has gained a surge 
of interest in the recent years with several review papers published on the 
topic.39–49 Topics include protective coatings on electrode material particles and 
separators, as well as deposition of the active materials on conductive scaffolds 
for both bulk and thin-film battery applications, which in many cases rely on 
existing binary metal oxide processes. As for 3D thin-film batteries, several 
studies have already demonstrated the feasibility of the approach with various 
metal oxide and phosphate electrodes on microstructured current collec-
tors.26,50–57 Capacity improvements in the order of 10 – 40 times higher than the 
corresponding planar device have been demonstrated. However, if one aspires 
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to manufacture a full all-solid-state thin-film battery relying only on ALD, lith-
ium-containing thin films need to be deposited.  

Atomic layer deposition of lithium-containing compounds was first demon-
strated by Putkonen et al. in 2009.58 At the time of writing this, some 40 papers 
are published on the topic and it has been recognized that the use of lithium 
brings about aspects not present in the more traditional ALD processes. This 
chapter is not a comprehensive review on the individual processes, for which a 
recent extensive summary can be found elsewhere,59 but an attempt to summa-
rize the general aspects of ALD of lithium-containing compounds as compiled 
from the literature and from the results of the present work.  

3.1 Lithium precursors 

Up to date four different lithium precursors have been reported to enable suc-
cessful deposition processes. Lithium tert-butoxide (LiOtBu) and lithium 
2,2,6,6,-tetramethyl-3,5-heptanedionate (Li(thd)) were introduced in the origi-
nal paper by Putkonen et al.58 (Figures 4a and 4b respectively), whereas the later 
additions are lithium hexamethyldisilazide (LiHMDS, also known as lithium 
bis(trimethylsilyl)amide)60 (Figure 4c) and  lithium trimethylsilanolate 
(LiTMSO)61 (Figure 4d).  

Of these, LiOtBu is by far the most widely used one, with a reasonable volatil-
ity; the reported sublimation temperatures range from 90 up to 180 °C, depend-
ing on the reactor configuration. It reacts with water to form lithium oxide or 
lithium hydroxide films.62 LiHMDS has similar reactivity with water, but higher 
volatility with reported sublimation temperatures ranging from 60 to 75 °C. In 
addition, when ozone is used as the co-reactant, LiHMDS can function as a sin-
gle source precursor for lithium silicate thin films although the Li/Si ratio in the 
resulting films is higher than that of the precursor.60 No nitrogen incorporation 
from the precursor to the thin film occurs.60,63 Also the thermal stability of 
LiHMDS is reportedly high; judging from the absence of Si impurities in Li2CO3 
films, the precursor starts to decompose only above 380 °C.64 Nevertheless, in 
Publication I, LiHMDS shows non-saturating growth already at 330 °C. This 
might suggest that the precursor decomposition is catalysed by the sample sur-
face. Alternatively, the uncontrolled growth might be related to the atypical sur-
face chemistry of this particular process.  Compared to LiHMDS, the LiOtBu was 
reported to have better low temperature performance in the case of Li3PO4 thin 
films.63 LiTMSO is a more recent addition to the precursor family and thus far 
has only been reported in one publication.61 Like LiHMDS, it can act as a single 
source precursor for Li and Si, but interestingly both O3 and water are required 
for the deposition process.  

All the aforementioned precursors are sensitive to moisture and require han-
dling under inert atmosphere albeit brief exposure to ambient upon precursor 
loading is not overly deleterious. LiOtBu has been reported to produce dust-like 
sublimation residue that, unless some sort of filtering is installed in the precur-
sor line, will end up in the reactor chamber.65–67 In this work, the same phenom-
enon was observed for LiHMDS. Unless filtering was implemented using a wad 
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of glass fibre wool in the precursor line, pinholes induced by the particles would 
make the electrochemical characterization impossible.I,IV  It is possible that the 
amount of residue is linked to air-exposure induced partial decomposition.61 
Li(thd) is a more stable compound tolerating handling and even storage in am-
bient conditions. In addition, it has a similar volatility to LiOtBu,58 with re-
ported sublimation temperatures ranging from  170 to 200 °C. The downside is 
that it does not react with H2O. Combustion with O3 does work, but instead of 
Li2O, Li3CO4 will be formed as the combustion by-product CO2 will immediately 
react with the surface.58 In the field of ALD/MLD, it has been found that car-
boxylic acids are reactive enough to react with thd-based precursors,68 and in 
this work was confirmed to be true also for Li(thd).II 

 

 

Figure 4. Current successful lithium precursors for ALD: (a) lithium tert-butoxide, (b) lithium hex-
amethyldisilazide, (c) lithium 2,2,6,6-tetramethyl-3,5-heptanedionate, and (d) lithium trime-
thylsilanolate. 

 
In addition, several other lithium compounds have been evaluated but found 

to underperform. Such include lithium acetate, lithium benzoate, lithium 
pivalate dehydrate and lithium 1,1,1,5,5,5-hexafluoro-2,4-pentanedionato 
(Li(hfac)) that are less volatile than the previously mentioned61,63, lithium cyclo-
pentadienyl and n-butyllithium that yield irreproducible/uncontrolled 
growth.58 Lithium dicyclohexylamine, lithium acetylacetonate, lithium dibutyl-
cyclopentane and lithium trifluoroacetate decompose upon heating.58,61,63 

 

3.2 Reaction mechanism 

In the light of the traditional view on the reaction mechanism of ALD that is 
surface saturation through irreversible covalent bond formation between the 
precursor and the surface site, the lithium precursors should not be able to sus-
tain the ideal ALD growth. After the initial pulse and surface reaction, the lith-
ium precursor would have lost its only ligand and the following precursor would 
face a surface with no reactive sites. Instead, lithium as a highly electropositive 
element is able to interact with the surface sites with strong coulombic forces. 
The current reaction mechanism studies support the presence of an adsorption 
phase in the growth processes. In in-situ quartz crystal microbalance (QCM) 
studies, a mass gain after the lithium precursor pulse can be observed, followed 
by a significant mass loss during the H2O pulse.69,70 Accordingly, in-situ Fourier 
transform infrared (FTIR) spectra collected at each half-cycle contain absorp-
tion bands arising from C-H and C-O bonds after a LiOtBu pulse that disappear 
after the following H2O pulse.70,71 Also in-line X-ray photoelectron spectroscopy 
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(XPS) studies indicate a presence of carbon containing surface groups after a 
LiOtBu pulse, but in contrary to the FTIR studies, the measured carbon spec-
trum does not match that of the tert-butoxide group.62 In the FITR studies, a 
reduction of intensity in the characteristic O-H absorption band is also observed 
upon the LiOtBu pulse, which would indicate that also dissociative chemisorp-
tion occurs. With a pulsing sequence of trimethyl aluminium (TMA)/H2O/Li-
OtBu/H2O, the relative change in the integrated absorbance of the O-H band is 
much larger during the TMA pulse than with LiOtBu.71 This suggests that both 
the adsorption and chemisorption occur in parallel during the Li precursor 
pulse as has been  proposed to occur during deposition of Li2S from LiOtBu and 
H2S.72 Upon the second half-cycle, the pulsing of H2O (or H2S in case of Li2S), 
the characteristics absorption bands of tert-butoxide disappear accompanied by 
increase in the O-H band intensity.70,71 Kozen et al.62 further suggest that at dep-
osition temperatures of 240 °C and above, LiOH  will undergo rapid thermal 
decomposition to Li2O with H2O as by-product although the surface layer will 
remain hydroxyl terminated. As the in-situ FTIR studies were conducted at 225 
°C, this behaviour was not observed69,70, but it is suggested that the dehydration 
occurs also at these temperatures, albeit at a reduced rate.62  More information 
could be gained from analysis of the reaction by-products. Up to date, the only 
study from this perspective is on lithium silicate deposition from LiHMDS and 
O3 by connecting the ALD reactor to a quadrupole mass spectrometer.73 An in-
teresting finding is that the only by-product after the LiHMDS pulse is NH3 lead-
ing the authors to suggest that also the trimethylsilyl groups participate in the 
surface reaction. Combustion by O3 converts some of these surface species to 
SiO2 though Si bearing molecular fragments are also detected among the volatile 
by-products explaining the observed higher than expected Li-to-Si ratio in the 
films.60 Whether the complete dissociation of the LiHMDS molecule is a general 
feature of this precursor or specific to the lithium silicate process is yet to be 
determined. 

