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1.1. Introduction 
 
Electronic portable devices are becoming more and more important in our daily life. 
Examples of wide-spread electronic portable equipments are mobile phones, laptop 
computers and digital cameras. In order to power these devices, on board electricity is 
required. Electricity can effectively be provided either by capacitors or batteries. For 
capacitors, electrons are simply stored at the electrode/dielectric interfaces, which results in 
rather low volumetric energy densities. In batteries, however, electrons are stored inside the 
electrode materials in a chemical manner, which results in a drastic increase of the 
volumetric energy densities. Many portable types of electronic equipment rely on 
rechargeable lithium-ion batteries as they can reversibly deliver the highest gravimetric and 
volumetric energy densities [1]. The functioning principle of a lithium-ion battery is simple: 
lithium-ions stored in the electrode materials are exchanged via the electrolyte while 
electrons are transported through an external circuit to provide electrical energy to an 
external load. 

Lithium-ion batteries are currently rapidly expanding into very large-scale applications, 
such as hybrid (electrical) cars, making transportation much more efficient. Miniaturized 
autonomous devices, at the other end of the ‘spectrum’, are also becoming increasingly 
important [2]. Characteristic for small autonomous devices is that they have to operate 
independently. When devices are becoming smaller and smaller it becomes, however, much 
more complicated to assemble batteries from their individual components. In addition, the 
contribution of inactive overhead mass and volume by, for example, the package will 
increase significantly. As the energy consumption for autonomous devices will be relatively 
small this opens up the possibility to integrate (micro)batteries directly onto electronic 
chips. Moreover, as certain applications have stringent safety requirements, for instance 
medical implants, integrated batteries ideally should not contain any hazardous liquids which 
might induce dangerous leakage issues. 
 
1.2. Conventional lithium-ion solid-state thin film microbatteries 
 
All-solid-state microbatteries are good candidates to serve as energy sources for autonomous 
systems as they can be integrated onto microchips and they do not present safety issues 
arising from the use of a liquid electrolyte. Such batteries already exist in the pilot 
production phase and are usually produced using Physical Vapor Deposition techniques 
(PVD), such as magnetron sputtering and evaporation [3-5]. These systems are almost all 
based on metallic Li as negative electrode and Li3PO4-based, e.g. Lithium Phosphorus 
OxyNitride (LiPON), as solid-state electrolyte, and are exclusively prepared in a planar 
geometry. A schematic representation of such a battery is presented in Figure 1.1. 
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Figure 1.1. Schematic representation of a planar solid-state thin film battery [5]. 

 
On top of a substrate, a cathode current collector (typically Pt), cathode thin film  

(LiCoO2 is often used), solid-state electrolyte film (generally Li3PO4-based), metallic Li 
anode film, anode current collector and protective coating are deposited. In comparison to 
integrated capacitors the energy density of such planar all-solid-state batteries is significantly 
higher [6]. However, a relatively low volumetric storage capacity of about 50 Ah per 
micron cathode material thickness and per cm2 footprint area, i.e. 50 Ah·m-1·cm-2, is 
generally achieved. Yet, it is still not sufficient to power future autonomous devices. In 
addition, metallic Li is not favorable due to its low melting point of 181 °C. Indeed, the 
reflow solder process widely used in the microelectronic industry is generally applied at 
higher temperatures. To prevent the use of pure Li metal, it would be better to make use of 
other negative electrode materials. In addition, ways to increase the energy density of solid-
state microbatteries should be investigated. This could be achieved by, for instance, using 
the third dimension of the battery substrate material.  
 
1.3. 3D-integrated all-solid-state microbatteries 
 
Recently, two reviews thoroughly described various existing ideas to come to new 
architectures and technologies in the field of 3D miniaturized energy storage systems [8,9]. 
One of the approaches consisted of filling perforated silica-based substrates with a current 
collector, cathode, electrolyte and anode materials [10-12]. Microscopically perforated 
substrates were used to increase the active surface area, thereby enhancing the battery 
capacity by one order of magnitude. The materials were deposited by combined electrolytic 
methods and a series of spinning and vacuum impregnation steps. This type of battery can 
reversibly be operated in a potential window of 1.2-2.2 V and is capable of delivering 
storage capacities of about 1 mAh·cm-2. This approach can indeed be attractive in view of its 
potentially low-cost production technologies but have potential drawbacks, resulting from 
the use of a liquid electrolyte, and the lower average potential at which such a battery 
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operates, reducing its power density significantly. In addition, size reduction and hence 
device integration will become difficult at large-scale manufacturing. 

Another interesting approach was based on a completely different architecture and 
technology, referred to as 3D nanoscopic battery [8]. Ultra-thin nm-sized polymer 
separators acting as electrolyte were electrodeposited onto a highly structured, ambigel 
cathode material, such as manganese oxide [13,14]. The structure was then soaked into a 
liquid electrolyte in order to incorporate the required Li-salt into the polymer, therefore 
providing ionic conductivity. To complete the battery, the structure has to be filled with an 
interpenetrating anode, a step that was proposed to consist of cryogenic deposition of the 
active anode material. The control of the ambigel synthesis seems to be delicate, dictating 
the architecture of the high surface area 3-D cathode network to a large extent. In order to 
avoid electrical short-circuiting, the extremely thin electrolyte should be conformal and 
pinhole-free deposited, which also seems to be quite challenging. This interesting work is in 
progress and its viability has not been proven yet [13,14]. 

An alternative approach has recently been proposed by Notten et al. [6]. The concept of 
3D-integrated all-solid-state batteries is based on mature etching methods to enlarge the 
surface area, and step-conformal deposition by means of, for example, Low Pressure 
Chemical Vapor Deposition (LPCVD) and Atomic Layer Deposition (ALD). The present 
approach copes well with state-of-the-art IC technologies. Indeed, etching and deposition 
methods are nowadays widely used in the microelectronic industry and 3D-integrated 
batteries can be considered as the advanced successor of the already existing 3D-integrated 
capacitors [15]. It has been calculated that the stored energy density in the case of integrated 
batteries can be more than 3 orders of magnitude higher than that of integrated capacitors 
[6]. This battery concept relies, on the one hand, on the need of inert Li barrier layers to 
prevent Li penetration into the inactive parts of IC’s and, on the other hand, on attractive 
negative electrode materials, such as Si, to replace pure metallic Li. The basic principles of 
this concept are schematically represented in Figure 1.2 for a 3D structure consisting of 
trenches. 

Starting with a thin-film current collector (a) covering a highly doped, well conducting, 
Si substrate (b), a large surface area is obtained by anisotropic etching of the substrate 
material using for instance Reactive Ion Etching (RIE) [15,16]. Subsequently, the active 
battery layers are homogeneously deposited inside the created trenches, starting with an 
effective barrier layer (c) to protect the substrate from Li penetration, followed by a Si thin 
film negative electrode (d), a solid-state electrolyte, e.g. Li3PO4-based (e) and a thin film, 
transition metal oxide, positive electrode material, in this example, LiCoO2 (f). Deposition 
of a second current collector onto the positive electrode material (g) completes the 3D-
integrated battery. A large thickness difference is required between the two electrodes since 
Si has a very high volumetric storage capacity (about 8300 mAh per cm3 of starting Si 
material) compared to LiCoO2 (about 500 mAh·cm-3) [7]. The maximum storage capacity of 
Si films of thickness of 50 and 200 nm thus corresponds to that of LiCoO2 films of 0.8 and 
3.3 m, respectively. 
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Figure 1.2. Schematic representation of a 3D-integrated all-solid-state battery with 
a trench configuration [7]. L and l represent the footprint length and width, 
respectively, and d, s and w represent the trench depth, spacing and width, 
respectively.  

 
Defining, for example, the dimensions of the 3D-trench structure in Figure 1.2, such as 

width (w), depth (d), spacing between these structures (s) and the characteristics of the 
above-mentioned electrode and electrolyte materials, the surface area enlargement (A) can 
be approximated using 

 

)sw(L

sL
d21A




                               (1.1) 

 
The width of a trench should comprise at least two times the thicknesses of the individual 

layers. Using a 1 m thick positive electrode and electrolyte layer, a 50 nm thick negative 
electrode and current collectors layers, the trench width amounts to about 5 m. Using a 
spacing distance which ensures mechanical stability of the structure, for instance 3 m, it can 
be easily calculated that a trench depth of 96 m allows an area enlargement of 25. The 
corresponding aspect ratio, i.e. the ratio between the depth and the width of the structure, 
consequently amounts to about 20. Using standard etching technology, this enhancement 
factor of 25 can easily be accomplished [15,16]. Other geometric configurations can be used 
for the starting substrate, such as pores [17], pillars, et cetera.  

Based on a surface enhancement factor of 25 the predicted energy 3D-integrated 
batteries can deliver will amount to about 20 J·cm-2 geometric footprint area, using a 1 m 
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thick LiCoO2 electrode, implying an expected volumetric storage capacity of approximately  
1.5 mAh·m-1·cm-2, energy density of about 5 mWh·m-1·cm-2 and power capabilities in the 
range of 0.5 to 50 mW·m-1·cm-2, using 0.1 and 10 C-rate currents, respectively (1 C-rate 
is defined as the current required to discharge the battery in 1 hour). These values well 
comply with the predicted requirements of many autonomous devices and also with the 
energy required to power System-in-Package devices, like real time clocks and electronic 
back-up systems [6].  

Etching of Si substrates is a mature technology but several challenges still remain to 
achieve a full 3D battery. Indeed, the preparation onto 3D geometries of the various  
Li-containing battery layers by means of step conformal deposition, e.g. LPCVD or ALD, is 
very challenging. The homogeneous deposition of TiN and Pt current collectors by means of 
plasma ALD was recently demonstrated by Knoops et al. for high aspect ratio pores and 
trenches [18], and good step coverage was attained. Using LPCVD, Oudenhoven et al. 
reported on the step conformal growth of LiCoO2 cathode films inside low aspect ratio 
trenches [9]. Moreover, Baggetto et al. recently reported the deposition and electrochemical 
characterization of negative electrode stacks comprising of ALD TiN and LPCVD poly-
crystalline Si thin films deposited in high aspect ratio pores [19]. Although these results are 
quite encouraging, there are still lots of efforts required to improve the step coverage of 
cathode and potential solid-state electrolyte materials. 
 
1.4. Scope of this thesis 
 
In this thesis, the investigation of suitable Li barrier layers and the characterization of 
alternative negative electrode candidates to replace pure Li are presented. 

Chapter II describes the different electrochemical tools and characterization techniques 
employed to investigate the reaction mechanism of Li barrier layers and alternative negative 
electrode materials. Moreover, the underlying theory of some techniques, such as 
Electrochemical Impedance Spectroscopy (EIS), X-Ray Diffraction (XRD), Mössbauer 
Spectroscopy (MS) and Extended X-ray Absorption Fine Structure (EXAFS) are presented. 

Chapter III deals with the characterization of potential Li barrier layer candidates, i.e. 
sputtered TiN, Ta and TaN. The electrochemical responses of these materials are presented. 
In addition, a detailed characterization of the most suited material, i.e. TiN, are given. 
Finally, results on TiN films grown by ALD are compared to those obtained by sputtering. 

Several alloy electrode candidates have been reported by Huggins as potential negative 
electrode materials [20]. Elements of column IVb of the periodic table, such as Si, Ge and Sn, 
are very interesting because they can alloy with Li up to a composition of Li21+xM5 (M=Si, 
Ge or Sn and xSi=0, xGe=3/16 and xSn=5/16) [21]. Thus, extremely large theoretical 
volumetric storage capacities (9340, 8323 and 7026 mAh per cm3 of starting Si, Ge and Sn 
material, respectively) are expected. These alloy electrodes, however, suffer from very large 
volume expansions (about 300%), which can be detrimental for the electrode cycle life. To 
prevent this problem, those materials can be prepared as nanosized thin films [22]. Another 
approach can consist of using conversion electrode materials with general description MX, 
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where X is an element of columns Vb, VIb or VIIb such as O or N [23]. From an application 
point of view, these two approaches are well suited for thin film microbatteries since the 
amount of required negative electrode material can be low and 50 to 200 nm thick layers are 
sufficient to guarantee an adequate storage capacity. From a fundamental point of view, it is 
evidently important to understand the detailed reaction mechanism of the conversion 
reaction. 

In Chapter IV the reaction mechanism of Si electrodes described in the literature is 
discussed. In addition, the electrochemical thermodynamic and kinetic properties of poly-Si 
thin films are presented using a wide variety of electrochemical techniques. Moreover, the 
interaction of Si thin film electrodes with liquid and solid-state electrolytes is investigated 
with emphasis on the Solid Electrolyte Interphase (SEI) formation, activation of the 
electrode/solid-state electrolyte interface and temperature dependence of the charge 
transfer kinetics. 

The next chapter investigates nanostructured Si electrodes prepared according to several 
geometric configurations, i.e. thin films deposited inside pores and trenches, nanowires and 
honeycombs. The main goal of this chapter is to characterize the performance and 
morphological changes of these 3D-nanostructured Si electrode systems. 

Chapter VI focuses on the characterization of the electrochemical and structural 
properties Ge thin film electrodes. This is accomplished by using in situ electrochemical 
measurement techniques, i.e. in situ XRD and X-ray Absorption Spectroscopy (XAS), to 
provide useful information on the short and long range ordering of Ge electrodes. 
Moreover, the chemistry of the SEI is investigated by means of ex situ X-ray Photoelectron 
Spectroscopy (XPS). 

Chapter VII focuses on the investigation of tin nitride conversion electrodes. The 
properties of tin nitride thin film electrodes with thickness ranging from 50 to 500 nm are 
discussed for two compositions (Sn:N of ratio 1:1 and 3:4) using XRD, Transmission 
Electron Microscopy (TEM) and electrochemical techniques. Moreover, the reaction 
mechanism of the material is investigated on thicker films using ex situ MS to reveal the 
intermediary species of Sn as a function of Li content. 
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Chapter II 
 

Experimental and Theory 
 
Abstract 
 
The experimental methods employed to investigate Li barrier layers and negative electrode 
materials are described in this chapter. Moreover, the methods extensively used in this thesis 
are presented theoretically. This concerns the charge transfer reaction kinetics, 
Electrochemical Impedance Spectroscopy, X-Ray Diffraction, Mössbauer Spectroscopy,  
X-ray Photoelectron Spectroscopy and Extended X-ray Absorption Fine Structure. 
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2.1. Experimental 
 
This section describes several experimental methods used in the present study. First, a 
detailed description of the sample preparation methods is given. Then, the electrochemical 
and structural characterization techniques are presented. Finally, the principles underlying 
the electrochemical measurements, XRD, MS, XPS and EXAFS are given. 
 
2.1.1. Electrode preparation 
2.1.1.1. Deposition conditions 
 
For the thin-film deposition process, (100) oriented 6 inch Si substrates were often used 
(n++, resistivity of ca. 1-5 m·cm). In order to increase the effective surface area of the Si 
substrates, pores of aspect ratios of 5, 10 and 20 and trenches of aspect ratio 5 were etched 
using RIE. The etching conditions were published previously [1]. The in situ XRD and in situ 
EXAFS measurements employed XRD-amorphous Poly-EtherEtherKetone (PEEK) foils of 
125 m thickness as substrates (GoodFellow). Prior to the deposition of electrode materials, 
a thin Ti film of 5 nm was sputtered onto PEEK to serve as an adhesion layer. In order to 
eliminate the possible diffusion of moisture through the PEEK substrate, multilayered stacks 
of SiOxNy/SiOz layers were deposited on the outer surface of PEEK. This deposition was 
performed using Plasma Enhanced CVD (PECVD) at low temperatures, using previously 
reported preparation conditions [2]. 

Li barrier layers (TiN, Ta, TaN), adhesion layer (Ti), active electrode material layers (Si, 
Ge, SnNx) and solid-state electrolytes (Li3PO4 and LiPON) were prepared using various 
deposition techniques. Ti, TiN, Ta and TaN layers were deposited at room temperature by 
means of DC magnetron sputtering using Veeco Nexus 800 equipment. The base pressure 
was less than 6.7·10-8 mBar. Sputtered germanium and tin nitride (SnNx) electrodes were 
grown at room temperature by means of RF magnetron sputtering using an Emerald tool 
from Leybold. The base pressure was less than 5·10-7 mBar. The deposition of the Li3PO4-
based solid-state electrolytes was performed in a RF magnetron sputtering chamber using a 
base pressure of 10-6 mBar. This chamber was located inside an Ar-filled glovebox to prevent 
contamination of the deposition chamber, target materials and deposited films from air. The 
sputter deposition parameters are given in Table 2.1.  

Intrinsic poly-crystalline Si films (poly-Si), 50 nm thick, were grown using a Tempress 
LPCVD reactor with a horizontal quartz tube. Deposition was done at 610 °C, using 120 
sccm of SiH4 at a pressure of 250 mTorr. In the same reactor, n+-doped poly-Si films, 50 nm 
thick, were grown at 610 °C using 50 sccm of SiH4 and 100 sccm of diluted PH3 (1% PH3 in 
SiH4) at a pressure of 150 mTorr. 

Amorphous n+-doped (P-doped) Si films of 1 m nominal thickness were grown onto 
TiN-covered n++-doped Si substrates by means of PECVD (Applied Materials AKT1600). 
TiN film thickness was 200 nm. Si films were grown using an RF power of 350 W, a 
substrate temperature of 300 °C and a gas mixture of SiH4 (260 sccm), PH3 (450 sccm) and 
H2 (900 sccm) at a reactor pressure of 1.6 mBar. 
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Table 2.1. Sputter deposition parameters of various layers. 
Material Power [W/cm2] Gas Flows [sccm] Reactor Pressure [mBar] 

Ti 1.37 Ar 50 2.6·10-3 
TiN 6.85 Ar/N2 50/27.5 2.8·10-3 
TaN 0.69 Ar/N2 90/6 1.3·10-2 
Ta 0.69 Ar 140 1.3·10-2 
Ge 0.62 Ar 70 5.2·10-3 

SnNx 1:1 0.62 Ar/N2 33/7 4.9·10-3 
SnNx 3:4 0.62 Ar/N2 25/15 3.0·10-3 
SnOx 1:1 0.62 Ar/O2 57/3 7.9·10-3 
Li3PO4 1.45 Ar 25 1.8·10-2 
LiPON 2.22 N2 85 5.4·10-2 

 
Si nanowires were synthesized in a low pressure (50 mbar) Aixtron 200 Metal Organic 

Vapor Phase Epitaxy (MOVPE) reactor. The substrates (TiN-covered n++-doped Si 
substrates) were coated with a 10 nm thick layer of Au which provides a high density of 
nucleation centers for nanowire growth. The nanowires were grown in the  
Vapor-Liquid-Solid (VLS) growth mode using disilane (Si2H6). Growth was initiated when a 
temperature of 550 °C was reached.  

Evaporated Ge and Si films were deposited using e-beam evaporation (Bak550 from 
Balzers) operated at a base pressure of 10-7 mBar.  The evaporation of Ge was conducted at a 
deposition pressure of 4·10-7 mBar and that of Si at a deposition pressure of 5·10-7 mBar 
using pure Ge and Si sources, respectively. 
 
2.1.1.2. Electrode patterning 
 
In order to accurately control the surface area of the electrodes, the thin films were 
deposited as well-defined discs of known areas. Indeed, evaporation and sputtering of the 
electrodes were performed with the use of a stainless steel contact mask consisting of 14 
holes of typically 16 mm in diameter. The deposition through the mask resulted in 
manufacturing identical electrodes of 2.01 cm2.  

The poly-Si films grown by LPCVD were patterned by means of standard 
photolithography. First, standard HPR504 photoresist was spun onto the Si films and these 
were subsequently annealed at 90 °C for 2 minutes. Next, a pattern mask was applied, 
followed by UV exposure for 45 seconds and curing at 120 °C for 30 minutes in air. The 
pattern was developed, using PLSI positive resist developer in order to expose the undesired 
Si. The uncovered Si was selectively etched in an AME 5000 etch tool using a gas mixture of 
Cl2 and HBr (50 and 22 sccm, respectively) at 320 W and 100 mTorr. Finally, the resist was 
stripped off to expose the well-defined Si surface (typical active area of 1.77 cm2).  

The amorphous Si films grown by PECVD were further processed by means of standard 
photolithography to produce arrays of honeycombs. The Si layers were covered with 
HPR504 photoresist and baked in air for 180 sec at 90 °C.  UV exposing (365 nm) the 
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honeycomb mask was done on a stepper with energy of 110 mJ·cm-2 and developed in PLSI 
developer, using diluted 1:1 PLSI:deionized-water for 90 sec. In this way, honeycomb arrays 
of 23 x 23 mm were produced at 14 different locations of the 6-inch Si wafer. RIE was 
performed in an Inductively Coupled Plasma system from Surface Technology Services 
(STS), using the so-called Bosch process [1]. 

Individual electrodes were laser-cut in order to obtain 14 individual samples (diameter of 
2.9 cm) per deposition batch. 
 
2.1.2. Material characterization techniques 
 
After electrochemical evaluation (c.f. section 2.2), samples of interest were rinsed in an Ar-
filled glovebox using anhydrous DMC (Sigma-Aldrich). For transportation, the samples 
were sealed inside polypropylene/aluminum/polyethylene laminated foils by hot pressing 
the foils inside the glovebox.  

The samples were analyzed by SEM, using Philips SEM XL40 FEG, Philips Nova 200 
Nanolab Small Dual Beam or FEI Quanta3D FEG microscopes, and SEM/EDX was 
performed using the EDX detector mounted on FEI Quanta3D FEG. The samples were 
prepared for TEM using FIB200 equipment (Focused Ion Beam). TEM studies were 
performed using a TECNAI F30ST TEM operating at 300 kV. 

In order to determine the amount of active materials, Rutherford Backscattering 
Spectrometry (RBS) measurements were conducted using two detectors, one mounted at a 
backscatter angle of 170° with respect to the incoming He+ ion beam (nominally 2 MeV) 
and one at a variable angle (here 110°). The former detector results in better layer thickness 
accuracies whereas the latter gives the best mass resolution. Measurements were carried out 
in the so-called channeling conditions with the primary ion beam normal to the surface. In 
order to check the homogeneity of deposition, Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) was conducted on thin nitride thin films. The layer was 
dissolved in a mixture of hydrochloric acid and nitric acid under high temperature and high 
pressure in a microwave oven (Multiwave 3000 system from Anton Paar). After cooling 
down, the solution was diluted to a known volume and the amount of Sn was determined 
using a 4300 DV ICP-OES system from Perkin Elmer. 

For measuring XPS, Quantera SXMtm XPS equipment from Ulvac-PHI was employed. 
The XPS chamber has a base pressure of at least 1.33·10-8 mBar. The measurement angle 
was set at 45° and the beam size was 100 m rastered over an area of 0.5 by 1.2 mm. 
Generally, charge neutralization was applied. The spectra are shifted in such way that the 
hydrocarbon peak is located at 284.8 eV. 

Ex situ XRD was measured using a Panalytical XPert Pro diffractometer equipped with a 
Cu source to generate K radiation (1.54 Å). Si substrates were tilted by an angle of 3° in 
order to suppress the strong crystalline Si reflections. The in situ electrochemical XRD cell 
was mounted on a Philips PW 1835 horizontal diffractometer. Gonio (-2) scans were 
recorded using a Cu source to generate K radiation.  
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X-ray absorption spectra were recorded at the Dubble facility of the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France. Energy calibration was carried 
out with a pure Ge metallic thin film. Data were collected at the Ge K-edge in fluorescence 
mode with a 9-channel solid-state detector. The electrode surface and the fluorescence 
detector were respectively placed at angles of 45° and 90° with respect to the incoming 
beam. Energy selection was done by a double crystal Si (111) monochromator. Background 
removal was carried out by standard procedures with the VIPER software. EXAFS analysis 
was then performed with EXCURV98 on kn-weighted unfiltered raw data using the curved 
wave theory. Phase shifts were derived from ab initio calculations using Hedin-Lundqvist 
exchange potentials and Von Barth ground states as implemented in EXCURV98. The radial 
distances reported in the text are phase-corrected. The electrochemical cell was operated 
with a continuous or intermittent current in order to vary the Li content of the Ge thin films 
(c.f. section 2.2). 

119Sn transmission Mössbauer spectra were recorded on Sn-based layers in the constant 
acceleration mode using components manufactured by ORTEC and WissEl. The source used 
for these experiments was 119mSn embedded in a CaSnO3 matrix. The velocity scale was 
calibrated with the magnetic sextet of a high-purity iron foil as reference absorber and 57Co 
(Rh) was used as source. The spectra were fitted to Lorentzian profiles by the least-squares 
method using the WINISO program. The quality of the refinement was controlled by the 
classical χ2 test. All isomer shifts are given with respect to the room temperature spectrum 
of BaSnO3. The maximum experimental error on hyperfine parameters is estimated to be  
± 0.05 mm·s-1. 
 
2.1.3. Electrochemical characterization 
 
Two electrochemical measurement setups were employed. The first setup was used to 
determine the electrochemical characteristics of the electrode materials while the second 
setup served the in situ electrochemical XRD and XAS measurements.  

The first setup consisted of three-electrode cylindrical electrochemical cells, made of 
Teflon and with a maximum volume of about 40 ml. These cells were assembled in an Ar-
filled glove-box. The samples (Si substrates covered by materials) were mounted as working 
electrode while pure Li foils (Sigma-Aldrich) were used as both counter and reference 
electrodes. The liquid electrolytes, comprising of 1M LiClO4 dissolved in Propylene 
Carbonate (PC) and 1M LiPF6 dissolved in Ethylene Carbonate/Diethyl Carbonate 
(EC/DEC, 1:1 v/v) or EC/Dimethyl Carbonate (DMC)/DEC (2:2:1 w/w/w), were 
provided by Puriel, Techno, Semichem Co., Ltd, Korea. Unless otherwise stated, the 
electrochemical experiments were conducted with the LiClO4-based electrolyte. The cells 
were placed in a stainless steel holder that was thermostatically controlled at 25 °C. 
Contaminants in the glove-box (water and oxygen) were below 1 ppm.  

The in situ XRD setup was composed of a specially-designed cell made of PVDF. A 
photograph of the cell is presented in Figure 2.1a. Inside an Ar-filled glove box, a PEEK foil, 
covered by Ti (5 nm), TiN (400 nm) and the electrode material (Ge or SnNx), was attached 
to the open lateral side of the cell. Then, the body was filled with the LiClO4-based 
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electrolyte. The foil attachment system ensured a proper electrical contacting of the films via 
a copper ring, which is sealed from the electrolyte with an O-ring. Subsequently, pure Li 
ribbons were attached to crocodile clamps placed underneath the cover. Subsequently, the 
cover was tightly closed. The external electrical contacting of the Li ribbons as reference and 
counter electrodes was done through the cover by means of sealed electrical connections. 
For the in situ XAS, a Plexiglas container was designed (c.f. Figure 2.1b). The gas inlets of 
the container were connected to high purity Ar via valves and pressure regulators. The in situ 
cell was mounted inside the container and tightly pressed onto the open side of the 
container. This side of the container presented an opening to allow the X-ray beam to 
impinge the material. The cover of the container was sealed using a double-sided adhesive 
tape and screws. The container was flushed with Ar for about one hour after which the 
outlet flow was decreased and the overpressure inside the container adjusted to about 200 
mBar.  

Galvanostatic cycling was usually performed with M4300 equipment (Maccor, Tulsa, 
USA). Cyclic Voltammetry (CV), Galvanostatic Intermittent Titration Technique (GITT) 
and EIS were conducted with an Autolab PGSTAT30 (Ecochemie B.V., Utrecht, The 
Netherlands). GITT was performed by applying approximately 40 successive increments of 
charge at 1 C-rate, followed by intermediate resting periods of 1.5 hrs. Potentiostatic EIS 
was performed after each GITT resting period, using an excitation voltage of 5 mV 
amplitude within a frequency range of 100 kHz and 100 mHz. The impedance results were 
fitted using an equivalent circuit software tool (EqCWin).   

The following convention is adopted throughout the manuscript: discharging an 
electrode material refers to Li-ion insertion (or lithiation) and charging to Li-ion extraction 
(or delithiation). 
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Figure 2.1. Photographs of the in situ setup. (a) in situ 
XRD electrochemical cell and (b) in situ cell installed 
inside the container used for measuring XAS. 
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2.2. Theory - Electrochemical methods 
2.2.1. Electrochemical charge transfer kinetics 
 
An electrochemical charge transfer reaction can be written as: 
 

RneO                   (2.1) 

 
with O and R the oxidized and reduced species.  
 
The partial reaction currents can be expressed as: 
 

 OO vFnI                  (2.2) 

RR vFnI                  (2.3) 

 
and the total current: 
 

RORO vFnvFnIII               (2.4) 

 
with the corresponding reaction rates equal to: 
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where R is the gas constant, F the Faraday constant (96485 C·mol-1), n the number of 
transferred electrons, T the absolute temperature, GO

* and GR
* are the free enthalpies for 

the activated complex, AO and AR the pre-exponential factors and O* and R* the  
potential-independent interfacial concentrations for O and R, respectively. 
 

For a change of potential to E < Eeq, the relative energy of the electrons present on the 
electrode increases by -nF(E-Eeq). The energy barrier (activation energy) for oxidation is not 
increased by -nF(E-Eeq) but by a fraction of this energy, called transfer coefficient or 
symmetry coefficient, O. Similarly, the energy barrier for reduction is decreased by a 
fraction, R=1-O.  
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This corresponds to the expressions of the energies in the form: 
 

     eqOeqOO EEFnE*GE*G              (2.7) 

     eqReqRR EEFnE*GE*G              (2.8) 

 
Obviously, GO* equals GR* at equilibrium. Substituting (2.7) and (2.8) in (2.5) and 

(2.6) and rewriting (2.4) leads to the well-known Butler-Volmer equation: 
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where the overpotential 

eqEE   and I0 is the exchange current density. 

 
2.2.2. Cyclic Voltammetry (CV) 
 
Cyclic Voltammetry is a transient technique which simply consists of applying a linear 
voltage sweep with constant scan rate v between two predetermined potential values. As a 
result, the current flowing between the working and counter electrodes is measured as a 
function of the potential difference between the working and reference electrodes. An 
example is given in Figure 2.2 for a gold electrode measured with pure Li as counter and 
reference electrodes. 

In this half-cell configuration, positive currents correspond to oxidation processes and 
negative currents to reduction processes. In the case presented in Figure 2.2, negative 
currents correspond to the consumption of Li ions by the electrode material. These currents 
are either representing the insertion of Li ions into the electrode material or surface 
reactions, such as the formation of a SEI film. The positive currents are representative for 
the extraction of Li ions from the electrode material and the oxidation of the liquid 
electrolyte.  

CV can be thoroughly described mathematically [3,4] but this is beyond the scope of this 
thesis. In the present work, CV was employed using relatively low scan rates (50 V·s-1 to  
1 mV·s-1) as a fingerprint technique to determine the reactions occurring at various electrode 
materials. In addition, this technique is also useful for measuring the amount of charge 
involved in the reactions. This can be obtained by integrating the current as a function of 
time. Knowing the amount of charge is practical for investigating the electrode material with 
other electrochemical techniques, such as galvanostatic and potentiostatic techniques. 
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Figure 2.2. Cyclic Voltammogram of a 200 nm thick gold layer measured 
at 200 V·s-1 between 0 and 4.2 V vs. Li/Li+. 

 
2.2.3. Galvanostatic and potentiostatic techniques 
 
Often referred to as chronopotentiometry and chronoamperometry, galvanostatic and 
potentiostatic techniques simply consist of applying a constant current or constant potential 
to an electrochemical system and measuring the potential and current responses, 
respectively. Similarly to CV, chronopotentiometry is useful to investigate the reactions 
happening at an electrode. An advantage over CV is that the reaction rate is fixed to a known 
value (constant current density) and the corresponding potential, which is the sum of 
thermodynamic and kinetic contributions, is measured. Chronopotentiometry can also be 
employed to measure the rate capability of an electrode system. This is commonly achieved 
by varying the applied current over several decades.  

Dis(charge) chronopotentiometric cycling was usually performed at 1 C-rate (current 
required for a charge in 1 hour, typically 40 A·cm-2 for a 50 nm thick electrode of 2 cm2) 
with intermediate relaxing period of 0.5 hr. With chronoamperometry, the system is fixed 
at a chosen potential for a certain period of time. This method offers more flexibility to 
operate systems with sluggish kinetics and to ensure that a reaction first operated in a 
galvanostatic mode gets completed by using a potentiostatic mode. 

 
 
 
 
 



Experimental and Theory  19 
 
 

 

2.2.4. Galvanostatic Intermittent Titration Technique (GITT) 
 
A GITT procedure consists of successive (dis)charge steps followed by resting periods to 
reveal experimental thermodynamic information. It employs the chronopotentiometry 
method described in section 2.2.3. A few of such steps are shown in Figure 2.3. Typical 
positive current pulses of 1 min are applied onto an electrode system during which the 
electrode potential increases. When the current is turned off, the potential relaxes until 
quasi-equilibrium is reached, in this example, after 1.5 hrs. As the amount of charge 
transferred during the current pulse is known and the equilibrium potential reached at the 
end of the resting period can be measured, quasi-equilibrium curves are generally 
constructed from a GITT measurement. Moreover, in order to describe the kinetics of an 
electrode system, it can be interesting to measure impedance at the end of each GITT 
relaxing period.  
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Figure 2.3. Succession of GITT steps showing the potential and  
current signals as a function of time. 

 
2.2.5. Electrochemical Impedance Spectroscopy (EIS) 
 
This section presents the general formulation of the impedance of a system. The impedance 
mathematical description of simple electrical elements (resistor, capacitor) and one 
combination of such elements are also presented. Moreover, a description of double layer 
models and diffusion regimes is given. Finally, the electrical equivalent circuit of a thin film 
electrode is presented. 

The impedance of a system is defined as the ratio between the voltage (U) across the 
system under investigation and the current (I) flowing through it:  
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               (2.10) 

 
with the angular frequency f2  and f  the frequency. 
 