Though each of the phases in the LiOH reaction appear to be self-limiting, the 
control of the lithium content in ternary oxide films has proven to be diffi-
cult.74,75 The underlying cause is thought to be the hygroscopic nature of Li2O 
and LiOH.70 Especially when using many consecutive LiOH subcycles, during 
the H2O pulse, in addition to surface reaction, extra water is absorbed in the 
LiOH layer (Figure 5a). Mass loss is observed after the water pulse indicating 
outgassing from the film.69,76 If the purging time is not sufficient, upon the next 
metal precursor pulse, the desorbing water will partake in the reaction resulting 
in uncontrolled growth (Figure 5b). As also the thermal decomposition of LiOH 
to Li2O seems to contribute to the outgassing, excessively long purging times 
might be required for the fully controlled deposition process.  
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Figure 5. Illustration on the reservoir effect observed in ALD of lithium oxide. (a) During the H2O 
pulse in addition to the surface reaction, the hygroscopic nature of the underlying LiOH layer 
leads to absorption of H2O within the layer. (b) After the H2O pulse, as water partial pressure 
drops drastically, the absorbed water is released with rate depending on the process condi-
tions. If the purging time is not sufficient, the excess H2O contributes to uncontrolled growth 
during the subsequent metal precursor pulse.  

 
Another peculiarity of lithium-based ALD processes is the apparently high 

mobility of the lithium ions during deposition. For instance, sequential pulsing 
of either Li(thd) and O3 or LiOtBu and H2O on top of 100 – 200 nm thick layers 
of either MnO2 or V2O5  resulted in their complete conversion to LixMn2O4 and 
LixV2O5 respectively.77 Corresponding changes in the crystal structures were ob-
served and the elemental depth profile indicated uniform Li distribution within 
the film. As the conversion included the reduction of the transition metal, the 
authors proposed that the lithiation proceeds through a redox reaction between 
the binary oxide surface and the lithium precursor. Namely, upon the Li precur-
sor pulse, the carbohydrate ligand of the precursor is oxidized by the binary 
metal oxide surface. The concurrent reduction of the transition metal is bal-
anced by migration of lithium ions into the metal oxide layer.77  

A redox reaction is however not a necessity for a similar conversion reaction 
to occur. Mäntymäki et al.78 reported the conversion of magnesium fluoride lay-
ers to lithium fluoride by exposure to Li(thd) vapour. Complete conversion was 
observed for MgF2 layer up to 150 nm. The proposed mechanism is ligand ex-
change between Li(thd) and MgF2 with higher the volatility of Mg(thd)2 promot-
ing the conversion. The film morphology was largely unaffected indicating the 
ability of Li to diffuse into the film thus exposing fresh MgF2 surface for further 
conversion.   

As well as being supplied by a gaseous precursor, the lithiation can occur 
through outdiffusion of lithium from a suitable substrate. Wang et al.79 demon-
strated the formation of LiAlO2 by depositing aluminium oxide on a MgLi alloy 
substrate. While a desired trait for instance in solid electrolytes, in the realm of 
ALD, it has been put forth that the high mobility of Li severely restricts the con-
trollability of stoichiometry in  lithium-containing films.66 For instance, it has 
been reported that  in the case of lithium aluminate deposition, the reported Li-
to-Al ratios are highly variable.69,70,75 Further studies by Miikkulainen et al.66 
implicated that the Li-to-Al ratio is largely independent on the pulsing ratio, 
suggesting that the very defining feature of ALD, i.e. surface saturation limited 
reactions cannot necessarily be achieved with lithium.  
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Besides diffusion issues within the samples, the presence of lithium vapours 
may have also broader effects during the processing. For instance Hämäläinen 
et al.60 observed Li diffusion into the soda lime glass substrates that manifested 
as cracking of the substrates.  Østreng et al.80 reported the need of reactor cham-
ber passivation after each lithium niobate deposition as otherwise process con-
trol is lost, presumably due to lithium evaporation from the reactor walls. While 
such things may be minor inconveniences in general process development, they 
may have more severe implications in the actual microbattery applications 
where the on-chip integration is desired. 

 
 

3.3 Considerations for 3D battery applications 

Some general considerations can be drawn from the existing literature when 
designing novel processes aimed for the 3D battery application. As the reservoir 
effect may lead to a loss of control in film stoichiometry, the obvious worka-
round is to avoid the use of water in the deposition process. For instance, the 
reservoir effect is not manifested when depositing sulphides using H2S as the 
co-reactant. For battery applications, Li2S has been demonstrated to function as 
a high-capacity positive electrode material72, whereas the ternary LixAlyS might 
serve as a solid electrolyte.81 Other water-free processes for potential solid elec-
trolytes include LiF78,82 and LixAlyF83,84 with TiF4 as the co-reactant, as well as 
lithium phosphate63,85 that utilizes trimethyl phosphate to supply the phosphate 
group. 

When considering the high AR substrates, binary processes should be more 
robust as differences in the diffusion characteristics of the precursors diffusion 
can result in variation of thickness and also chemical composition along the 3D 
structure.70 An illustrative example is the deposition of the high-performance 
positive electrode material LiCoO2, for which the electrochemical performance 
is reported to be dependent on the lithium to cobalt pulsing ratio.86 When man-
ifested along a single structure, such variation in the chemical composition 
might compromise the performance of the whole device. However, with proper 
process control, excellent conformality has been demonstrated even for a qua-
ternary process. Kazyak et al.87 demonstrated an impressive step coverage of 96 
% on an AR30 trench pattern for the solid electrolyte Li7La3Zr2O12. It is also an 
example of a water-free process as O3 is used as the oxygen source instead. How-
ever, as can be recalled from Chapter 3.1, ozone in combination with the Li pre-
cursors produces Li2CO3. As the ionic conductivity of pure Li2CO3 is mere 10-10 
S cm-1,88 it might have contributed to the unexpectedly low ionic conductivity of 
~10-8 S cm-1 of the as-deposited film. For bulk Li7La3Zr2O12, ionic conductivity in 
the order of 10-4 S cm-1 is expected.89 

Thus post-deposition annealing is required to obtain the correct crystalline 
phase as is also the case with the electrode materials LiCoO2,86 Li4Ti5O1290 and 
LiFePO491. Lithium oxide is volatile at elevated temperatures, and at least in the 
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cases of Li7La3Zr2O12 and Li4Ti5O12 resulted in lithium deficient samples that re-
quired further deposition optimization to compensate for. Another serious issue 
is potential disruption of the film continuity resulting from crystallization in-
duced volume change as is observed for Li7La3Zr2O12 and LiFePO4. In the case 
of an electrode material the effect might not be critical if contact to the current 
collector is preserved, though surface area utilization is reduced. However, for 
a solid electrolyte such an occurrence is instantly fatal. 

In cases where the post-deposition annealing is mandatory, the solid-state re-
action scheme introduced by Atosuo et al.92 can potentially be implemented. 
First, a layer of binary transition metal oxide layer is deposited followed by a 
subsequent layer of Li2CO3 by using Li(thd) and O3. Annealing the resultant 
stack in air leads to the diffusion of Li into the metal oxide layer with the excess 
carbon being burned away. In the case of LiTaO3 and LiNbO3, the stoichiometric 
end product is obtained with only minor impurities, whereas TiO2+Li2CO3 an-
nealing lead to Li2TiO3 instead of the targeted Li4Ti5O12. 

In conclusion, the desired features for a Li-based ALD process aimed for an 
all-ALD battery application might have the following aspects: 

1. Avoidance of the use of water as a workaround for the reservoir effect issue. 
2. Preferably a binary process for robustness in depositing on high-aspect ratio 

substrates to prevent issues with uneven chemical composition. 
3. The as-deposited films should be electrochemically active without further 

treatment to avoid lithium deficiency due to volatility, film cracking, and poten-
tial issues with interfaces. 
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4. Characterization 

This chapter introduces the materials’ properties of interest for this work and 
briefly describes the corresponding measurement methods. 

4.1 Thickness and morphology 

Of central importance in developing novel ALD processes is the determination 
of the thin film thickness. The growth-per-cycle (GPC) value is the relation be-
tween the film thickness and the number of ALD cycles applied. The self-limit-
ing film growth in an ideally behaving ALD process is seen as a constant GPC 
value regardless of the pulsing times of the precursors after the saturation 
threshold is reached. The thickness of the film should also be linearly dependent 
on the number of ALD cycles; deviations from the linearity may be due to un-
controllability or an indication of a specific initial nucleation/growth mode.93–95 

In the present study the main method for thickness measurements was X-ray 
reflectivity (XRR). At low incidence angles, a single-wavelength X-ray beam is 
partially reflected from interfaces of two layers with different electron densities. 
Due to the refraction, the reflected radiation from each interface is slightly out 
of phase. The distance between the interfaces, i.e. the layer thickness, is in-
versely proportional to the measured radiation intensity maxima that result 
from the interference effect. 

In addition to the layer thickness, the XRR measurement yields information 
on the layer density and interface roughness. At a very low incidence angle total 
reflection of the incident beam occurs. The limiting angle, known as the critical 
angle ( c) is dependent on the mean electron density ( e) of the material accord-
ing to: 
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where  is the X-ray wavelength and re is the classical electron radius. By assum-
ing the average elemental composition of the layer, the average mass density 
( m) can be approximated from: 
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where MA is the average molar mass, NA is the Avogadro constant and ZA is the 
average atomic number. 

In case of rough interfaces the reflected beam intensity deviates from the ex-
pected due to scattering. The root-mean-square (RMS) roughness of the inter-
face is proportional to the deviation from the expected intensity. 

While all these values can be calculated by hand, they are typically extracted 
by computer-assisted fitting of the data using a dedicated software. For good 
quality data, even complicated multilayer structures can be analysed. In this 
thesis the PANalytical X’Pert Reflectivity software, that uses the Parratt formal-
ism,96 was employed for the fitting. The film roughness is simulated by intro-
ducing smearing of the interface, and the value refers to the upper boundary of 
the interface uncertainty. The aforementioned aspects are illustrated in Figure 
6. 

 

 

Figure 6. Demonstrative XRR graph illustrating the data characteristics corresponding to the 
sample thickness, density and roughness. In the case of a multilayer sample such as the 
example, the associated data are best extracted by fitting with a suitable model. 

 
Downside of the XRR method is that only reasonably smooth samples (RMS 

in the order of a few nanometres) can be measured. In this work, spectroscopic 
ellipsometry was used as a complementary method for samples with high sur-
face roughness.II Briefly, the sample is illuminated by linearly polarized visible 
and near infrared light. Interaction with the sample results in a change of polar-
ization upon reflection. The change in amplitude and phase is dependent – 
among a plethora of factors – on the film thickness. With the use of a suitable 
model, the generated data can be fitted and the values of interest can be ob-
tained. The reliability of the results is highly dependent on the correctness of 
the model, and optimally several independent methods should be used to con-
firm the results. 

While detrimental for the thickness measurements, the surface roughness or 
morphology can give out information for instance on the initial growth mode of 
the ALD process. Atomic force microscopy (AFM) is one of the standard meth-
ods for the morphology measurements. The sample surface is scanned with a 
sharp tip mounted on a cantilever. Each change in the surface height causes a 
deflection of the cantilever. The deflection is measured using a laser detector 
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and converted to a topological map of the scanned surface. In this work, the 
AFM measurements were conducted in so-called tapping mode. In this mode, 
the cantilever is made to oscillate at its resonant frequency with the amplitude 
set by the driving signal. Interaction with the surface induces changes in the 
oscillation amplitude, whereupon a feedback loop adjusts the cantilever height 
to maintain the initial amplitude thus generating data on the surface morphol-
ogy. 

 

4.2 Chemical composition 

In lithium-containing thin films, the determination of chemical composition is 
made difficult by the light weight/low electron density of lithium atoms. Parti-
cle-beam based methods are almost invariably used in the relevant literature. 
The most popular one is time-of-flight elastic recoil detection analysis (ToF-
ERDA)58,60,61,63,65,66,74,77,78,80,82,83,88,92,97, and secondary ion mass spectrometry 
(SIMS) has also been used.67,85  

This work, as well as that of Donders et al.86, utilized Rutherford backscatter-
ing spectroscopy (RBS) in tandem with the nuclear reaction analysis (NRA). In 
very basic terms, the principle of RBS is as follows. As illustrated in Figure 7, a 
beam of particles such as protons or He2+ ions hits the sample. Collision between 
the projectiles and atoms in the sample may cause elastic scattering of the for-
mer. Upon impact, the projectiles lose energy due to momentum transfer to the 
stationary particles. The energy change of the backscattered projectile is de-
pendent on the mass difference of the interacting particles and of the scattering 
angle thus providing information on the stationary particle. In addition, quan-
titative information is obtained, as the scattering probability is dependent on 
the scattering cross-section that is related to the atomic numbers of the projec-
tile and the target nucleus. The projectiles can also penetrate into the sample to 
some depth before backscattering. This allows also the depth profiling of the 
sample as the projectiles also lose energy due to interactions within the sample 
proportional to the penetration depth. An overall downside is that the method 
is not very sensitive for the lighter elements. However, the collision of the nuclei 
may also result in a nuclear reaction. The emitted radiation or secondary parti-
cle energy is characteristic to each specific reaction and thus allows the identifi-
cation of the element. This is the NRA method. 
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Figure 7. Schematic picture of the basic principle of Rutherford backscattering spectroscopy. The 
kinematic factor K signifies the energy loss due to momentum transfer. 

 
The availability of suitable facilities may be limited, and alternatives that are 

more mundane might be more desirable. For instance the sample can be dis-
solved, the solution ionized by inductively coupled plasma (ICP), and analyzed 
for instance via mass spectroscopy69,70, or by optical emission spectroscopy87. 
Ensuring full dissolution of the entire sample is imperative. For instance, Aal-
tonen et al.69 report the Li-to-Al ration determined by ICP-MS to be very de-
pendent on the concentration of HNO3 that was used as the solvent. 

Another popular method is X-ray photoelectron spectroscopy (XPS). Irradia-
tion by X-ray radiation causes ejection of electrons from the sample surface. The 
energy of the electrons is dependent on the electron configuration of the origi-
nating element and thus in addition to qualitative data, provides additional in-
formation on the chemical environment. The yield of the electrons can be used 
to provide quantitative information. A downside in the case of lithium-contain-
ing thin films is that they tend to react in air. As XPS is a highly surface sensitive 
technique, the obtained data mainly detect the Li2CO3 contaminant on the sam-
ple surface69,80 unless the exposure to ambient is avoided.62,98 Information on 
the elemental depth profile including the chemical environment can be obtained 
by argon cluster sputtering.67  

In this work,I-IV infrared spectroscopy, FTIR in particular, was used to gain 
further information on the chemical state of the materials. Infrared radiation is 
absorbed by a substance, when the wavelength of the radiation matches to a vi-
bration mode of a chemical bond present in the sample. By measuring over a 
spectrum of wavelengths, qualitative information on the chemical environment 
is gained. The characteristic molecular vibrations of organic compounds rele-
vant to this work are found in the mid-infrared region, and can be used to verify 
the presence of the wanted molecule in the samples. Also the reaction mecha-
nism can be discerned; for instance in the case of hydroquinone, the absence of 
absorption bands of the O-H bond indicates that this functional group has likely 
reacted during the film growth process.  
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4.3 Crystal structure 

If the sample is crystalline, it can be identified using X-ray diffraction. Upon 
illumination with X-rays, cohesive scattering from the lattice planes only occurs 
at certain incidence angles as described by Bragg’s law: 

 
nd sin2  

 
(6) 

where d is the inter-lattice spacing,  is the incidence beam angle, n is an integer 
and  is the X-ray wavelength. The d-value is dependent on the crystal structure 
and a fingerprint-like diffraction pattern can be obtained for each material. For 
thin films, a low incidence angle is generally used for maximum illumination of 
the sample. This is known as grazing incidence X-ray diffraction (GIXRD). For 
amorphous materials, no diffraction peaks are present. Although XRD is capa-
ble of determining if a crystalline phase is present, a possible amorphous phase 
co-existing in the sample is left undetected. 
  

4.4 Electrochemical properties 

From battery applications perspective, the electrochemical properties of the 
materials under study are naturally of prime importance. As stated in Chapter 
2, for a solid electrolyte material, high ionic conductivity and negligible elec-
tronic conductivity are desired. A high-performance electrode material should 
exhibit high conductance for both the charge carrier types as well as favourable 
redox reaction characteristics. In the following, the most common methods for 
probing these properties are described. 

4.4.1 Ionic conductivity 

Ionic conductivity of a material can be determined with impedance spectros-
copy. Impedance is the measure of a systems ability to oppose alternating cur-
rent. The measurement is typically performed by applying a small amplitude 
sinusoidal excitation voltage to the system. The impedance of the system is re-
lated to the shifts in the amplitude and the phase of the current response. As the 
characteristic time domain for various electrochemical phenomena varies, by 
measuring the impedance of the system over a range of frequencies, their con-
tribution to the impedance can be separated.  