EIS consist in applying a small sinusoidal stimulus, voltage or current, to an 
electrochemical system over a large frequency domain and measuring the current or voltage 
response, respectively. Employing a large range of frequency (MHz - mHz) is useful to 
describe electrochemical processes of different characteristic time scales. For an 
electrochemical system of voltage Udc, a small AC voltage disturbance (Uac) is generally 
applied and the response in current is measured. In the complex domain, the total voltage U 
and current I can be written as: 

 
tj

mdcacdc eUUUUU              (2.11) 

 tj
mdcacdc eIIIII             (2.12) 

  

with Um and Im the amplitude of the AC voltage and current, respectively, 1j  ,  the 
phase difference and Idc the DC current. 

 
For example, the impedance of a resistor is purely real and equals R. That of a capacitor 

is equal to 1/jC, which can be derived from the calculation in the complex domain of: 
 

UCj
dt

dU
CIc               (2.13) 

 
Plotting the imaginary part of the impedance –ZIm() as a function of the real part 

ZRe() results in a so-called Nyquist plot. This way of plotting is convenient to use for 
electrochemical systems since resistor, capacitor and their combinations can easily be 
represented. Indeed, a resistor consists of a single point on the x-axis: 

 

RZR                (2.14) 

 
and the impedance of a capacitor is represented by a 90 line normal to the x-axis: 

 

 



C

j
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The equivalent circuit of a capacitor C1 in parallel to a resistor R1 in series with a 
capacitor C2 is shown in Figure 2.4a. The corresponding impedance can be mathematically 
described by [5]: 
 

 2121

2

CCRjCCj

CRj1
)(Z




            (2.16) 

 
The impedance is presented in a Nyquist plot for different C1/C2 ratios in Figure 2.4b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4. Impedance of a capacitor in parallel with a resistor in series 
with another capacitor. (a) Electric circuit and (b) corresponding Nyquist 
plot for several C1/C2 ratios (corresponding values next to the curves). 

 
The circuit is represented by a semi-circle followed by a 90 vertical line in the Nyquist 

plot. The top of the semi-circle of width R is characterized by the condition 1CR 1  . The 
vertical line represents the capacitive behavior associated with C2. It is clear that the start of 
this capacitive line strongly depends on the C1/C2 ratio. 

In a half-cell configuration, the current flows between the counter and working 
electrodes in such way that electrons travel through the external circuit and ions across the 
electrolyte. The transportation of electrons through the external circuit can be considered as 
a purely resistive phenomenon (RS), although the wiring and connections provoke small 
capacitances and inductances which can be neglected in this work. The ionic transport 
through the electrolyte will result in an ionic resistance (RION) and a geometric capacitance 
(CG), which are related to the ionic and dielectric properties of the electrolyte, and to the 
cell geometry. At the working electrode/electrolyte interface, a double layer capacitance is 

0.3   0.1 10-4 

(a) 

C
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C
2
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created which consists of charges (solvated ions on the electrolyte side and electrons on the 
electrode side) separated by a distance of the ionic length scale. Several models for the 
double layer are presented in Figure 2.5. 
 

 
Figure 2.5. Several models for the electrical double layer. The ions in the diffuse layer 
are depicted without a solvation shell for simplicity. However, these ions are obviously 
solvated. 
 
The model proposed by Stern takes into account the solvation of ions and the existence 

of a diffuse layer and combines the models proposed by Helmholtz and Gouy and Chapman. 
It was later extended by Grahame who introduced the specific adsorption of non-solvated 
ions [3] which is not presented here. 

The charge transfer reaction between electrons and ions, generally described in (2.1), 
occurs at this interface. The total current (I) during an electrochemical reaction is equal to 
the faradic current involved in the charge transfer reaction (IFar) and the current (Idl) charging 
the electrical double layer capacitance (Cdl): 

 

dt

dE
C

Z

E
III dl

Far
dlFar               (2.17) 

 
The charge transfer resistance (RCT) is the limit at infinite pulsations of the faradic 

impedance (ZFar). The polarization resistance (RP) is by definition equal to the inverse of the 
I-E slope. It is also the limit at 0 pulsations of the faradic impedance (ZFar).  
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At equilibrium, the polarization resistance is inversely proportional to the exchange 
current density according to: 

 

0eq,P nFI

RT
R                (2.18) 

 
Assuming that ion transportation is not limited, it can be demonstrated that the 

polarization (RP) and charge transfer (RCT) resistances are equal at equilibrium [3]. In turn, 
this means that the charge transfer resistance, which can be obtained by EIS, is inversely 
proportional to the exchange current density as given by (2.18).  

After reaction at the electrode/electrolyte interface, Li ions diffuse from the surface to 
the bulk of the electrode material. Two types of transport conditions can generally be used 
for describing diffusion transport processes. The first one characterizes the transport by 
diffusion in a semi-infinite medium and is also called Warburg diffusion. This situation is 
represented in Figure 2.6. 

 

 
Figure 2.6. Concentration profile associated with semi-infinite diffusion. 

 
Warburg hypothesized that the concentration perturbation is transmitted with 

attenuation to the infinite. This situation is also often referred as semi-infinite diffusion. The 
expression of Warburg impedance is: 
 

  4/j
W eZ 




              (2.19) 

 

with  
LiLi

M

dx

dE

DAFz

V
               (2.20) 

 
in which VM is the molar volume, 1z   the charge carried by Li, A the electrode surface 
area, DLi the diffusion coefficient for Li ions and xLi the concentration of Li in the host [6]. 
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According to (2.19), it is obvious that the representation of the Warburg impedance in a 
Nyquist plot is a 45 line. If the electrode is supported by a substrate impermeable for the 
diffusing species, the transfer of these species at the electrode/substrate interface is null. In 
this situation, the film thickness (d) and diffusion coefficient (DLi) of the diffusing species will 
determine the shape of the concentration profile according to Fick’s laws. Qualitatively, it is 
obvious that extremely thin layers of a material showing a high diffusion coefficient for Li 
ions will hardly present a concentration gradient. The corresponding impedance will be 
similar to the situation of low C1/C2 ratios, as shown in Figure 2.4. In contrast, in the case 
of thick films of a material having a small diffusion coefficient for Li ions, the electrode will 
most likely present a concentration profile similar to that presented in Figure 2.6, or 
perhaps even more pronounced. This will be represented by a Warburg impedance. 
Intermediately, for moderate layer thicknesses and diffusion coefficients, intermediate 
concentration profiles will develop. The corresponding diffusion is also known as restricted 
linear diffusion. It is characterized at high angular frequencies by a behavior similar to 
Warburg diffusion and consists of a capacitive line at low angular frequencies. Such a 
situation is depicted in Figure 2.7. 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 2.7. Impedance representing the diffusion 
impedance of a thin film supported by an impermeable 
substrate, also known as restricted linear diffusion. 

 
Based on the above considerations, the corresponding equivalent circuit of a planar 

electrode system (planar surface area A and electrode thickness d) can be represented 
generically by the equivalent circuit shown in Figure 2.8. 
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Figure 2.8. Equivalent circuit for a planar 
electrode covered by an electrolyte layer. 
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e
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 ,  is the permittivity of vacuum and  the 

permittivity of the electrolyte material, e the electrolyte layer thickness and Zdiff represents 
any sort of diffusion process within the electrode material. 
 
2.3. Theory - Characterization methods 
2.3.1. X-Ray Diffraction (XRD) 

Crystalline solids are constituted by a periodic arrangement of an atomic unit cell. 
Orthogonal structures can be easily described using translations of the unit cell in three 
directions (given by three orthogonal vectors) by distances equal to the lattice parameters a, 
b and c. The geometric characteristics of the three types of orthogonal structures, i.e. cubic, 
tetragonal and orthorhombic, are listed in Table 2.2. 

 
Table 2.2. Dimension characteristics of orthogonal structures. 

Type of 
structure 

Lattice parameter 
constraint 

Direction vector angle 
constraint 

Cubic abc  
Tetragonal ab≠c  

Orthorombic a≠b≠c  
 

These structures share an orthogonal base and can have a direction-dependent repetition 
(lattice) parameter. Cubic structures are relatively simple as the lattice parameter is the 
same in all directions.  Some typical cubic structures are represented in Figure 2.9. 
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Figure 2.9. Schematic representation of primitive (a), body centered (b) 
and face centered (c) cubic structures. 

 
In a primitive cubic structure, only the cube corners are occupied by atoms. Body 

centered and face centered cubic structures, as their names suggest, also exhibit atoms at the 
center of the cube body or at the center of the cube faces, respectively. 

The crystallographic planes inside a cube can be described using Miller indices. The 
indices (h k l) are obtained by taking the reciprocal value of the intersection of an axis with a 
plane of interest. For instance, the (100) plane is obtained at x = 1/1 = 1 and y and z being 
infinite. Some planes for a cubic structure are presented in Figure 2.10. 
 

 
 

Figure 2.10. Schematic representation of various planes inside a cubic structure. 
 

When a crystallographic structure is radiated with a monochromatic light having a 
wavelength close to the lattice geometric variations, interference can occur. Specific X-rays, 
for instance K radiation of Cu (1.54 Å), have a wavelength in the same range as the typical 
dimensions for crystal lattices and are therefore often used. In a crystal, constructive 
interference occurs when the inter-planar distance (d) and the angle between the 
crystallographic planes and the impinging light () are such that the additional distance 
travelled by the light between two crystallographic planes is proportional to the light 
wavelength () by a positive integral multiplier (n). This situation is schematically depicted 
in Figure 2.11. 
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Figure 2.11. Schematic representation of the 
diffraction of a monochromatic light by crystal 
planes. The additional distance travelled between 
two crystallographic planes by an impinging light 
incident with an angle  is colored in grey. 

 
The additional distance travelled by the light between two crystallographic planes 

(colored in grey) is equal to 2 d sin. The constructive interference condition is fulfilled 
when 2 d sin = n , which is the Bragg’s law. Thus, measuring the light intensity reflected 
by a given sample for a range of 2 values results in a pattern displaying the diffraction of 
specific crystallographic planes. For orthogonal structures (c.f. Table 2.2), it can be 
demonstrated that the inter-planar distance d(hkl) follows: 
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Thus, measuring the diffraction angles resulting from known crystallographic planes allows 
determining the lattice parameters of a crystalline structure. 
 
2.3.2. Mössbauer spectroscopy (MS) 
2.3.2.1. Mössbauer effect 

 
This effect was discovered by Rudolf Mössbauer who was awarded with the Nobel Prize in 
Physics 1961, and is also known as the "recoil-free resonant absorption of gamma radiation". 
Typical gamma-ray energies range from 5 to 200 keV with extremely narrow emission and 
absorption lines (typically from 10-17 to 10-5 eV).  

d 

 





28 Chapter II 
 
 

 

During emission (absorption), gamma-ray lines (E) of an atom are shifted to lower 
(higher) energies by an amount equal to the recoil energy (ER): 
 

2

2

R cM2

E
E                (2.22) 

 
where M is the recoiling mass and c the light velocity.  
 

The recoil energy (ER) transferred to the nucleus by the absorption or emission processes 
(conservation of energy and momentum) is in the range 10-4 to 10-1 eV. As ER is several 
orders of magnitude higher than the line width (0) (for 57Fe, ER = 2·10-3 eV while  
0 = 4.6·10-9 eV), absorption and emission lines are generally out of resonance. As atoms 
are moving due to random thermal motion, the gamma-ray energy has a spread of values ED 
caused by the Doppler effect. This produces a gamma-ray energy profile as schematically 
represented in Figure 2.12. To produce a resonant signal the absorption and emission 
energies need to overlap, as shown by the grey-shaded area. In reality the overlapping is 
much smaller.  
 

 
Figure 2.12. Resonant emission and absorption of gamma-ray 
radiation. The overlap (grey-shaded area) is exaggerated. 

 
When atoms are within a solid matrix the effective mass of the recoiling nucleus is 

however much higher. The recoiling mass is now effectively the mass of the whole system, 
making ER and ED very small (c.f. (2.22)). If the gamma-ray energy is small enough, the 
recoil of the nucleus is too low to be transmitted as a phonon (vibration in the crystal 
lattice). Thus, the whole lattice recoils, which makes the recoil energy practically zero and a 
recoil-free event. Consequently, only recoil-free absorption/emission processes, i.e. 
without excitation of phonons in the source or the absorber, contribute to the Mössbauer 
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effect, which implies that Mössbauer spectroscopy is limited to solid samples. A remaining 
limiting resolution is the natural line width of the excited nuclear state. The line width (0) 
is related to the mean lifetime of the excited state () before it decays by emitting the 
gamma-ray according to the Heisenberg’s uncertainty principle: 
 

0               (2.23) 

 
where 2lnt 2/1  (t1/2 is the half-life time of the considered isotope) and ħ the reduced 
Planck constant). 
 
As resonance only occurs when the transition energy of the emitting and absorbing nucleus 
exactly match, the Mössbauer effect is isotope specific. 

The relative number of recoil-free events (and hence the strength of the signal) is 
strongly dependent upon the gamma-ray energy and so the Mössbauer effect is only detected 
in isotopes with very low lying excited states. Similarly, the resolution is dependent upon 
the mean lifetime of the excited state. These two factors limit the number of isotopes that 
can be used successfully for Mössbauer spectroscopy. The mostly used element is 57Fe, 
which has a very low energy gamma-ray and long-lived excited state, matching both 
requirements very well. Its gamma-ray line width is 4.6·10-9 eV is extremely small 
compared to the Mössbauer gamma-ray energy of 14.4 keV, which gives a resolution of  
1 in 1012. This exceptional resolution is of the order necessary to detect the hyperfine 
interactions in the nucleus. 

The recoil-free fraction, also called Lamb-Mössbauer factor and which characterizes the 
fraction of emission and absorption events taking place without exchange of recoil energy, 
increases when the mean squared vibrational displacement (msvd) of the Mössbauer atoms  
<x2> decreases according to:  
 

)xk(expf 22                (2.24) 

 
where k is the wave vector of the gamma-ray.  
 
Qualitatively, the recoil-free fraction decreases when the msvd increases, and vice versa. In 
order to establish temperature dependence of the recoil-free fraction, lattice vibration 
models, such as the Debye model, are generally used to describe the msvd [7]. For a given 
lattice system, it can be shown that the recoil-free fraction increases when the temperature 
decreases.  

The extremely narrow spectral lines cannot be resolved by gamma-ray detectors. 
Instead, the energy of the gamma-rays from the source is slightly varied by the Doppler 
effect. The energy of gamma-rays emitted from a nucleus moving with a velocity v along the 
gamma-ray propagation direction is shifted by a first-order linear Doppler effect (ED’): 
 



30 Chapter II 
 
 

 

 E
c

E 'D

v
              (2.25) 

 
A radioactive material containing the desired mother isotope is used as source. Its 

radioactive decay populates the excited nuclear state of the desired isotope which, in turn, 
emits the gamma radiation by transition to its nuclear ground state. This radiation can then 
be absorbed by nuclei of the same isotope in the absorber, which is the sample subjected to 
characterization. A description of the emission-absorption processes is given for 57Fe in 
Figure 2.13. 57Fe has received a lot of attention since Fe is the main component of steel.  
Similarly, 119Sn isotope, which has a natural abundance of 8.59%, can be used for probing 
Sn-containing materials. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.13. Emission and absorption of gamma-ray radiation 
for 57Fe. The mother isotope is 57Co, which transforms to 57Fe 
by K-shell electron capture. Transition to the nuclear ground 
state of 57Fe produces the 14.4 keV gamma radiation used for 
Mössbauer spectroscopy. 

 
2.3.2.2. Hyperfine interactions 
 
Hyperfine interactions result from electric and magnetic interactions between the nucleus 
and electronic charges. The effect on the nuclear energy is small but can be easily detected 
by Mössbauer spectroscopy. One can distinguish three main interactions that influence the 
shape of the Mössbauer spectra, of which two are of interest for the study of Sn-based 
materials: the monopole and quadrupole interactions. 



Source Absorber

57Fe

270 d 
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2.3.2.2.1. Monopole interaction (Isomer shift) 
 
The monopole interaction is the result of the Coulomb interaction between the nuclear and 
electronic charge distributions over the finite size nucleus. This interaction leads to a shift of 
the nuclear energy levels that depends on the nuclear spin. As a result the value of the 
nuclear transition energy, En (where n denotes the nuclear transition which is for example 
1/2 - 3/2 for 119Sn), depends on the electron distribution ((r)) within the nucleus. The 
Mössbauer isomer shift ( is defined as the difference between the values of En for the 
absorbing material and a reference material. The isomer shift is usually expressed as: 

 

))0()0(( ref              (2.26) 

 
where (0) and ref(0) are the electronic charge density at the Sn nucleus of absorbing and 
reference materials, respectively, and  is dependent on the nucleus and can be written in 
velocity units as: 
 

22 ReZ
E

c

5

2







            (2.27) 

 

in which Z is the atomic number, e the electron charge and 2R  the change in mean 

squared charge radius of the nucleus on excitation from its ground state to the excited state 
of energy E.  
 

Thus,  is a constant for a given isotope and  is a measure relative to a reference 
material for the electronic charge density at the nucleus of the Mössbauer isotope. For 119Sn, 
0 which means that  varies as (0). The value of (0) can be evaluated from first 
principles calculations [9-11] or can be related to the valence electron populations from 
some simple models [12,13]. The s-electrons density at the nucleus is affected by the valence 
electrons. Thus, the measurement of  yields information on the oxidation states of the 
Mössbauer isotope in the absorbing material. In the case of 119Sn  can be expressed at room 
temperature as a function of the effective numbers of Sn 5s and 5p electrons according to: 

 

p5s5
2

s5s5 NN17.0N20.0N10.345.0            (2.28) 

 
where N5s and N5p are the effective Sn 5s and 5p electron numbers, respectively [14]. 
Although the validity of this expression is limited, it shows that  strongly depends on N5s 
and should have rather different values for SnIV (N5s/N5p=0/0), Sn0 (N5s/N5p=1/3) and SnII 
(N5s/N5p=2/0), where here N5s and N5p represents the formal electron numbers.  
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In most cases the Sn 5p electrons only provide small changes for  compared to those due 
to Sn 5s electrons. Thus, the value of the isomer shift generally increase in the following 
sequence 

 
ionic SnIV (~5s0) < covalent SnIV (5sa 5pb 5dc) < covalent SnII (5sa’5pb’)< ionic SnII (~5 s2) 

 
when a, b, c, a’, b’ are the degrees of occupation of the bonding electron orbitals. 
 

The Mössbauer lines can also display a temperature shift. The temperature shift can be 
interpreted as the lattice vibrational energy difference due to the relativistic mass change of 
the nucleus when a photon is emitted or absorbed. This phenomenon is analogous to a 
second-order Doppler shift (SODS) of the Mössbauer resonance arising from the time 
dilatations due to the lattice vibrational velocity. Qualitatively, the temperature shift is 
characterized by an increase of the Mössbauer line position at lower temperatures [7].  
 
2.3.2.2.2. Quadrupole splitting 
 
The second interaction results from the non spherical nuclear charge when the nuclear 
angular moment quantum number is greater than 1/2. This is the quadrupole interaction 
between the nuclear quadrupole moment and the electric field gradients due to asymmetric 
electron distribution around the nucleus. In the simple case of 1/2 to 3/2 nuclear spin 
transition, this asymmetry leads to the splitting of the 3/2 nuclear levels and a simple 
expression of the energy difference between these two levels, called quadrupole splitting, is 
given by: 
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where Q is the nuclear quadrupole moment of the excited state, Vzz is the main component 
of the diagonalized tensor of the electric field gradients and  is the asymmetry parameter 
defined by: 
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with xxyyzz VVV  .  

 
Thus, the quadrupole splitting is directly related to the electric field gradients at the 

nucleus and provides information on the asymmetry of the charge distribution. The electric 
field gradients can be evaluated from first principles calculations [9-12] or from point charge 
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models [11]. The effects of the two electric interactions on the nuclear levels are 
schematically represented in Figure 2.14. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.14. Nuclear transitions in 119Sn: (a) free nucleus, (b) nucleus surrounded by a 
symmetrical electron distribution (isomer shift) and (c) nucleus surrounded by an 
asymmetrical electron distribution (quadrupole splitting). 
 

In a Mössbauer spectrum, the monopole interaction is represented by a single peak for 
which the position of the maximum absorption equals the isomer shift (E2), and the 
quadrupole splitting is represented by a double peak response. The corresponding peaks are 
symmetrical with respect to the isomer shift (E2) and are separated by the value of the 
quadrupole splitting (Q).  
 
2.3.3. Electron microscopy 
 
Scanning and Transmission Electron Microscopy are conventional imaging vacuum 
techniques which utilize secondary, backscattered or transmitted electrons to form grey-
shaded images. SEM was used in order to inspect samples morphology and measure 
geometrical dimensions. TEM was used to investigate the (nano)crystallinity of layers. 
 
2.3.4. X-ray Photoelectron Spectroscopy (XPS) 
 
When a material is exposed to X-ray photons of energy h, part of the energy is absorbed by 
electrons to overcome the electrons binding energy (Eb) and another part is transferred to 
electrons in the form of kinetic energy (Ek). The energy balance can be written as: 

 

 kb EEh              (2.31) 

 
where h is the Planck constant, is the light frequency (=c/ with  the wavelength of 
the incoming  photons) and  is the instrumental work function. 
 

I=3/2 

I=1/2 

(a) free nucleus (b) symmetrical environment (c) asymmetrical environment 
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As the energy of the X-ray source is known (typically Al K source of 1486.7 eV) and a 
reference element can be used in order to determine , measuring Ek of the ejected 
photoelectrons allows determining Eb. These energies are tabulated and variations from the 
expected energies give information about the chemical environment of the studied elements 
(e.g. oxidation state or surrounding ligands). In order to measure the energy of ejected 
photoelectrons, the sample under investigation is placed under vacuum so the ejected 
photoelectrons can escape from the material and be accelerated towards the analyzer. 
However, only the electrons of the top surface (typically 5 nm) can escape from the material 
since the electrons kinetic energy is limited by the energy of the X-ray source and 
photoelectrons released from deep layers lose their energy by collisions with matter to reach 
the material surface [15]. 
 
2.3.5. X-ray Absorption Spectroscopy (XAS) 
 
The incoming photon energy can be varied continuously using a synchrotron radiation 
source coupled with a monochromator. The possibility to continuously change the X-ray 
energy offers interesting possibilities far beyond those provided by lab-scale X-ray tubes 
exploited in XRD or XPS. First, much higher X-ray energies with high intensities can be 
employed. Moreover, the continuous energy change can provide useful information about 
the X-ray absorption energy-dependence of a material. Indeed, XAS can provide information 
about the local ordering of materials (interatomic distance, coordination number and change 
in valence states) [16]. The absorption of X-rays can be monitored as a function of the 
incoming X-ray photon energy either by transmission or X-ray fluorescence methods. In the 
case of transmission, Lambert’s law applies: 
 

x)E(
0t eII                (2.32) 

 

where tI  and 0I  are the intensities of the transmitted and incoming beams, respectively,  
the absorption coefficient and x the sample thickness. In the case of detection by X-ray 
fluorescence,  ~ IF/I0. 
 

Before the absorption edge, a smooth absorption coefficient, monotonically decreasing as 
a function of the photon energy (E), is observed. When the energy of the incoming photon 
equals that of the electron binding energy, a rise in the absorption occurs due to the ejection 
of the bound electron. At higher energies, the ejected photoelectron travel as a spherical 
outgoing wave, with the photoelectron wave number k equal to: 
 

 b2
EE

m2
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             (2.33) 

 
with m the electron mass. 
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For isolated atoms, the photoelectrons can travel unhampered and the absorption 
coefficient  decreases monotonously as a function of energy after the absorption edge. 
However, if atoms are neighboring the atom responsible for the photoelectron ejection, the 
outgoing electron wave will be scattered back. Thus, the final state of the electron will be 
determined by the sum of the outgoing and backscattered electron waves. This summation 
can result in constructive or destructive interference patterns, depending on the atomic 
configuration and the photon energy, and is represented by a modulation of the absorption 
spectrum beyond the absorption edge. 

The EXAFS function )k(  describes the modulation character of the absorption 
coefficient as follows: 
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              (2.34) 

 
where )k(0  is the absorption coefficient of the isolated atoms. 
 

If the atomic diameter is considered small in comparison with the interatomic distance, 
the outgoing electron wave can be treated as a plane wave (“small atom approximation”). 
The relationship between the absorption coefficient and the structural parameters is obtained 
when taking into account only single scattering and using the atomic potentials obtained 
from the muffin-tin approximation [17,18]: 

 
      kRk2sinkG

Rk

kFN
)k( jjj

j
2
j

jj 



          (2.35) 

 
with jN  the number of atoms in the coordination shell,  kFj  the backscattering amplitude 

from each neighboring atom in the jth shell, jR  the coordination distance,  kj  the total 

phase shift of the photoelectron and  kG j  a term containing corrections for the finite 

electron mean free path and disorder such as: 
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with  kS2
0  the correction for relaxation effects in the emitting atom, 2

j  represents the 

mean square displacements of atoms in the sample, the term  2
j

2k2exp   accounts for 

dynamic disorder (caused by lattice vibrations) and static disorder if atoms of the same 
coordination shell have slightly different distances to the central atom.  
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The inelastic losses in the scattering process of the electron travelling through the solid are 

represented by the term 









 jR2
exp in which  is the inelastic mean free path of the 

electron. 
 

The first part of the EXAFS function (c.f. (2.35)) contains information on the amplitude 
of each scattering contribution. This amplitude is proportional to the number of atoms in the 
shell jN  and inversely proportional to the square of the coordination distance jR . Each 

element has specific phase function and backscattering amplitude than can be calculated [19] 
or obtained by measuring reference compounds. Hence, when the phase shift and 
backscattering amplitude are known, the structural parameters jN  and jR  can be derived 

from )k( .  
X-ray absorption spectra commonly consist of two areas of interest, which are near-edge 

spectroscopy and extended fine structure. A typical XAS spectrum obtained by X-ray 
fluorescence for a pure Ge thin film is presented in Figure 2.15.  
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Figure 2.15. Typical Ge K-edge XAS spectrum for a pure Ge thin 
film. Different areas of interest are denoted on the figure. 

 
X-ray Absorption Near-Edge Spectroscopy (XANES) is related to the absorption edge 

and represents the increase of X-ray absorption due to the matching between the X-ray and 
electron binding energies. The position of the edge with respect to a reference sample can 
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give information about the change in oxidation state of the probed atom. In the present 
study, changes in the edge position could be expected when Li ions are inserted/extracted 
into/from the Ge thin films. 

The EXAFS part of the spectrum describes energies beyond the edge. At these energies, 
electrons have sufficient kinetic energies to be ejected from the atom core and after 
backscattering from the neighboring atoms, modulation will occur (c.f. (2.35)). kn-weighted 
EXAFS and corresponding Fourier Transform (FT) are useful for qualitatively analyzing the 
data (estimation of the number of atomic shells). As discussed earlier, fitting the 
experimental data with a model, here a single shell of Ge atoms, allows determining 
coordination numbers and interatomic distances. The corresponding experimental and 
modeled data for the EXAFS of a pure Ge thin film are shown, as an example, in Figure 
2.16. 

The k3-weighted and FT functions indicate that the material consists of a single atomic 
shell, which is obvious when taking a look at Figure 2.16b. The radial distance reported on 
the x-axis is not corrected by the phase shift (c.f. (2.35)). Thus, only the results of the fitting 
give realistic structural parameter values, which are in this case equal to a coordination 
number of 4 and an interatomic Ge-Ge distance of 2.47 Å. Typical statistical error 
accuracies for the as-prepared Ge material are ± 0.005 Å for the interatomic distance and  
± 7.5% for the coordination number. During the in situ electrochemical XAS measurements, 
the Li content was varied using a galvanostat either in a continuous or intermittent 
galvanostatic mode (c.f. section 2.2). As the Li content increases, the accuracies decrease due 
to the loss of Ge backscattering atoms (c.f. section 6.2.3), typically up to ± 0.025 Å for the 
interatomic distance and ± 40% for the coordination number of the fully lithiated material. 
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Figure 2.16. Treatment of the EXAFS part of the XAS spectrum 
obtained for a pure Ge thin film (c.f. Figure 2.15). (a) k3-weighted 
EXAFS and (b) FT of k3-weighted EXAFS as a function of non phase-
corrected radial distance. Both experimental and model data are 
presented. 
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Chapter III 
 

Lithium barrier layers  
for integrated microbatteries1 

 
Abstract 
 
Integration of solid-state batteries into silicon substrates requires an effective shielding of the 
substrate material from lithium. Silicon is a promising negative electrode material since it is 
able to insert large quantities of lithium (c.f. Chapter IV). This uptake leads to drastic 
volume changes which can be detrimental for the battery operation. To prevent lithium 
from penetrating the substrate material, a lithium barrier layer can be placed in between the 
substrate and the negative electrode material. The aim of such layer is twofold: effectively 
block lithium from entering the substrate material and conduct electrons to the negative 
electrode.  

This chapter deals with the investigation of suitable lithium barrier layer materials. In 
analogy with the work performed on copper barrier materials, thin films of TiN, Ta and 
TaN have been selected as potential barrier materials for lithium. In order to measure the 
ability of these candidates, cyclic voltammetry and electrochemical cycling have been used. 
TiN, which shows the most beneficial barrier properties, is investigated in more detail. It is 
found that the quantity of Li reversibly stored in TiN is proportional to the layer thickness. 
This indicates that some Li (less than 0.02 Li/TiN) can be stored in the bulk of TiN. 

A comparative study of sputtered and ALD TiN films is presented. Interestingly, it is 
found that ALD TiN is capable of storing less Li than sputtered TiN. It is assumed that Li is 
stored as a solid solution within the TiN structure or at the grain boundaries. The tilting-
XRD results indicate that ALD TiN films have a strong preferred orientation of their {200} 
planes parallel to the substrate surface while sputtered TiN has a slight preferred orientation 
of the {111} planes. In addition, the size of TiN crystallites in ALD films is larger than that 
of sputtered TiN, which perhaps indicates a storage mechanism at the grain boundaries. 

 

                                                 
Part of this chapter is based on the following publications: 
L. Baggetto, R.A.H. Niessen, F. Roozeboom, P.H.L. Notten, Adv. Funct. Mater. 18 (2008) 1057.  
L. Baggetto, J.F.M. Oudenhoven, T. van Dongen, J.H. Klootwijk, M. Mulder, R.A.H. Niessen, M.H.J.M de 
Croon, P.H.L. Notten, J. Power Sources 189 (2009) 402.  
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3.1. Introduction 
 
The need for Li barrier layers has been described in detail in Chapter I. The objective of the 
material is twofold: it should be a good electronic conductor to serve as a current collector 
while blocking the transport of Li to prevent the loss of charge carriers from the negative 
electrode material to the substrate.  

Cu is an element for which barrier layers have been extensively investigated for the use 
in interconnects [1]. As the diffusion of an element is strongly dependent on its size, suitable 
materials normally used as Cu barriers were investigated as potential barrier layer materials 
for Li. The adopted strategy to investigate the barrier properties against Li was to evaluate 
the electrochemical reactions occurring when barrier layer candidates were used as a cover 
onto n++-doped Si substrates.  

Section 3.2.1 presents the XRD and electrochemical characterization (CV and 
galvanostatic cycling) of reactively sputtered thin films of TiN, Ta and TaN.  

Section 3.2.2 describes the differences between sputtered and ALD TiN materials from 
electrochemical and structural perspectives. Sputtering is not a favorable deposition 
technique for growing layers onto 3D geometries. As a result of shadowing, the step 
conformal capability of sputtering deposition into 3D substrates is quite limited. ALD is 
based on a very different deposition process which allows the growth of step conformal 
layers onto 3D geometries [2]. Thus, the investigation of ALD TiN barrier properties is 
particularly interesting. 
 
3.2. Results and discussion 
 
Si, which is widely used as a substrate material in the microelectronic industry, can store 
large amounts of Li (c.f. Chapter IV). When Si is electrochemically inserting Li ions, drastic 
volume changes occur. These changes can induce severe mechanical constraints to the 
substrate material and detrimentally affect its mechanical integrity. Figure 3.1 shows SEM 
photographs of a Si substrate after Li-ion insertion and extraction. It is clear that the 
substrate has been mechanically damaged due to the severe volume expansion and shrinkage. 
Crystallographic facets seem to be preferentially “decorated” by cracks. This observation 
clearly shows the necessity to investigate barrier layers for Li. 
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Figure 3.1. SEM photographs of the surface of a Si substrate after electrochemical Li-ion 
insertion and extraction. Note the different magnifications. 
 
3.2.1. Potential lithium barrier layer materials (sputtered TiN, Ta and 
TaN) 
 
TiN, Ta and TaN were selected as potential Li barrier layer materials. The layers were 
prepared onto n++-doped Si substrates using magnetron sputtering (c.f. 2.1.1.1) and were 
characterized with RBS and XRD. RBS showed that the stoichiometric materials were 
covered by a very thin surface oxide (about 2 nm). The XRD patterns for these layers are 
presented in Figure 3.2. The broad peak at 69° originates from the Si substrate as it was 
tilted by 3° to suppress its strong diffraction peaks. The XRD patterns indicate that cubic 
TiN (a) and TaN (b) are formed while the coexistence of tetragonal and cubic Ta (c) was 
measured. The relative intensities of the diffraction peaks do not match those of the 
reference pattern, which indicates that the films are preferentially oriented (also called 
textured). Moreover, the peak width is dependent on the crystallographic direction, which 
indicates an orientation-dependent crystallite size. More information about the preferred 
orientation is given in section 3.2.2 for TiN. 



44 Chapter III 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2. XRD patterns of as-prepared TiN (a), TaN (b) and Ta (c). The reference 
patterns for cubic TiN, cubic TaN and Ta (bcc Ta (red) and tetragonal Ta (black)) are 
inserted in the graphs. 