For the case of an ideal solid ion-conducting electrolyte, the measurement is 
best carried out in a setup consisting of ion blocking electrodes with the electro-
lyte in between. The oscillating electric field induces the redistribution of the 
charge carriers along the applied electric field. This phenomenon is known as 
dielectric relaxation. The drift current of the charge carriers is opposed by their 
surroundings, thus the system exhibits resistance. In parallel, associated capac-
itance arises from the redistribution of the charge density. The lower the oscil-
lation frequency, the further the charge carries have time to move. However, as 
the ions are unable to cross the electrode-electrolyte boundary, in other words, 
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there is no charge transfer between the electrodes and the electrolyte, charge 
builds up at the interface. Ultimately, the built-in electric field is strong enough 
to repel further movement of the ions and only capacitance from the electrode 
polarization is observed at lower frequencies. On a complex plane plot, also 
known as a Nyquist plot, this ideal case manifests as a semicircle arising from 
the drift current on the left side, followed by a tail at 90° angle representing the 
electrode polarization (Figure 8a). As at high frequencies where the concentra-
tion polarization does not have time to build up, the system obeys the Ohm’s 
law.99 Thus, the measured resistance (R), i.e. the width of the semicircle, is di-
rectly related to the ionic conductivity ( i) by: 

 

RA
l

i   
(7) 

 
where l is the distance between the electrodes, and A is the electrode surface 
area. As the case in real systems is not usually as clear-cut, the impedance data 
are usually fitted with an equivalent circuit that models the physical processes 
taking place. For the present case, the equivalent circuit is shown in the inset of 
Figure 8a. It consists of a resistor and a capacitor in series, which model the bulk 
resistance for the charge carrier and the electrode polarization, respectively. In 
parallel is a capacitor that models the bulk capacitance.100  

As ionic conductivity follows the Arrhenius type of behaviour, the activation 
energy for the ionic conduction can be obtained using the equation: 
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(8) 

 
where 0 is a pre-exponential factor, Ea is the activation energy for ionic con-
duction, k is Boltzmann’s constant and T is the measurement temperature.  

In most cases, the measurement data deviates from the ideal case. A hypothet-
ical result is depicted in Figure 8b. Several reasons contribute to the deviation 
from the ideal case. In case of solution-based measurements, a supporting elec-
trolyte is generally used. Consisting of ions that neither react nor adsorb at the 
interfaces, its purpose is to screen the interior of the electrolyte from the electric 
field. As such, addition is not possible for solid systems, the electric field across 
the solid electrolyte is non-uniform and the exact theoretical models developed 
for supported systems may not be applied. Moreover, the ions are not screened 
by the supporting electrolyte and thus their movement is affected by their envi-
ronment including other mobile ions as well as the stationary negative charges. 
As this causes distribution to the time constant of the dielectric relaxation, it is 
observed as depression of the associated semicircle below the x-axis. In the 
equivalent circuit, this can be compensated by using a constant phase element 
(CPE) instead of the capacitor for the double layer capacitance. Additionally, 
resistance from the measurement setup contributes to the overall resistance. 
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This is observed as a shift of the first semicircle from the origin. The correspond-
ing equivalent circuit element is a resistor in series with the circuit for the elec-
trolyte. 

Additional semicircles may appear, for which the physical origin must be re-
solved before the system can reliably be interpreted. The capacitive tail may also 
deviate from linearity. One reason for the deviation is the imperfections of the 
electrode-electrolyte interface, warranting the replacement of the associated ca-
pacitor for a CPE.101 As the solid electrolytes are rarely perfect insulators, also 
electrons part-take as charge carriers. Thus the observed tail might actually be 
the beginning of a semicircle that at low enough frequency would again cross 
the x-axis in the steady-state unblocked electronic conduction.102,103 Hence it is 
imperative to properly measure the electronic conductivity as described in the 
next chapter and compensate accordingly in the equivalent circuit. 

 
 

 

Figure 8. Illustrative representations of complex plane plots of a solid electrolyte: (a) the ideal 
case, and (b) a potential real-life outcome (red line). The inset in (a) shows an example of an 
equivalent circuit used for the data fitting. 

The measurements can be carried out either in a cross-plane or in-plane meas-
urement setup as shown in Figures 9a and 9b, respectively. The cross-plane 
setup more accurately models the conditions of the intended use of the electro-
lyte as the measurement is carried out through the sample. However, presence 
of defects such as pinholes may cause problems. The in-plane setup is insensi-
tive to such defects and the measurement is easier to arrange. The other side of 
the coin is that the possible defects are left unobserved, possibly causing prob-
lems in the intended application. In addition, due to the very low thickness of 
the thin films, the geometric area of the electrodes is very small, while their sep-
aration can be comparatively large. As a result, the resistance of the electrolyte, 
especially in case of poor ionic conductor, may prove to be too high for the 
equipment to resolve. A partial work-around is to use interdigitated electrodes 
to increase the electrode surface area. Additionally, the substrate must be cho-
sen carefully as not to influence the measurement. 
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Other setups have also been utilized in literature, such as conducting the 
measurement in a coin cell with an additional liquid electrolyte.84,98 In these sit-
uations one must be very careful when separating the contribution of the solid 
electrolyte from the impedance of the whole cell.   

 
 

 

Figure 9. Configurations for the ionic conductivity measurements using the metal/insulator/metal 
approach with (a) cross-plane and (b) in-plane setup. The dimensions used in Eq. 7 are 
indicated. (c) For the in-plane setup, the electrode surface area can be increased using in-
terdigitated electrodes. 

 

4.4.2 Electronic conductivity 

As stated in the previous Chapter, distinguishing the electronic part of conduc-
tivity from the ionic is crucial. Chronoamperometry, or DC polarization, is a very 
convenient method for this. The same measurement setup as in the impedance 
measurements is used. A constant potential is applied across the system. In the 
initial phase, both ionic and electronic current are observed as both charge car-
riers are driven by the electric field. However, as the ions are blocked by the 
electrodes, the developing concentration polarization inhibits further ionic con-
duction. Thus, the steady-state current consists only of the unblocked electronic 
contribution. A schematic i-t graph is shown in Figure 10. The electrolyte must 
not react with the electrode material at the applied potential. 

 

 

Figure 10. Illustrative i-t graph of the choronoamperometry measurement. Both ionic and elec-
tronic current contribute in the polarization current region, while in the steady-state region, 
only electronic conduction takes place. 
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4.4.3 Redox reactions 

For the case of the electrode materials, the most common methods employed 
for studying their electrochemical performance are cyclic voltammetry (CV) and 
chronopotentiometry. 

Cyclic voltammetry 
Cyclic voltammetry measurements are a convenient way to obtain information 
about the redox reactions occurring in the test cell configuration. During the 
measurement, the cell potential is swept at a constant rate ( , mV/s) from its 
initial value E0 to a predefined turning point E1 upon which the scan direction 
is reversed until the second turning point E2 is reached. The cycle is completed 
by then returning to E0. The current response as a function of the cell voltage is 
recorded. By convention, the current associated with the oxidation of the posi-
tive electrode is given a positive sign, whereas negative current signifies the re-
duction. General information on the redox properties of the system is gained 
from the position and number of the anodic/cathodic peaks. By performing the 
measurement at various scan rates, information on the reaction kinetics can be 
obtained. An increasing peak separation as a function of the scan rate tells about 
the reaction overpotential. The relation between the peak current and the scan 
rate is dependent on the limiting factor. For a diffusion-limited system, the cur-
rent is proportional to the square root of the scan rate, whereas for kinetic con-
trol, a linear dependency is observed. 
 

Chronopotentiometry 
The chronopotentiometry measurement, also known as galvanostatic charg-
ing/discharging reflects the conditions during actual battery operation. A con-
stant current is applied to the cell and the time-dependent voltage behaviour is 
measured. For a battery material, a relatively constant potential is observed dur-
ing charging/discharging, often referred to as the voltage plateau. At the end 
condition, i.e. when the battery is fully charged/discharged, rapid increase/de-
crease of the potential is seen. The capacity of the cell is obtained as the product 
of the applied current and time for full charge/discharge. Coulombic efficiency 
of the cell is determined as the division of these. A value less than unity signifies 
that some of the charge is lost to a parasitic side reaction. The specific energy 
density of the cell is obtained by integrating over the cell discharge voltage 
against time and multiplying with the applied current. Similarly, the energy 
spent on charging is obtained similarly from the charging voltage curve. Their 
relation signifies the energy efficiency of the cell. For high power applications, 
high efficiency is desired as the difference is dissipated as heat. Thus, materials 
with a low charge/discharge voltage curve hysteresis are desired. 
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5. Development of an All-Solid-State 
battery 

 
As was reviewed in Chapter 3, ALD of lithium-containing materials is still a 

relatively unexplored research area. Hence, the prime motivator of this study 
was to broaden the range of lithium-based chemistries and thus find ways to 
overcome the main difficulties associated with lithium, i.e. the reservoir effect 
due to hygroscopicity of LiOH, and the difficulty in controlling the film compo-
sition in ternary and quaternary processes. In parallel, an effort was made to 
explore novel materials in the perspective of thin-film batteries. As the opera-
tion conditions differ greatly from their traditional bulk liquid electrolyte based 
counterparts, all-solid-state thin-film batteries could be a fruitful ground for un-
conventional materials’ approaches. 