 
The cyclic voltammograms (CV) of 70 nm thick Ta, TaN and TiN layers deposited on 

planar n++-doped Si substrates are presented in Figure 3.3. The CVs clearly show that TiN 
and TaN have a very low reactivity with respect to Li-ion insertion/extraction. This is 
clearly represented by the low currents measured on the entire potential range. On the 
other hand, pure Ta metal shows a substantially higher affinity towards Li-ion 
insertion/extraction. The pronounced reduction and oxidation currents indicate a reversible 
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insertion of Li ions into and extraction of Li ions from Ta, at around 0.2 and 0.4 V, 
respectively. The origin of these peaks is not completely understood. As Ta and Ti do not 
alloy with Li under equilibrium conditions [3,4], these peaks might either be due to the 
formation of metastable alloys or perhaps result from the insertion of Li ions in the form of a 
solid solution. Moreover, it is clear that the charge involved during reduction is much higher 
than that involved during oxidation. This substantial irreversibility most likely results from 
the formation of a SEI layer.  

The inset of Figure 3.3 presents the galvanostatic charging capacities obtained using the 
same samples. These galvanostatic measurements provide useful information about the 
amount of charge reversibly involved during repeatedly cycling. As expected from the CVs, 
the reversible capacities of the nitride materials are substantially lower than that of pure Ta 
films for a large number of cycles. Hence, it can be concluded that the use of nitrides as 
barrier layers is most beneficial, in particular TiN. 
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Figure 3.3. Electrochemical reactivity of 70 nm thick sputtered TiN, Ta 
and TaN barrier layers towards Li-ion (de)insertion. The main plot shows 
the initial CV at 1 mV·s-1 and the inset presents the galvanostatic cycling 
reversible capacities obtained at 3 A·cm-2 between 0 and 3 V. 

 
Figure 3.4 presents the reversible storage capacity of sputtered TiN films during 

galvanostatic (dis)charging experiments as a function of layer thickness. The relationship 
between the stored capacity and thickness is linear. This linearity implies that the amount of 
charge, reversibly inserted in and extracted from TiN, is proportional to the amount of TiN 
and can therefore be considered as a bulk effect. This also means that under the current 
experimental conditions, Li-ion insertion/extraction reactions are not limited by the 
diffusion of Li within TiN.  From the slope of this line and based on RBS results, the amount 
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of Li involved in the reversible storage reaction can be calculated. Here TiN only reversibly 
exchanges less than 0.02 Li per TiN formula unit. For comparison, Ta reversibly exchanges 
about 0.09 Li per Ta atom.  
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Figure 3.4. Relationship between the storage capacity and the film 
thickness for sputtered TiN layers upon galvanostatic cycling at 3 A·cm-2 
between 0 and 3 V. 

 
Even though these amounts are extremely low, it is relevant to realize that traces of Li 

might diffuse through the TiN layer into the underlying Si substrate. It is known that metal 
contamination, such as Cu but also Li in dielectric films will strongly influence their 
electrical properties, which can, in turn, disrupt oxide-based integrated circuit devices [5]. 
In order to further reduce the amount of Li ions inserted in TiN, alternative deposition 
techniques that are also capable of step conformal deposition into 3D geometries should be 
investigated. Interesting possibilities might be offered by ALD, for which it is known that 
different structural properties can be achieved [6]. In addition, ALD offers the possibility to 
grow step conformal layers into 3D features, which makes this technique very attractive for 
the deposition of TiN. 
 
3.2.2. Comparative study of ALD and Sputtered TiN thin films 
 
TiN films of 60 nm grown by ALD onto n++-doped Si substrates were evaluated as potential 
Li barrier layers. The galvanostatic cycling of ALD-TiN is compared to that of sputtered TiN 
(PVD-TiN) in Figure 3.5. It is clear that the amount of charge reversibly exchanged by 
ALD-TiN is substantially lower than that of PVD-TiN. The difference in thickness (10 nm) 
cannot account for the large difference in storage capacity (~50% more for PVD-TiN). The 
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reasons for this difference in storage capacity are most likely related to difference in 
chemical composition or structure of these layers. 
 

0

0.1

0.2

0.3

0.4

0 25 50

R
ev

er
si

b
le

 c
ap

ac
it

y 
(

A
h

/c
m

2 )

Cycle

PVD

ALD

 
Figure 3.5. Storage capacity for ALD and sputtered TiN layers upon 
galvanostatic cycling at 3 A·cm-2 between 0 and 3 V. 

 
The cyclovoltammograms for both types of TiN materials are presented in Figure 3.6 for 

the 1st, 3rd and 10th scans. The first cyclic voltammogram for PVD-TiN shows higher 
reduction currents at potentials above 0.8 V and lower reduction currents at potentials 
below 0.8 V. During oxidation, rather broad peaks are measured at about 1.6 V for ALD-
TiN and PVD-TiN. The intensity of these oxidation currents is higher for PVD-TiN, which 
indicates that the material was able to insert more Li ions during reduction. In both cases, 
the oxidation currents are much lower than the reduction currents, which is indicative of 
large irreversible amounts of charge spent during the first CV scan. Most likely, the 
corresponding reduction currents are due to surface oxides reduction and SEI formation. 

During the subsequent CV scans, the oxidation peaks do not substantially evolve for both 
materials, which is indicative that the amount of Li stored inside TiN remains nearly the 
same during cycling. The reduction currents, however, have substantially decreased for both 
materials. This confirms that a large part of the reduction currents observed during the first 
CV scan are related to irreversible reactions. For the 3rd scan, a reversible response is 
measured for both materials above 0.5 V while irreversible currents are visible below 0.5 V. 
For the 10th scan, the reversible response above 0.5 V remains mostly unchanged while the 
reduction currents below 0.5 V continue to decrease.  
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Figure 3.6. CV of ALD and sputtered TiN layers at 1 mV·s-1 
between 0 and 3 V. 

 
The main differences between sputtered and ALD TiN responses concern the reduction 

currents above 1.5 V and below 0.5 V and the oxidation currents above 1.2 V. In the case of 
sputtered TiN, the higher reduction currents above 1.5 V and the higher oxidation currents 
above 1.2 V indicate that a larger amount of Li ions is reversibly inserted/extracted from the 
TiN structure. Below 0.5 V, the reduction currents are nearly identical at the 3rd scan while 
at the 10th scan those of ALD TiN have clearly decreased but that of sputtered TiN have 
remained mostly unchanged. This difference is most likely related to a difference in SEI 
formation. 

TiN has a cubic structure analogous to NaCl [7]. In order to understand the differences in 
electrochemical reactions, the as-prepared TiN layers were characterized with XRD. Tilting 
experiments were performed on the as-prepared layers in order to check for preferred 
orientation. The results for the TiN (200) peak at 242.6 are plotted in Figure 3.7. The 
centre of the pole figures corresponds to the non tilted sample and the edge corresponds to 
90° tilt. The intensities corresponding to the colors are given by the color bar. If there is no 
preferred crystallographic orientation of the crystallites, the intensity in a pole figure should 
be more or less constant. In case of preferred orientation, regions with high intensity will 
become visible. For both films, 4 dark spots are visible in the pole figures at a tilt angle of 
about 45° and originate from the Si substrate (the Si (220) peak is close to the TiN (200) 
peak). These spots are separated by a rotation of 90, which originates from the symmetry 
of the cubic structure.  
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Figure 3.7. Pole figures obtained from X-ray diffraction tilting experiments, 
showing the intensity of the TiN (200) peak as a function of tilt and rotation 
angles, for the sputtered (a) and ALD (b) TiN layers. 

 
The TiN (200) pole figure of the sputtered layer (Figure 3.7a) shows a broad ring with 

somewhat higher intensity of the TiN (200) peak between tilt angles of about 45° and 65°. 
This corresponds to a slight preferred orientation of the TiN crystallites with their {111} 
lattice planes parallel to the sample surface (in cubic crystal structures the {200} lattice 
planes make an angle of 54.7° with the {111} lattice planes). In addition, there is no 
substantial dependence of the intensity on the rotation angle. Hence, the sputtered layer has 
a slight fiber texture, with a <111> fiber axis parallel to the sample normal. The TiN (200) 
pole figure of the ALD layer (Figure 3.7b) shows a higher intensity in the centre (0° tilt 
angle) and near the edge (90° tilt angle) of the figure. Thus, a preferred orientation of the 
TiN crystallites, with their {200} lattice planes parallel to the sample surface, is present for 
the ALD films. Moreover, there is no dependence of the intensity on the rotation angle, 
which means that the crystallites can take any orientation around the <100> direction 
perpendicular to the surface. Hence, the layer has a fiber texture, with a <100> fiber axis 
parallel to the sample normal. This difference in crystallite orientation between the ALD and 
sputtered TiN films can perhaps be related to the difference in reversible storage capacity. 

Ex situ XRD measurements were performed to characterize possible changes in 
crystallographic structure before and after prolonged cycling. The ALD film was cycled 200 
times. The XRD patterns of the as-deposited sputtered and ALD films and the pattern of an 
ALD film after cycling are presented in Figure 3.8. Again, the broad peak around 69° 
originates from the Si substrate. As already observed from the tilting experiments, a strong 
(200) preferred orientation is visible for the ALD film and a slight (111) preferred 
orientation in the case of the sputtered layer. Assuming that the peak width is only 
determined by the crystallite size, i.e. local variation of the lattice spacing due to defects and 
other inhomogeneities are neglected [8], the widths of the (200) peaks correspond to 
crystallite sizes of 30 and 10 nm, for ALD and PVD TiN, respectively, and the width of the 
(111) peak corresponds to a crystallite size of 20 nm. Moreover, the XRD patterns do not 
reveal noticeable changes between the as-deposited and cycled ALD TiN. As found for 

 

(a) (b) 
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sputtered TiN, the amount of Li ions inserted in ALD TiN is low. Thus, it is reasonable to 
conclude that the inserted Li ions do not alter the structure of TiN. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8. XRD patterns of as-deposited sputtered and ALD TiN films 
and of the same ALD TiN film after 250 galvanostatic cycles. The 
reference pattern for TiN is indicated as bars. 

 
The reaction mechanism for alloying nitrides is often assumed to be a conversion reaction 

where the nitrogen in MNx reacts irreversibly with Li to form Li3N [9]. In the case of non-
alloying elements M, the reaction is usually reversible [10] and expressed as: 
 

MNx + 3x e- + 3x Li+     Li3N + M            (3.1) 
 
As Ta and Ti do not alloy with Li under equilibrium conditions [3,4], such reversible 

reaction is expected for TiN. Thus, 3 Li are expected to reversibly react per TiN formula 
unit. However, it is clear that no such reaction occurs with TiN as less than 0.02 Li per TiN 
formula unit are reversibly inserted into and extracted from the TiN host structure. In the 
case of sputtered TiN, the reversible storage capacity is proportional to the amount of 
material. This means that surface reactions (SEI formation, decomposition of native oxides) 
cannot explain the origin of the reversible capacity. Thus, Li ions are perhaps stored at the 
grain boundaries or as a solid solution within the TiN cubic structure. 

Using XRD patterns, it was calculated that the grain size of ALD TiN is larger than that 
of sputtered TiN. This could perhaps further substantiate the storage mechanism of Li at the 
grain boundaries of TiN. Nevertheless, more research is required to elucidate the exact 
storage mechanism of Li inside TiN structure. 
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The electrochemical results confirm that TiN is a promising Li barrier layer candidate. 
ALD TiN is a particularly interesting material as it reacts even less than sputtered TiN. 
Moreover, ALD is a suitable technique for growing step-conformal thin layers into 3D-
structured substrates, potentially enabling future 3D-integrated all-solid-state batteries [2]. 
The combination of ALD TiN and poly-Si as 3D negative electrode stacks for integrated 
batteries is therefore very attractive and is presented in Chapter V. 

3.3. Conclusions 
 
Potential Li barrier layer candidates (TiN, Ta and TaN) deposited by magnetron sputtering 
have been investigated. The electrochemical data suggest that TiN is most suitable as a Li 
barrier layer since it only absorbs less than 0.02 Li per TiN formula unit. Thus, TiN will be 
applied extensively as a barrier layer and current collector for the study of potential negative 
electrode candidates (c.f. Chapters IV-VII). Moreover, a detailed comparison of the 
electrochemical response and crystallographic preferential orientation of sputtered and ALD 
TiN films has been presented. ALD films show better barrier properties, which is perhaps 
related to their strong preferred orientation of the {200} planes parallel to the sample 
surface or to their larger crystallite size. Ex situ XRD measured after electrochemical cycling 
has not shown significant changes of the TiN crystallographic structure, which indicates that 
the material does not react significantly. ALD is a suitable technique for growing step-
conformal thin layers into 3D-structured substrates, which makes the technique suitable for 
creating 3D negative electrode stacks (c.f. Chapter V). 
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Chapter IV 
 

Silicon thin film electrodes2 
 
Abstract 
 
Silicon is an attractive negative electrode material for lithium-ion batteries as it presents a 
very high storage capacity (3579 mAh·g-1 or 8303 mAh cm-3). Although the material faces 
extremely large volume changes upon Li-ion insertion/extraction, thin films have the 
capability to reversibly operate for a long time. Si undergoes several structural 
transformations during the electrochemical reaction. The material is known to crystallize in 
metastable cubic Li15Si4 at full discharge, however, the intermediate reaction products are 
not known. 

The electrochemical properties of poly-Si thin films are presented. Using various 
electrochemical tools, the thermodynamic and kinetic properties of the electrochemical 
reaction are measured and the reactions occurring during the electrochemical reaction are 
explained in detail. Moreover, the influence of the liquid electrolyte on the cycle life of the 
electrode material is investigated for two liquid electrolytes and when the electrode material 
is covered by a solid-state electrolyte. The characterization of the Si/electrolyte interfaces 
by means of SEM shows the presence of thick SEI layers which negatively affects the cycle 
life while the capacity retention remains very high when the electrode thin film is covered by 
a solid-state electrolyte layer. 

The electrochemical activation of several evaporated Si electrode/electrolyte interfaces is 
investigated for two liquid and two solid-state electrolytes. These results are correlated with 
a TEM characterization of an as-prepared electrode/electrolyte stack in order to quantify the 
deposition impact of the solid-state electrolyte material. The results show that the solid-state 
sputter deposition induces the formation of an interlayer material which needs to be 
converted during the initial electrochemical discharge. After activation, the charge transfer 
kinetics for the different electrode/electrolyte systems are measured as a function of 
temperature, and the corresponding activation energy determined. 

                                                 
Part of this chapter is based on the following publications: 
L. Baggetto, R.A.H. Niessen, F. Roozeboom, P.H.L. Notten, Adv. Funct. Mater. 18 (2008) 1057. 
L. Baggetto, J.F.M. Oudenhoven, T. van Dongen, J.H. Klootwijk, M. Mulder, R.A.H. Niessen, M.H.J.M. de 
Croon, P.H.L. Notten, J. Power Sources 189 (2009) 402. 
L. Baggetto, R.A.H. Niessen, P.H.L. Notten, Electrochim. Acta 54 (2009) 5937. 
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4.1. Introduction 
 
The choice of utilizing Si as negative electrode material for Li-ion batteries lies in the fact 
that Si shows very high practical gravimetric and volumetric storage capacities, i.e. 3579 
mAh·g-1 and 8303 mAh·cm-3, respectively, assuming complete conversion into Li15Si4 [1-5]. 
When Si is electrochemically alloyed with Li up to Li15Si4, the increase in volume of the host 
material is as high as 280% [1-5]. This induces large stress constraints, which can result in 
severe degradation of the electrode material [6-9]. Si thin films, on the other hand, are able 
to accommodate this stress much better and can maintain their mechanical integrity for a 
longer cycling duty [10-23].  

The reaction mechanism of Si has been investigated by several characterization methods. 
XRD was employed in situ on thin film and powder electrode systems and revealed the 
formation of cubic Li15Si4 as the end member of the electrochemical system [2-5]. Although 
Li21Si5 is the Li-richest member of the Li-Si binary system reported in the phase diagram 
[24], it does not form electrochemically at room temperature. Instead, a metastable 
structure not found in phase diagrams, i.e. cubic Li15Si4, is formed. However, at high 
temperatures it is possible to electrochemically obtain the various intermediate Li-Si 
crystalline phases and ultimately form Li21Si5 [25-27]. The formation of the equilibrium 
phases results from a much higher mobility of Li and Si atoms at high temperatures. Indeed, 
at high temperature the atoms can rearrange according to the structure of the 
thermodynamically stable phases. At room temperature, however, the mobility of the 
elements is restricted. As Li-Si phases have complex structures with little structural 
similarities [24,28], it is unlikely that the continuous transformation of, or epitaxial growth 
on, the parent phases occur. Instead, a disordered material is likely to form. This was 
confirmed by XRD, which showed that the material remains XRD-amorphous until 
metastable cubic Li15Si4 is formed [2-5].  

Investigating with High Resolution TEM the amorphous materials formed prior to the 
crystallization into Li15Si4 actually revealed that nanocrystalline small domains (~2-3 nm in 
size) are formed [28]. A recent investigation by means of Electron Diffraction (ED) 
confirmed the formation of a nanocrystalline intermediate [29]. The latter investigation also 
simulated Electron Energy Loss Spectroscopy (EELS) results using ab initio Density 
Functional Theory (DFT) calculations. A reasonable agreement for the formation of the LiSi 
phase was found. The reaction of crystalline Si was proposed as the formation of a medium 
range ordered (MRO) LiSi phase followed by the crystallization into cubic Li15Si4. Another 
study based on DFT calculations focused on the determination of the energy levels within 
the LiSi phase [30]. An average potential of about 0.4 V was obtained after calculation, 
which is about 70 mV higher than the value obtained experimentally during high 
temperature measurements [25-27].The authors concluded that the transformation of pure 
Si into LiSi results in the weakening of the Si-Si bonds, which is reasonable if Si is “diluted” 
by Li to a large extent. Moreover, the electron density of Li atoms in LiSi appeared to 
become more negative compared to pure Li with a negative charge of about -0.83. Other 
studies focused on the reaction mechanism of Si by means of Nuclear Magnetic Resonance 
(NMR) [31] or by using 119Sn as a probe during the MS of SnxSi1-x alloys (x < 0.15) [32].  
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Using ex situ NMR on model compounds and lithiated Si electrodes, Grey et al. found 
two types of environment for Si atoms: Si-Si bonds and isolated Si atoms [31]. For the model 
compounds, increasing the Li concentration resulted in a change of the NMR spectra from a 
configuration with only Si-Si bonds to a configuration with both and finally with only 
isolated Si atoms. These results are in accordance with the structure of the crystalline Li-Si 
phases. Indeed, Li12Si7 and Li7Si3 consist only of Si-Si bonds, Li13Si4 possesses both 
configurations and Li15Si4 and Li21Si5 are exclusively composed of isolated Si atoms. 
Galvanostatically lithiated electrodes, however, showed a slightly different NMR response. 
Upon Li-ion insertion, isolated Si atoms were formed first, together with small quantities of 
Si-Si bonds. Upon further insertion, the signal of both Si-Si bonds and isolated Si atoms 
continued to increase. The increase in Si-Si bonds signal is related to the continuation of the 
conversion of crystalline Si into Si-Si bonds. Subsequently, the signal associated to Si-Si 
bonds decreased along with the increase of signal associated to the isolated Si atoms. This 
corresponds to the situation where all crystalline Si is consumed and the Si-Si bonds are 
cleaved to form more isolated Si atoms. In situ NMR results were in accordance with the ex 
situ data although the former results indicated that Li15Si4 structure can accommodate a slight 
excess of Li ions [31]. The evolution of the Si configurations measured with NMR indicates 
that the local arrangement of Si and Li atoms at the early stage of Li-ion insertion is quite 
different from the progression of arrangement of Li-Si crystalline compounds. 

Using 119Sn as a probe during Mössbauer experiments, Dahn et al. monitored the changes 
of the 119Sn MS main parameters (i.e. isomer shift and quadrupole splitting) as a function of 
Li content [32]. Two compositions were investigated: Si87Sn13 and Si93Sn7. The 
electrochemical reaction of the former composition is represented by two slopes (or quasi-
plateaus) during Li-ion insertion and extraction. The latter composition, however, is 
represented by a wide plateau during Li-ion extraction, which most likely results from the 
delithiation of a crystalline Li15(Si0.93Sn0.07)4 material. During Li-ion insertion, the MS results 
indicated an increase of the quadrupole splitting until the Li/Si ratio reached 1.3 after which 
the quadrupole splitting decreased to its original value. According to the authors, the 
increase (decrease) of the quadrupole splitting indicates the creation (absence) of an 
asymmetrical environment induced by the Li atoms surrounding the Sn atoms.  When Li 
ions are inserted, Sn atoms start being surrounded by Li, which would create an asymmetry 
of the charge distribution at the Sn nuclei. Further insertion of Li ions would result in the 
complete surrounding of Sn atoms by Li, which would lead to a more symmetrical 
environment. The decrease of the quadrupole splitting back to its original value was found 
for the composition corresponding to the step visible in between the two quasi-plateaus. As 
a consequence, the authors hypothesized that this step represents the atomic configuration 
when Sn (and Si) atoms are surrounded only by Li atoms. It should be noted that this 
configuration is only encountered for the compounds Li15Si4 and Li21Si5. Moreover, the 
hypothesis of Dahn et al. [32] is not supported nor directly contradicted by the NMR data 
presented by Grey et al. [31] who focused only on the initial Li-ion insertion of Si. However, 
the latter results clearly showed that isolated Si atoms are found only at the very end of the 
discharge when the potential is close to 50 mV. As presented in the next section, the very 
end of the discharge of a crystalline Si electrode is identical for the first and subsequent 
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discharges. Hence, the hypothesis that the step between the two quasi-plateaus is related to 
the complete surrounding of Si atoms by Li is most unlikely. 

This brief overview illustrates the complexity of the reaction mechanism of the Si 
electrode system. The investigation of LPCVD poly-Si thin film electrodes presented in this 
chapter focuses on different fundamental aspects of the reaction mechanism. The properties 
of the electrochemical reaction, i.e. thermodynamics and kinetics, are discussed for poly-Si 
thin film electrodes. These properties were measured using CV, GITT, EIS and rate 
capability measurements. Moreover, the impact of the electrolyte chemistry on the 
electrode cycle life was investigated in combination with ex situ SEM. The discussion of these 
results is presented in section in 4.2.1.  

Evaporated Si thin films were used in order to investigate the impact of solid-state 
electrolyte sputter-deposition. TEM of the as-prepared stacks, electrochemical activation of 
the electrode/electrolyte interface for both liquid and solid-state electrolyte systems and 
temperature dependence of the charge transfer kinetics studied by EIS are discussed in 
section 4.2.2.  
 
4.2. Results and discussion 
4.2.1. Electrochemical properties of Si thin film electrodes 
 

The electrochemical properties of 50 nm thick poly-Si electrodes deposited on top of 70 
nm thick TiN barrier layers were investigated. RBS was applied to determine the 
composition and mass of the layers. Knowing the precise mass is essential in obtaining an 
accurate value for the storage capacity. Typically, a 50 nm Si layer of 1.77 cm2 is equivalent 
to an active mass of about 20 g. A patterning procedure was performed in order to obtain 
well-defined discs of known surface areas. Patterning was achieved by means of standard 
photolithography and selective etching of Si with respect to the TiN Li barrier and current 
collector layer. Figure 4.1 shows a SEM cross-section of the electrode stack where the edge 
of the Si disc is shown. It is clear that a very good etching selectivity was obtained with 
respect to TiN as no etching of TiN is observed. Moreover, the photograph gives an 
indication about the layer roughness. TiN appears to be very smooth whereas poly-Si shows 
a higher roughness.  
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Figure 4.1. SEM photograph of an as-prepared LPCVD poly-Si thin film 
electrode. 

 
The first two (dis)charge cycles of a poly-Si electrode are presented in Figure 4.2. The 

first discharge (black line) is accompanied with two small quasi-plateaus at about 1.5 and 0.8 
V separated by slopes, and a small plateau at 440 mV for 0.5 Li/Si. Subsequently, the 
potential reaches a wide plateau at about 110 mV for a composition of about 1 Li/Si. This 
wide plateau continues until a composition of 3.25 Li/Si is reached (c.f. inset). Next, a small 
potential step is observed after which a small plateau is visible at 70 mV from 3.5 to 3.75 
Li/Si.  Finally, an additional potential step is observed followed by a small plateau at 20 mV 
from 4.17 to 4.27 Li/Si and full insertion at 4.33 Li/Si. During charge, a wide plateau is 
observed between 410 and 450 mV until a composition of about 2.1 Li/Si is reached, after 
which several slopes are measured. During the subsequent discharge, a different potential 
response is measured (grey line).  Two quasi-plateaus separated by a voltage step at 2.65 
Li/Si are observed, followed by the same small plateau at 20 mV at the very end of 
discharge. During charge, a response nearly identical to that measured during the first cycle 
is observed.  

The irreversibility measured during the first cycle is 0.52 Li/Si (12%). The amount of 
charge irreversibly consumed during the initial discharge is related to the reduction of the 
native surface oxide and to the SEI formation. These reactions most likely correspond to the 
charge spent during the beginning of the first discharge, as represented by the sloping 
potential region, two quasi-plateaus (at about 1.5 and 0.8 V) and small plateau at 440 mV 
until the composition reaches 0.5 Li/Si. During the subsequent cycle, the irreversibility is 
much lower, only 0.04 Li/Si or 1%, but not zero. This low value most likely indicates that 
the SEI layer continuously forms. The charge capacity is equal to 3.8 and 3.84 Li/Si during 
the first and second charges, respectively.  
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Figure 4.2. First (black) and second (grey) potential profiles of poly-Si 
thin film electrodes galvanostatically measured at 40 A·cm-2 (1 C-
rate) between 0 and 3 V.  The inset is a magnification of the region at 
high Li/Si content. 

 
According to several studies, the small plateau at 20 mV at the very end of discharge 

represents the crystallization of the material into cubic Li15Si4 and the wide plateau during 
charge represents the transformation of cubic Li15Si4 into an amorphous lithiated product  
[2-4]. The discharge plateaus at 110 and 70 mV are, however, not clearly understood. The 
plateau at 110 mV is often reported as the transformation of crystalline Si into an amorphous 
lithiated product (-LixSi) of composition close to 3.5 Li/Si [4]. The second plateau at 70 
mV, however, has never been discussed. As a matter of fact, the latter plateau is not 
observed for bulk Si electrodes [3,4] and only the plateau at 110 mV is normally measured, 
followed by a slope finishing into the small plateau representative for the crystallization into 
Li15Si4 [3,4]. Bulk electrodes have much worse kinetics than thin film systems. As a result, 
the plateau at 70 mV, which is not very pronounced (c.f. inset of Figure 4.2), might overlap 
with the slopes present in between the plateaus at 110 and 20 mV so only a single slope is 
measured. Studies employing thin films focused only on amorphous materials [2,10,11,13-
22] and although two other groups studied LPCVD Si films [10,13,14], the corresponding 
deposition temperatures were too low in order to allow the crystallization of the layers into 
poly-Si. As a result, their corresponding potential profiles did not clearly display the plateau 
at 70 mV either [10,13,14]. 

Therefore, the results of poly-Si thin films presented here are unique as they combine the 
features of crystalline Si usually reported for bulk electrodes with the fast kinetics associated 
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with thin-film systems. As the initial irreversibility is 0.52 Li/Si, one can calculate the 
composition for the start and end of each individual plateaus, assuming that the SEI 
formation does not occur in parallel to Li-ion insertion in Si. Thus, the plateau at 110 mV 
would be comprised between 0.38 and 2.75 Li/Si, that at 70 mV between 2.98 and 3.28 
Li/Si and the small plateau between 3.65 and 3.81 Li/Si, with ± 0.1 Li/Si given the RBS 
accuracy. The values associated with the small plateau at the very end of discharge are in 
good agreement with the composition Li15Si4 [2-4] and indicates that the composition of the 
amorphous product prior to the crystallization into Li15Si4 is about 3.65 ± 0.1 Li/Si.  

The electrochemical response of activated poly-Si will now be presented. Figure 4.3 
shows the cyclovoltammograms of an activated poly-Si thin film electrode measured 
between 1 and 0 V (black curve) and between 1 V and 50 mV (grey curve).  

 

 
Figure 4.3. CV of an activated LPCVD poly-Si thin film electrode 
measured from 0.05 to 1 V (grey curve) and from 0 to 1 V (black 
curve) at 50 V·s-1, representing the amorphous and crystalline 
structure, respectively. The denoted peaks are described in the text. 

 
During reduction (negative currents), the black curve reveals two broad peaks ((a) and 

(b)) that correspond to transitions of Si into amorphous lithium silicides. Close to 0 V an 
additional peak (c) appears that can be ascribed to the crystallization of the material into the 
Li15Si4 cubic phase [2-4]. This peak is analogous to the small plateau at 20 mV visible during 
discharge in Figure 4.2. When extracting Li ions during oxidation essentially one sharp peak 
is visible (g). This peak represents the single-step phase transition of crystalline Li15Si4 into 
an amorphous lithium silicide of unknown composition (-LizSi). This reaction is 
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subsequently followed by the removal of all Li ions (peak (f) and following slope). However, 
if the alloying with Li is stopped at 50 mV (grey curve) only the two amorphous transitions 
are taking place ((a) and (b)). The subsequent extraction of Li ions leads to a more 
symmetrical CV, although the shape of the correlated peaks ((a) with (e) and (b) with (d)) 
are quite different. Peak (f) overlaps with peak (e) at high potentials, which indicates that the 
product LizSi resulting from Li15Si4 (peak (g)) is close in composition to the product of the 
reaction represented by peak (e).  

The thermodynamic and kinetic responses of poly-Si thin film electrodes have also been 
investigated. Obviously, the measured electrode potential under current flowing conditions 
is the sum of the equilibrium potential (Eeq), representing the thermodynamics, and the 
overpotentials (), due to the kinetics. Part of the overpotential contribution is attributed to 
the charge transfer kinetics at the interface between the Si film and the electrolyte. Another 
part results from the diffusion of inserted species inside the host material. Moreover, 
phenomena like nucleation and growth possibly contribute to . In addition, an ohmic 
potential drop is always present, resulting from contact resistances and the potential drop 
across the liquid electrolyte between the working and reference electrodes. 

The thermodynamics of the Si electrodes are determined as a function of Li content using 
GITT. Figure 4.4 presents the quasi-equilibrium curves corresponding to the dynamic 
curves shown in Figure 4.3. Curves of the derivative of the capacity with respect to the 
potential are presented as insets. It is obvious that the derivative plots are indeed very similar 
to the dynamic cyclovoltammograms presented in Figure 4.3. The positions of the different 
peaks are in this case, however, not influenced by overpotentials. The quasi-equilibrium 
curves are divided into two parts: insertion (a) and extraction (b) of Li ions. Figure 4.4a 
clearly shows the two amorphous transition stages when the potential decreases down to the 
cut-off voltage of 50 mV. During charge, the delithiation transitions remain the same as for 
discharging, giving a reversible Li/Si ratio close to 3.3. This situation is similar to the two-
peak system observed in Figure 4.3 (grey curve). 

In the case of crystalline Li15Si4 (Figure 4.4b), a small plateau is observed at the end of 
discharging (a). Extracting Li ions from a fully lithiated electrode (b) induces the conversion 
from Li15Si4 to amorphous lithium silicides, leading a reversible Li/Si ratio of about 3.7. The 
first reaction is accompanied by a rather flat plateau around 400 mV, which is similar to the 
behavior shown in Figure 4.3 (black curve). 

The area encompassed by the equilibrium curves is attributed to hysteresis, as also 
reported by others [1-23]. In intercalation materials, such as LixC6, the host structure 
remains unaltered over the range 0 ≤ x ≤ 1.  That is, there are no fundamental changes to 
the strong bond which holds the host atoms together when Li ions are intercalated in the 
structure. Indeed, Li simply fills interstitial sites and transfers some charge to the host, and 
no significant hysteresis is generally observed for such intercalation host materials. 
Hysteresis generally occurs when the state of an object is determined not only by the 
present, but also by the previous conditions. In all likelihood, the general cause for hysteresis 
in electrode materials may be the coexistence of several different chemical states of inserted 
species and kinetically hindered mutual transitions between the states. In the case of Si 
electrodes, the Si-Si bond undergoes substantial changes upon Li-ion insertion [31,32]. 
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Moreover, Li ions are not inserted in very well-defined sites, as is suggested by the sloping 
plateaus (c.f. Figures 4.2 and 4.4a) or the broad peaks in the CV (c.f. Figure 4.3), and as 
evidenced by the results from in situ XRD and NMR studies [2,31]. Thus, it is not surprising 
to measure hysteresis for Si electrodes. 
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Figure 4.4. Quasi-equilibrium potential profiles of amorphous Li-Si 
transitions (a) and with crystallization into Li15Si4 (b). The insets show 
the derivative of storage capacity with respect to potential. 

 
It was previously reported that Li15Si4 may only form from Si thin films in particular 

cases, depending on the deposition conditions, adhesion to the substrate and thickness of the 
Si film. Sputtered Si films were found to crystallize into Li15Si4 only for thicknesses above 
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2.5 m [2]. In the present study, LPCVD poly-Si films have been employed. In this case the 
film adhesion is certainly improved by the use of high temperature deposition. Furthermore, 
fewer defects will be present in these high temperature grown layers. This might explain 
why crystallization is not suppressed in these very thin LPCVD films. Similar results were 
obtained by Jung et al. using 50 nm thick LPCVD amorphous Si layers grown at 450 °C 
[13,14]. The structural changes were not pointed out by the authors but it can clearly be 
concluded from their voltage profiles that crystallization into Li15Si4 took place. On the other 
hand, evaporated Si thin films, of thicknesses from 50 nm to several microns were never 
reported to crystallize into Li15Si4 [1,11,15-22]. It is well-known that evaporated films have 
lower weight densities than sputtered and high temperature processed films, such as LPCVD 
poly-Si, which could explain why the crystallization into Li15Si4 does not occur at room 
temperature for evaporated layers. 

In a complete battery system based on LPCVD Si anodes, the occurrence of crystalline or 
amorphous silicides would lead to very different battery voltage profiles. Crystalline Li15Si4 
reveals a rather flat plateau at 400 mV during Li-ion extraction, whereas amorphous silicides 
show two slopes. In turn, the voltage profile of the complete battery system will be flatter if 
Si is allowed to crystallize. The crystalline material has a higher specific capacity than the 
amorphous material. Consequently, the total output power of a battery comprising such a Si 
negative electrode will be higher in the case of crystallized Li15Si4 since more Li is present.  

It is often hypothesized that the transition from amorphous to crystalline materials 
induces anisotropic stress at the amorphous/crystalline interface which could result in 
microcracking and in turn reduce the cycle life of the electrode material. The additional 
volume expansion associated with the formation of a Li-richer material might also induce a 
poorer capacity retention. Interestingly, the cycle life of thin film electrode systems seems 
not to be negatively influenced by the crystallization into Li15Si4, as will be presented later. 
This is probably related to the small absolute volume expansion and the good adhesion of 
high temperature-grown poly-Si thin films. 

Preventing the crystallization into Li15Si4 can be difficult to control in a full battery 
system as the charging method is generally consisting of a constant current step followed by 
a constant voltage step. During the constant voltage step the current decreases, which 
reduces the electrode overpotentials and might bring the negative electrode potential below 
the crystallization potential. Moreover, there is evidence that repeated cycling can improve 
the capability of an electrode material to crystallize into Li15Si4 [33], which further 
complicates the control of the absence of crystallization. 

Obviously, the kinetics of Li-ion insertion/extraction is also essential from an application 
point of view. To characterize the charge transfer kinetics of the Si/electrolyte interface, EIS 
was measured during the GITT measurements (Figure 4.5a). The impedance spectra 
obtained during charging Li15Si4 reveal two semi-circles, followed by a capacitor-like vertical 
line. The width of the semi-circles observed at high frequencies is almost independent of the 
potential and can therefore be attributed to the SEI response. The second semi-circle, on the 
other hand, changes substantially as a function of the electrode potential and can be 
attributed to the charge transfer reaction at the Si/SEI interface.  
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The EIS data were fitted with respect to the equivalent circuit presented in Figure 4.5b. 
As the semi-circles were depressed, constant phase elements (CPE) were adopted for both 
the SEI and charge transfer capacitances. The equivalent circuit includes a series resistance 
(RS), a SEI (RSEI parallel to CPESEI), a charge transfer (RCT and CPEdl) and diffusion (Zdiff) 
elements. 

 

 
 
 
 
 
 
 
 
 

 
Figure 4.5. (a) Impedance spectra measured during a GITT charge of 
Li15Si4 similar to that presented in Figure 4.4b, curve (b). (b) 
Equivalent circuit used to fit the EIS experimental data. 

 
By equivalent circuit fitting, the resistance, capacitance and n values are obtained for 

different Li compositions. In addition, the exchange current density (I0) can be calculated 
from RCT based on (2.18). The results are plotted in Figure 4.6.  
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Figure 4.6. Kinetics parameters extracted from EIS measurements 
performed during a GITT charge of Li15Si4, as presented in Figure 4.5a. 
The charge transfer and the SEI resistance and exchange current density 
are presented in Figure 4.6a while Figure 4.6b presents the double layer 
and SEI capacitance, and corresponding n values.  

 
It can be concluded from Figure 4.6a that the resistance associated with the SEI layer is 

almost constant. The reason for the small variations observed at high Li compositions might 
result from a more complicated fit, as is also observed for the corresponding n values. 
Another reason of the variations might be that the SEI layer is changing its composition or 
thickness upon Li-ion extraction. Similar changes were reported for other types of Si thin-

(a) 

(b) 
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film electrodes [34]. It could also be that the pathways of Li ions through the SEI material 
changes as a function of the electrode volume, therefore the overall resistance can slightly 
differ. Regarding the charge transfer kinetics, it is clear that the corresponding resistance 
decreases with increasing Li content. High values of I0 (low values of RCT) are obtained, 
which implies that the rate at which electrons are transferred at the Si/SEI interface is 
relatively fast. Figure 4.6b shows the variation of the capacitances and n values. The 
capacitance associated with the SEI layer varies between 3 and 7 F and the double layer 
capacitance varies between 40 and 80 F for an electrode having a footprint geometry of 
1.77 cm2 (Figure 4.6b). 

The overall kinetics (charge transfer and solid-state diffusion kinetics) can be assessed by 
rate capability measurements. Figure 4.7 shows, as an example, the rate capability of 
crystalline Li15Si4 during Li-ion extraction. The charge capability of Li15Si4 is investigated 
from 0.1 to 300 C-rate. Taking a closer look at the high-current charge profiles in Figure 
4.7, a potential inflection is visible at about 200 mAh·g-1, which most likely originates from 
the nucleation of an amorphous lithium silicide product from the crystalline Li15Si4 phase 
[2,3]. The subsequent plateau reflects the phase transformation of Li15Si4 into this amorphous 
lithiated Si phase. Apart from these structural considerations, it is worthwhile to emphasize 
that these Si anodes show an extremely high rate capability. For example, even when using a 
100  
C-rate current it is possible to deliver about 90% of the maximum storage capacity in only 
about 30 seconds! 
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Figure 4.7. Ohmic-drop corrected charge curves of crystalline Li15Si4 

as a function of gravimetric storage capacity for various currents (0.1 
to 300 C-rate). 1 C-rate corresponds to 40 Ah·cm-2. 
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Obviously, cycling is another key issue for rechargeable battery applications. This was 

investigated using two different liquid electrolytes, 1M LiClO4 salt dissolved in PC and 1M 
LiPF6 dissolved in EC/DEC, and LiPON as solid-state electrolyte, as presented in Figure 
4.8. Curves (a) and (b) show that cycling Si electrodes in conventional Li+-salt containing 
organic electrolytes the storage capacity is stable up to about 30 or 40 cycles but starts to 
decline sharply afterwards. Strikingly, when an inorganic solid electrolyte is used to cover 
the Si, the capacity is maintained without observing any degradation (curve (c)). 
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Figure 4.8. Cycle life of poly-Si thin film electrodes in liquid 
electrolytes consisting of 1 M LiPF6 in EC/DEC (a), 1 M LiClO4 in PC 
(b), and when covered with a LiPON solid-state electrolyte (c). 
Galvanostatic cycling was performed using a 1 C-rate current between  
0 and 3 V. 

 
After cycling, the cycled Si electrodes were subjected to SEM (Figure 4.9). The 

existence of a SEI passivation layer can be visualized by making use of Si wafers, easily 
facilitating to make cross-sections. In the case of several electrode materials, it is well known 
that the SEI layer is formed from the decomposition of the liquid electrolyte [34-39]. A 
similar process takes place at the Si/electrolyte interface where the continuous growth of 
SEI layer at the electrode surface was observed. Indeed SEM photographs reveal that a thick 
and porous SEI layer has been formed upon cycling in the case of the LiPF6-based electrolyte 
(Figure 4.9a) and LiClO4-based electrolyte (Figure 4.9b).  
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Figure 4.9. Cross-section of the Si/LiPF6-based electrolyte 
interface (a), Si/LiClO4-based electrolyte interface (b) and 
Si/LiPON interface (c) after prolonged electrochemical cycling, 
corresponding to Figure 4.8, curve (a), (b) and (c), 
respectively. The original location of the Si film is indicated but 
only observed in Figure 4.9c. 

 
The Si layer is hardly visible for electrodes cycled in liquid electrolytes, as it seems to be 

“dissolved” within the SEI layer. Strikingly, when a LiPON layer covers Si, liquid electrolyte 
decomposition does not take place and the Si layer is preserved (Figure 4.9c). Here, the SEI 
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layer is obviously completely absent and, consequently, the cycle life of the Si electrode is 
not negatively affected at all. 

The evolution of the SEI morphology was studied as a function of cycle number in both 
liquid electrolytes on fully charged electrodes. The results are presented in Figure 4.10 for 
cycle number 10 and 40. It is clear that the SEI layers grew upon cycling as a much thinner 
layer was found after 10 cycles (Figure 4.10a) than after 40 cycles (Figure 4.10b), and the 
SEI kept the same complex morphology upon growth. A very porous material, with a 
columnar structure, has grown rather homogeneously on top of the electrode material.  
 

 
 

 
 

 
 

Figure 4.10. SEM photographs of poly-Si thin film electrodes deposited 
onto TiN, cycled with the same electrolyte (1 M LiPF6 in EC/DEC). 
Photographs (a) and (b) were respectively taken after 10 and 40 cycles and 
photograph (c) is a cross-section view of Figure 4.10b. 
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The growth of the SEI layer formed in the LiPF6-based electrolyte is represented in 
Figure 4.11. The thickness of the film is plotted as a function of cycle number.  
 

 
Figure 4.11. Thickness of the SEI layer grown on top of poly-Si thin film 
electrodes in 1 M LiPF6 in EC/DEC. The values were obtained from the 
SEM cross-sections similar to those presented in Figure 4.9. 

 
 A clear linear relationship is observed, which indicates that the SEI continuously formed 

during cycling. Indeed, a film of about 1 micron was found after 40 cycles. The SEI layer 
was more than one order of magnitude thicker than the original Si electrode thickness. 

In the case of Si electrodes cycled in the LiClO4-based electrolyte, it was found that the 
morphology of the SEI film formed on top of poly-Si anodes changed substantially upon 
cycling. Figure 4.12 shows some SEM photographs taken at different cycle numbers. It 
seems that more cycling leads to a denser SEI layer. Indeed, the SEI layer observed after 10 
cycles (Figure 4.12a) reveals an ‘island-like’ morphology. After 20 cycles, the islands have 
been grown and partly agglomerated (Figure 4.12b). When cycled 30 times, the sample 
reveals a more or less continuous SEI film and the gaps between the islands visible in Figure 
4.12b are now filled (Figure 4.12c). Finally, after 40 cycles (Figure 4.12d), the film appears 
denser but shows more irregular suppressions that might be due to increasing stress within 
the layer. As also observed for the electrodes cycled in the LiPF6-based electrolyte, the Si 
layer is again not visible at the electrode/SEI interface. 

The inspections of these cycled Si electrodes in the two liquid electrolytes indicate that 
the formation and the growth of a SEI layer are most likely responsible for the capacity decay 
of the electrodes. As known from literature, SEI films are usually composed of materials that 
are poorly electronically conductive [34-39]. The Si films were not visualized during the 
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SEM inspections, which is most likely indicative that Si gets gradually embedded within the 
SEI material. Consequently, the active Si clusters become electronically isolated, resulting in 
a loss of reversible capacity. 
 

 
 
 

 
 
 

 
 
 

 
 

Figure 4.12. SEM photographs of poly-Si thin film electrodes deposited onto TiN, 
cycled at different stages in 1 M LiClO4 in PC. The left-hand side photographs were 
taken with a tilting angle and the right-hand side photographs are corresponding 
cross-sections. The samples were cycled 10 (a), 20 (b), 30 (c) and 40 (d) times. 

 
The cycle life of an n+-doped poly-Si electrode covered by a LiPON solid-state 

electrolyte layer was also investigated under several cycling conditions. LiPON was 
deposited using 25 sccm N2 in contrast to the standard deposition reported in Table 2.1. 
First, the electrode was cycled 1000 times between 0.05 and 0.8 V during discharge and 
charge, respectively. This corresponds to the situation when the electrode material does not 
crystallize into Li15Si4. Subsequently, the electrode cycling was extended to 0 V during 
discharge while the cut-off voltage was kept at 0.8 V during charge. In this case, the 
electrode crystallized into Li15Si4. The cycle life data is presented in Figure 4.13. 
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Figure 4.13. Cycle life of a LiPON-covered 50 nm thick n+-doped poly-Si 
thin film electrode measured at 1 C-rate for two cut-off potential 
conditions (from 0.05 to 0.8 V and from 0 to 0.8 V). The inset is a 
magnification of the first cycles to emphasize on the initial irreversibility. 
IN and OUT represent discharge and charge capacities, respectively. 

 
The electrode/solid-state electrolyte stack withstood 2000 cycles with a decent storage 

capacity. Although some variations of storage capacity are visible, the capacity remains high 
and close to expectations. At the beginning of cycling between 0.05 and 0.8 V, there is some 
decrease of the capacity until it stabilizes around 35.6 Ah·cm-2. The initial capacity 
difference represents about 20% of the total capacity obtained during discharge  
(41.7 Ah·cm-2). This difference results from the conversion of an interlayer material 
formed during sputter deposition of LiPON (c.f. 4.2.2) but also results from the restriction 
of potential applied at 0.8 V during charge. Indeed, it is clear from Figure 4.2 that 
restricting the potential at 0.8 V will lead to a decrease of the reversible capacity to 85% of 
the maximum reversible capacity. When switching to the full discharge with a cut-off at 0 V, 
the capacity increases to 42.7 Ah·cm-2, somewhat decreases and then stabilizes back to  
42.3 Ah·cm-2. The capacity increase when switching to 0 V is expected since additional 
charge can be transferred to the electrode material between 0.05 and 0 V (c.f. Figure 4.2). 
Based on the value of this reversible capacity increase (7.1 Ah·cm-2), it can be calculated 
that the initial discharge capacity of the same electrode discharged to 0 V would be equal to 
about 48.8 Ah·cm-2 and the subsequent charge capacity would therefore equal about  
40.4 Ah·cm-2. The initial Li-ion extraction capacity of the same electrode charged up to  
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3 V would amount to about 47.5 Ah·cm-2 since the limitation at 0.8 V induces a restriction 
of Li-ion extraction capacity of 85%. Thus, the irreversible capacity associated with the 
conversion reaction of an interlayer material should be about 1.3 Ah·cm-2, which 
corresponds to about 2.6% of the full discharge capacity. 

Although the extension of the potential to 0 V during discharge induces the 
crystallization of the material into Li15Si4, no detrimental effect was observed on the capacity 
retention. Thus, the hypothesis that the stress constraints induced by the amorphous to 
crystalline transition (from amorphous lithiated Si to cubic Li15Si4) may decrease the lifetime 
of Si electrodes is not valid for these thin films. Thicker Si films have less stable cycle life 
than thinner layers due to the higher absolute volume changes. In order to enhance the cycle 
life of the thicker electrodes, it has been shown that roughening the substrate surface on 
which Si films are deposited can be very favorable [15-22]. Takamura et al. reported, for 
instance, very good cycling of a 3.6 m thick evaporated Si film deposited onto roughened 
copper substrates with a stable storage capacity of more than 2000 mAh·g-1 (about 60% of 
the maximum capacity) for 60 cycles [22]. Another approach to improve the cycling of a thin 
film electrode material might consist of limiting the extent of Li-ion insertion and/or 
extraction reactions. Indeed, if the electrode material is not forced to fully expand or fully 
contract during cycling, it can be able to cope for a longer cycling time with the stress 
constraints induced by the less important volume changes. As an example, Figure 4.14 
presents the cycle life results for 200 nm thick evaporated Si films measured between 0 and 
0.7 or 3 V.  

 
Figure 4.14. Cycle life of 200 nm thick evaporated Si electrodes 
measured at 1 C-rate for two cut-off potential conditions (from 0 to 0.7 
or from 0 to 3 V). 
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Restricting the electrode cycling to 0.7 V limits Li-ion extraction (shrinkage) while a 
cut-off at 3 V can be considered as the full extraction of Li ions from the electrode material. 
As a result, the cycle life is drastically improved. Indeed, although 100% of the Li ions can 
be extracted at 3 V, a poor cycle life is measured whereas a limitation to 0.7 V limits the 
storage capacity to 80% of its maximum but provides a stable storage capacity for about 50 
cycles. A visual inspection of the sample cycled between 0 and 3 V revealed that most of the 
Si layer had delaminated while the layer cycled between 0 and 0.7 V was still attached to the 
substrate after cycling. This observation confirms that limiting the extent of shrinkage 
prevents detrimental mechanical degradation. In addition, it could indicate that the capacity 
decline observed after 50 cycles for the electrode cycled between 0 and 0.7 V is not caused 
by mechanical delamination. As found for poly-Si electrodes, it is likely that the SEI growth 
detrimentally affects the kinetics of the electrode material, which in turn severely reduces 
the capacity retention of the electrode material and leads to a gradual decline of the capacity 
after 50 cycles. 
 
4.2.2. Investigation of silicon electrode/electrolyte interfaces 
 
As shown in section 4.2.1, the impact of the electrolyte on the cycle life performance of Si 
electrodes is strongly dependent on the employed electrolyte. Liquid electrolytes 
continuously decompose upon cycling, which leads to the formation of a SEI layer of 
increasing thickness. On the other hand, when the electrode is covered by a solid-state 
electrolyte, the cycle life is much more improved. In order to understand the interaction 
between the electrolyte and the surface of the electrode material, the first cycle of 
evaporated Si thin film electrodes was investigated in two conventional liquid electrolytes 
(1M LiClO4 in PC and 1 M LiPF6 dissolved in EC/DEC and when the electrodes are covered 
by solid-state electrolyte layers (Li3PO4 and LiPON). 

The starting evaporated Si material was investigated with TEM in order to characterize 
the crystallinity of the as-prepared Si electrodes. A typical HRTEM photograph of the 
interface between TiN and Si is shown in Figure 4.15. Lattice fringes are clearly observed 
within the TiN material, however, no evidence of nanocrystalline clusters is visible for the 
evaporated Si material. This indicates that the as-prepared evaporated Si material is 
amorphous. 
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Figure 4.15. High Resolution TEM photograph 
of the TiN/Si interface to characterize the 
crystallinity of the starting evaporated Si material. 

 
The initial potential profiles of 50 nm thick evaporated Si electrodes cycled in two liquid 

electrolytes are presented in Figure 4.16. The potential responses were shifted towards 
negative capacities by their respective irreversible capacities. The discharge curves can be 
divided into two parts. During the initial stages of insertion it is clear that both the shape and 
capacity are strongly dependent on the electrolyte used. In 1M LiClO4 in PC (a), this leads 
to the presence of a small plateau around 400 mV while the discharge curve in 1M LiPF6 in 
EC/DEC (b) is characterized by a few slopes and one pronounced plateau around 300 mV. 
The insertion of Li ions into the electrode when using a liquid organic electrolyte system is 
accompanied with the partial decomposition of the electrolyte. This partial decomposition 
results in the formation of a SEI layer at the surface of the electrode [34-39]. In addition, a 
thin native oxide film is always present at the surface of Si. Therefore, it is most probable 
that the features observed at the start of discharge are representative of the SEI formation 
and the reduction of native surface oxides. The irreversible charge consumed in the case of 
the LiPF6-based electrolyte is substantially higher and must be attributed to higher amounts 
of charge involved in the formation of different electrolyte decomposition products. 
 

evaporated Si 

TiN 



Silicon thin film electrodes  75 
 
 

 

 
Figure 4.16. First galvanostatic cycle of 50 nm thick evaporated Si thin 
film electrodes in 1M LiClO4 in PC (a) and in 1M LiPF6 in EC/DEC (b) 
performed with a current of 50 A·cm-2. The potential profiles are shifted 
towards negative capacity values by their respective irreversible capacities. 
The inset shows the corresponding derivative plots. 

 
The shape of the second part of the Li-ion insertion responses and the shape of the Li-ion 

extraction responses are almost independent of the electrolyte used. These similarities 
indicate that the same reactions are taking place and correspond to the two well-known 
transitions of amorphous Si [1-5]. In contrast to poly-Si, it is clear that these evaporated Si 
thin-films do not crystallize into Li15Si4 [2-4], as also measured by others [1,11,15-22]. 
Interestingly, a small difference of potential exists between the potential profiles of both 
systems. As the Si materials are identical, this potential difference is most likely related to a 
difference in charge transfer kinetics at the electrode/SEI interface and appears to be worse 
in the case of the LiPF6-based electrolyte. The derivatives presented in the inset confirm that 
the SEI formation occurs at different potentials (compare sharp cathodic peaks) and that the 
insertion/extraction of Li ions into/from Si is very similar for both systems after activation. 
The irreversible capacity loss amounts to 7 and 20% in LiClO4-based and LiPF6-based 
electrolyte, respectively. The reversible capacity is about 45 Ah·cm-2 in both cases. 

A similar Si electrode was covered by a film of Li3PO4 which was deposited by sputtering 
pure Li3PO4 with Ar ions. The resulting Si/Li3PO4 stack was electrochemically evaluated. As 
the galvanostatic insertion of Li ions was not possible using 50 A·cm-2, i.e. the electrode 
potential reached the 0 V cut-off potential, the current was decreased. The results 
corresponding to the first cycle, using a current of 30 A·cm-2, are presented in Figure 4.17. 
Here, similar to Figure 4.16, the potential response was shifted towards negative capacity 
values by the irreversible capacity.  
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The initial Li-ion insertion response is deviating significantly from the response obtained 
in liquid electrolytes as a potential dip is clearly visible at the start of the insertion curve. 
During Li-ion extraction, however, the potential profile is nearly identical to what was 
observed in the liquid electrolytes. These results are also confirmed by the derivative plot 
presented in the inset. The irreversible capacity is not very high (about 7%) while the 
reversible capacity (43 Ah·cm-2) is very close to what was measured for Si electrodes in 
liquid electrolytes. 
 

 
Figure 4.17. First galvanostatic cycle of a 50 nm thick evaporated Si thin 
film electrode covered by a layer of Li3PO4 solid-state electrolyte, 
performed with a current of 30 A·cm-2 using the LiClO4-based 
electrolyte. The potential profile is shifted towards negative capacity 
values by the irreversible capacity. The inset shows the corresponding 
derivative plot. 

 
Reducing the current from 50 to 30 A·cm-2 resulted in a reaction characterized by the 

potential dip and, subsequently, allowed Li-ion insertion into Si. Since the electronically-
insulating solid electrolyte layer completely covers the electrode material, this potential dip 
can be related to a reaction occurring at the electrode/electrolyte interface. The deposition 
of Li3PO4 by means of sputtering probably induces the formation of an interlayer which 
needs to be electrochemically converted. 

Figure 4.18 shows the Li-ion insertion response of Si electrode covered by a LiPON film 
using a constant current of 30 and, subsequently, 15 A·cm-2 (curve (a)). The potential 
reaches almost immediately the cut-off voltage of 0 V in both cases. The charge transferred 
to the electrode during these galvanostatic steps amounted to only 1.26 Ah·cm-2, which is 
well below the maximum storage capacity of the Si electrode used in this study (about 45 
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Ah·cm-2). In order to promote the activation of the Si/LiPON stack, the sample was 
potentiostatically kept at 100 mV for about 40 hours. The corresponding current (curve (b)) 
and charge (curve (c)) responses are shown in the inset of Figure 4.18. The absolute value of 
the current slowly increased to 2 A·cm-2 after 20 hours and decreased to less than  
0.5 A·cm-2 at the end of the potentiostatic period. This resulted in a cumulatively 
transferred amount of charge of 49 Ah·cm-2 (curve (c)). This current evolution shows that 
the activation reaction progressed at an extremely slow rate as Si electrodes can normally be 
operated at much higher rates.  

The total charge transferred to the electrode (summation of the charge obtained from 
both the galvanostatic and potentiostatic procedures) is about 50 Ah·cm-2, which is slightly 
higher than the maximum reversible capacity of such a Si electrode. The difference accounts 
for the amount of charge transferred during the activation reaction. After this activation, the 
electrode could be cycled using normal rates, as shown by curve (d). The resulting potential 
profile is well-representative of Li-ion insertion/extraction into/from Si. The irreversible 
capacity amounts to 7% and the reversible capacity is equal to about 46 Ah·cm-2, which 
closely matches the values measured for electrodes covered by liquid and Li3PO4 solid-state 
electrolytes.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18. Galvanostatic activation attempts (a) of a LiPON-covered 
evaporated Si thin film electrode at 30 and 15 A·cm-2. The inset shows the 
potentiostatic activation at 100 mV of the same electrode (current (b) and 
charge (c)). Curve (d) shows the subsequent Li-ion extraction and insertion 
of the activated electrode at 30 A·cm-2 from 0 to 3 V. The experiments 
were conducted using the LiClO4-based electrolyte. 
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In section 4.2.1, it was found that the capacity associated with the conversion reaction of 
an interlayer material for a LiPON-covered n+-doped electrode equals 2.5% of the total 
discharge capacity. In addition, no specific activation procedure was employed as the 
electrode could be activated using a 1 C-rate current. The activation of the electrode 
discussed in section 4.2.1 was much less difficult for two reasons. First, the starting material 
was n+-doped poly-Si, which has a much higher electronic conductivity than the intrinsic 
version. Moreover, LiPON was deposited with a lower N2 flow (25 sccm instead of 85), 
which most likely resulted in the formation of an interlayer material poorer in N. The lower 
amount of Li ions involved in the conversion reaction indeed indicates the formation of 
either a thinner interlayer or an interlayer with a lower N content (converting N requires 3 
Li to form Li3N). As a result of the lower N2 flow used during the sputter deposition of 
LiPON and the higher electronic conductivity of the starting poly-Si film, the activation is 
much easier and irreversibly consumes a lower amount of charge. 

In the case of Li3PO4 (c.f. Figure 4.17) it was possible to activate the 
electrode/electrolyte interface in the first cycle, using only a slightly lower current. 
However, this was not possible in the case of LiPON. Sputter deposition of the LiPON thin 
film is carried out in a pure nitrogen plasma in order to incorporate nitrogen atoms, which 
doubly and triply coordinate the lithium phosphate chains. This incorporation generally 
results in an increase of the ionic conductivity of the electrolyte film, as well as an increase 
of the electrochemical stability [40-42]. The reasons for the reduced electrochemical activity 
of the Si-electrode/LiPON-electrolyte stack may result from a lower electronic and/or 
ionic conductivity of an interlayer material. The formation of a thicker interlayer could be 
the result of the higher deposition power used in the case of LiPON deposition (45 W 
instead of 30 W for Li3PO4), leading to a more kinetically energetic deposition. 
Additionally, as nitrogen, compared to argon, can be more easily elastically recoiled by the 
target, increased sputter etching/mixing is to be expected during LiPON deposition. Both 
phenomena could lead to the reduced electrochemical activity. 

In the case of LiPON-covered Si electrodes, TEM was employed to investigate the 
possible formation of an interlayer material occurring during the deposition of LiPON onto 
Si. As LiPON was found to be quite sensitive to the electron beam at room temperature, 
Cryo-TEM was employed using liquid nitrogen cooling. However, even at the very low 
temperatures of -177 °C, the LiPON layer could be deteriorated during prolonged e-beam 
exposure and HRTEM or elemental analysis using Energy Dispersive X-ray (EDX) were 
therefore not possible. A good semi-quantitative alternative was found by employing Energy 
Filtered TEM, which employs a lower electron dose. Using an energy filter, the image is 
formed by electrons with an element-specific energy loss. In turn, the materials containing 
the specific element will appear brighter in the images. 

Figure 4.19 presents an EFTEM photograph of a LiPON-covered Si electrode for the 
typical Si energy loss. It is evident that the Si substrate and Si thin-film appear much brighter 
than TiN or LiPON materials. Interestingly, an interlayer material is observed at the 
Si/LiPON interface, as indicated by the arrows. The lighter color of this material means that 
this material also contains Si. Hence, the deposition of LiPON onto Si induced partial 
intermixing and led to the formation of a Si-containing interlayer.  
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Figure 4.19. Energy Filtered Cryo-TEM photograph of an  
as-prepared LiPON-covered Si thin film electrode. The image is 
formed by electrons with the specific Si energy loss. The arrows 
indicate the thickness of the interlayer material. 

 
The presence of this interlayer material can explain the absence of initial activity of the Si 

electrode as it can either be poorly electronically or ionically conductive. In the case of Si 
electrodes covered by Li3PO4, it can be speculated that the lower deposition power and the 
absence of nitrogen induced less intermixing so the activation of the interlayer material 
formed during Li3PO4 deposition was achieved with less difficulty using galvanostatic 
conditions. 

All activated evaporated Si electrode/electrolyte systems described previously were 
studied with EIS in the temperature range of 10 to 70 ºC. Figure 4.20a shows the 
corresponding results for a Si electrode (0.64 cm2) in a liquid electrolyte, i.e. LiClO4-based 
electrolyte, and Figure 4.20b for a Si electrode (2.01 cm2) covered by a solid-state LiPON 
electrolyte. The results for Si electrodes in the LiPF6-based electrolyte and covered by a 
Li3PO4 electrolyte layer are not shown here as the shapes of the spectra are similar to those 
presented in Figure 4.20a and Figure 4.20b, respectively.  
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Figure 4.20. Impedance spectra as a function of temperature for 
50 nm thick evaporated Si thin film electrodes of surface area 
0.64 cm2 in LiClO4-based electrolyte (a) and of surface area  
2.01 cm2 covered by a LiPON solid electrolyte layer (b). The 
electrical circuits used for fitting the semi-circle impedance data 
are shown as insets. 
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The impedance spectra shown in Figure 4.20a are dominated at all temperatures by 
suppressed semi-circles. These semi-circles are characteristic for the charge transfer reaction 
at the electrode/SEI interface. In addition, it is clear that the width of the semi-circles 
decreases with increasing temperature. The impedance spectra shown in Figure 4.20b, on 
the other hand, are all characterized by asymmetric suppressed semi-circles. This asymmetry 
results from a combined response related to the ionic conduction across the solid electrolyte 
layer and the charge transfer reaction at the electrode/solid-state electrolyte interface. 
Similar to the electrodes measured in a liquid electrolyte, the width of the semi-circles 
decreases with increasing temperature. 

In order to obtain precise information about the charge transfer reaction kinetics, the 
semi-circle impedance responses were modeled by electrical circuits. The suppressed semi-
circles measured for electrodes in liquid electrolytes can be correctly modeled by a charge 
transfer resistance (RCT) in parallel to a constant phase element (CPEdl), which represents 
the double layer capacitance deviating from an ideal capacitor structure. The asymmetric 
suppressed semi-circles observed for electrodes covered by a solid-state electrolyte layer can 
be properly modeled by an ionic resistance RION parallel to a geometric constant phase 
element CPEg representing the deviation from the ideal geometric capacitor, in series with a 
charge transfer response (RCT parallel to CPEdl). These circuits are shown as insets in Figure 
4.20. 

By fitting the experimentally measured semi-circles using these electrical circuits, the 
charge transfer resistances of the different electrode/electrolyte systems were obtained as a 
function of temperature. As derived from (2.18), I0 is inversely proportional to the charge 
transfer resistance according to: 
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R
I                  (4.1) 

 
in which A is the electrode area (cm2), R is the gas constant (8.314 J·mol-1·K-1), T the 
absolute temperature (K), F the Faraday constant (96485 C·mol-1) and n is the number of 
transferred electrons during the rate determining step. 
 

It is well-known that the exchange current density I0 follows an Arrhenius law [43]. 

Thus, it is clear according to (4.1) that plotting 
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T
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1
  should result in straight lines with a slope proportional to the activation 

energy of the charge transfer kinetics. 
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This is shown in Figure 4.21 for the four different Si/electrolyte systems discussed in the 
present study. It is obvious that the data can be well described by straight lines. These results 
show that the charge transfer kinetics is most favorable in a LiClO4-based liquid electrolyte 
(■) or when the electrode is covered by a Li3PO4 electrolyte film (▲). The activation 
energies of the different electrochemical systems are given in Table 4.1 and are typical 
values for conventional charge transfer processes of Li-ion systems [44,45]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.21. Arrhenius plot for the charge transfer kinetics of the 
various evaporated Si electrode/electrolyte systems.  

 
Table 4.1. Activation energies of the various evaporated Si electrode/electrolyte systems. 

Electrolyte Activation energy (kJ/mol) 
1M LiClO4 in PC 53.5 

1M LiPF6 in EC/DEC 67.2 
Li3PO4 59.4 
LiPON 71.1 
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4.3. Conclusions 
 
The reaction mechanism of Si electrodes has been described based on several literature 
reports. In situ XRD clearly evidenced the transformation of crystalline Si into an amorphous 
material during the initial Li-ion insertion, which is ultimately completed by the 
crystallization of the electrode material into metastable cubic Li15Si4 [2,3]. During Li-ion 
extraction, an amorphous material is created from the latter crystallites and the formation of 
amorphous Si as the fully delithiated electrode material is found. During the subsequent 
cycles, the amorphous material reversibly transforms via two slopes, or quasi-plateaus, until 
the crystallization into Li15Si4 occurs. In situ NMR pointed out that the Si-Si and isolated Si 
atoms configurations are different from those of the Li-Si phase diagram compounds [31]. 
Both configurations are created during Li-ion insertion and formed upon further discharge 
until only isolated Si atoms are produced. 

The electrochemical properties of poly-Si thin film electrodes of 50 nm thickness have 
been investigated. The crystallization into Li15Si4 at the very end of discharge results in a 
wide plateau during charge as a result of the two-phase coexistence region. If the 
crystallization is prevented, the charge is then characterized by two slopes which represent 
amorphous transformations of the material. Moreover, poly-Si thin films exhibit very 
favorable thermodynamic and kinetic properties as evidenced by quasi-equilibrium, EIS and 
charge rate capability measurements. The cycle life of the electrode has been investigated in 
two liquid electrolytes and when the electrode is covered by a solid-state electrolyte film. 
The continuous decomposition of the electrolyte was found to be responsible for the poor 
capacity retention of the electrodes whereas thin films covered by a solid-state electrolyte 
film could be reversibly cycled 2000 times.  

The impact of sputtering a solid-state electrolyte layer onto evaporated Si thin films has 
been investigated and results in the formation of an interlayer material, as evidenced by 
TEM. The thickness and composition of the interlayer material most likely depends on the 
sputter deposition power and gas composition, and results in different electrochemical 
activations of the electrode/electrolyte stacks. The charge transfer kinetics of activated 
electrodes has been investigated as a function of temperature. As expected, Arrhenius laws 
were found and the activation energies of the different electrode/electrolyte systems 
determined. 
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Chapter V 
 

Silicon 3D-nanostructured electrodes3 
 
Abstract 
 
Using a large layer thickness obviously increases the expected storage capacity of a Si thin 
film electrode. However, this generally also results in poor practical capacity retention due 
to a fast degradation of the material by means of delamination or pulverization. Limiting the 
extent of Li-ion extraction can prevent these detrimental effects, however, this is achieved at 
the cost of storage capacity. In order to increase the storage capacity while maintaining small 
expansion/shrinkage distances, 3D-nanostructured Si electrode systems are investigated. 
Using nanostructured electrodes does not only limit the absolute changes in volume but 
should also ensure fast diffusion kinetics.  