This chapter summarizes the main achievements from this effort. In short, the 
solid electrolyte, lithium phosphorus oxynitride (LiPON) was for the first time 
deposited with thermal ALD. Furthermore, it was shown that lithium-organic 
thin films could be deposited using atomic/molecular layer deposition 
(ALD/MLD). Lithium terephthalate negative electrode material and a positive 
electrode material, dilithium-1,4-benzenediolate were realized in thin film for-
mat. The latter appears to be an entirely new material. The electrochemical per-
formance of each material was assessed individually. Finally, a fully functional 
all-solid-state thin-film battery was manufactured using these materials. 

 

5.1 Novel deposition process for the solid electrolyte LiPON  

It is the solid electrolyte, where the device requirements and the general prop-
erties of ALD thin films generate the best match. Ultra-high quality and confor-
mal layers are required. The slow growth rate of ALD thin films is not an insur-
mountable issue as for the optimal energy/power density the electrolyte layer 
should ideally be only a few nanometres thick. 

Currently, the electrolyte of choice for planar thin-film batteries is lithium 
phosphorous oxynitride. Discovered in the early 90’s by Bates et al.104–106, its 
attractive features include the relatively high ionic conductivity in the order of 
10-6 S cm-1 coupled with the low electronic conductivity and the apparently wide 
stability window of 0–5 V vs. Li.106 It is essentially an amorphous, nitrogen 
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doped lithium phosphate glass, although also a crystalline variant has been re-
ported.107 The keys for the high ionic conductivity in comparison to pure Li3PO4 
are thought be not only the proper content of nitrogen but also the specific way 
it replaces oxygen of a phosphate group.108,109 As shown in Figure 11, nitrogen 
can substitute oxygen in several ways by replacing bridging or non-bridging ox-
ygen and forming doubly or triply bridged bonds with phosphorus. Recently, 
theoretical110–112 as well as experimental113 studies have challenged the high elec-
trochemical stability of LiPON. Decomposition is observed to occur at the 
Li/LiPON interface and the theoretical calculations estimate a stability window 
in the range of 0.7–2.7 V vs. Li at most. The discrepancy between the earlier 
observations is thought to occur as the decomposition appears to be self-sup-
pressing after the formation of a thin interface layer.113 However, this might have 
implications on the ultimate thickness limit for the electrolyte. LiPON layers 
have been shown to retain their electrical properties down to the thickness of 15 
nm, although an unexplained breakdown was observed for the thinnest sample 
during a DC polarization experiment with Pt electrodes.114 

 

 

Figure 11. Depiction of the different P-O and P-N bonding schemes in (a) Li3PO4 and (b) LiPON. 

 
The primary method for depositing LiPON thin films is reactive sputtering of 

Li3PO4 under an N2 atmosphere.106 Other methods such as PLD115 and CVD116 
have also been employed, but for conformal layers on high AR substrates, ALD 
is required. 

The traditional approach for obtaining doped or multicomponent materials 
with ALD is to combine the corresponding binary processes in a suitable ratio.117 
As LiPON can be thought of as nitrogen-doped Li3PO4, the apparent approach 
would be to combine the already reported ALD processes for Li3PO463 and 
Li3N64. This has been indeed challenged, but the nitrogen incorporation re-
mained unachieved.118 This is likely due to the specific way nitrogen needs to be 
bound with phosphorus. Under the deposition conditions, it is unlikely that am-
monia is able to cleave the P-O bond of the phosphate group.119 By using a highly 
reactive N2 plasma as the nitrogen source, Kozen et al.98 were able to deposit 
LiPON with a quaternary process with a pulsing sequence of LiOtBu – H2O – 
trimethyl phosphate – N2 plasma. Good control over the nitrogen content was 
observed, and a reasonable ionic conductivity of 1.45×10-7 S cm-1 was measured. 
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The downside is that the plasma-based ALD processes lack the high conformal-
ity of thermal ALD. 

In Publication I of this work, a thermal ALD process for LiPON was devel-
oped. The process builds on the approach of Hämäläinen et al.63 for Li3PO4, in 
which the phosphate group as a whole is provided in the form of the trimethyl 
phosphate precursor (Figure 12a). The innovation was to replace the organo-
phosphate precursor with a phosphoramidate, in which one of the ester groups 
is replaced with an amine group. In this way, the required P-N bond is directly 
transferred to the growing thin film.  Diethyl phosphoramidate (DEPA) (Figure 
12b) was found to display properties required for an ALD precursor. Being a 
solid at room temperature, it melts at around 60 °C and evaporates in one step 
between 80 and 100 °C in vacuum with no significant residue (Figure 12c). 

 
 

 

Figure 12. (a) Trimethyl phosphate, (b) diethyl phosphoramidate, and (c) thermogravimetry data 
demonstrating the single-step evaporation of diethyl phosphoramidate. 

 
High quality thin films with excellent conformality were obtained by combin-

ing DEPA with LiHMDS. Film growth was observed also with LiOtBu, but due 
to its inferior stability in air and previous difficulties with electrical measure-
ments, this process was not evaluated further. The presence of nitrogen in the 
LiPON films was confirmed but interestingly, the N to P ratio was found to be 
less than nominal with a slight deposition temperature dependence. Likewise, 
the O to P ratio changed with the deposition temperature from 2.75 at 290 °C to 
3.00 at 330 °C. This seems to indicate cross-linking between the phosphorami-
date groups, although also the lithium precursor seems to be involved in the 
reaction as no growth was observed when LiHMDS was omitted from the pro-
cess. In a subsequent study, Pearse et al.67 investigated the LiOtBu – DEPA pro-
cess in detail and found the film stoichiometry to be close to Li2PO2N regardless 
of deposition temperature. This further confirms that the Li precursor has a 
prominent role in the cross-linking reaction. As cross-polymerization of phos-
phoramidates occurs in strongly basic solutions,120 Pearse et al.67 suggest that 
the deposition reaction proceeds through surface-polymerization catalysed by 
the strongly basic lithium precursor. 

In the present study, ionic conductivity values up to 7×10-7 S cm-1 were ob-
served with the activation energy for the conduction being the expected 0.55 eV. 
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The measurements were plagued the appearance of an additional semicircle at 
mid-frequencies in the Nyquist plots (Figure 13a). As at the time of publication, 
no definite reason could be given for its origin, most of the measurement data 
were omitted. As stated in Publication I, also the impedance data from the 
290 °C sample may have contained an additional contributor to the impedance. 
Subsequent publications have encountered the same issue. Put et al.114 ascribe 
the high frequency semicircle to a depletion layer induced by the work function 
difference of the electrodes, whereas the semicircle at mid-frequencies corre-
sponds to the bulk ionic conduction. Studies by Pearse et al.67 point to an addi-
tional resistive layer (the mid-frequency semicircle) from air-exposure induced 
degradation of the surface as the effect is absent in unexposed samples. LiPON 
films do indeed degrade in humid air121 and surface contamination of Li2CO3 
was observed in this work too. Both approaches utilize the same equivalent cir-
cuit for the data analysis (inset, Figure 13a) highlighting the ambiguity of inter-
preting impedance measurement data. 

In the light of these findings, the impedance measurement results omitted 
from Publication I are revisited here. In Figure 13b, the ionic conductivity val-
ues are calculated based on the model by Pearse et al., i.e. taking into account 
only the resistance of R1 of the equivalent circuit. Almost linear dependency is 
observed at deposition temperatures above 270 °C with the apparent ionic con-
ductivity peaking at 1.2×10-6 S cm-1. Significant decrease on the other hand is 
observed at the other end of the deposition temperature range. These results are 
consistent with the observed, deposition temperature dependent stoichiometry. 
Results calculated with the model of Put et al., i.e. the ionic conductivity value 
corresponds to the sum of resistances R1 and R2 are presented in Figure 13c. 
While the values generally increase with deposition temperature, the data 
points are quite scattered. Present information is not sufficient to conclusively 
decide on the matter but certain factors speak in favour of the interpretation of 
Pearse et al. Firstly, as mentioned earlier, the second contributing factor to re-
sistance is only observed in air-exposed samples. In addition, the depletion layer 
explanation relies on work function difference between the metal electrodes. 
Here, a symmetric Au/LiPON/Au setup was used, whereas the feature is not 
present in the Pt/LiPON/Li setup of Pearse et al. Lastly, the apparent random-
ness in the R2 values is consistent of a surface layer with variable thickness. This 
could arise from the deviations in the brief air-exposure of the samples prior to 
the deposition of the top electrode. 