Three types of 3D-structured Si electrode systems are investigated, i.e. thin films 
deposited inside high aspect ratio pores and trenches, nanowires and honeycombs. The 
electrochemical performances and morphological changes of these structures are presented 
in detail in this chapter. TiN/poly-Si thin films deposited inside pores show a capacity 
increase of about 5 with a stable cycle life of about 20 cycles, the SEI formation and growth 
being responsible for the capacity decline of the electrodes. It is expected that covering the 
electrode stack with a solid-state electrolyte will prevent the SEI formation and thus 
improve the capacity retention. In addition, deposition inside trenches has been investigated 
and proves to be more beneficial to improve the films step coverage. 

Si nanowires measured in a liquid electrolyte reveal a large increase of storage capacity 
with respect to planar films. However, their kinetics is quite poor and nanowires tend to 
agglomerate upon expansion/shrinkage accompanied by the insertion/extraction of Li ions, 
which might not be favorable from an application point of view. 

Honeycomb-nanostructured Si undergoes tremendous volume changes during Li-ion 
insertion/extraction with a preferential increase of the wall length and thickness. The walls 
detach from the current collector upon Li-ion insertion but the triple points of the structure 
remain attached, which provides electrical contact to the electrode. The electrochemical 
performance of the electrode structure is moderate and the main cause for the cycle life 
degradation has been identified. Upon Li-ion insertion/extraction, the walls crack, 
especially at their centers where most of the stress is applied. Upon repeatedly cycling the 
electrode, the triple points detach from the current collector and the electrical contact of the 
electrode material to the current collector is thus lost. 
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5.1. Introduction 
 
Results presented in Chapter IV have shown that planar Si thin films are promising electrode 
materials for microbatteries since they present favorable thermodynamic and kinetic 
properties. The huge volume changes of Si upon (de)lithiation severely limits the amount of 
active electrode material and hence its storage capacity. As described in section 4.2.1, using 
larger layer thicknesses will obviously increase the total storage capacity of the Si electrode, 
but it will also result in poorer capacity retention due to a faster degradation of the material 
by means of delamination or pulverization. Limiting the extent of Li-ion extraction can 
prevent this detrimental effect, however, this is achieved at the cost of storage capacity.  

In order to increase the storage capacity while maintaining small expansion/shrinkage 
distances, 3D-nanostructured Si electrode systems have been used. Employing 
nanostructured electrodes not only limits the absolute changes in volume but should also 
ensure fast diffusion kinetics. Three types of 3D-nanostructured Si electrode systems have 
been investigated, i.e. thin films deposited inside high aspect ratio pores and trenches, 
nanowires and honeycombs. The electrochemical performance and morphological changes of 
these structures are described in detail in the present chapter. 
 
5.2. Results and discussion 
5.2.1. Silicon thin films deposited inside 3D pores and trenches 
 
As a next step towards achieving a 3D-integrated battery prototype, the preparation and 
characterization of 3D negative electrode stacks deposited into porous features, e.g. high 
aspect ratio pores and trenches obtained by means of RIE, are discussed. The preparation of 
uniform layers inside 3D structures requires appropriate deposition techniques. ALD and 
LPCVD are two well-known methods for growing uniform layers in 3D and are nowadays 
well applied in the microelectronics industry. Here, ALD was employed for growing  
60 nm thick films of TiN, a material which has shown good Li barrier and electrical 
conduction properties (c.f. Chapter III). Subsequently, LPCVD was used for depositing  
50 nm thick films of poly-Si onto TiN. Poly-Si was chosen because of its suitable properties 
as negative electrode material (c.f. section 4.2.1). The dimensions of the RIE pores are listed 
in Table 5.1. 3D-pores covered by TiN and poly-Si layers are shown in the SEM 
photographs of Figure 5.1. 
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Table 5.1. Dimensions and expected surface area enlargement factors for pore structures of 
aspect ratios 5, 10 and 20. d and h represent the pore diameter and height, respectively, and 
Hp and Vp the horizontal and vertical pitches, respectively. The area enlargement factors are 
calculated using Eq. (1) presented in [1]. 

Nominal  
aspect ratio 

d [m] h [m] Hp [m] Vp [m] 
Measured 

aspect ratio 
Area enlargement 

factor 
5 1.8 8.4 3.5 3.5 4.7 4.9 

10 1.0 13.8 3.5 3.5 12.5 4.5 
20 1.1 21.7 3.5 3.5 19.7 7.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. SEM photographs of pore structures covered by ALD TiN and LPCVD 
poly-Si, showing top surface and cross-section photographs for various aspect ratio 
pores (AR). Note the different magnifications.  
 

It is known that the surface area enlargement increases with the increase of the pore 
diameter, pore height and with the decrease of the structure pitch (repetition) [1]. Here, the 
pores of aspect ratio 5 have a wider opening (1.8 m) than the others. As a result, the area 
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enlargement factor for the aspect ratio 5 pores is higher than that of the pores with aspect 
ratio 10. 

Different locations inside the pores were inspected at higher magnifications. Similar film 
morphologies were found for TiN and poly-Si grown inside the pores of various aspect 
ratios. Figure 5.2 shows the HRSEM photographs for pores of aspect ratio 10 (a) and 20 (b). 
On the top surface, continuous films are formed. At the entrance of the pores both materials 
show uniform layers, however, it is clear that poly-Si is composed of fine crystalline grains 
and reveals a so-called ‘island-like’ morphology. Moreover, it is evident that the thickness of 
both layers decreases at the entrance of the pores as compared to the top surface. Going 
deeper into the pores, the layers are thinning down and reach their minimal thickness near 
the bottom of the structure. 

The layer thicknesses measured for poly-Si and TiN at different locations of the pores are 
reported in Table 5.2. The step coverage for TiN is rather good for pores of aspect ratio up 
to 12.5 (nominal aspect ratio 10) with achieved step coverage of more than about 65%. For 
the deepest pores, the TiN deposition is more severely limited as only 18 nm is present at 
the bottom. In comparison with trenches, this limitation can result from limited in-pore 
diffusion of both TiCl4 and plasma radicals [2]. The lower step coverage of TiN grown into 
high aspect ratio pores can also be attributed to the etching and poisoning of the growing 
material by HCl, which is produced during the ALD reactions, or to the plasma radical 
recombination at the surface of the pores. Surface recombination would result in a reduced 
flux of reactive plasma species inside the pores, thereby reducing the TiN layer growth as 
the ALD reactions would no longer take place under saturated conditions [2-4]. In order to 
improve the step coverage of TiN for such pore structures, longer dosing times for the 
precursor and plasma exposure steps might be required.  

The step coverage for poly-Si is about 60% (30 nm) for all aspect ratios 
independently of the diameter and depth of the pores. This most likely indicates that 
reactants transport within the pores is not limited and that the growth of poly-Si is 
controlled by the surface kinetics. The surface morphology of the underlying layer is 
probably responsible for poly-Si non-uniformity. The surface morphology and chemistry 
can have an impact on the nucleation mechanism of poly-Si and the lower amount of 
deposited material might thus be due to some nucleation-delay effects. In order to 
investigate these hypotheses, pores covered by an individual TiN layer were inspected 
with SEM (c.f. Figure 5.3). 
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Figure 5.2. HRSEM photographs showing the SiO2-covered Si substrate covered by ALD 
TiN and LPCVD poly-Si thin-films for a pore of aspect ratio 10 (a) and 20 (b), at the top, 
middle and bottom of the pores. The layers are indicated on the aspect ratio 10 pore but are 
similar for the aspect ratio 20 pore. Note that the crack visible at the bottom of the aspect 
ratio 20 pore results from the sample cleavage. 
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Table 5.2. Thicknesses (nm) for TiN and poly-Si layers, at different locations (top surface, 
entrance, middle and bottom) of the structures, measured during the HRSEM inspection. 
 

Material Structure / Nominal aspect ratio Top surface Entrance Middle Bottom 

TiN Pore / 5 58 53 44 34 

TiN Pore / 10 60 48 46 40 

TiN Pore / 20 55 58 45 18 

TiN Trench / 5 60 49 46 47 

poly-Si Pore / 5 54 40 29 23 

poly-Si Pore / 10 52 43 28 30 

poly-Si Pore / 20 56 48 37 31 

poly-Si Trench / 5 53 45 46 45 

 
 

 

 

 

 

 

 
 
Figure 5.3. HRSEM photograph showing the top and bottom of a pore of aspect 
ratio 11 covered by ALD TiN. Note the different magnifications. 
 
It is clear that the morphology of the TiN layer grown onto RIE etched substrates is 

somewhat rough and characterized by small grains throughout the pore. Poly-Si, which is 
grown onto these TiN-covered substrates, will conformally follow the roughness of the TiN 
layer. As the amount of deposited poly-Si is low (the deposition was calibrated for a layer 
thickness of 50 nm), the conformal deposition of poly-Si will likely result in the formation of 
a non-uniform film, as observed in Figure 5.2. If the deposition would have been run for a 
longer period of time, it could be expected that the islands of poly-Si would gather and lead 
to the formation of a more uniform layer. Therefore, it can be assumed that the difference in 
surface roughness onto which poly-Si nucleates partly explains the observed ‘island-like’ 
morphology.  

In order to further investigate the impact of the underlying substrate morphology on the 
step coverage and morphology of poly-Si films, wide trenches of aspect ratio 5 were 

Top Bottom 
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Top Bottom 



Silicon 3D-nanostructured electrodes  93 
 
 

 

prepared and covered by TiN and poly-Si thin films. The HRSEM photographs 
corresponding to a single trench are shown in Figure 5.4.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. HRSEM photographs showing a Si substrate covered by ALD TiN and 
LPCVD poly-Si thin-films for a trench of aspect ratio 5, at the top, middle and 
bottom of the trench. Note the different magnifications.  

 
Compared to the pore structure, the deposited poly-Si film is smoother and composed of 

larger grains. The increase in poly-Si smoothness probably results from the lower roughness 
of the underlying TiN as a consequence of the growth of TiN onto a smoother substrate 
surface. It could also be that the nucleation and growth mechanism of TiN onto Si results in 
the formation of smoother TiN films (in contrast to the nucleation and growth mechanism of 
TiN onto SiO2-covered Si substrates). The step coverage is greatly enhanced in comparison 
with the deposition inside pores. A decrease of poly-Si layer thickness is also observed at the 
entrance of the trench but there is almost no variation in thickness from the entrance until 
the bottom of the structure (c.f. Table 5.2). For pores having the same aspect ratio, a clear 
decrease of the layer thickness was observed from the top to the bottom of the structure. 
For these trenches it is clear that such variation of layer thickness is not present. A step 
coverage of 85% is now obtained, which corresponds to a substantial increase compared to 
what was deposited inside pores (60%). The increase of poly-Si step coverage is perhaps 
related to the difference in surface morphology or chemistry of TiN, or to an enhanced 
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diffusion resulting from the trench geometry. In the case of TiN, it is known that trenches 
can be much more easily covered than pores due to faster in-trench diffusion of reactants [2]. 

The pore samples of aspect ratio 10 and 20 were measured electrochemically at low 
current in 1M LiPF6 in EC/DMC/DEC. The resulting electrochemical potential profiles are 
presented in Figure 5.5.  
 

 
Figure 5.5. First two galvanostatic cycles of poly-Si electrode 
deposited into aspect ratio 20 pores. Cycling is performed at  
25 A·cm-2 between 0 and 3 V. 

 
These potential profiles are characteristic for Li-ion insertion/extraction into/from Si 

electrodes [1]. Obviously, full crystallization of Si into Li15Si4 did not occur as a wide plateau 
during charging is absent. This probably results from the non-uniformity of the poly-Si layer. 
Indeed, it can very well be that the uniform Si layer present at the top surface and at the top 
of the pores crystallizes while the rest of the layer, which is composed of smaller grains, 
cannot achieve long range ordering. It could also be that the electrode reaction kinetics are 
worse at the bottom of the pores due to a limitation of Li-ion transport in the liquid 
electrolyte, thus restricting the supply of Li-ions to the Si electrode. Nevertheless, the 
observation of the partial crystallization into Li15Si4 indicates that the storage capacity of the 
poly-Si films is very close to the maximum theoretical value.  

The capacities measured during the first charge and the expected storage capacities, as 
well as the corresponding capacity ratio increase, are plotted as a function of the surface area 
enlargement factor in Figure 5.6.  
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Figure 5.6. Expected and measured reversible Li-ion storage 
capacities and capacity ratio increase of poly-Si thin films during the 
first cycle as a function of the surface area enlargement. The 
expected storage capacities are calculated assuming a homogeneous 
layer thickness equal to the top surface layer thickness. 

 
The calculated storage capacities are all based on the top surface layer thickness and 

assuming uniform poly-Si deposition inside the pores. The measured storage capacities are 
approximately 34 and 43% less than expected for the aspect ratio pores of 10 and 20 at 
values of about 140 and 255 Ah·cm-2, respectively. It should be noted that the calculation 
for the area enlargement factor is based on a geometrical configuration consisting of straight 
pores [1]. However, as observed from Figure 5.2, it is clear that the pores are narrower at 
the bottom as the depth becomes larger. Indeed, the pores are about 0.8 and 0.55 m wide 
at the bottom for aspect ratio 10 and 20, respectively. As a result, the area enlargement 
calculation overestimates the real area enlargement. Moreover, although relatively low 
currents were employed during the electrochemical measurements (25 A·cm-2, which 
corresponds to less than C/10 rate for the aspect ratio 20 pore electrode), the role of 
geometrical hindrance to Li-ion transport inside the pores cannot be excluded [5]. 
Furthermore, it is clear from the HRSEM inspection that poly-Si did not grow uniformly 
inside the pores as only about 56 and 61% of the expected thickness is found for the aspect 
ratio 10 and 20 pores, respectively (c.f. Table 5.2). These reasons explain the deviation 
between measured and expected capacity values. Nevertheless, the poly-Si films deposited 
inside the narrow pores with aspect ratio 20 show a large increase of the storage capacity by 
a factor of about 5 compared to planar films. 
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The cycle life of poly-Si thin films deposited in aspect ratio 10 and 20 pores is plotted in 
Figure 5.7. The cycle life reveals a rapid decline after about 20 cycles. Although planar poly-
Si electrodes prepared using the same deposition conditions presented a longer cycle life, a 
capacity decline was also observed. This decline was attributed to the continuous growth of 
the SEI layer, as evidenced by SEM for cycled poly-Si electrodes [1]. In the present case, the 
continuous growth of the SEI can be even more detrimental as the pore diameter (about 1 
micron) is relatively small in comparison with the growing SEI layer thickness (up to several 
microns). 
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Figure 5.7. Cycle life of TiN/poly-Si stacks deposited into aspect 
ratio pores 10 and 20 measured at 25 A·cm-2 between 0 and 3 V.  

 
In order to verify whether the SEI growth is responsible for the capacity decay, an 

electrode of aspect ratio 10 pores was cycled 10 times and inspected with SEM (c.f. Figure 
5.8). The TiN layer is well visible but the poly-Si thin film cannot be clearly distinguished, as 
was also found for planar poly-Si thin film electrodes [1]. Moreover, it is clear that a porous 
SEI layer was formed on the top surface as well as inside the pores. Most of the pore volume 
is now occupied by the SEI layer but the center of the pores still appears open (Figure 5.8b). 
This open volume allows the liquid electrolyte to penetrate the pores and explains why the 
electrode material is still electrochemically active. After prolonged cycling, however, it can 
be expected that the SEI growth will completely close the pores. As a result, the kinetics of 
the electrochemical reaction will become severely limited and the storage capacity will 
decline, as observed experimentally. 
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Figure 5.8. SEM photographs showing an electrode stack (TiN/poly-Si) deposited 
inside aspect ratio 10 pores after 10 cycles. (a) Cross-section showing several 
complete pores and (b) magnification at the entrance of a pore. The defects 
observed in Figure 5.8a near the centre and bottom of the pores are resulting from 
the sample cleavage. Note the different magnifications.  

 
In order to prevent capacity degradation, planar poly-Si thin films were successfully 

covered by a solid-state electrolyte and as a result the capacity retention was greatly 
enhanced (c.f. section 4.2.1). Therefore, it is expected that poly-Si thin films deposited 
inside these pores will also benefit from being covered by a solid-state electrolyte. However, 
achieving the conformal deposition of a solid-state electrolyte material inside 3D structures 
is a challenge that needs to be addressed in the future. 

The improvement of the poly-Si film morphology was demonstrated by using wide 
trenches (c.f. Figure 5.4). Moreover, depositing more poly-Si material inside pores should 
result in the deposition of uniform thicker layers as islands similar to those observed in 
Figure 5.2 would gather into an uniform layer. These improvements can be beneficial to 
increase the overall storage capacity of the electrode material. Another method to increase 
the overall storage capacity can consist in increasing the effective surface area of the 
substrate. This enhancement could be achieved by modifying the design parameters of the 
photolithographic mask. Indeed, increasing the diameter of the pores to 2 m while keeping 
the same vertical and horizontal pitches, and the same deposition conditions, would easily 
lead to an overall increase of the storage capacity with respect to planar films by more than a 
factor of 8.5. Obviously, improving the step coverage of poly-Si by means of longer 
deposition times and decreasing the vertical and horizontal pitches will result in even higher 
enhancement factors. 

 
5.2.2. Silicon nanowires 
 
The use of sub-micrometer pillars [6], porous anodes [7] and micro- and nanocomposite 
anodes [8-11] led only to limited improvements of Si electrode capacity retention. 
Nanowires grown directly on the metallic current collector substrate have several 
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advantages. First, the small nanowire diameter allows for better accommodation of the large 
volume changes without initiation of fracture that can occur in bulk or micron-sized 
materials [12-15]. This is consistent with previous studies that have suggested materials-
dependent terminal particle size below which particles do not fracture further [16,17]. 
Moreover, each nanowire is electrically connected to the metallic current collector so that 
all nanowires contribute to the capacity independently. Furthermore, as every nanowire is 
connected to the current-carrying electrode, the need for binders or conducting additives, 
which add extra weight, is eliminated. In addition, Si nanowire electrodes can be easily 
realized using the vapor-liquid-solid (VLS) growth method to produce nanowires directly 
onto the desired current collector substrate [12-15]. 

Si nanowires were prepared onto TiN-covered Si substrates and characterized by SEM, as 
shown in Figure 5.9.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. SEM photographs of as-prepared Si nanowires onto a TiN-covered Si substrate. 
Two locations on the sample are shown in the figure. 
 

The nanowires, terminated by Au particles and of average length of 5 m, do not show a 
preferred growth orientation. Moreover, it is clear that the diameter of the wires is varying 
from one wire to another and that some wires agglomerated. This variation in diameter size 
results from the Au seed preparation method. Here, a 10 nm thick Au film was evaporated 
onto TiN and was coalesced into islands of different sizes during the thermal pretreatment. 
As a result, the VLS growth led to the formation of Si nanowires of different diameters.  

The electrochemical response of the Si nanowires was first investigated with CV in 1M 
LiPF6 in EC/DMC/DEC. The first five scans are presented in Figure 5.10. The response 
from the Au particles is hard to observe as Au cyclic voltammograms overlap with that of Si 
(c.f. Figure 2.2).The first scan shows a reduction peak at about 600 mV which can be 
ascribed to the reduction of native surface oxides. The subsequent reduction peak is narrow 
and quite negative in potential. It is analogous to the plateau visible during the first discharge 
of poly-Si (c.f. Figure 4.2) and represents the conversion of the crystalline material into an 

2 m 2 m 
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amorphous lithiated phase. During Li-ion extraction, a double peak response is measured, 
similarly to poly-Si thin film electrodes which have not crystallized into Li15Si4. Upon further 
insertion/extraction of Li ions, only a reversible double peak response is measured, which 
indicates that the material remains amorphous (c.f. section 4.2.1). As found by others [12], 
the current substantially increases with cycling, which is attributed to the activation of the 
material upon repeated Li-ion insertion/extraction. This activation can be related to the fact 
that the material is not completely impregnated by the liquid electrolyte. In that case, the 
increase in electrochemical activity could be caused by the opening of the structure and a 
better wetting would then be achieved as the material expands and shrinks. Another 
possibility to explain this increase in activity could be related to an improvement of the 
reaction kinetics upon cycling. As the diameter of the nanowires is quite small, the electrical 
resistance could be limiting. Upon repeatedly insertion/extraction Li ions, the conductivity 
may improve due to Li-doping or changes in geometry related to expansion/shrinkage. The 
Li-ion insertion capacity found during the fifth CV scan is equal to approximately 46 
Ah·cm-2, which is much smaller than the expected storage capacity of these Si nanowires. 
Therefore, it is very likely that the poor kinetics of these Si nanowires strongly limit the 
extent of the Li-ion insertion. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.10. First five CV scans of Si nanowires measured with a scan rate 
of 0.5 mV·s-1. The arrow indicates the increasing number of cycle. 
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After CV, the sample was subjected to galvanostatic cycling. A low current (about C/10 
rate) was first employed to ensure the full lithiation of the Si nanowires, followed by cycles 
with a higher current (about C/3 rate). The corresponding potential profiles are presented 
in Figure 5.11.  

 

 
Figure 5.11. Potential profiles of Si nanowires measured after the CV 
experiments, first with a constant current of about C/10 rate and 
subsequently with C/3 rate. The potential curve is shown in black and the 
current curve in grey. 

 
The first discharge at C/10 is characterized by a wide plateau around 90 mV which is 

analogous to that obtained at 110 mV during the first discharge of poly-Si (c.f. Figure 4.2). 
No plateau analogous to the plateau observed at 70 mV is observed here and a slope is 
measured instead. The presence of a plateau at 90 mV indicates that most of the material was 
still in the crystalline form and did not react during CV. Interestingly the subsequent charge 
at C/10 displays a plateau at about 460 mV, which indicates that the material partially 
crystallized into Li15Si4 during the initial discharge. The subsequent discharge at C/10 shows 
two slopes, which are characteristic of amorphous Si. The following charge at C/3 displays a 
plateau at 500 mV, which is analogous to the plateau at 460 mV measured during the first 
charge at C/10. The subsequent cycle at C/3 does not display a plateau during charge, 
which indicates that the overpotentials upon discharging at C/3 were too high to allow Si to 
partially crystallize into Li15Si4.  

Although the nanowire dimensions are sufficiently large to allow the long range ordering 
(LRO) formation of cubic Li15Si4 (unit cell of about 1 nm [18,19]), only a partial 
crystallization was observed. It is evident that the Li-ion insertion reaction has a poor 
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kinetics, which probably results from the combination of a high electrical resistance and a 
poor wetting of the nanowires by the liquid electrolyte. The latter effect limits both the area 
available for the charge transfer reaction and force Li-ion diffusion in the longitudinal 
direction of the nanowires. These limitations might explain why the full crystallization of the 
nanowires could not be achieved under the current experimental conditions. 

The storage capacity evolution during the galvanostatic measurements is presented in 
Figure 5.12. With CV (c.f. Figure 5.10), a substantial increase of the current was observed 
with the increasing number of cycles. The insertion storage capacity reached for the fifth CV 
scan was 46 Ah·cm-2 while the insertion capacity of the initial galvanostatic discharge at 
C/10 presented in Figure 5.11 and reported in Figure 5.12 is about 600 Ah·cm-2. This 
huge difference indicates that the reaction at C/10 almost completely activated the Si 
nanowires but it also means that the Si nanowires barely reacted during CV, which resulted 
from a too high scan rate and a poor kinetics of this electrode system. 

Increasing the current (cycle 3 onward) decreases somewhat the storage capacity, which 
is related to the absence of partial crystallization into Li15Si4 as observed in Figure 5.11. 
Subsequently, a stable capacity of about 500 Ah·cm-2 is measured. The irreversible capacity 
is substantial during the first two cycles and can be ascribed to the reduction of surface 
oxides and to the formation of a SEI layer onto the high surface area nanowires. After the 
third galvanostatic cycle, the irreversibility remains constant at about 5%. As found for poly-
Si thin films, this could indicate that the SEI continuously forms onto the Si material (c.f. 
Chapter IV). 

 

0

0.2

0.4

0.6

0.8

0 5 10

C
ap

ac
it

y 
(m

A
h

/c
m

2
)

Cycle
 

Figure 5.12. Charge (black) and discharge (grey) capacities of Si 
nanowires, corresponding to Figure 5.11. 
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The Si nanowires were imaged with SEM in the fully lithiated state after galvanostatic 
cycling (c.f. Figure 5.13).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.13. SEM photographs of fully lithiated Si nanowires. Several 
locations are imaged with different magnifications. 

 
A clear change in morphology is observed. It is clear that the diameter of the fully 

lithiated nanowires is higher than that of the as-prepared material, as expected from the 
large volume expansion occurring during lithiation. In addition, large voids are present 
between areas where wires had agglomerated, forming islands of interconnected nanowires. 
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This change in morphology is caused by the expansion/shrinkage occurring during 
repeatedly cycling. The long term cycling of nanowires was not investigated nor reported by 
others [12-15], thus it is difficult to estimate how the structure would be able to retain 
capacity for hundred of cycles. Obviously, the agglomeration of the nanowires is not ideal as 
it can lead to local densification of the material and deprivation in adjacent areas, and the 
adhesion to the substrate might therefore not be sufficient to withhold the active material 
attached to the current collector after prolonged cycling. 

In addition, the choice of electrolyte to be used with this nanowire system requires 
further investigations. Appropriate liquid electrolytes are certainly capable to effectively wet 
the voids of the material but the continuous growth of the SEI is a detrimental issue as it 
consumes, every cycle, a substantial amount of charge which would need to be provided by 
the positive electrode material. Designing appropriate electrolyte chemistries with additives 
inducing the formation of a stable SEI could be an alternative. However, due to the large 
expansion/shrinkage of the material, it is likely that the electrode material will get exposed 
to the liquid electrolyte every cycle and thus the continuous loss of charge due to the 
formation of SEI will hardly be prevented.  

Another alternative can consist of coating the nanowires with a solid-state electrolyte 
material. This would have the advantage to prevent the continuous growth of the SEI. 
However, uniformly coating these nanowires with a solid-state electrolyte layer is a 
challenge. Moreover, the coupling with the positive electrode material will be difficult. 
Indeed, matching the storage capacity of both electrode materials will be challenging if the 
positive electrode material is deposited within the voids of the Si nanowire structure. 
Finally, the solid-state electrolyte should be able to cope with the large expansion/shrinkage 
cycles of the Si nanowire material, which requires a rather elastic structure and solid-state 
electrolytes with these requirements are still to be developed. 
 
5.2.3. Silicon honeycombs 
 
Honeycombs, adopted as an optimum structure in, for instance, beehives were first reported 
in the literature in 1947 as an element of aeronautic sandwich structures, showing excellent 
mechanical properties [20]. In the present work, Si honeycombs with micro- and nano-sized 
dimensions were produced by means of photolithography and etching, and have been 
evaluated as negative electrode material for Li-ion microbatteries. In order to study the 
accompanying volume changes as a function of Li content, the morphological changes of the 
honeycomb structure have been studied with SEM and the corresponding volume changes 
have been analyzed numerically.  

As-prepared Si honeycombs supported onto planar TiN-covered Si substrates were 
inspected with SEM, as shown in Figure 5.14. 
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Figure 5.14. SEM photographs of as-prepared silicon honeycombs. (a) Top, (b) cross-
section and (c) tilted views. The arrows indicate the geometric dimensions (wall-to-
wall spacing, wall thickness and wall height). Note the different magnifications. 

 
The regular honeycomb pattern is shown in Figure 5.14a. The cross-section (Figure 

5.14b) clearly reveals the scalloping inherent to the RIE process. Five scallops, which 
correspond to the five etching steps during RIE, are also clearly visible in Figure 5.14c. The 
honeycombs have dimensions of typically 250 nm wall thickness, 1.1 m height and 4.8 m 
wall-to-wall spacing. The walls intersect into so-called ‘triple points’. The distance between 
the closest triple points is 2.9 m. Hence, it can be calculated that the surface coverage of 
the honeycombs is about 9.7% of the geometric footprint area. As the honeycomb height is 
1.1 m, this honeycomb structure is equivalent to 107 nm of planar Si. Since Si can absorb 
up to 3.75 Li or 8303 mAh·cm-3 of starting material, a reversible electrochemical storage 
capacity of 89 Ah·cm-2 is expected.  

The electrochemical potential profiles and cycle life data of these Si honeycombs are 
presented in Figure 5.15. The potential profiles shown in Figure 5.15a were measured 
during the first and second cycles (indicated by the numbers) between 0 and 3 V (black 
curves) and between 0 and 0.8 V (red curves).  
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Figure 5.15. Cycle life performance of Si honeycombs. (a) Two first potential 
profiles for the Si honeycombs measured at 75 A·cm-2 between 0 and 3 V 
(black curves) and 0 and 0.8 V (red curves). (b) Reversible Li-ion storage 
capacities of Si honeycombs cycled at 75 A·cm-2 for several cut-off potentials 
(between 0 and 3 V (black), 0 and 0.8 V (red), 0.1 and 3 V (green) and 0.1 and 
0.8 V (blue)). The coulombic efficiencies are also plotted. 
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The initial Li-ion insertion potential profiles are clearly indicative of a transformation 
plateau around 250 mV. In the case of crystalline Si, a plateau is expected around 110 mV 
which is representative of the two-phase coexistence of crystalline Si with an amorphous 
lithiated product (c.f. Chapter IV). Here the starting material is amorphous hydrogenated Si 
(-Si:H). Other groups also reported the electrochemical properties of -Si:H in agreement 
with the present findings [21,22]. The origin of the plateau at 250 mV is not known and 
might be related to surface reactions (SEI formation and reduction of the surface groups) but 
could also be representative of the irreversible conversion of -Si:H into LiH. The rest of 
the discharge and the subsequent charge are similar to that of activated Si and are 
characterized by two slopes. The second cycles are mainly characterized by the reactions of 
Si with Li-ions although a small quasi-plateau is visible during discharge, around 400 mV, in 
the case of the electrode cycled between 0 and 3 V (black curve). As this plateau is not 
visible when the material is cycled between 0 and 0.8 V (red curve), it must be related to 
reactions happening during charging above 0.8V. Interestingly, the plateau disappears after a 
few cycles (not shown here). The disappearance of the plateau could indicate that it results 
from the SEI formation. Moreover, it is also clear from the potential profiles that the -Si:H 
material did not crystallize into Li15Si4. 

The Si honeycombs are able to retain a stable capacity in liquid organic electrolyte for 
about 30-50 cycles after which the storage capacity decreases (c.f. Figure 5.15b). As it is 
known that limiting the (de)lithiation voltage region might improve the cycle life 
performance (c.f. Chapter VII) this has also been studied. Here, limiting the delithiation or 
the lithiation has hardly any influence on the capacity retention. Indeed when the voltage 
regions are limited to 0-3 V (black curve), 0-0.8 V (red curve) and 0.1-3V (green curve), 
the capacity retention is about the same. On the other hand, limiting both the lithiation and 
delithiation reactions to 0.1-0.8 V (blue curve) improves the capacity retention but the 
reversible storage capacity is significantly lower. The reversible storage capacity decreases 
from 86 (100%) to 77 (89%), 61 (71%) and 52 (60%) Ah·cm-2 for the voltage ranges of  
0-3 V, 0-0.8 V, 0.1-3 V and 0.1-0.8 V, respectively. The maximum reversible storage 
capacity of 86 Ah·cm-2 is less than the expected value based on the conversion into Li15Si4. 
However, it is clear from the potential profiles that -Si:H did not convert into Li15Si4, 
which explains the lower storage capacity of these Si honeycombs.  

The coulombic efficiency increases up to 97-98% and decreases when the storage 
capacity starts to decline. The efficiency does not reach 100%, which can indicate that the 
SEI formation continues to occur upon cycling concomitantly with the insertion of Li-ions. It 
could also be representative of minor losses of material during the expansion/shrinkage 
accompanied by the insertion/extraction of Li ions. In addition, the decrease of the 
efficiency when the storage capacity declines could indicate irreversible losses induced by 
electrical isolation of lithiated products, either chemically (passivation due to SEI formation) 
or mechanically (detachment). It should be emphasized that the present cycling experiments 
have been performed in a liquid electrolyte which can often induce losses in storage capacity, 
as has also been shown in the case of thin film Si electrodes (c.f. Chapter IV). 
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In order to understand the volume modifications of this electrode structure, fully 
lithiated electrodes were (de)lithiated to various Li contents (the amount of charge is 
normalized with respect to the maximum reversible capacity) during the first two cycles and 
inspected by SEM after dismantling the electrodes. Typical examples are shown in Figure 
5.16. The change in morphology of the Si honeycombs is tremendous. Remarkably, fully 
lithiated honeycombs become highly curved, as is evident from the upper two photographs 
of Figure 5.16 (compare with the as-prepared sample in Figure 5.14). At full lithiation, the 
original hexagonal configuration adopts a shape with opposite parallel walls bending in the 
same direction. The triple points, however, keep their original positions and the distance 
between the nearest neighbors is still 2.9 m. However, the wall thickness, the curved arc 
length and the height have all increased considerably in comparison with the starting 
material.  

It is also clear that the wall height, thickness and length are related to the amount of Li 
ions present inside Si. When the Li content is decreased to 70 or 40%, the honeycombs keep 
a curved shape but it is now less pronounced. When the Li content reaches 15%, the 
structure returns more or less to its original shape. However, it is clear that the walls are 
still slightly bended and that a large proportion of them have cracked, especially at their 
centers. Cracking is most likely related to the material plastic deformation where the 
maximum stress is applied. 

With further extraction down to a Li content of 0%, more distortion of the honeycomb 
structure is visible and a small fraction of the material is now absent. Indeed, if cracks occur 
in the three walls surrounding a triple point, it is most likely that the material will become 
electrically isolated (either by detachment or passivation by the SEI) and finally will be 
removed during the rinsing procedure of the electrode preparation for SEM. However, 
cracked walls gain freedom to expand in other directions, which can reduce the stress 
applied to the adjacent triple points. As a result, although the structure has cracked at several 
locations and a small fraction of material is lost, the electrode is capable to retain its near-
original capacity for several cycles (see black curve in Figure 5.15). 

It is clear that the good electronic conductivity of the n+-doped Si honeycombs does not 
limit the electrochemical reaction. The walls have completely detached when the 
honeycombs are fully lithiated but the triple points are still attached. Thus, the electrons are 
provided to the electrode material at the triple points and can easily be transported from the 
triple points to the wall material.  
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Figure 5.16. SEM photographs of Si honeycombs (de)lithiated at different Li 
contents during the first two cycles. The Li contents are given on the pictures. As an 
indication, 100, 15 and 0% corresponds to the material fully discharged at 0 V, 
charged at 0.8 V and charged at 3 V, respectively. Note the different magnifications. 
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The height, surface coverage and total volume changes are plotted in Figure 5.17.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17. Change of the Si honeycombs dimension as a function of 
Li content. (a) Height and surface coverage and (b) total volume 
changes. 
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The changes in height and surface coverage (Figure 5.17a) follow a different relationship 
as a function of Li content, indicating that the structure does not deform isotropically. The 
height increases by 30% until a Li content of about 35% is reached, to become stable in a 
wide Li content range up to 80% to finally increase up to 50% at 100% Li. The surface 
coverage increases more or less linearly for Li contents up to 70% after which it stabilizes at 
180%. This increase is due to both the thickening and bending of the honeycomb walls. At 
70% Li content, the surface coverage does not increase anymore while the height starts to 
increase again.  

The total volume change (Figure 5.17b) follows a linear relationship as a function of Li 
content with a maximum expansion of 320% at full lithiation. It is worthwhile to mention 
that the data presented in Figure 5.17b was obtained from SEM pictures taken on lithiated 
and delithiated honeycombs, which indicates that the expansion/shrinkage process is rather 
well reversible. The linear relationship is consistent with previous findings where a linear 
volume increase up to 300% was found for -Si towers [23]. The volume expansion 
resulting from the formation of Li15Si4 is equal to 280% [24]. The present -Si:H material 
does not crystallize into Li15Si4 (c.f. Figure 5.15a) and a lower than 280% volume expansion 
would therefore be expected. However, the measurements of the Si honeycomb 
dimensions, especially the surface coverage, cannot differentiate the volume occupied by 
LixSi materials from the SEI and possibly formed LiH materials. In addition, the density of 
the delithiated Si material can be lower than that of the starting material due to structural 
defects resulting in a larger occupied volume.  

In order to improve the cycle life of this electrode structure, the geometrical dimensions 
could be adapted to configurations that are more favorable. Limiting the wall bending is 
expected to reduce the cracking of the walls. This limitation could be performed by, for 
instance, using thicker and shorter walls. In addition, it is clear that the changes in height are 
the most restricted although they are expected to be the less harmful for the structure long 
term cycling of the structure. Future efforts could therefore be devoted to study honeycomb 
structures with thicker and shorter walls in order to promote the walls expansion 
perpendicularly to the substrate surface. 
 
5.3. Conclusions 
 
The deposition feasibility of a highly structured negative electrode stack to be applied in 
future 3D-integrated batteries has been demonstrated. The stack comprises a TiN thin film, 
serving both as current collector and Li barrier layer, which is covered by a poly-Si thin film 
as negative electrode material. In comparison with planar films, these poly-Si films present a 
storage capacity increase of about 5 for the highest aspect ratio electrodes. Poly-Si deposited 
inside pores show an ‘island-like’ structure, which probably results from the underlying 
material. It was found that the step coverage of poly-Si can be considerably improved by 
growing TiN and poly-Si into wide trenches, which results in the growth of much smoother 
poly-Si films. Further optimization of the deposition conditions and 3D geometry can easily 
result in a storage capacity increase of more than one order of magnitude with respect to 
planar films. The electrodes cycle life appears to be limited by the continuous growth of the 
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SEI layer inside the pores, which results from the use of a liquid electrolyte. Hence, the use 
of a solid-state electrolyte should be highly beneficial for enhancing the electrode cycle life, 
as has already been demonstrated for planar poly-Si thin film electrodes. 

Si nanowires have been investigated. They present a poor initial electrochemical activity 
when evaluated with CV. Employing constant (dis)charging low currents ensures that the 
material gets fully activated. The reasons for the sluggish electrode kinetics are most likely 
resulting from the high electrical resistance of the nanowires, in combination with a poor 
wetting of the nanowires surface. A poor surface wetting reduces the surface area available 
for the charge transfer reaction and also increases the diffusion distance of Li ions. The 
morphological changes of the nanowires after cycling have been characterized. The 
nanowires tend to agglomerate upon expansion/shrinkage to form a porous network 
separated by voids, which might not be favorable if the electrode is to be repeatedly cycled 
for a long time. 

The electrochemical performance and morphological changes of honeycomb-
nanostructured Si have been investigated. Si honeycomb arrays present a moderate cycle life, 
which can be improved by limiting the lithiation and delithiation processes. The 
morphological changes of the structure have been investigated and reveal that the 
honeycomb structure can undergo very large deformations. The analysis of the dimensional 
changes as a function of Li content reveals that the structure does not deform isotropically. 
However, the total volume changes linearly and reversibly increases with the increasing Li 
content. The degradation mechanisms have been identified and result from the detachment 
of small parts of the honeycomb from the current collector after repeatedly cycling. The 
detachment is mainly caused by the wall bending and subsequent cracking and the wall 
thickening at the triple point locations. Future efforts could therefore be devoted to study 
honeycomb structures with thicker and shorter walls in order to promote the walls 
expansion perpendicularly to the substrate surface. 
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Chapter VI 
 

Germanium thin film electrodes4 
 
Abstract 
 
Germanium is a promising negative electrode candidate for lithium-ion thin-film batteries 
because of its very high theoretical storage capacity. When assuming full conversion of the 
material into the Li-richest phase (Li21+3/16Ge5) a theoretical capacity of 1565 mAh g-1 or 
8323 mAh cm-3 of germanium starting material is expected. As discussed in Chapter IV, Si 
does not electrochemically alloy at room temperature into the Li-richest phase. 

In order to investigate the Li-ion insertion/extraction reaction mechanism of 
germanium, an electrochemical study has been conducted on evaporated germanium thin-
films using CV, GITT and EIS, and rate capability measurements. Germanium proves to 
have very beneficial properties as negative electrode material for Li-ion thin-film batteries. 
Moreover, the structure of (de)lithiated germanium thin film electrodes is investigated using 
electrochemical in situ XRD and in situ EXAFS. 

 The in situ XRD results show that evaporated Ge thin films remain amorphous until they 
crystallize into cubic Li15Ge4 as an end member. Sputtered Ge thin films, which present a 
different electrochemical response during Li-ion extraction, have also been characterized 
with in situ XRD. Although the sputtered material was found to crystallize into Li15Ge4 at 
full lithiation, no difference of reaction could be evidenced by means of XRD. The room 
temperature formation of Li15Ge4 as the end member of the electrochemical Li-Ge system 
corresponds to a storage capacity of 1385 mAh·g-1 or 7366 mAh·cm-3 of starting material. 

Electrochemical in situ EXAFS results clearly indicate a reversible decrease (increase) of 
the Ge-Ge (Li-Ge) coordination number and increase (decrease) of the Ge-Ge (Li-Ge) 
interatomic distance when Li ions are inserted in the material. The results obtained after 
fitting the EXAFS data also indicate that the electrochemical reaction proceeds with the 
reversible formation of short range ordered LiGe, followed by the formation of a material 
with increasing Ge-Ge interatomic distance and decreasing coordination number. Near the 
end of the reaction, the local ordering approaches that of Li7Ge2 and finally complies with 
the short range ordering structure of Li15Ge4 at full lithiation. 

Finally, XPS surface measurements indicate the presence of Li2CO3 and (PPO)n as the 
main constituents of the top surface of the SEI layer formed in 1M LiClO4 in PC. 
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6.1. Introduction 
 
As discussed in Chapter IV, the electrochemistry of Si electrodes has been extensively 
studied. On the other hand, Ge electrodes have received little attention in the existing 
literature because of the high cost of the material [1]. However, for the application in thin-
film batteries the cost related to the amount of employed material is not a critical issue. 
Moreover, Ge presents several advantages over Si, such as two orders of magnitude higher 
diffusivity for Li ions and four orders of magnitude higher electronic conductivity [1]. In  
literature, the Li-ion electrochemistry of Ge electrodes has mainly been studied with respect 
to electrochemical potential profiles, capacity retention, rate capability and crystallographic 
phase transitions [1-5]. The present chapter will present in more detail the electrochemical 
properties of Ge electrodes. Section 6.2.1 describes the thermodynamic and kinetic 
properties of evaporated Ge thin films using CV, GITT and EIS, and rate capability.  

Graetz et al. attempted to identify the crystallographic phases formed upon Li-ion 
insertion/extraction of Ge thin-films by means of ex situ XRD [1]. However, these attempts 
were unfortunately unsuccessful. More recently, two other groups studied the phase 
transitions of Ge-based bulk electrodes with ex situ XRD [4,5]. The first group focused on 
the fully lithiated electrode material and found evidence for the crystallization of Ge into 
cubic Li15Ge4 as end member of the electrochemical Li-Ge system [4]. This result is quite 
similar to that of Si, which crystallizes into cubic Li15Si4 (c.f. Chapter IV). The second group 
investigated Ge-based bulk electrodes as a function of Li composition also by means of ex situ 
XRD [5]. They clearly revealed the formation of Li15Ge4 but also reported supporting 
evidence of the formation of other Li-Ge phases on the basis of a few diffraction peaks only. 
For the fully loaded electrode, the formation of ‘Li22Ge5’ (actually Li21+3/16Ge5) was 
supported by a single diffraction peak at 2=40.6°. This is rather ambiguous as the position 
of the strongest calculated diffraction peak for Li7Ge2 and Li22Ge5 are the same, at exactly 
2=40.65° (c.f. Pauling File Binaries Edition, Data sheets S1250775 and S457785, 
respectively for Li7Ge2 and Li22Ge5) and also corresponds to a strong diffraction of GeO2. 
Moreover, obtaining a single diffraction peak from a bulk material is a surprising unexpected 
result. Indeed, Ge particles embedded into a composite electrode mixture are unlikely to 
show any preferential orientation. Moreover, both studies were conducted ex situ and no 
particular precaution towards air and moisture contamination was reported in the 
corresponding experimental sections [4,5]. 

Using a sealed cell to determine the phase transformations of Ge during (de)lithiation by 
means of in situ XRD offers several advantages over the experimental conditions employed 
by these other groups. First, air and moisture contaminations are prevented. Moreover, by 
adopting thin layers of pure Ge, the electrochemical control of the Li:Ge stoichiometry is 
much more accurate. Indeed, in contrast to bulk composite electrodes, no binders or 
conductive additives interfering with the studied Li-Ge reaction are employed. The results 
corresponding to the in situ XRD investigation of Ge thin film electrodes are presented in 
section 6.2.2. 
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As the in situ XRD study will show, lithiated Ge thin films remain amorphous until cubic 
Li15Ge4 is formed. The structure of the amorphous material cannot be easily revealed with 
XRD since it is most appropriate for describing crystalline materials. EXAFS is designed for 
describing the local ordering of (dis)ordered materials. Thus, an in situ EXAFS study was 
carried out, aiming at describing the changes in coordination of Ge atoms as a function of the 
degree of (de)lithiation. These results are discussed in section 6.2.3. 

XPS is a powerful tool for determining the SEI composition of electrode materials [6]. 
The characterization of the SEI layer formed onto evaporated Ge thin film electrodes is 
discussed in section 6.2.4. 
 
6.2. Results and discussion 
6.2.1. Electrochemical properties of germanium thin film electrodes 
 
The electrochemical response of evaporated Ge films was measured for different insertion 
cut-off potentials using CV at 50 V·s-1. The results corresponding to 50 nm thick films are 
presented in Figure 6.1.  
 

 
Figure 6.1. CV of a 50 nm thick evaporated Ge film at various insertion cut-
off potentials at a scan rate of 50 V·s-1. 

 
Several broad peaks are observed during reduction (Li-ion insertion) down to 250 mV, 

followed by a more pronounced peak at about 170 mV. Further insertion of Li ions leads to 
a small and sharp peak around 80 mV. During oxidation (Li-ion extraction), reversible peaks 
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are found for the phases formed during reduction down to 250 mV. The reduction peak 
around 170 mV is, however, accompanied by a rather broad peak during delithiation. 
Strikingly, the small peak at about 80 mV induces very sharp oxidation peaks at about 480 
and 520 mV. For comparison, Si reveals only two broad peaks when the material is lithiated 
until 50 mV. These broad peaks represent an amorphous material in which Li ions are 
inserted. Upon further reduction a small plateau representative of the crystallization into 
Li15Si4 is measured. During Li-ion extraction from Li15Si4, a single peak response is observed 
(c.f. Figure 4.3). This situation is rather different from that of evaporated Ge where a double 
peak system is found. Interestingly, Laforge et al. only observed a single peak during Li-ion 
extraction of fully lithiated sputtered Ge thin-films [2]. If an analogy with the Si system can 
be tempted, it is probable that the Ge electrode material remains amorphous until it finally 
crystallizes. 

The quasi-equilibrium curves of evaporated Ge are presented in Figure 6.2 for two cut-
off potentials applied during the GITT current pulses, i.e. 0 and 50 mV.  
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Figure 6.2. Quasi-equilibrium potential profiles of 50 nm thick Ge 
electrodes for two cut-off potentials (0 and 50 mV). The corresponding 
derivative curves are shown in the inset.  

 
Upon Li-ion insertion, several slopes are observed from 650 to 115 mV up to a Li/Ge 

ratio of about 3.7 Li/Ge, which correspond to the several first peaks observed with cyclic 
voltammetry (c.f. Figure 6.1). When the potential is restricted to 50 mV during current 
flowing conditions, the charge curve also reveals several sloping parts ultimately leading to a 
reversible Li/Ge ratio of about 3.6 Li/Ge. When the electrode is fully inserted up to 0 V, 
the Li/Ge ratio increases to about 3.85. The Li-ion extraction of the electrode from the fully 
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lithiated material is characterized by two successive plateaus until the composition reaches 
about 2 Li/Ge. Upon further Li-ion extraction, a sloping profile identical to that observed 
with a restriction to 50 mV is measured. This overlapping corresponds to the situation when 
the cyclic voltammograms represented by the red and blue curves in Figure 6.1 coincide at 
about 520 mV and well overlap at higher potentials. The full Li-ion extraction leads to a 
reversible Li/Ge ratio of about 3.8 Li/Ge. The inset of Figure 6.2 shows the derivative of 
the Li/Ge ratio with respect to the potential. Obviously, the shape of the derivatives is very 
similar to the cyclic voltammograms in Figure 6.1. During equilibrium, however, the 
potential is almost not influenced by the overpotentials and the sharp delithiation peaks are 
therefore found at somewhat more negative potentials (390 and 430 mV). 

The flat plateaus observed during charge are attractive in view of making batteries with 
more stable cell voltages. However, crystallization of the material may shorten the lifetime 
of the electrode as it induces severe local stresses at the boundaries between the amorphous 
and crystalline domains. Nevertheless, as discussed in Chapter IV this may not be a critical 
issue if an appropriate thickness with a good adhesion to the substrate is realized.  

The kinetics of evaporated Ge was investigated with EIS during a GITT charge of 
Li15Ge4. The corresponding Nyquist plots are shown in Figure 6.3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.3. Impedance spectra measured during a GITT charge of a fully 
lithiated electrode. 
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The impedance results show two depressed semi-circles followed by a straight line. The 
width of the semi-circle observed at high frequencies in Figure 6.3 is almost constant with 
respect to the potential and can therefore be attributed to an ionic conductor. The second 
semi-circle is somewhat dependent on the potential and can be attributed to a charge 
transfer process. The almost straight line observed at lower frequencies can be related to the 
diffusion of Li within the electrode material. A schematic representation of this 
electrochemical system and the corresponding equivalent circuit are presented in Figure 6.4.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4. Schematic representation of the electrochemical system, 
corresponding and simplified equivalent circuits. The various components 
of the equivalent circuits are described in the text.  
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parallel to CSEI), charge transfer (RCT and Cdl) and diffusion (Zdiff) responses. The resistance 
Relec represents the ionic resistance of the liquid electrolyte between the reference and 
working electrodes and Celec the corresponding geometric capacitance. The resistance RSEI 
represents the ionic resistance of the SEI film and CSEI the corresponding geometric 
capacitance. The charge transfer (RCT and Cdl) and diffusion are represented by a classical 
Randles circuit into which the Warburg element is substituted by a diffusion element (Zdiff) 
that can describe any type of diffusion process. 

The very high frequency domain (>50 kHz) is normally dominated by the liquid 
electrolyte response and the low frequency domain by the diffusion of Li within the host 
material. These two domains are not of direct interest for the present study and the 
following simplifications have been done. The straight line observed at frequencies lower 
than 10 Hz in Figure 6.3 and making an angle slightly smaller than 90° with the x-axis can be 
represented by a R parallel C component in which R has a relatively large value. As the low 
frequency limit of the EIS experiments was set to 100 mHz, a good mathematical fitting of 
the straight line can be realized by adopting a CPE (CPEdiff). Moreover, the response of the 
liquid electrolyte above 50 kHz (Relec in parallel to Celec) can be restricted to a resistor which 
represents the ionic resistance between the working and reference electrodes. This 
resistance can be included with the ohmic contact Rs1 and Rs2 resistances into a purely 
resistive component Rs. The depressed semi-circle observed at high frequency (5 kHz) in 
Figure 6.3 is related to ionic conduction as it is almost independent of the equilibrium 
potential. Therefore, it very likely represents the ionic conduction through a SEI layer. The 
somewhat more depressed semi-circle measured at intermediate frequencies (300 kHz) then 
relates to a charge transfer process as it is potential-dependent. Thus, it is most probably 
representative of the charge transfer at the SEI/electrode interface. The somewhat 
depressed semi-circles most likely result from the distribution of the interface microscopic 
properties, which is induced by interface irregularities like roughness, concentration 
inhomogeneities, et cetera [8]. As a result, CPEs were adopted instead of pure capacitors for 
the SEI (CPESEI) and double layer (CPEdl) charge accumulation processes, as shown in the 
simplified version of the equivalent circuit presented in Figure 6.4. 

By fitting the experimental data shown in Figure 6.3 with respect to the simplified 
equivalent circuit , the resistance, capacitance and n values for the various components of the 
equivalent circuit can be determined. The results are plotted in Figure 6.5. The resistance 
and capacitance values associated to an ionic conductor are almost independent of Li 
composition. The capacitance varies between 1.3 and 1.9 F for an electrode having a 
footprint geometry of 2.01 cm2 (Figure 6.5a). This is characteristic from a solid ionic 
conductor and results from a SEI layer, similarly to what was found for poly-Si electrodes 
(c.f. Chapter IV). The double layer capacitance is almost constant for compositions up to 2.5 
Li/Ge (about 50 F) and increases for higher Li compositions up to 90 F for the highest Li 
content. This increase in double layer capacitance is correlated with the decrease of ndl 
values and perhaps results from the roughening of the electrode interface for higher Li/Ge 
ratios. The charge transfer resistance decreases with increasing Li content but does not 
substantially vary for compositions above 1.5 Li/Ge (Figure 6.5b). Thus, as the charge 
transfer resistance does not decrease by a factor of 90/50 for Li/Ge values higher than 2.5, 
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the effect of the electrode roughening on the increase of the double layer capacitance can be 
dismissed. Most probably, the concomitant decrease of ndl and the increase of Cdl are 
resulting from a less convergent fit. Finally, it can be said that the rate at which electrons are 
transferred at the Ge/SEI interface is relatively fast since low values are found for RCT in the 
whole composition range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 6.5. Resistances and capacitances of the electrochemical system 
during a GITT charge of a fully lithiated electrode similar to that 
presented in Figure 6.2. The values are obtained after fitting the 
impedance results of Figure 6.3 with respect to the simplified 
equivalent circuit presented in Figure 6.4. 
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The beneficial charge transfer properties are further illustrated by measuring the rate 
capability of evaporated Ge during delithiation, as presented in Figure 6.6.  
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Figure 6.6. Charge rate-capability measurements of a fully lithiated  
50 nm thick Ge electrode. Potential is plotted as a function of charge 
capacity for various currents from 0.1 to 100 C-rate.  
1 C-rate corresponds to 50 A·cm-2. 

 
The fully lithiated Ge electrode was charged from 0.1 to 100 C-rate. Similar potential 

profiles and high capacities are obtained for all currents up to 100 C-rate, which indicates 
the very favorable rate capability of these Ge thin film electrodes. These results confirm the 
beneficial charge transfer kinetics previously observed with EIS and also indicate that the 
solid-state diffusion of Li within these thin Ge films is quite favorable. 

The difference of electrochemical response between evaporated and sputtered Ge thin-
films (50 nm) is visualized in Figure 6.7. During insertion of Li ions, similar peaks are 
observed for both materials, which indicates that evaporated and sputtered Ge undergo the 
same insertion reactions. The peak positions are, however, somewhat shifted. This 
particularly holds for the small peak observed at the very end of lithiation, which is more 
negative by about 50 mV in the case of evaporated Ge. This difference in peak position most 
likely originates from differences in kinetics, which can be characterized by different charge 
transfer, nucleation or diffusion overpotentials. Upon extraction of Li ions from the fully 
lithiated material, sputtered Ge shows a sharp and intense peak at about 495 mV while 
evaporated Ge presents the double peak response at 480 and 520 mV. Laforge et al.  
reported a very similar electrochemical response for sputtered Ge thin films [2]. The reason 
for the difference in Li-ion extraction reaction is not clear. It might be that that fully 
lithiated sputtered Ge extracts Li ions via a single two-phase coexistence step while 
evaporated Ge does with two successive two-phase coexistence steps. 
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Figure 6.7. CV of 50 nm thick evaporated (red) and sputtered 
(blue) Ge films between 0 and 1 V at a scan rate of 50 V·s-1. 

 
In order to characterize the crystallographic phases possibly formed during Li-ion 

(de)lithiation of Ge thin film electrodes, in situ electrochemical XRD was conducted. 
 
6.2.2. In situ electrochemical XRD of germanium thin film electrodes 
 
The crystallinity of the starting evaporated Ge material was measured with ex situ XRD on 
samples of different thickness, as presented in Figure 6.8. The main graph of Figure 6.8 
presents XRD patterns for 100, 200 and 800 nm thick evaporated Ge films. No sharp peaks 
are visible, which indicates that evaporated Ge presents an amorphous or nanocrystalline 
structure. In order to eliminate the substrate background, the diffraction patterns of the 
thickest and thinnest layers were subtracted (inset of Figure 6.8). As a consequence, broad 
peaks corresponding to the Ge diamond structure are observed. This result is quite similar 
to that reported by Laforge et al. for sputtered Ge films [2]. As the widths of the peaks are 
quite large, it can be assumed that the starting evaporated material has an amorphous 
structure. 
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Figure 6.8. Ex situ XRD patterns of as-deposited Ge films evaporated on 
PEEK foils covered by 5 nm of Ti. The film thicknesses are indicated on 
the figure. The inset shows the subtraction of the XRD pattern 
corresponding to a 800 nm thick film by the pattern corresponding to a 
100 nm thick film. The reference diffraction peaks for Ge diamond 
structure are indicated as bars. 

 
Figure 6.9 shows a typical potential profile obtained for evaporated Ge during the first 

insertion/extraction of Li ions using the in situ electrochemical XRD cell. The electrode was 
discharged with a constant current of about 1/25 C-rate followed by a resting period. 
Subsequently, the electrode was charged at the same rate. A small voltage plateau is clearly 
found around 1 V, which can be attributed to the formation of a SEI layer. Further 
discharging leads to several sloping parts, which correspond to the small peaks found in the 
CVs of Figure 6.1. Upon further lithiation, a large quasi-plateau is visible from 15 to 23 
hours, which corresponds to the pronounced peak in Figure 6.1. At the end of the insertion 
process, a small plateau is found, which is analogous to the small and sharp peak observed at 
50 mV in Figure 6.1. During the extraction of Li ions from the fully lithiated Ge electrode, 
two successive plateaus can be discerned, corresponding to the two peaks observed with CV 
(Figure 6.1). Upon further extraction of Li ions, a steeper potential response is measured at 
higher voltages. This profile is also in good agreement with the quasi-equilibrium curves 
reported in Figure 6.2. 
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Figure 6.9. Galvanostatic initial (dis)charge cycle of a 200 nm thick 
evaporated Ge film obtained with the in situ electrochemical XRD cell. The 
inset is a magnification of the potential curve at low voltages. Each marker 
represents the start of an XRD measurement (c.f. Figure 6.10). 

 
During the galvanostatic (dis)charging of the Ge electrode, XRD patterns were 

collected. The starting time of each diffraction pattern is indicated in the potential curve of 
Figure 6.9 by markers. The corresponding XRD patterns are plotted in Figures 6.10a and 
6.10b for insertion and extraction of Li ions, respectively. First, it should be noticed that all 
patterns indicate a strong reflection peak at 36.5º which corresponds to the (111) diffraction 
of TiN, which was used as a current collector and supporting material. Moreover, it is clear 
that the as-deposited material does not exhibit any clear sharp peaks related to Ge, as already 
concluded from the ex situ XRD characterization (Figure 6.8). Upon insertion (Figure 
6.10a), no peaks are visible in the patterns until the potential reaches 110 mV, which 
corresponds to the small plateau visible at the very end of discharging (Figure 6.9). The 
associated diffraction peaks match very well the reference pattern of cubic Li15Ge4. Upon Li-
ion extraction (Figure 6.10b), the peaks associated with Li15Ge4 reduce in intensity and no 
peaks for other crystalline Li-Ge phases are observed. 
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Figure 6.10. In situ XRD characterization of a 200 nm thick evaporated Ge 
film. (a) XRD patterns corresponding to Li-ion insertion. (b) XRD patterns 
corresponding to Li-ion extraction. The reference patterns for TiN (blue) 
and Li15Ge4 (red) are indicated as bars. 

 
In an effort to confirm the end-member composition of the electrochemically-formed  

Li-Ge material, the charged electrode was lithiated potentiostatically in two successive steps 
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at 130 and 20 mV. These potential values correspond to the situations before and after the 
crystallization into cubic Li15Ge4. The corresponding current and charge responses are 
shown in the inset of Figure 6.11. A decrease of the current during both potentiostatic steps 
is found, indicating that the insertion reaction proceeds relatively rapidly. The 
corresponding XRD results are presented in the main graph of Figure 6.11. The XRD 
patterns of the as-deposited (1) and one time cycled (2) electrodes are included as 
references.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.11. In situ XRD patterns measured during the potentiostatic insertion of a 
cycled Ge electrode in two successive steps at 130 and 20 mV vs. Li/Li+. The inset 
shows the current and charge evolution as a function of time during the potentiostatic 
steps. Each marker represents the start of an XRD scan. Patterns from top to bottom: 
as-deposited Ge (1), charged Ge after 1 cycle (2), at the end of the potentiostatic step 
at 130 mV (3), at the start of the potentiostatic step at 20 mV (4) and at the end of 
the potentiostatic step at 20 mV (5). The reference patterns for TiN (blue) and 
Li15Ge4 (red) are indicated as bars. 
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Taking a closer look at the pattern of the as-deposited sample, a strong (111) preferred 
orientation of the TiN crystallites is found at 2=36.5°. Interestingly, the cycled electrode 
reveals a weaker (111) intensity and a reflection of the {200} lattice planes is now visible at 
2=42.5°. The modification of the TiN crystallites orientation probably results from the 
stress induced by the expansion/shrinkage of the Ge layer.  

Regarding the phase transformations occurring within the Ge film, the pattern collected 
at the end of the first potentiostatic step at 130 mV (3) which corresponds to the situation 
when Li15Ge4 has not yet been formed, does not reveal any peaks associated to Li-Ge phases 
and is very similar to the pattern of the cycled electrode (2). The absence of other crystalline 
Li-Ge phases is in accordance with the XRD results obtained with constant current 
measurements presented in Figure 6.10. When the potential is decreased to 20 mV, the 
material rapidly shows an XRD signature of Li15Ge4, as observed from the pattern collected 
at the start of the second potentiostatic step (4). The pattern collected at the end of the 
potentiostatic step at 20 mV (5) does not show any additional reflections. Moreover, the 
charge transferred to the Ge layer between the two XRD patterns taken at 20 mV is 
negligible. From these results, it can be concluded that no other crystalline Li-Ge phases are 
formed before and after the crystallization into Li15Ge4. 

A thicker evaporated Ge layer (500 nm) was also investigated with in situ XRD. Using a 
thicker film can be useful in revealing the formation of crystalline phases with weaker 
diffraction intensities. As presented in the inset of Figure 6.12, the sample was 
galvanostatically discharged with a current of less than 1/40 C-rate to ensure full lithiation. 
The main graph of Figure 6.12 shows the diffraction patterns measured just before the 
plateau at the end of the discharging process (1) and the pattern measured after full lithiation 
(2), as indicated by the markers in Figure 6.12. Before the plateau, no diffraction peaks, 
except that of TiN, are visible. After full lithiation when the cell potential reached 0 V, 
peaks related to cubic Li15Ge4 are observed. The intensity of the peaks resulting from a  
500 nm thick layer is obviously substantially increased. To conclude, other Li-Ge crystalline 
phases are not clearly observed for evaporated Ge thin-films. 
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Figure 6.12. In situ XRD characterization of a 500 nm thick evaporated Ge film. 
XRD patterns before (1) and after the plateau (1) observed at low potentials, as 
indicated by the markers in the inset. The inset shows the galvanostatic insertion 
of the film. A magnification of the potential curve at the end of the discharging 
process is included. The markers indicate the start of the XRD scans.  The 
reference patterns for TiN (orange), Li7Ge2 (green), Li15Ge4 (red) and Li22Ge5 
(yellow) are indicated as bars.  
 
The differences between evaporated and sputtered Ge, as observed in Figure 6.7, has 

also been investigated with in situ XRD. Figure 6.13 shows the constant current discharge 
and charge profile of a 200 nm thick sputtered film. A small and flat plateau is observed at 
the beginning of discharging at around 0.6 V and can be attributed to the SEI formation, as 
reported by others [2]. Upon further discharging and charging, reactions similar to the cyclic 
voltammogram shown in Figure 6.7 are observed. 
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Figure 6.13. Galvanostatic initial (dis)charge cycle of a 200 nm thick sputtered 
Ge film obtained with the in situ electrochemical XRD cell. The inset is a 
magnification of the potential curve at low voltages. Each marker represents the 
start of an XRD measurement (c.f. Figure 6.14). 

 
XRD  patterns were collected during (dis)charging. Figure 6.14 shows the XRD patterns 

taken at the end of the Li-ion insertion and at the start of the Li-ion extraction process, as 
indicated by the markers in Figure 6.13. No diffraction peaks, except that of TiN nitride, are 
visible before the plateau observed at the end of discharging. Once the plateau is reached, 
only diffraction peaks of the Li15Ge4 cubic phase are observed. This situation is similar to that 
of evaporated Ge where only diffraction peaks resulting from Li15Ge4 are measured.  

The composition Li15Ge4 means that the maximum storage capacity of Ge thin-film 
electrodes is 1385 mAh·g-1 or 7366 mAh·cm-3 of starting material. Unfortunately, XRD 
could not reveal a difference in reaction between evaporated and sputtered Ge. 
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Figure 6.14. In situ XRD characterization of a 200 nm thick sputtered Ge 
film, as shown with the XRD patterns corresponding to Figure 6.13. The 
reference patterns for TiN (blue) and Li15Ge4 (red) are indicated as bars.  

 
6.2.3. In situ electrochemical XAS of germanium thin film electrodes 
 
XAS was recently employed to study Li-ion insertion into Sn-Ge nanocomposites [9]. It was 
concluded that Ge remains in the metallic phase during lithiation based on the absence of a 
shift of the absorption edge as a function of the electrode potential. Moreover, structural 
analyses of the EXAFS part of the absorption spectra did not evidence changes into the 
coordination distance upon Li-ion insertion or extraction. Although changes in the Ge-Ge 
coordination number were assumed to result from Ge-Ge bond cleavage and/or the 
formation of smaller Ge clusters, this study did not present clear indications of Li-ion 
insertion inside the Ge material contained in the composite electrode. 

The in situ electrochemical XRD study of evaporated and sputtered thin films did not 
evidence the formation of other crystalline phases than cubic Li15Ge4 (c.f. section 6.2.2). 
Thus, Li-ion insertion may proceed through a series of amorphous Li-Ge intermediates 
before crystallization in Li15Ge4 occurs. In order to investigate the local ordering of the 
materials, in situ electrochemical Ge K-edge XAS was carried out for evaporated Ge thin 
films. XANES was employed dynamically during the initial lithiation of the electrode in 
order to monitor the changes in chemical environment of the Ge atoms. EXAFS was used 
during equilibrium conditions to resolve the short range ordering (SRO) of the lithiated 
materials, particularly the first Ge-Ge and Ge-Li interactions. 
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The potential profile during the initial discharge of a Ge thin film electrode is shown in 
Figure 6.15a. This profile is characteristic for evaporated Ge thin films and exhibits various 
slopes until discharge is complete and ends as a very small plateau representing the 
crystallization into cubic Li15Ge4. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 6.15. Near-edge spectra collected during the discharge of a 50 nm thick Ge 
electrode. (a) Electrochemical profile and (b) corresponding XANES measurements 
during the continuous galvanostatic discharge. Each circle in the potential profile of (a) 
represents the starting time of a XANES measurement. 