In any case, further studies on the reaction mechanism and the dependency of 
deposition on the properties would be highly important, as there might be ways 
to further improve the ionic conductivity. Overall, the approach should be very 
applicable for high AR applications. As the binary process does not involve any 
external nitrogen source, it should yield the same nitrogen content through the 
coating thus ensuring highly uniform current density distribution. 
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Figure 13. (a) Nyquist plot obtained from a LiPON sample deposited at 310 °C. The additional 
contribution to the impedance is clearly visible as an additional semicircle in the mid-frequen-
cies. The inset shows the equivalent circuit proposed by both Pearse et al.67 and Put et al.114, 
used to fit the present data. (b) The ionic conductivity values calculated with taking into ac-
count only R1 as suggested by Pearse et al.67 (black diamonds) and with the total resistance 
R1+R2 according to Put et al.114 (red squares). 

 

5.2 Novel Li-organic thin-film electrode materials 

For the electrode materials, the aforementioned robustness of a binary deposi-
tion process is more difficult to achieve. In this study, the applicability of organic 
conjugated carbonyl based electrode materials was investigated. It could be 
demonstrated that the atomic/molecular layer deposition method, used for 
growing hybrid inorganic-organic thin films, is perfectly suited for lithium-
based chemistries as well.II,III  With suitable organic co-reactants, high-perfor-
mance materials for both the positive and negative electrodes could be realized 
with binary deposition processes.  

5.2.1 Atomic/molecular layer deposition 

The self-limiting gas-surface reactions of ALD are not limited to inorganic ma-
terials. In 1991 Yoshimura et al.122 demonstrated the layer-by-layer deposition 
of purely organic polymer films by sequential exposures of two different vapour-
phase monomers. This technique came to be known as molecular layer deposi-
tion (MLD). Subsequently, Nilsen & Fjellvåg123 and George et al.124 combined 
the concepts of ALD and MLD to produce hybrid inorganic-organic thin films. 
In short, a metal bearing precursor typical to ALD is used in tandem with a suf-
ficiently volatile organic molecule. Provided that the organic moiety has at least 
two suitably reactive functional groups, the film growth can proceed in a self-
saturating layer-by-layer manner. Typical examples of organic precursors in-
clude various diols and triols, which in combination with a metal precursor pro-
duce materials colloquially known as metalcones. Since its introduction, the 
method has quickly gained attention as an enabler of unconventional materials. 
Recent reviews provide a more detailed description on the current state of pro-
gress of the field.125,126 For the deposition of thin-film Li-ion battery electrodes, 
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two ALD/MLD approaches have been demonstrated. Van de Kerckhove et al. 
reported the deposition of titanicone127 and vanadicone128 thin films. Upon an-
nealing under He atmosphere, the hybrid materials were converted to the re-
spective oxides with carbon inclusions from the organic part. Extremely high 
rate performance was demonstrated, which was presumed to be related to the 
carbon inclusion. 

The second approach is demonstrated in Publications II and IV of this 
work. By combining a lithium precursor with a suitable organic component, the 
as deposited thin films demonstrated high performance, with the organic moi-
ety acting as the redox centre.  

 

5.2.2 Organic electrode materials 

The concept of using organic moieties as electrode materials is as old as that of 
their inorganic counterparts with the earliest report dating back to 1969.129 As 
better device performances were obtained with inorganic materials, the organic 
materials for long received rather limited attention. However, as they consist 
entirely of environmentally benign constituents (C, H, O, N, S) the question of 
sustainability has brought them back to the spotlight.130 They are generally 
grouped into different subsets based on their working principle, such as organo-
sulphides, nitroxyl radicals, and conjugated carbonyls. As the materials consid-
ered in this work belong to the group of conjugated carbonyls, only this partic-
ular redox mechanism is discussed in detail. For general overview on organic 
electrode materials, see for instance the reviews of Liang et al.131 and Song & 
Zhou132. 

The electrochemical activity of conjugated carbonyls is based on the ability of 
the carbonyl group to undergo reversible reduction reaction by enolization. In-
stead of a valence state change of a particular element, the associated negative 
charge is stored in the conjugated system through delocalization. The negative 
charge is balanced by coordination of a cation such as Li+. As such, they are cat-
egorized as n-type materials and the general reaction is always between the neu-
tral state (N) and the negatively charged state (N-). Consequently, for a fully 
organic cell, one of the electrodes has to be in the negatively charged state. Syn-
thesis of such a material is considered difficult and has not been demonstrated 
yet. Metallic lithium as a counter electrode or an additional lithiation step is 
required for a functional cell.132 

 Quinones represent the archetype of conjugated carbonyls. The reduction re-
action for the simplest example, 1,4-benzoquinone (BQ), is shown in Figure 14a. 
One electron reduction results in formation of an unstable semiquinone radical, 
but reduction of both the carbonyl groups leads to a relatively stable dianion as 
the molecule gains aromaticity.133 Due to the stability of the aromatic system, 
the redox potential is relatively high at ~2.85 V vs. Li/Li+.134 This also means 
that in the perspective of battery functionality, the neutral molecule represents 
the electrode in the charged state, whereas the anionic form corresponds to dis-
charged state. As shown in Eq. 1, the gravimetric specific capacity of a material 
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is dependent on the number of charge transfer reactions together with the mo-
lecular weight. With two electron transfer reactions and simple hydrocarbon 
backbone, the theoretical capacity is – attractively – as high as 496 mAh/g. 

The stabilizing effect of an aromatic system can also be exploited in an oppo-
site manner. Lithium terephthalate (Li2TP), or dilithium 1,4-benzenedicarbox-
ylate (Figure 14b), is an aromatic system in its neutral state, but the aromaticity 
is lost upon the reduction of the carboxylate groups. This leads to a relatively 
low redox potential of 0.8 V vs. Li/Li+. With the theoretical high capacity of 300 
mAh/g, it can be considered as an attractive negative electrode material.135 Here 
it should be clarified that the lithium ions present in the neutral form of the 
molecule are electrochemically inactive. In other words, they are not available 
as the lithium source for an all-organic battery. 

 

 

Figure 14. Schematic redox reactions for (a) p-benzoquinone, and (b) lithium terephthalate. From 
battery operation perspective, the green coloured molecules reflect the discharged state, 
whereas blue corresponds to charged state. 

 
Despite the seemingly attractive properties of conjugated carbonyl based ma-

terials, their applicability to conventional bulk-format Li-ion batteries is lim-
ited. Conjugated carbonyls in general have very low electronic conductivity re-
quiring the addition of copious amounts of conductive carbon into the compo-
site electrolytes. Consequently, the benefits of high theoretical capacity are ne-
gated.133 Moreover, they exhibit high solubility in the organic solvent based liq-
uid electrolytes. For instance due to its extreme solubility, BQ is practically 
inusable.134,136 Li2TP as a lithium salt, is slightly more stable with 20 % loss of 
initial capacity after 50 charge/discharge cycles.135 

For these reasons, the main effort in research on this field has focused on im-
proving the stability by introducing various functional groups usually at a cost 
of the redox potential and specific capacity. In this work, the conjugated carbon-
yls were instead considered from the viewpoint of thin-film batteries. The un-
derlying reasoning was that the solubility issue is negated by the use of a solid 
electrolyte. Another crucial hypothesis was that the ultra-thin format mitigates 
the problem with abysmal electronic conductivity. As conductive additives are 
not needed, the thin films may provide the maximum capacity of the materials. 
The aforementioned materials, BQ and Li2TP, were selected for this study as 
they exhibit the best redox characteristics of this group of materials.  
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5.2.3 ALD/MLD of Li2TP and Li2Q 

The deposition scheme of Li2TP is relatively straightforward. The approach is 
similar to the bulk synthesis which is a simple acid-base precipitation combin-
ing terephthalic acid (TPA) and lithium hydroxide.135 As TPA is a known MLD 
precursor137 and an ALD process is essentially a series of acid-base reactions, 
the correct material was obtained by combining TPA with Li(thd) as shown 
schematically in Figure 15a. The deposition of thin films of the purely organic 
BQ is by definition out of reach of ALD/MLD. Instead, here the key innovation 
was that the combination of LiHMDS with another common MLD precursor, 
hydroquinone (HQ) yields the positive electrode material in its reduced, lithi-
ated state (Figure 15b). Thus combining the resulting Li2-1,4-benzenediolate 
(hereafter Li2Q) films with Li2TP for the full cell fulfils the aforementioned re-
quirement of having both the neutral and negatively charged electrode materials 
in tandem. Moreover, the full battery cell can conveniently be deposited in its 
discharged state. 

As shown in Publications II and III, both of the processes display the char-
acteristic saturation-limited ALD/MLD growth. The growth mechanisms seems 
to be dissimilar, as the Li2TP process exhibits seemingly an island-type of 
growth with non-linear growth at low ALD/MLD cycle numbers. More linear 
behaviour is observed for Li2Q. The reasons for this difference in behaviour are 
yet uncertain. It is entirely possible that instead of being an inherent property 
of the materials, the choice of the precursor would dictate this behaviour. The 

-diketonates are known to be rather unreactive precursors. The observed is-
land type growth might be due to their limited reactivity with the Si substrate, 
as poor surface coverage on the first Li(thd) pulse would lead to the preferred 
growth on these sites. Further studies with the LiHMDS + TPA combination are 
needed. 