 
The XANES spectra recorded during the continuous galvanostatic discharging are shown 

in Figure 6.15b. At the start of discharge, a sharp edge is observed, which is very similar to 
that of the as-prepared material spectrum. As more Li ions are inserted into the electrode, 
the edge shifts towards lower energies. The shift in energy is substantial, i.e. the energy 
decreases from 11103.0 eV to 11100.5 eV. This decrease in the edge energy is due to the 
reduction of Ge as the more electropositive Li is electrochemically alloyed with Ge.  

The changes during lithiation are reversible, as shown in Figure 6.16a and 6.16b during 
the GITT equilibrium charge process of the fully lithiated material. The Fourier Transforms 
(FT) of the k2-weighted EXAFS spectra recorded during the charge (Figure 6.16a) are shown 
in Figure 6.16c. Analysis of the EXAFS part of Ge K-edge X-ray absorption spectra provides 
quantitative information about the local environment of Ge atoms. The FT function for the 
as-prepared material shows a single coordination shell at a coordination distance of 2.47 Å. 
The single atomic shell measured at 2.47 Å is in very good agreement with other reports for 
Ge evaporated thin films [10-12] and corresponds to the tetrahedrally coordinated atoms of 
the Ge diamond structure. Small Ge nanocrystals (< 5 nm) are also represented by one 
single atomic shell of interatomic distance close to the crystallographic interatomic distance 
of 2.45 Å but with a lower coordination number (~3.3) [13], which results from the larger 
surface to volume ratio of small nanocrystals. Thus, it can be concluded that these 
evaporated Ge thin films are well amorphous, which confirms the previous conclusion 
derived from the XRD results of Figure 6.8. 
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Figure 6.16. X-ray absorption spectroscopy results measured during the charge of a 50 nm 
thick Ge electrode. (a) Equilibrium GITT charge datapoints (circles) represented onto the 
GITT equilibrium curve (green) of Ge obtained on 50 nm thick films. The numbers indicate 
the successive plateaus (c.f. section 6.2.1). (b) XANES spectra corresponding to the 
equilibrium positions shown in (a). (c) FT k2-weighted EXAFS during charge (delithiation), 
corresponding to the equilibrium potentials presented in (a). The FT curve for the  
as-prepared material is given as a reference (red curve). 
 

The FT for the fully lithiated material does not show evidence of strong backscattering. 
The first coordination shells of Li15Ge4 consist of Li, which is a weak backscattering atom. 
The crystallographic structure of Li15Ge4 does not contain Ge-Ge coordination below a 
distance of 4.5 Å (c.f. Table 6.1). Although crystalline Ge consists of several atomic shells 
(coordination 4 at 2.45 Å, coordination 12 at 4 Å and coordination 6 at 5.65 Å), the 
corresponding FT of the room temperature EXAFS spectrum mainly consists of a dominant 
backscattering from the atoms located at 2.45 Å [14]. For nanocrystals, the backscattering 
expected at distances of 4 and 5.65 Å is completely suppressed [14]. Thus, it is not so 
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surprising that the three shells of Ge atoms positioned at distances above 4.5 Å are not 
detected the fully lithiated electrode Li15Ge4. 
 
Table 6.1. Interatomic distances (Å) and coordination numbers for the first shells in Li-Ge 
crystalline phases for distances up to 3 Å (up to 5 Å in the case of Li15Ge4). The data was 
obtained after drawing the phases using the structural information contained in various 
Pauling File Binaries Edition Data Sheets (S1250342, S1251215, S1251400, S1250775 and 
S528349, respectively for LiGe, Li11Ge6, Li9Ge4, Li7Ge2 and Li15Ge4). 
 

Phase Neighbor Coordination Intertomic distance Phase Neighbor Coordination Intertomic distance
LiGe Ge 2 2.554 Li9Ge4 Ge 1 2.444

Ge 1 2.601 Li 1 2.556
Li 1 2.640 Li 2 2.609
Li 1 2.656 Li 2 2.627
Li 1 2.725 Li 1 2.658
Li 1 2.813 Li 1 2.687
Li 1 2.991 Li 1 2.691

Li 1 2.822
Li11Ge6 Ge 1 2.475 Li 2 2.829

Ge 2 2.481 Li 2 2.837
Ge 1 2.491 Li 1 2.985
Li 2 2.534
Li 2 2.597 Li7Ge2 Li 2 2.559

Li 2 2.615 Ge 1 2.624
Li 1 2.702 Li 2 2.644
Li 2 2.704 Li 2 2.661
Li 1 2.725 Li 2 2.716
Li 2 2.729 Li 2 2.868
Li 4 2.732 Li 4 2.897
Li 2 2.809 Li 2 2.914
Li 1 2.824 Li 2 2.951
Li 1 2.826 Li 2 2.969
Li 2 2.832
Li 4 2.857 Li15Ge4 Li 3 2.576

Li 2 2.916 Li 3 2.782
Li 2 2.988 Li 3 2.856

Li 3 2.895
Li 3 4.259
Ge 3 4.556
Ge 2 4.642
Li 3 4.727
Ge 6 4.810
Li 3 4.973
Li 3 4.991  

 
Upon extraction of Li ions, a shell appears at a coordination distance of about 2.6 Å 

(Figure 6.16c). This coordination distance does not substantially change during the two-
phase transformations. These two-phase transformations are visible as two successive wide 
plateaus between 390 and 460 mV in Figure 6.16a and represent the transformation of 
Li15Ge4 into LixGe products of unknown composition and structure. These two 
transformations were also clearly evidenced by cyclic voltammetry as a double peak during 
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oxidation (c.f. Figure 6.1). Based on the phase diagram, the intermediate phases represented 
by the successive plateaus might represent the formation of disordered Li7Ge2 and Li9Ge4 
[15]. However, only the Ge-Ge interatomic distance found in Li7Ge2 possibly matches. 
When more Li ions are removed from the electrode material, the coordination distance 
decreases and the intensity of the peak further increases. After removal of nearly all Li ions 
from the electrode, the radial distribution function resembles that of the initial Ge thin film 
electrode. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.17. X-ray absorption spectroscopy results measured during the (dis)charge of a 50 
nm thick Ge electrode. (a) Equilibrium potentials during a GITT charge (diamonds) and a 
GITT discharge (squares) represented onto the GITT equilibrium curve (green) of Ge thin 
films (c.f. section 6.2.1). FT k2-weighted EXAFS obtained during the (b) GITT charge 
(diamonds) and (c) GITT discharge (squares). The FT curve for the as-prepared material is 
given as a reference (red curve). 
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In another experiment, the electrode was fully discharged galvanostatically and 
subsequently GITT charged with smaller steps in the region of the phase transitions. The 
equilibrium positions of this GITT charge are presented in Figure 6.17a (diamonds). The 
corresponding FT of k2-weighted EXAFS spectra are shown in Figure 6.17b. The changes in 
the FT curves are similar but more gradual when smaller GITT charge steps are used. The 
FT of the k2-weighted EXAFS spectra obtained during the subsequent GITT discharge 
presented in Figure 6.17a (squares) are shown in Figure 6.17c.  

During this discharge, a reversible trend is observed. Indeed, it is clear that as Li ions are 
inserted into Ge, a less ordered structure is formed with a clear decrease in the intensity of 
the main FT peak and an increase in the radial distance. The increase (decrease) of the peak 
intensity during charge (discharge) can be related to the formation (rupture) of Ge-Ge bonds 
upon removal (insertion) of Li ions.  

The EXAFS part of the absorption spectra was fitted using one Ge-Ge and one Ge-Li 
coordination shells. As a consequence of the weak backscattering of Li, accurate fitting is not 
straightforward. Yet, fitting of the spectra of the lithiated materials with only one Ge-Ge 
shell (or multiple Ge-Ge shells) was found to be unsatisfactory and inclusion of a Ge-Li 
coordination shell was deemed necessary. This is illustrated in Figure 6.18 for an EXAFS 
datapoint shown in Figure 6.16a.  
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Figure 6.18. FT of k2-weighted EXAFS spectra of lithiated Ge 
(datapoint corresponding to Li/Ge = 2.4 in Figure 6.16a and to 
the green curve in Figure 6.16c). Fits were realized using one 
Ge-Ge interaction or one Ge-Ge and one Ge-Li interactions. 
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The interatomic distances and coordination numbers obtained from fitting the EXAFS 
data are plotted in Figure 6.19 as a function of Li/Ge ratio.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.19. (a) Ge-Ge and (b) Ge-Li interatomic distances (full 
symbols) and coordination numbers (open symbols) during the GITT 
(dis)charges. Symbols correspond to legends of Figures 6.16a and 
6.17a. Dashed lines through the datapoints are added for clarity.  
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Figure 6.19a presents the changes in the parameters of the Ge-Ge shell for the different 
GITT equilibrium (dis)charges. The trend of the parameters of the Ge-Ge coordination shell 
during Li-ion insertion and extraction is very similar. As Li ions are inserted into the 
structure, the Ge-Ge interatomic distance increases until it reaches approximately 2.61 Å. 
Concomitantly, the coordination number decreases from 4 to 0.3. From the crystallographic 
structure of Li15Ge4, one does not expect Ge-Ge interactions around 2.61 Å. An alternative 
fit of the EXAFS spectrum of the fully lithiated material consists of several Ge-Li shells. The 
latter fit is more realistic given the atomic arrangement of Li15Ge4 (c.f. Table 6.1). For the 
sake of clarity, however, we included in Figure 6.19 the coordination numbers and 
interatomic distances obtained from fitting the EXAFS spectra using only one Ge-Ge and one 
Ge-Li interactions.  

Table 6.1 lists the Ge-Ge and Ge-Li interactions for different thermodynamically stable 
Li-Ge crystalline phases. The more Li is present in these phases, the lower the coordination 
number and the higher the Ge-Ge interatomic distance. However, several exceptions are 
present: Li11Ge6 presents four Ge atoms between 2.47 and 2.50 Å and Li9Ge4 displays a 
single Ge atom at 2.44 Å. Clearly, the EXAFS results do not support the local ordering of 
these two phases since the coordination number and interatomic distance for Li/Ge = 11/6 
largely differ from those of Li11Ge6 and the interatomic distance is about 2.60 Å for Li/Ge = 
9/4. The data obtained for Li/Ge = 7/2 does not match exactly that of Li7Ge2 since a 
coordination number of about 0.7 is found for a Ge-Ge interatomic distance of 2.61 Å while 
a coordination number of 1 is expected at 2.62 Å. However, given the statistical error 
accuracies for high Li contents (c.f. section 2.3.5) these values can be considered as rather 
close. In the case of LiGe and Li15Ge4 compositions, there is a good correspondence between 
the EXAFS results and the expected distances and coordination numbers. In the case of 
LiGe, about three Ge atoms are located at a distance around 2.56 Å. In fact, a fit with the 
structural parameters from the structure of LiGe (two Ge atoms at 2.55 Å and one at 2.60 
Å) results in a fit of equal quality. For Li15Ge4, the EXAFS spectra correspond to a 
disordered phase as follows from the absence of Ge atoms below a coordination distance of 
4.5 Å.  

In a nutshell, it seems that the electrochemical reaction proceeds with the reversible 
formation of short range ordered LiGe, followed by the formation of a material with 
increasing Ge-Ge interatomic distance and decreasing coordination number. Near the end of 
the reaction, the local ordering approaches that of Li7Ge2 and finally complies with the SRO 
structure of Li15Ge4 at full lithiation. 
 
6.2.4. On the SEI morphology and composition 
 
The fully lithiated electrode material was imaged with SEM. Some photographs are 
presented in Figure 6.20. The SEI layer is clearly observed on top of the fully lithiated 
electrode material which has a thickness of about 200 nm. 
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Figure 6.20. SEM photographs of a Li15Ge4 thin film 
electrode. The various materials are indicated on the pictures. 

 
The XPS surface measurements of the electrode material were performed in order to 

determine the chemical constituents present in the SEI layer. The corresponding results are 
presented in Figure 6.21 for two detector pass energies. It is clear that no Ge is detected at 
the surface of the electrode, as expected from the SEM inspection. The C 1s signals present 
two peaks and it is clear that the high binding energy peak is narrower when lower detector 
pass energy is used. Interestingly, the O 1s signal reveals a peak at 528 eV when lower pass 
energy is used, which corresponds to a slight amount of Li2O [16]. The formation of Li2O 
generally results from the reaction of water traces originating from the liquid electrolyte as 
an impurity or present as an adsorbate on the surface of the electrode material [6]. The Li 1s 
signal displays a main peak around 55.5 eV which cannot be unambiguously assigned. Based 
on the peak assignments done in [16], the C 1s and O 1s signals measured with 140 eV 
detector pass energy have been assigned to different chemical constituents (Figure 6.22). For 
the C 1s signal the main peak at about 285 eV corresponds to hydrocarbons and its shoulder 
at about 286 eV to a C-O bond, most likely a polymeric PolyAlkyleneOxide such as 
polymeric PolyPropyleneOxide (PPO)n. 
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Figure 6.21.  Effect of detector pass energy and measurement time during 
a surface measurement of a pristine Li15Ge4 electrode. The spectra were 
measured at 25 W source power and are presented normalized. The 
binding energies are in eV. 

 
The main peak at higher binding energies (290 eV) matches rather well with the 

expected position for Li2CO3. It is worthwhile mentioning that the apparent shoulder 
around 289 eV is an artifact resulting from the used detector pass energy (see the C 1s signal 
in Figure 6.21). In addition, no major contributions can be assigned to Li ethers (LiOR) or 
Li alkyl carbonates (LiOCO2R) expected at 288 eV. The O 1s signal shows a dominant peak 
at about 513.5 eV and a small shoulder at 533 eV, which correspond to Li2CO3 and a C-O 
binding, respectively. Some Li2O is also present, as evidenced by the O 1s signal measured 
at lower detector pass energy (c.f. Figure 6.21). In addition, although not reported here, the 
presence of Cl was detected and most likely results from the formation of LiCl in the SEI 
layer. 

276278280282284286288290292294296

In
te

n
si

ty
 (a

.u
.)

Binding Energy

140 eV _ 8 min

69 eV _ 25 min
C 1s

524526528530532534536538540

In
te

n
s

it
y 

(a
.u

.)

Binding Energy

140 eV _ 8 min

69 eV _ 25 min
O 1s

505254565860

In
te

n
si

ty
 (a

.u
.)

Binding Energy

140 eV _ 8 min

69 eV _ 25 min
Li 1s

120512101215122012251230

In
te

n
si

ty
 (a

.u
.)

Binding Energy

140 eV _ 8 min

69 eV _ 25 min
Ge 2p3/2



140 Chapter VI 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.22. C 1s and O 1s signals measured during a surface measurement of a Li15Ge4 
thin film electrode. The spectra were measured at 25 W source power and detector pass 
energy of 140 eV.  

 
6.3. Conclusions 
 
The thermodynamic and kinetic properties of Ge thin films presented in section 6.2.1 
clearly show that this material is a suitable negative electrode candidate for Li-ion 
microbatteries. The material presents a large storage capacity, a high rate capability, 
resulting from both fast charge transfer kinetics and solid-state diffusion, and favorable 
thermodynamics. Moreover, the material can reversibly cycle more than a thousand times 
when covered by a solid-state electrolyte, as reported by Phan et al. [17]. 

The in situ XRD investigation (section 6.2.2) has shown that lithiated Ge thin film 
electrodes remain amorphous until crystallization in cubic Li15Ge4 occurs. Using XRD, no 
difference in Li-ion extraction responses between sputtered and evaporated Ge thin films 
could be found. The crystallization into Li15Ge4 corresponds to a storage capacity of 1385 
mAh·g-1 or 7366 mAh·cm-3 of starting material. 

In order to get more insight in the structure of the amorphous material formed prior to 
cubic Li15Ge4, in situ XAS was conducted (section 6.2.3). The corresponding results indicate 
that the electrochemical reaction proceeds with the reversible formation of short range 
ordered LiGe, followed by the formation of a material with increasing Ge-Ge interatomic 
distance and decreasing coordination number. Near the end of the reaction, the local 
ordering approaches that of Li7Ge2 and finally complies with the SRO structure of Li15Ge4 at 
full lithiation. 

Finally, XPS surface measurements indicate the presence of Li2CO3 and (PPO)n as the 
main constituents of the top surface of the SEI layer formed in 1M LiClO4 in PC, and small 
quantities of Li2O and LiCl.  
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Chapter VII 
 

Tin nitride film electrodes5 
 
Abstract 
 
The conversion reaction of tin nitride has been discussed based on RBS results and the 
electrochemical data. The results indicate that nitrogen partially participates reversibly in the 
conversion reaction. In turn, tin nitride is capable of reversibly inserting more than 6 Li per 
Sn atom. In order to investigate the reaction mechanism, ex situ MS has been employed on 
(de)lithiated tin nitride thick electrodes. The structure of as-prepared SnNx films of 
composition 1:1 and 3:4 has been characterized. The films of composition 1:1 appears to be 
a mixture of tetrahedrally- and octahedrally-coordinated Sn4+, in combination with Sn2+ 
species. The films of composition 3:4 are composed of an amorphous material which 
continued a crystalline growth after 300-500 nm from the substrate interface. The 
crystalline material mainly consists of spinel Sn3N4, and minor traces of reacted -Sn and 
orthorhombic SnO2.  

During lithiation the 1:1 material transforms into Li3N and intermediary Li-Sn phases 
(LiSn, Li7Sn2) and ultimately reaches the composition ‘Li22Sn5’. During Li-ion extraction, 
modified Sn4+ configurations are rapidly formed while the Li content in the Li-Sn clusters 
decreases. At full delithiation, the electrode shows a signature for octahedrally- and 
tetrahedrally-coordinated Sn4+ together with a mixture of, most likely, LiSn and Li7Sn3. For 
the 3:4 material, the initial discharge is different from that of the subsequent cycles most 
likely due to the co-existence of original Sn4+ octahedra and tetrahedra with Li3N and LiySn 
products. During the first charge, however, the electrode potential profile is very similar to 
that measured during the subsequent cycles or to that of the 1:1 material, which is indicative 
of similar reactions. During conversion, the preferential consumption of octahedral Sn4+ 
sites is measured. The composition of the LiySn products is not elucidated and it seems that 
specific sites of Li-Sn phases are formed. At full lithiation, the signature for ‘Li22Sn5’ is 
measured. During Li-ion extraction, the Mössbauer isomer shift associated with LiySn 
products increases and Sn4+ octahedral and tetrahedral configurations are formed. At full 
delithiation, a LiySn product with the isomer shift of LiSn is measured. Its quadrupole 
splitting, however, is substantially higher than the value expected for LiSn. The much higher 
quadrupole splitting most likely indicates the electrode nanostructuring and the formation of 
either a specific site of LiSn or perhaps of a complex ternary compound. 

                                                 
Part of this chapter is based on the following publications: 
L. Baggetto, N.A.M. Verhaegh, R.A.H. Niessen, F. Roozeboom, J.-C. Jumas, P.H.L. Notten, J. Electrochem. Soc. 
157 (2010) A340. 
L. Baggetto, J.-C. Jumas, H.T. Hintzen, P.H.L. Notten, Electrochim. Acta (2010), in press. 
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7.1. Introduction 
 
Alloying negative electrode materials (e.g. Si, Ge and Sn) undergo tremendous volume 
changes during Li-ion insertion/extraction, which can be detrimental for the material 
lifetime that is often reduced to a few cycles for thick electrodes. This poor lifetime is 
attributed to high compressive stress resulting from Li-ion insertion, which leads to 
pulverization or delamination of the material [1-3]. To suppress this problem, one can 
decrease the electrode thickness but this has a negative impact on the total storage capacity. 
Alternatively, other types of negative electrode materials can be adopted. 

With respect to improved cycling performance, the so-called “conversion electrodes” 
such as oxide- and nitride-based compounds are very attractive negative electrodes [4]. The 
generally accepted scenario to explain their favorable conversion mechanisms is that an inert 
lithia (Li2O) or lithium nitride (Li3N) nanostructured matrix is irreversibly formed during 
the first Li-ion insertion. The matrix material provides ionic conductivity whereas the metal 
clusters provide electronic conductivity.  In addition, these matrices are expected to 
accommodate part of the stress associated with the large volume expansion/contraction 
resulting from the insertion/extraction of Li ions into/from the active elemental 
nanoclusters. In turn, this accommodation by the matrix material could noticeably increase 
the lifetime of the electrode. A two-step conversion mechanism is generally adopted, as 
given here for a metal oxide-based electrode (MOx) [4-10] 
 

MOx + 2x e- + 2x Li+ → M + x Li2O             (7.1) 

M + y e- + y Li+     LiyM               (7.2) 

 
and in the case of a nitride-based electrode (MNx) [11-18] 
 

MNx + 3x e- + 3x Li+ → M + x Li3N             (7.3) 

M + y e- + y Li+     LiyM               (7.4) 

 
Based on this mechanism, one would expect that a higher O or N content leads to a 

better electrode cycle life at the expense of reversible capacity as more inert Li2O or Li3N 
“buffer” material would be formed. 

In the past, stoichiometric germanium nitride and tin nitride have been reported in the 
literature as potential negative electrode materials [14,17,18]. In the case of germanium 
nitride, a detailed characterization was performed on bulk material [14]. This study 
concluded that the reaction mechanism of Ge3N4 occurred via a limited conversion process. 
Surprisingly, it was found that about 60% of the starting material was inactive. The large 
particle size of the Ge3N4 starting material might explain the poor performance observed and 
suggests, as the authors proposed, that the core of the particles remained intact. As the 
diffusion length and electrical resistance are minimized in the case of a thin layer, one can 
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expect that thin films of similar materials will be able to fully convert and are thus very 
interesting to be studied. 

In the case of tin nitride, the conversion mechanism, as well as the electrochemical 
properties of the material, have not been thoroughly investigated thus far [17,18]. Park et al. 
investigated 100 nm thick tin nitride thin films grown by sputtering and having a 
stoichiometry close to Sn3N4 measured by wavelength-dispersive spectroscopy (WDS) [17]. 
XRD revealed that the starting material had poor crystallinity for deposition temperatures 
up to 300 °C. Using ex situ XRD and XPS on cycled samples, they concluded that part of the 
tin nitride transformed into pure Sn after delithiation [17]. Neudecker et al. discussed the 
reaction mechanism of sputtered indium- and tin-nitrides [18]. They suggested that the 
initial reaction of these nitrides occurs via the concurrent formation of a nanocrystalline Li3N 
matrix and the alloying of Sn nanocrystals with Li, according to reactions (7.3) and (7.4). 
These conclusions were based on in situ XRD results. However, these data were not 
published [18]. In addition, electrochemical half-cell measurements were not presented for 
tin nitride. Results on the capacity and lifetime of batteries comprising these nitride 
electrode materials of various compositions were reported. However, the capacities 
presented in this work are related to the thickness of the positive electrode material and the 
thickness of the negative electrodes is not mentioned, making the analysis of irreversible and 
reversible capacities rather ambiguous [18]. 

The present chapter discusses the electrochemical reaction of tin nitride thin films in 
more detail. Section 7.2.1 briefly describes the electrochemical behavior of pure tin and of 
tin oxide thin films as references. Next, the characterization of as-prepared tin nitride thin 
films with layer thickness ranging from 50 to 500 nm and compositions of 1:1 and 3:4, as 
well as their electrochemical responses are discussed in sections 7.2.2 and 7.2.3. Using RBS, 
the amount and composition of the starting tin nitride material was determined, which 
allowed the calculation of the quantity of Li reacting (ir)reversibly with the electrode 
material. In situ XRD was also performed in order to characterize the structure of the 
converted material for different Li contents, however, not successfully. MS was employed 
aiming at probing the chemical environment of Sn atoms as a function of Li content. The 
section 7.2.4 presents the corresponding ex situ MS results obtained on tin nitride thick films 
in order to discuss more thoroughly the electrode material reaction mechanism. 

 
7.2. Results and Discussion 
7.2.1. Electrochemical characterization of tin and tin oxide thin films 
 
As the electrochemical response of Sn-based electrodes is largely resulting from that of pure 
Sn, the latter was first investigated. The material under investigation was imaged with SEM 
and the corresponding photographs are presented in Figure 7.1. 
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Figure 7.1. SEM photographs of an as-prepared Sn thin film 
deposited onto a TiN-covered Si substrate. The upper photograph 
was formed using backscattered electrons and as a result the 
materials containing heavier elements are represented brighter. 

 
The sputter deposition of Sn onto TiN-covered Si substrates yielded films with an 

‘island-like’ morphology and an average thickness of about 40 nm. This morphology is most 
likely due to the high mobility of Sn atoms as the melting point of Sn at 232 C is relatively 
low. RBS results indicated that an electrode of 1.77 cm2 weights about 44.5 g, which 
corresponds to a thickness of about 35 nm assuming the bulk density for Sn, which is quite 
close to what was measured with SEM.  

The electrochemical response obtained with CV and GITT is presented in Figure 7.2. 
The room temperature discharge profiles consist of several two-phase coexistence regions 
characterized by plateaus at about 670, 510 and 450 mV (Figure 7.2a), followed by a slope 
till the end of discharge. During charge, reversible profiles are found characterized by 
plateaus at about 790, 720 and 590 mV. It is clear, however, that the width of the correlated 
plateaus found at about 510 mV during discharge and 720 mV during charge significantly 
differ whereas the other correlated plateaus and slopes have similar width. It is also clear that 
the electrodes cycled in a liquid electrolyte show large irreversible capacities (about 25% of 
the reversible capacity). These irreversible capacities correspond very well with the 
additional capacity spent on the plateau at 510 mV, which can indicate that a parasitic 
reaction occurred concomitantly with the two-phase transformation at 510 mV.  

Sn 

Sn 
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Figure 7.2. Electrochemical responses of pure Sn thin film electrodes. 
(a) Galvanostatic (dis)charging using about 2 C-rate for different cycling 
conditions. Two bare electrodes and one covered by a Li3PO4 film were 
cycled in an electrolyte consisting of 1M LiClO4 in PC. (b) Quasi-
equilibrium potential profiles of a Sn/Li3PO4 stack. The capacity is 
normalized with respect to the charge capacity. 
 

Interestingly, when Sn is covered by a Li3PO4 solid-state electrolyte layer, the 
irreversibility is almost zero and the amounts of charge spent on the plateaus at 510 and 720 
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mV are very close. This confirms that a parasitic reaction, most likely SEI formation, occurs 
during the reaction associated with the plateau found at 510 mV for the electrode measured 
in a liquid electrolyte.  

The Li-Sn phase diagram is composed of several binary phases: Li2Sn5, LiSn, Li7Sn3, 
Li5Sn2, Li13Sn5, Li7Sn2 and Li21+5/16Sn5 (‘Li22Sn5’, c.f. section 1.4), and the coulometric 
titration of Sn at 415 C indicated the two-phase coexistence of those phases except Li5Sn2 
which is liquid at that temperature [19]. A coulometric titration of Sn at 25 C suggested the 
formation of Li2Sn5 but that of Li5Sn2 normally observed at high temperatures was not found 
[20]. The plateaus obtained under galvanostatic conditions at 670 (790), 510 (720) and 450 
(590) mV during discharge (charge) are generally attributed to the formation 
(transformation) of Li2Sn5, LiSn and Li7Sn3, respectively [21]. The absence of the other Li-Sn 
phases is most likely related to the lack of mobility of the atoms at room temperature. For 
example, it was found that fully lithiated Sn adopts a short range ordered structure similar to 
that of ‘Li22Sn5’ but the corresponding long range ordering was not achieved [21]. This also 
indicates that the composition of fully lithiated Sn is close to that of ‘Li22Sn5’. 

It is worthwhile mentioning that the plateau around 2.9 V found during charging in the 
liquid electrolyte (c.f. blue curve in Figure 7.2a) represents the partial oxidation of Sn into 
divalent Sn [22] and most likely results in the irreversible loss of Sn in the liquid electrolyte 
in the form of Sn2+ ions. When Sn is covered by a solid-state electrolyte layer (c.f. green 
curve in Figure 7.2a), no such plateau is measured indicating that the loss of Sn certainly 
occurs in the liquid electrolyte. Surprisingly, not all Sn was oxidized into Sn2+ during the 
initial charge. The amount of oxidized Sn represents 5.58·10-2 C (about 350 mAh·g-1) or 
2.89·10-7 mol assuming 2 e- per Sn atom. Taking Sn bulk density of 16.26 cm3·mol-1 and an 
electrode surface area of 1.77 cm2, it can be calculated that this amount of Sn is equivalent to 
about 26.5 nm. This amount of Sn corresponds to 76% of the initial amount of Sn and would 
leave the electrode with 24% of its initial reversible capacity. 

The quasi-equilibrium profile presented in Figure 7.2b display essentially the same 
information as the constant current measurements although it is now clear that the plateau 
representing the formation of LiSn is better visible (plateau at 635 mV). Moreover, the 
difference of potential between discharge and charge is much more reduced and the plateaus 
are now located at 740, 635 and 470 mV during discharge and 740, 670 and 535 mV during 
charge. The irreversible capacity is not null (about 9% of the reversible capacity) although 
the electrode is covered by a solid-state electrolyte layer. This apparent inconsistency most 
likely results from the instability of Li3PO4 at very negative potentials [23]. Such a large 
irreversibility was not observed during the constant current measurements (c.f. green curve 
in Figure 7.2a) but these measurements were performed in a much shorter time than the 
GITT measurements. Indeed one GITT discharge consisted of about 50 pulses at 1 C-rate 
each followed by 1.5 hrs relaxation periods while the constant current single discharge was 
performed in about 0.5 hr hour followed by a relaxation period of 0.5 hr.  

The loss of Sn during the oxidation reaction at 2.9 V is also clearly supported by the 
comparison of the electrode cycle life between 0 and 2 V and 0 and 3 V (Figure 7.3).  
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Figure 7.3. Cycle life of pure Sn thin film electrodes cycled in a liquid 
electrolyte between 0 and 2 V (black curves) and 0 and 3 V (grey curves). 
 

Although similar initial discharge capacities are found (about 1080 mAh·g-1), the first 
charge capacities significantly differ (883 against 1284 mAh·g-1 for 0-2 V and 0-3 V cycling 
conditions, respectively), and that obtained at 3 V is much larger due to the oxidation of Sn 
into Sn2+. It is clear that the cycle life is much poorer when the electrode is cycled up to 3 V 
resulting from the loss of active material. Interestingly, the discharge capacity remains very 
high during the second and third cycles, respectively 777 and 500 mAh·g-1, while the charge 
capacities are much lower, respectively 380 and 385 mAh·g-1. 

From Figure 7.2a it is possible to derive that the capacity obtained when charging up to  
2 V corresponds to 95% of the full reversible capacity, which means that the reversible 
capacity associated with Li-ion extraction up to 3 V should be about 930 mAh·g-1. This value 
is actually quite close to the value expected for the formation of Li21+5/16Sn5 (962 mAh·g-1). 

In order to determine the origins of the large irreversible capacities happening during the 
second and third discharges, the potential profiles obtained during the first cycles of the Sn 
electrode cycled between 0 and 3 V are presented in Figure 7.4. The oxidation reaction at 
about 2.9 V induces the presence of unexpected reactions during the discharge of the second 
cycle. Indeed, several plateaus at 2.85, 1.48 and 1.27 V and various slopes consuming a 
large amount of charge are measured above 700 mV. These plateaus are perhaps related to 
the passivation of the freshly exposed Sn surface by a SEI layer. It could also be that some of 
these plateaus correspond to the redeposition of some Sn2+ as metallic Sn. It was previously 
calculated that only about 24% of Sn should remain after the oxidation dissolution reaction 
at 2.90 V (c.f. Figure 7.2a). If this is the case, the maximum reversible Li-ion storage 
capacity of remaining Sn should be about 228 mAh·g-1 while the charge capacity found here, 
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which is mainly related to Li-ion extraction, is 152 mAh·g-1 higher. Therefore, the plateaus 
observed during the second discharge must be related to both Sn redeposition and Li-ion 
insertion in remaining and redeposited Sn, and SEI formation.  

The plateau related to the formation of Li2Sn5 located during the first discharge at 666 
mV is now observed around 614 mV. The lower plateau potential indicates poorer electrode 
reaction kinetics, probably due to the redeposition of Sn and SEI formation. During the third 
discharge, however, the position of the plateau voltage is back to its expected position. 
During the second charge, similar reactions to those of the first charge occur although the 
involved amount of charge is obviously much less. A small plateau is visible around 2.9 V 
and corresponds to the partial oxidation of Sn. The third cycle is essentially showing Li-ion 
insertion/extraction reactions of Sn although a still quite large irreversible capacity is 
present, most likely related to the SEI formation, and a small amount of Sn gets oxidized 
into Sn2+ species. The amount of charge involved in the oxidation reaction is much less 
during the second charge and decreases further during the third charge. This is most likely 
due to the electrode passivation and the non-solubility of Sn2+ ions within the SEI material.  
 

 
Figure 7.4. Potential profiles of pure Sn thin film electrodes for the 
first three cycles in a liquid electrolyte between 0 and 3 V. 

 
Next, the electrochemical response of a conversion electrode material, i.e. tin oxide, is 

presented. TEM photographs of the as-prepared tin oxide material of composition 1:1, i.e. 
SnO, are shown in Figure 7.5.   
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Figure 7.5. TEM photographs of an as-prepared SnO thin film deposited onto TiN-
covered Si substrate. (a) Stack overview. Note that the Pt top layer was used during the 
FIB preparation as a protective coating. (b) Higher magnification of the SnO material 
not exposed to the e-beam before. (c) High resolution photograph of SnO thin film. 
(d) High resolution photograph of the same area after 10 s e-beam irradiation, one 
cliché (not presented here) and additional 10 s e-beam exposure. The white lines added 
in the photographs (c) and (d) delimit nanocrystalline domains to emphasize on the 
crystallization propagation occurring during the e-beam exposure. 