Interestingly both of the as-deposited materials are crystalline; a trait that 
only recently has been observed  for a very few ALD/MLD processes.138–143 The 
expected crystal structure (Figure 15c) was observed for Li2TP, whereas for Li2Q, 
a match could not be found in literature. By using the structural motif of previ-
ously reported disodium-1,4-benzenediolate struture144, the corresponding lith-
ium analogue was calculated using density functional theory. Excellent match 
was found between the calculated structure and the experimental data. The pro-
posed structure is presented in Figure 15d. The structure provides clues on why 
the lithium variant had not previously been obtained with solution-based meth-
ods. A general feature for both Li and Na variants is that the metal site is only 
three-coordinated and thus quite unstable. However, in the Na variant the ben-
zene ring shields the under-coordinated metal through cation-pi interaction. In 
the case of Li2Q, because of the shorter Li-O bond, the benzene ring cannot be 
positioned in such a manner, explaining the greater instability. Due to this re-
active site in the structure, the Li2Q films were very sensitive towards atmos-
pheric moisture. However, this reaction was found to be reversible upon heating 
in vacuum.III Subsequent observations seem to indicate that mere dry air is 
enough to remove water from the structure. The Li2TP structure has the lithium 
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in a stable tetrahedral site. Correspondingly, extended stability in ambient con-
dition was observed with no formation of Li2CO3 on the film surface. 

Subsequent studies on the s-block metal terephthalates revealed that the in-
situ crystallization seems to be a general feature of alkali and alkaline earth 
metal complexes.143 The promoting factor might be the highly ionic nature of 
the metal – oxygen bonds. Similar improved ordering has been observed for 
self-assembled surface layers of 7,7,8,8-tetracyanoquinodimethane (TCNQ) 
molecules. Better ordering is observed for Cs -TCNQ than for Mn-TCNQ mono-
layers. The suggested driving force is the free rotation of TCNQ molecules 
around Cs ion. In comparison, the directional covalent bonds between Mn and 
TCNQ may force the molecules into an unfavourable angle for long-range or-
dering.145  

 

 

Figure 15. ALD/MLD schemes and the resulting crystal structure for Li2TP (a) and (c), and Li2Q 
(b) and (d), respectively. 

  

5.2.4 The electrochemical performance of Li2TP and Li2Q 

Before the assembly of the full all-solid-state cells, the electrochemical perfor-
mance was evaluated individually for each electrode material. In ideal condi-
tions, an all-solid-state setup with thermally evaporated metallic lithium coun-
ter electrode would have been used. Due to equipment limitations, this could 
not be achieved. As the Li2TP films required an external lithium source, they 
were evaluated in conventional liquid-electrolyte coin cells against a metallic 
lithium counter electrode. Both pristine and ALD-LiPONI coated samples were 
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evaluated, with Li2TP thickness of approximately 170 nm. The oxidation/reduc-
tion potentials matched the reported bulk values. Good rate performance was 
observed demonstrating that the issue with low electronic conductivity could 
indeed be avoided with the thin-film approach. Moreover, from the LiPON-
coated samples it could be determined that no extra resistance was induced by 
the ~40 nm solid electrolyte layer and the interface remained stable upon ex-
tended cycling of hundreds of cycles implying good Li-ion transport properties 
across the Li2TP/LiPON interface. As an added side result, the LiPON coating 
greatly improved the stability of Li2TP in the liquid-electrolyte based cell. 

For Li2Q, the wet-cell setup could not be utilized due to the extreme solubility 
of the samples. Instead, its electrochemical activity was directly verified in an 
all-solid-state setup with the ALD-deposited LiPONI as the solid electrolyte. As 
the material is designed to be the source of the electrochemically active lithium, 
the in-situ formation of the metallic lithium counter electrode could be ex-
ploited.146 In short, the negative electrode consists only of a Cu current collector. 
As copper does not alloy with lithium, by applying sufficient potential over the 
cell, the positive electrode is oxidized with lithium plating occurring at the Cu-
LiPON interface. In this way, the redox properties can roughly be estimated 
against the Li/Li+ redox pair, though for the sake of scientific rigour, in Publi-
cation IV the cell terminal voltage is used as the measure. 

Due to the non-line-of-sight capabilities of ALD/MLD, the manufacture of 
Li2Q samples with controlled lateral dimensions was considered difficult. Mask-
ing with Kapton tape proved not to be applicable, as outgassing from the tape 
interfered with the deposition processes. The best option available was to de-
posit the Li2Q and LiPON layers over the whole surface area of the Pt substrate 
excluding one corner for the electric contact that was masked with a piece of 
silicon. The cell size was controlled by using a suitable shadow mask during the 
deposition of the Cu current collector by thermal evaporation. With this 
method, several tens of parallel samples could be manufactured at a time allow-
ing for reliable evaluation of the performance. 

As discussed in Publication IV, the Li2Q samples appeared to provide the 
full theoretical capacity. An unexpectedly high rate performance was obtained 
with charge/discharge time as low as 0.25 s; higher rates were not achievable as 
the data acquisition rate of the galvanostat became a limiting factor. However, 
the usable layer thickness was limited to less than 15 nm, in stark contrast to the 
170 nm layers used in the Li2TP studies. This indicates towards different mech-
anisms govern the charge carrier transport in these materials.  

In Publication IV, it is considered that for Li2Q, the charge propagation 
might occur through electron self-exchange between adjacent quinone mole-
cules driven by the potential drop across the electrode thickness. The same 
mechanism is the underlying reason of the ultra-high rate performance of the 
organic nitroxide radical polymers.147 However, in the case of radical polymers, 
the electrode layer is bathed in the liquid electrolyte, effectively decoupling the 
ionic and electronic transport. In the present case, due to the layered construc-
tion of the cell, such decoupling does not happen. Hence, upon oxidation, a layer 
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of fully oxidized BQ molecules builds up on the electrode/current collector in-
terface. The BQ layer is not capable of sustaining the redox propagation and at 
certain thickness, insulates the rest of the electrode from further oxidation. 

  For Li2TP, the ionic conduction is predicted to occur along LiO4 plane with 
low activation energy.148 Recently, lithiation induced electronic conductivity has 
been observed in lithiated dilithium 2,6-naphthalene dicarboxylate  due to large 
reduction of the apparent band gap, with the organic backbone providing the 
conduction path.149 If applicable for Li2TP, its improved capacity as compared 
to Li2Q could be understood with the independent charge transfer routes for 
ions and electrons. In this case, the self-terminating redox reaction would be 
avoided.  

Another curiosity of Li2Q is its apparent high polarization even at low current 
rates. For organic semiconductors it is possible that an electron/hole injection 
barrier is found at the current collector/electrode interface depending on the 
alignment of the current collector Fermi level and the lowest unoccupied 
(LUMO)/highest occupied molecular orbital (HOMO).150 A curious thing is that 
this phenomenon is only observed for Li2Q, whereas low polarization is ob-
served for Li2TP.II,IV Again, the discrepancy might occur due to their differing 
energy level alignment or the differing conduction mechanism but further stud-
ies are definitely required to clarify the issue. 

 

5.3 Assembly of the full cell 

Lastly, the assembly of a full cell was demonstrated using the aforementioned 
deposition processes. A logical deposition order would be Li2Q/LiPON/Li2TP. 
Due to its high stability in ambient air, the Li2TP layer would shield the under-
lying, more sensitive materials prior the thermal evaporation of the top current 
collector. Nevertheless, while Li2Q and LiPON could be sequentially deposited, 
the application of the Li2TP layer on top resulted in disintegration of the whole 
stack. From FTIR measurements, it was seen that afterwards, the cell composi-
tion is that of the pure Li2TP, with the thickness apparently being much more 
than expected from the number of applied Li2TP cycles. Exact thickness could 
not be resolved due to severe inhomogeneity of the end product. Several reasons 
can be thought to contribute to this phenomenon. As stated in Chapter 5.1, base-
catalysed surface polymerization is believed to play a role in the deposition pro-
cess of LiPON. Continuing with the aqueous media analogues, in acidic condi-
tions an opposite process is observed with the hydrolysis of the phosphorami-
date group.151 If applicable for the present gas-surface reactions, this would 
mean that exposure to TPA breaks the LiPON layer back to volatile components 
leaving the Li2TP as a non-volatile by-product. As for the disappearance of the 
Li2Q layer, a conversion reaction similar to the LiF deposition78 might occur. As 
TPA is both more acidic and less volatile than HQ, protonation of the Li2Q mol-
ecules could occur with solid Li2TP and volatile HQ as the reaction products. 
Alternatively, one of the decomposition products of LiPON could oxidize the 
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Li2Q to the highly volatile BQ. This option is less likely as the Li2Q layer was 
found to be consumed with TPA also without the presence of LiPON. 

Due to this unfortunate incompatibility of the process chemistries, the layer 
order was reversed to Li2TP/LiPON/Li2Q. In this way, all the materials are pre-
sent in the resulting stack as confirmed with FTIR (Figure 16a). The moisture 
sensitivity of Li2Q was not an overwhelming issue; the high vacuum conditions 
during the subsequent evaporation were sufficient to remove the water from the 
structure. Otherwise the cell construction was similar to the in-situ plated lith-
ium setup, i.e. the cell area is determined by the size of the top contact (diameter 
= 3 mm). 

As shown in Figure 16b, the cells could be cycled for two hundred charge/dis-
charge cycles, though at a constant degradation of capacity. The cell capacity of 
0.4 μAh/cm2 was slightly lower than expected. As accurate layer thickness esti-
mates could not be obtained, the reason remained unclear. The underlying 
LiPON layer might hinder the nucleation of the subsequent Li2Q layer resulting 
in less than expected thickness. Other reason could be damage to the surface 
layer by the thermal evaporation of Cu. 

 

 

Figure 16. (a) FTIR spectrum of the full Li2TP/LiPON/Li2Q cell. (b) The evolution of the charge/dis-
charge (black diamonds/red squares) capacity of the all-organic cell over 200 cycles. The 
corresponding coulombic efficiency is also shown (blue circles).  

 
The absence of reliable thickness data makes the optimization of the layer 

thicknesses more demanding. In addition to the Li2Q layer, also the thickness of 
Li2TP must be carefully considered. The delithiation voltage profile has major 
influence on the discharge voltage of the full cell. In case of Li2TP, excess thick-
ness leads to underutilization of the capacity. In this case, mostly the sloping 
region in the delithiation voltage curve of Li2TP (Figure 17a) contributes to the 
terminal voltage of the cell. This leads to low overall discharge voltages accord-
ing to Eq. 2. For optimized thickness, the Li2TP is fully utilized with more ap-
pealing discharge characteristics. The difference is shown in Figure 17b. 
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Figure 17. Effect of Li2TP underutilization. In (a) a representative voltage profile of Li2TP meas-
ured against Li/Li+. In the case of excess Li2TP in comparison to Li2Q, mainly the sloping part 
of the delithiation curve contributes to the overall cell voltage. In the full cell data (b), this is 
seen as reduced discharge voltage together with the shorter voltage plateau region. 

Due to the intrinsic limit to the Li2Q layer thickness and the comparably low 
cell voltage, the energy density of the fully organic thin-film battery is limited to 
0.6 μWh/cm2. To put this into perspective, in order to reach the level of the cur-
rent commercially available devices (~500 μWh/cm2, Table 1), a 3D substrate 
with surface area enhancement factor of about 830 is needed. Using Eq. 3, the 
required dimensions for a pillar-type geometry can be estimated. For instance, 
by assuming an ideal cell thickness of 112 nm (25 nm Pt/10 nm Li2Q/30 nm 
LiPON/12 nm Li2TP/25 nm Pt) and using a geometry with a pillar diameter of 
500 nm and an inter-pillar distance of 750 nm, a pillar height of 260 μm is re-
quired in order to reach the targeted SAE factor. Such a height-to-diameter ratio 
is likely to be infeasible in terms of structural integrity. The situation could be 
alleviated if the in-situ formed Li negative electrode approach is taken instead. 
With the higher cell voltage, the planar energy density is increased to 1.55 
μWh/cm2, reducing the required SAE factor to 320. With the aforementioned 
configuration, the required pillar height is reduced to 90 μm, though it is still 
apparent that reaching the energy density level of the contemporary thin-film 
batteries is difficult. 

Instead, it might be more useful to view the results in terms of power density, 
as the ultrathin nature of the samples resulted in remarkable rate performance. 
Thus instead of LIBs, a more relevant reference point could be micro-superca-
pacitors. They are designed to deliver high peak current at microscale, but cur-
rently suffer from low energy density.152 As shown in Figure 18, even the planar 
Li2Q cell with the in-situ plated Li negative electrode compares rather favoura-
bly with the state-of-the-art micro-supercapacitors. Moreover, as well as the en-
ergy density, also the power density scales with the SAE factor. A feasible 25-
fold increase is enough to outperform the exemplary supercapacitors. 

For an actually competitive device, in addition to the challenge of manufactur-
ing an all-solid-state 3D-device, also the issues with the very high intrinsic volt-
age hysteresis and the poor cycle life of Li2Q need to be resolved. 
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Figure 18. Ragone plot of the planar and a hypothetical 3D structured Li2Q cell with in-situ formed 
Li negative electrode compared to some state-of-the-art carbon-based (Huang et al.153 and 
Li et al.154) and all-solid-state (Göhlert et al.155) micro-supercapacitors. 
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6. Conclusions 

In this work, the applicability of atomic layer deposition for manufacturing all-
solid-state thin-film batteries was studied. A novel lithium-based ALD process 
was developed for each of the active materials in a thin-film battery. Moreover, 
the electrode materials were based on the novel concept of using lithium in the 
combinatorial atomic/molecular layer deposition to achieve so-called organic 
electrode materials. The work culminated in the assembly of a fully functional 
thin-film battery using the aforementioned processes. 

For the solid electrolyte, lithium phosphorus oxynitride, the key innovation 
was the use of diethyl phosphoramidate as the co-reactant. This multi-element 
precursor allowed for the workaround of otherwise difficult introduction of ni-
trogen into the parent Li3PO4 material. The novel binary ALD process yielded 
highly conformal layers on 3D substrates. The measured ionic conductivity was 
among the highest of the thus far reported ALD-fabricated solid electrolytes. 
The reaction mechanism appears to be rather unconventional with apparent de-
pendency on the deposition temperature and the type of the lithium precursor. 
Further understanding on the underlying chemistry would certainly be of high 
importance and could yield improvements in the ionic conductivity or a way to 
decrease the deposition temperature. 

As for the electrode materials, in this study it was for the first time demon-
strated that lithium-containing organic materials can be deposited using the 
ALD/MLD method. Two different materials were demonstrated using either hy-
droquinone or terephthalic acid in combination with a lithium precursor. A sur-
prising outcome was that both of the processes yielded as-deposited crystalline 
hybrid materials. While not being the main goal of this study, these results may 
contribute to the development of direct gas-phase deposition of the so-called 
metal-organic framework materials. A subsequent study has already revealed 
that the in-situ crystallinity seems to be a general trait of the s-block metal ter-
ephthalates. Another not-directly-aimed outcome of a wider interest emerged 
from the LiHMDS + hydroquinone process development. Namely, in the result-
ant Li2Q structure lithium is located in a highly reactive three-coordinated lat-
tice site that unavoidably attracts any solvent molecules if present thus making 
crystalline phase unobtainable through solution-based methods. Hence only a 
gas-phase synthesis method such as ALD/MLD is feasible for stabilizing the sol-
vent-free structure. This is a valuable notion as materials with undercoordi-
nated, reactive metal sites could be of considerable value for example in sensing 
applications. 
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In this study, the focus was on the redox properties of the newly synthesized 
hybrid Li-organic thin-film materials. The nanoscaling approach taken in this 
work proved to be an effective way to improve the rate performance of conju-
gated carbonyl materials without relying on conductive additives. Moreover, re-
ferring to the previously mentioned difficult-to-synthesize materials, the Li2Q 
presented here is probably the first instance of the successful synthesis of an n-
type cathode material in its reduced state. 

    For future reference, the materials presented here are certainly not the only 
examples of this material group. There are essentially unlimited variety of or-
ganic molecules that can be considered in a similar manner. In addition to the 
present solid-state battery applications, the resultant thin films could be applied 
in the fundamental study of organic electrode materials. As they are made in a 
very controlled manner without conductive additives, they could reveal im-
portant insights on the conduction mechanism or on reactivity in liquid electro-
lytes. Moreover, metals other than lithium could easily be employed. Another, 
thus far completely unexplored direction would be the deposition of hybrid in-
organic-organic solid electrolytes. 

The ultimate aim of the thesis, i.e. the deposition of an all-solid-state battery 
solely by ALD or ALD/MLD, was realized. At the same time, the fully functional 
battery cell appears to be the first all-organic solid-state thin-film battery. 
Through these efforts, important lessons on the cell optimization as well as the 
process compatibility were learned. In all, the present contribution should be a 
good addition to the general quest for the full 3D-structured all-solid-state thin-
film battery. 
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