 
From the photograph presented in Figure 7.5a it is clear that the layer is rather smooth 

and is essentially composed of an amorphous material. The photograph shown in Figure 7.5b 
indicates at higher magnification the presence of small dark domains, which corresponds to 
the existence of crystalline material. High resolution imaging confirms the presence of small 
nanocrystals of size equal or smaller than 20 nm (Figure 7.5c). The identification of their 
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crystal structure was not conducted but these nanocrystals most likely represent SnO 
nanocrystalline domains. It was also observed that the e-beam exposure induced the 
propagation of the material crystallization (compare Figures 7.5c and 7.5d, especially the 
encompassed areas). Therefore, it cannot be completely excluded that the small nanocrystals 
observed at the start of the TEM imaging experiment (c.f. Figure 7.5b) are not resulting 
from the e-beam exposure. However, it should be emphasized that in order to prevent  
e-beam-induced crystallization, the photograph shown in Figure 7.5b was taken in an area 
not exposed to the e-beam before. In addition, wide area TEM scans are using lower 
electron densities than high resolution imaging, thus the fast crystallization propagation 
presented in Figures 7.5c and 7.5d most likely does not take place during a single wide area 
scan of the unexposed material (Figure 7.5b). 

In a nutshell, if it is assumed that the composition of the material is rather homogeneous 
and that the starting material is not much influenced by the e-beam exposure during a single 
wide area TEM scan, the TEM inspection reveals that the as-prepared SnO thin films are 
most likely composed of few SnO nanocrystals embedded in an amorphous SnO matrix. 

The electrochemical responses of several 200 nm thick SnO thin film electrodes obtained 
galvanostatically during the first two cycles using different charge cut-off potentials are 
presented in Figure 7.6. The potential profiles measured on different electrodes of the same 
deposition batch are quite similar, which indicates reproducible preparation and 
measurement conditions. It is clear that the initial discharges are accompanied by a quasi-
plateau at about 1.15 V, followed by a slope centered on 1 V and two plateaus at 0.60 and 
0.32 V, and various slopes. The initial discharge of crystalline SnO is normally characterized 
by a flat plateau around 1 V [8], which represents the two-phase coexistence of SnO and a 
lithiated product. Here, the presence of the quasi-plateau at 1.15 V and slope around 1 V 
supports the nanocrystalline/amorphous nature of the as-prepared SnO material. 

During charging, several successive slopes are measured until the potential reaches a 
plateau at 0.90 V. Upon further Li-ion extraction, a steeper response starts and is 
accompanied with an inflexion around 1.3 V and two slopes until the potential reaches 3 V. 
The irreversible capacity is about 20% of the maximum capacity. Assuming the reaction 
mechanism described in (7.1) and (7.2) and the formation of Li21+5/16Sn5 as the end Li-Sn 
product, the discharge capacity should correspond to 6.26 Li/Sn plus the amount of charge 
spent during the SEI formation. The latter quantity is not known. Excluding this quantity, it 
can be said that the irreversible capacity of 20% corresponds to about 1.25 Li/Sn. SnO thin 
film electrodes of various thickness present similar potential profiles and the capacities spent 
on the plateaus are proportional to the amount of material, i.e. electrode thickness, similarly 
to what is found for tin nitride thin films (c.f. section 7.2.3). Thus, the main plateaus 
discussed above are most likely related to the material conversion and not to the SEI 
formation.  
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Figure 7.6. Electrochemical responses of 200 nm thick SnO thin film 
electrodes measured using about 1 C-rate for different charge cut-off 
potentials during the first cycle. The capacity is normalized with respect 
to the discharge capacity. 

 
The potential responses obtained during the second cycle are presented in Figure 7.7. 

The electrodes charged during the first cycle up to 2 or 3 V present very similar discharge 
responses during the second cycle (red and black curves), indicating that the material formed 
during the initial charges at 2 or 3 V is essentially the same. These second discharges are 
similar to the initial discharges for normalized capacities higher than 36% (about 2.25 
Li/Sn). From 20 to 36% the responses are different although the reaction associated with a 
quasi-plateau visible around 1 V is partially present. The responses from 20 to 36% are thus 
most likely related to the reactions happening during the initial charge between 0.9 and 3 V. 
With restriction at 1.4 V (green curve), the second discharge is mainly characterized by 
several slopes for capacities above 40% (about 2.5 Li/Sn) that are preceded by a small quasi-
plateau around 0.9 V. This quasi-plateau corresponds to the final state of the reaction 
associated with the slope centered on 1 V visible during the first discharge. This plateau must 
then be related to the inflexion visible during charge around 1.3 V. With a restriction at 0.8 
V during charge (blue curve), only the well symmetrical response of the electrode is 
measured. 

Similarly to pure Sn electrodes, the electrode charged at 3V during the second cycle is 
characterized by the oxidation of Sn into Sn2+ as represented by a small plateau at 2.9 V. 
Based on reaction (7.2) much higher quantities of Sn2+ are expected to form during this 
oxidation reaction. Thus, the oxidation into Sn2+ is either limited by kinetics due to 
nanosizing (diffusion limitation of Sn2+ within the electrode nanonetwork) and/or because 
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the element Sn is not only in the form of pure Sn but is partly oxidized. The absence of 
oxidation into Sn2+ during the first charge up to 3 V might also be resulting from a 
nanosizing effect. If the Sn-rich clusters are too small, the surrounding elements can prevent 
the release of Sn in the form of Sn2+ thanks to strong chemical bonds. However, upon 
further cycling leading to the agglomeration of Sn into larger clusters, the surrounding 
elements have less influence and the oxidation of Sn atoms located far enough from the 
surrounding elements can take place. 

 

 
Figure 7.7. Electrochemical responses of 200 nm thick SnO thin film 
electrodes measured using about 1 C-rate for different charge cut-off 
potentials during the first and second cycles. The capacity is 
normalized with respect to the initial discharge capacity. 

 
The reaction mechanism of SnO was investigated using various characterization 

techniques (XRD, NMR, MS, EXAFS) [8,24-29]. These investigations clearly pointed out 
that the reaction mechanism proposed in (7.1) and (7.2) is incomplete. For 0 < Li/Sn < 2, 
the main reaction corresponds to the decrease of the average oxidation state from Sn2+ 
(SnO) to a mixed valence state product Liz(Sn4+Sn2+Sn0)O of average formal oxidation state 
lower than 2. For higher Li/Sn ratios, Li-Sn bonds are formed but Sn-O bonds are still 
present, indicating the formation of Li-Sn clusters embedded in a Li2O matrix with strong 
interactions between Sn and O. More insertion of Li ions results in the weakening of the  
Sn-O bond and the dominance of Li2O and Li-Sn phases of increasing Li content until the 
composition ‘Li22Sn5’ is reached [29]. During charge, Li is removed from the Li-Sn phases 
and at full charge the formation of pure Sn, SnO and of a mixed valence state Li-Sn-O 
compound is observed.  
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On the basis of these results it is not surprising to observe that only a small amount of 
charge was consumed at 2.9 V during the oxidation of Sn into Sn2+ species since pure Sn and 
Li2O are not the end products of the charged electrode. Moreover, it also explains why the 
overall irreversibility is lower than 2 Li/Sn (about 1.25 Li/Sn) since Li2O and Li-Sn phases 
form a Li-Sn-O product during charge. 2 Li/Sn corresponds to a normalized capacity of 
32%, which coincides rather well with the start of the plateau visible around 0.6 V (c.f. 
Figure 7.7). For pure Sn, the plateau at 0.67 V corresponds to the formation of Li2Sn5 (c.f. 
Figure 7.2a). The plateaus do not perfectly coincide, which might be due to overpotentials 
resulting from poorer kinetics plus differences in thermodynamics. Indeed, SnO films are 
five times thicker than Sn films, which can impede the diffusion kinetics. Moreover, the 
structure of lithiated SnO up to 2 Li/Sn is a complex nano-network [28,29], which most 
likely restricts both diffusion and charge transfer kinetics, and also modifies the electrode 
thermodynamics. Thus, assuming that the plateau positions differ for these reasons, the 
plateau at 600 mV found for the SnO electrodes most likely corresponds to the formation of 
Li2Sn5 clusters out of a Li-Sn-O compound. Similarly, the reformation of a Li-Sn-O during 
charge most likely occurs above 1 V. Indeed the charge up to 1.4 V is indicative during the 
subsequent discharge of a feature at 0.9 V which can be associated with the reaction of a Li-
Sn-O product (c.f. Figure 7.7). Around 40%, all Li-Sn-O has probably formed Li2O and 
Li2Sn5, and further Li-ion insertion results in the formation of Li-Sn phases of higher 
concentrations. When the Li content passes below 40% during charge (equivalent to 1 V), 
the electrode reaction most likely consists of the combination of Li2Sn5 and Li2O into a Li-
Sn-O product and the partial reformation of Sn and SnO upon further Li-ion extraction. 

The cycle life of 200 nm thick SnO electrodes is presented in Figure 7.8 for different 
charge cut-off potentials. It is clear that the reversible storage capacity depends on the 
applied cut-off charge potential. A cut-off potential of 2 V results in a higher initial capacity 
but a faster degradation. This degradation can most likely be related to the mechanical 
degradation arising from the repeated expansion/shrinkage of the active clusters. Limiting 
the cut-off charge potential to 1.4 V restricts the reversible storage capacity to about 85% of 
the capacity and only slightly improves the capacity retention for few cycles. When the 
limitation is applied at 0.8 V the capacity retention improvement is much more pronounced 
but at the cost of reversible capacity. The initial capacity is now about 65% and between 55 
to 65% can be retained for 100 cycles. The potential restriction has proven to be more 
effective in the case of Si electrodes. The difference results from the difference in structure 
of lithiated SnO and lithiated Si, the latter being amorphous whereas the former showing 
clear signs of nanocrystalline domains (c.f. Figure 7.7 and ref. [8]). 
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Figure 7.8. Reversible storage capacity of 200 nm thick SnO thin film 
electrodes cycled in a liquid electrolyte for different charge cut-off 
potentials. The capacity is normalized with respect to the capacity 
obtained when charging up to 2 V. 

 
7.2.2. Material characterization of as-prepared tin nitride thin films 
 
Tin nitride thin layers were subjected to RBS for mass and composition determination. 
Within the RBS fitting accuracy, 1:1 and 3:4 ratios were confirmed for the various 
thicknesses. ICP-AES measurements on a dissolved 250 nm thick film of composition 3:4 
and surface area 2.01 cm2 revealed a total amount of 314 g of Sn, which is in very good 
agreement with the RBS results showing a total amount of atoms of 1.85·1018 at·cm-2. Thus, 
the tin nitride samples are most likely well homogeneous. 

In order to visualize the morphology and measure the samples thickness, cross-sections 
of the samples were imaged with SEM. Typical photographs are shown in Figure 7.9 for 
nominally 100 and 250 nm thick layers of both compositions. SEM revealed that for both 
compositions the morphology of the different layers is independent of the thickness. It 
should be noted that the texture visible in the pictures is an artifact resulting from the 
sample cleavage.  
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Figure 7.9. SEM cross-sections of RF-sputtered SnNx layers deposited onto TiN-
covered Si substrates. Nominally (a) 100 and (b) 250 nm thick SnNx 1:1 films on top of 
70 nm TiN and nominally (c) 100 and (d) 250 nm thick SnNx 3:4 films on top of TiN. 

 
The thickest layers were analyzed with XRD and the corresponding results are presented 

in Figure 7.10. The broad peak around 69º originates from the Si substrate and several peaks 
from the cubic TiN structure are detected. No diffraction peaks from crystalline Sn or Sn3N4 
phases are observed. However, the broad peaks at about 32 and 55° are originating from an 
amorphous material and these 2 positions match with the diffraction peaks of the spinel 
Sn3N4 structure and of tetragonal -Sn. This indicates the presence of an amorphous or 
nanocrystalline material which is most likely composed of Sn3N4 and Sn. Nevertheless, the 
structure of the materials cannot be further described using XRD. 
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Figure 7.10. XRD patterns of as-deposited 500 nm thick SnNx 1:1 and 250 
nm thick SnNx 3:4 sputtered films grown onto TiN-covered Si substrates. 
The reference patterns for cubic TiN (orange), spinel Sn3N4 (green) and 
tetragonal Sn (pink) are inserted in the figure. 

 
The materials were also analyzed with TEM, as presented in Figure 7.11. For both 

compositions, the Bright Field (BF) mode revealed crystalline domains within the TiN layer 
but no sign of lattice fringes was observed for the tin nitride films. However, areas with 
darker intensity were randomly visible all over the layers. Using the High Angle Annular 
Dark Field (HAADF) detector, it was possible to distinctly visualize the same areas, which 
are now represented as white spots. This difference in contrast usually corresponds to the 
presence of domains having a higher Sn concentration or to a difference in density. 
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Figure 7.11. BF-TEM and HAADF images of 250 nm nominally thick SnNx 1:1 (upper 
images) and SnNx 3:4 (lower images) layers deposited onto TiN-covered Si substrates. Note 
the different magnifications. 
 
7.2.3. Electrochemical characterization of tin nitride thin films 
 

The potential profiles of the first two dis(charge) cycles of a 50 nm thick SnNx layer of 
composition 1:1 are shown in Figure 7.12a. The initial insertion is accompanied with a 
plateau around 700 mV followed by a slope and a quasi-plateau. During Li-ion extraction, a 
quasi-plateau and a slope are measured. During the subsequent cycle, a reversible response is 
measured consisting of the same slope and quasi-plateau.  
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Figure 7.12. (a) First two potential profiles of a 50 nm thick SnNx 1:1 
electrode using 40 A·cm-2 (1 C-rate) between 0 and 2 V. (b) Initial 
potential profiles of SnNx 1:1 electrodes for different layer thicknesses and 
currents plotted as a function of Li/Sn ratio calculated from RBS results. 
The cut-off potentials are set to 0 and 2 V. 1 C-rate represents 40 A·cm-2 
in the case of a 50 nm thick film. 

 

(a) 

(b) 
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The absence of a plateau around 700 mV during the second discharge indicates that the 
plateau found during the initial insertion is representative of an irreversible reaction. Typical 
initial potential profiles of SnNx 1:1 electrodes are presented for various thicknesses in 
Figure 7.12b.  In this experiment, a 1 C-rate was employed for all thicknesses, which 
corresponds to 80 and 40 A·cm-2 in the case of 100 and 50 nm thick electrodes, 
respectively, and 200 A·cm-2 for the 250 nm thick layer. Another 250 nm thick film was 
cycled at 0.5 C-rate (100 A·cm-2). During the initial discharge, wide plateaus of similar 
widths are observed for the 50 and 100 nm thick electrodes at about 700 mV. The presence 
of a slope in the case of the 250 nm thick electrode might result from the higher current 
density used. As expected, the plateau becomes less steep when a 0.5 C-rate current is 
employed. 

The amount of charge transferred during the reactions represented by the plateaus at 
about 700 mV matches very well the initial irreversible capacities. According to (7.3) and 
(7.4), the irreversible capacity related to the conversion reaction of SnNx 1:1 electrodes 
should correspond to 3 Li/Sn and the reversible capacity to 4.26 Li/Sn, making a total of 
7.26 Li/Sn for the first insertion. In the current situation, more than 7 Li/Sn are inserted 
during the first discharge, however, about 6 Li/Sn are reversibly extracted. The amount of 
charge spent during the reactions associated with the plateaus at about 700 mV corresponds 
to almost the entire irreversible capacity. Two irreversible reactions could be representative 
for these plateaus: the SEI formation and the conversion reaction. 

It is well-known that electrolyte reduction can lead to the formation of a SEI layer. From 
Figure 7.12b, it is clear that the irreversible capacity of the different layers depends on the 
amount of electrode material. As the SEI formation is a surface-related growth process, one 
would not expect the amount of charge involved in the growth of the SEI to depend on the 
layer thickness, thus the total amount of electrode material. Therefore, the plateaus at 700 
mV are most likely not related to SEI formation.  

In order to unambiguously rule out the impact of the SEI formation on the irreversible 
capacity, additional experiments were conducted. Several identical 100 nm thick electrodes 
were cycled at various currents from 0.4 to 1 C-rate in electrolyte 1 (1M LiClO4 in PC) and 
at 0.4 C-rate in electrolyte 2 (1M LiPF6 in EC/DMC/DEC). The results corresponding to 
the initial cycles are presented in Figure 7.13. Decreasing the current intensity can promote 
the formation of the SEI and result in a different amount of charge transferred during the 
plateaus. Moreover, the insertion of Li-ions into an electrode material from different 
electrolytes will lead to the formation of SEI layers with different chemical compositions and 
morphologies, resulting in reactions occurring at other electrode potentials and consuming a 
different amount of charge. It is clear from the potential profiles of Figure 7.13 that the 
three electrodes cycled in electrolyte 1 at various rates present almost the same total 
capacity. In addition, the width of the plateau at about 700 mV is very similar. This indicates 
that the irreversibility associated to this plateau does not depend on the employed rate when 
using the same electrolyte. Moreover, cycling the same electrode material in another 
electrolyte does not modify the position and the width of the plateau. 
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Figure 7.13. Initial discharge potential profiles of 100 nm thick SnNx 1:1 
electrodes for various currents in electrolyte 1 and at 0.4 C-rate in 
electrolyte 2. 1 C-rate represents 80 A·cm-2 in the case of a 100 nm thick 
film. Electrolyte 1 consists of 1M LiClO4 in PC and electrolyte 2 of  
1M LiPF6 in EC/DEC. 

 
Interestingly, the start of the plateau is shifted towards higher Li/Sn compositions when 

the electrode is cycled in electrolyte 2 (c.f. inset of Figure 7.13). Small plateaus are visible at 
1.15 V when the electrode is cycled in electrolyte 1 whereas cycling in electrolyte 2 leads to 
a small plateau at 2.1 V. Most likely, these small plateaus and the slopes represent the 
formation of their respective SEI layers, which clearly happens at potentials higher than that 
of the main plateau at about 700 mV. To conclude, the wide plateaus observed at about 700 
mV cannot be ascribed to SEI formation. 

Another reaction which can explain the plateaus around 700 mV is the conversion 
reaction. This hypothesis is in good agreement with the fact that the Li/Sn ratios associated 
with the plateaus are almost independent of the film thickness and can therefore be 
considered as a bulk effect. According to (7.3), the reaction of tin nitride with Li should 
result into the irreversible formation of Li3N. However, the amount of Li/Sn consumed in 
the reaction does not match the value deduced from (7.3) as only about 1 Li/Sn is 
irreversibly reacted while 3 Li/Sn are expected. This discrepancy could mean that the 
reaction proposed for other conversion materials does not hold for the current electrode 
materials and that Li3N is not irreversibly formed.  
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In order to determine the nature of the converted material, in situ XRD was performed 
during the second discharge of the material on a 200 nm thick film. The electrochemical 
potential profile and the corresponding XRD patterns are presented in Figure 7.14.  

 

 
Figure 7.14. In situ XRD characterization of a 200 nm thick SnNx 1:1 
film. The main plot presents the galvanostatic discharge (lithiation) of a 
converted electrode. Each marker represents the start of an XRD scan. 
The corresponding XRD patterns are shown in the inset. The reference 
pattern for TiN is included in the inset. 

 
Apart from broad reflections originating from the amorphous PEEK substrate and 

characteristic diffractions resulting from cubic TiN, no diffraction is observed from lithiated 
tin nitride during the insertion reaction. This absence of reflections indicates that the 
material is either nanocrystalline or amorphous. 

The literature lacks detailed information concerning ternary Li-Sn-N compounds. 
Assuming the possible existence of such a ternary compound and the formation of 
Li21+5/16Sn5, the reaction mechanism could be described as 

 
SnyNz + x Li+ + x e- →  LixSnyNz                  (7.5) 

LixSnyNz + x’ Li+ + x’ e-  z Li3N + y Li4.26Sn            (7.6) 

 
The irreversible conversion of tin nitride via a ternary compound might be reasonable, 

parallel to what was reported for zinc nitride [13].  
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The reaction of thin films of composition 3:4 was also investigated and typical initial 
potential profiles are presented for various layer thicknesses in Figure 7.15.  

 

 
Figure 7.15. Initial potential profiles of SnNx 3:4 electrodes for different 
layer thicknesses plotted as a function of Li/Sn ratio calculated from RBS 
results. The current is approximately 1 C-rate for cut-off potentials of 0 and 
2 V. 1 C-rate represents 40 A·cm-2 in the case of a 50 nm thick film. 
 

Surprisingly, the potential profiles are similar to those obtained for the SnNx 1:1 thin 
films with a plateau around 700 mV followed by a slope and a quasi-plateau, although the 
plateaus at 700 mV are slightly flatter in the case of the SnNx films of composition 3:4. Here 
the total amount of Li/Sn is slightly higher for the thickest layers than what is found for the 
1:1 composition.  

The irreversible, reversible and total capacities of tin nitride thin films of both 
compositions are plotted in Figure 7.16 as a function of layer thickness. Evidently, the 
irreversible capacity is much smaller than the expected 3 or 4 Li/Sn based on (7.3), for the 
1:1 and 3:4 compositions, respectively, and the reversible capacities are also much higher 
than the values expected from (7.4). This discrepancy again suggests that the reaction 
mechanism expressed by (7.3) and (7.4) does not apply for the present tin nitride materials. 

Park et al. investigated 100 nm thick stoichiometric 3:4 (according to WDS) films 
deposited from room temperature up to 300 ºC onto Pt-covered Si substrates [17]. Using 
300 A·cm-2 (about 3 C-rate) between 0.1 and 1.1 V, they reported that the initial insertion 
of the room-temperature deposited films was accompanied by a plateau at about 1.1 V. The 
capacity used on this plateau corresponds to about 25% of the total insertion capacity of the 
material. Assuming that the reaction mechanism (7.3) and (7.4) holds for this material, 4 
Li/Sn should have been irreversibly consumed and 4.4 Li/Sn reversibly inserted/extracted. 
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This means that 47.5% of the initial capacity should be irreversible and 52.5% reversible. 
The reversible capacity of their films was only about 40% while about 60% of the initial 
capacity was lost. The limitation at 1.1 V during delithiation limited the extraction of all Li 
ions, while the restriction at 0.1 V during insertion limited the material to fully store Li 
ions. Based on the electrode potential profile, it is quite reasonable to consider that both 
limitations compensate each other so that the relative amounts of irreversible and reversible 
charge stay realistic. The plateau observed during the first discharge around 1.1 V does not 
explain the total irreversibility (60%) as it represents only 25% of the total charge. Based on 
the arguments given above, other sources for the irreversible capacity reported by Park et al. 
must be considered. The SEI formation could explain part of this large irreversibility. 
However, using the same and another electrolyte no substantial capacity loss related to the 
SEI formation was observed (c.f. Figure 7.13).  Maybe, the adhesion of tin nitride onto Pt 
was too poor to prevent the loss of active material by pulverization or electrical isolation 
upon expansion of the layer, which could also explain the low capacity value observed for 
their films deposited at room temperature (less than 300  Ah·cm-2·m-1).  
 

 
Figure 7.16. Amount of Li per Sn inserted/extracted during the initial 
cycle for both compositions. The different curves represent the total (full 
lithiation), reversible (full delithiation) and irreversible capacities. 

 
The similar electrochemical results measured for the present films of compositions 1:1 

and 3:4 might result from the fact that part of the nitrogen in the SnNx 3:4 films would not 
be bonded to Sn atoms but be present in the form of N2 molecules. Several groups 
investigated the materials properties of sputtered tin nitride films [30-37]. None, however, 
successfully prepared the single phase stoichiometric Sn3N4 material using reactive sputtering 
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and only N deficient compositions were characterized. A minor presence of pure Sn and 
absorbed N2 molecules was sometimes observed [30,37] as well as a partial oxidation of the 
material [31, 35]. The Sn/N ratio determination was often conducted by means of Auger 
Electron Spectroscopy (AES) [31] or XPS [33, 35-37]. However, contamination and partial 
oxidation of the surface material resulted in an underestimation of the N content [33]. In 
order to remove the surface contaminants, Maruyama et al. and Kamei et al. used Ar+ 
sputtering [33,36]. However, large N deficiencies were observed and attributed to the 
preferential sputtering of N. In addition, Lima et al. performed RBS for measuring the N 
content [31]. Again, only N deficient films were found. The highest N/Sn composition 
reported was found by Maruyama et al. [33]. Investigating the impact of various deposition 
condition parameters (power, pressure and Ar/N2 ratios), they found N/Sn ratios up to 1.1 
using XPS surface measurements.  

Here, no O was detected with RBS which means that the O content is below the 
detection limit (about 5 at%). The RBS spectra can be reasonably well fitted using 
compositions of 1:1 and 3:4, however, it is not possible with RBS to differentiate the signal 
coming from N atoms bonded to Sn atoms from that of N2 molecules trapped inside the 
material. During the initial insertion of the SnNx thin films of composition 3:4, it might very 
well be that N2 is released from the host structure when the material starts to expand due to 
the electrochemical insertion reaction. 

The steady-state electrochemical response of these tin nitride thin films is presented with 
a CV in Figure 7.17 in the case of a 50 nm thick SnNx 1:1 film.  

 

 
Figure 7.17. CV of a 50 nm thick SnNx thin film electrode of 
composition 1:1 at 50 V·s-1 after activation.  
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The CV shows features similar to those of activated tin nitride thin films of both 
compositions (c.f. Figures 7.12 and 7.15), and is indicative of a well-reversible 
electrochemical response. During reduction, broad peaks are measured prior to a 
pronounced peak at about 250 mV, and during oxidation a pronounced peak is found at 
about 450 mV followed by broad peaks. The pronounced peaks are not perfectly 
symmetrical and it is clear that the peak found during reduction is less intense and wider 
than the peak found during oxidation. This could indicate that the reactions associated with 
the reduction (oxidation) peak involve the formation of less (more) ordered materials. Based 
on reaction (7.6), the broad and the sharp peaks could represent the reversible formation of 
Li3N and Li-Sn phases inside a nanosized composite electrode. The reactions associated with 
the broad peaks are also present during the first Li-ion insertion (c.f. Figure 7.12), which 
indicates that these reactions are not involved in the conversion of tin nitride but result from 
the reaction of the converted material. No clear plateaus are found as for SnO (c.f. Figure 
7.7), and from the present results it is not possible to unambiguously conclude on the origin 
of the broad and sharp peaks. Perhaps the broad peak measured during reduction is related 
to the formation of Li3N and Sn whereas the sharp peak corresponds to the lithiation of Sn, 
which would result in dividing reaction (7.6) into two successive sub-reactions. 

The quasi-equilibrium potential profiles of a 50 nm thick SnNx thin film of composition 
1:1 is presented in Figure 7.18.  
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Figure 7.18. Quasi-equilibrium potential profiles of a 50 nm thick 
SnNx thin film of composition 1:1 after activation.  

 
The quasi-equilibrium curves are similar to those obtained dynamically for both 

compositions (c.f. Figures 7.12, 7.15 and 7.17). One major change is the difference of 
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potential between the discharge and charge curves, which is now about 100 mV. The peaks 
obtained in the derivative plot (see inset) are now positioned at 300 and 400 mV, during Li-
ion insertion and extraction, respectively. This is much less than what is obtained with low 
rate CV (c.f. Figure 7.17). Although conversion electrodes generally suffer from large 
hysteresis [38], the hysteresis of the tin nitride thin film system is quite low. It is worthwhile 
to mention that the real hysteresis is even lower since the GITT measurements are not 
performed at full equilibrium conditions. Bulk materials are generally employed for the 
study of conversion electrodes [4,8,9,13-16,24-29,38] and quasi-equilibrium measurements 
are rarely performed to differentiate the influence of kinetics from that of thermodynamics. 
Although hysteresis is certainly occurring in conversion electrodes, the present results on tin 
nitride thin film electrodes clearly indicate that it might often be overestimated due to the 
electrode preparation and the resulting somewhat sluggish kinetics. The use of thin film 
electrode systems is therefore an attractive way to ensure fast kinetics and to provide a 
better estimation of the electrode hysteresis.  

The good kinetics of thin film systems are further illustrated in Figure 7.19, which 
presents the charge rate capability of a fully lithiated 50 nm thick SnNx thin film of 
composition 1:1.  
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Figure 7.19. Charge rate-capability measurements of a fully lithiated 
50 nm thick SnNx 1:1 electrode. The potential is plotted as a function 
of charge capacity for various currents from 0.1 to 100 C-rate.  
1 C-rate corresponds to 50 A·cm-2. 
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The rate capability of a 50 nm thick SnNx 1:1 electrode is rather good and somewhat 
comparable to what is obtained for Ge thin film electrodes (c.f. Figure 6.6). Here, however, 
the overpotentials develop more rapidly than for Ge. The increase of overpotentials from 
0.1 to 20 C-rate is about 350 mV at 300 Ah·cm-2·m-1 whereas in the case of Ge it is only 
about 200 mV at 600 mAh·g-1 (about 40% of the maximum charge capacity in both cases). 
Assuming that the ohmic drop is similar for both electrodes, the higher increase in 
overpotentials indicates either slower charge transfer or diffusion kinetics. The relatively 
faster development of the overpotentials in the case of tin nitride probably also explains why 
bulk conversion electrodes show more apparent hysteresis than thin films, as a result of the 
higher overpotentials induced by higher current densities. 

Figure 7.20 shows the reversible storage capacity of tin nitride thin films of both 
compositions. During the first cycle, the volumetric reversible capacity is almost 
independent of the layer thickness for both compositions and is about 700 Ah·cm-2·m-1. 
For the 1:1 composition, good cycling performance is found for about 50 cycles for layers 
from 50 to 250 nm while the thickest film of 500 nm reveals a rapid capacity decay. The 
reason for the poor capacity retention of the 500 nm thick film is related to the adhesion of 
the layer. Indeed, it was observed after cycling that the most of the film had peeled off from 
the substrate. As was explained before, this class of electrode materials undergoes a large 
volume expansion during Li-ion insertion. Interestingly, SnNx 1:1 layers as thick as 250 nm 
can withstand the large expansion/shrinkage for many cycles. For the 3:4 composition, an 
inferior capacity retention is found. Indeed, only layers of 50 and 100 nm can maintain 
reasonable capacity for about 20 cycles while the 250 nm thick films have a rather poor 
capacity retention. Upon further cycling, the thinner films also reveal accelerated capacity 
decay. The difference in capacity retention between the 1:1 and 3:4 compositions is most 
certainly related to differences in film properties. 

Based on (7.3) and (7.4), more N in the starting material is expected to result in a better 
capacity retention as more inert Li3N is formed. This is not, however, in agreement with the 
present results. Instead, if one assumes that N plays a reversible role in the reaction 
mechanism (c.f. (7.6)), more N in the starting material can result in the reversible formation 
of more Li3N. As a result, the material with the higher N content would expand to a higher 
extent, resulting in poorer capacity retention. In addition, the role of the SEI on the cycle 
life cannot be excluded for these thin film electrodes and it might very well be that a 
different SEI growth mechanism occurs as a function of N content, which might lead to 
different capacity retentions. 
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Figure 7.20. Volumetric reversible capacity of (a) SnNx 1:1 and (b) SnNx 
3:4 thin film electrodes of various layer thicknesses. The current is 
approximately 1 C-rate with cut-off potential set at 2 V during charge. 

 
In order to improve the material lifetime, the charge cut-off potential was restricted to 

0.8 V. Similarly to what was obtained for SnO thin film electrodes (c.f. Figure 7.8), it is 
expected that preventing full delithiation, thus full shrinkage, would ensure better capacity 
retention. This improvement is clearly shown in Figure 7.21 for the thickest layer of 
composition 1:1. The 500 nm thick film is now capable of reversibly extracting more than 
80% of its full capacity for 120 cycles without noticeable decay. In the case of SnO a 

(a) 

(b) 
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restriction at 0.8 V resulted in a reversible capacity equal to 65% of the full capacity (c.f. 
Figure 7.8). Obviously, this lower value is related to the potential profile shape of SnO 
resulting from its reaction mechanism. In the case of pure Sn (c.f. Figure 7.2), one expects 
that a restriction at 0.8 V during charge would lead to a reversible capacity of about 80%, 
very similarly to what is found for these tin nitride electrodes.  
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Figure 7.21. Normalized reversible capacity for 500 nm thick SnNx 1:1 
electrodes for different charge cut-off potentials, i.e. 0.8 V and 2 V. The 
current is approximately 1 C-rate. 100% of the normalized capacity 
corresponds to the capacity obtained during charge up to 2 V. 

 
Beattie et al. observed an improvement of the capacity retention for pure Sn electrodes 

when restricting the charge cut-off potential [39]. However, the capacity retention 
improvement was attributed to a difference between the kinetics of the electrolyte 
decomposition onto pure Sn (fully delithiated) from that of partially lithiated Sn (with 
restriction of charge cut-off potential). This result was later confirmed by Bridel et al. and 
attributed to the catalytically-activated decomposition of EC present in the electrolyte onto 
pure Sn [40]. In the present case, however, the fast capacity decay observed within the first 
cycles when charging up to 2 V is most certainly not caused by a difference in electrolyte 
decomposition chemistry but by the mechanical delamination of the layer, which was 
observed experimentally once the electrochemical cell was opened. Restricting the potential 
during charge reduces the volume shrinkage of the material and in turn, a significant 
improvement of the lifetime is achieved. Although the electrodes were not inspected with 
SEM after cycling, it might be that the slower capacity degradation after 120 cycles is related 



172 Chapter VII 
 
 

 

to the SEI growth, similarly to what was found for Si electrodes (c.f. Chapter IV). It could 
also be that the agglomeration of the active clusters upon repeatedly cycling is responsible 
for the faster capacity decay. 

Mössbauer spectroscopy already demonstrated its potential for determining the reaction 
mechanism of some tin-based electrode materials [27-29,41-44]. In order to gain more 
insight about the structure and reaction mechanism of these tin nitride films, ex situ MS was 
utilized on (de)lithiated tin nitride electrodes in order to probe the chemical environment of 
the Sn atoms. 
 
7.2.4. Characterization of the reaction mechanism of tin nitride thick 
films by means of ex situ MS 
 
Employing MS requires thicker layers in order to obtain enough absorption and subsequently 
generate a measurable signal. Therefore, thicker layers were prepared using the same 
deposition conditions employed for thin layers. The structure and morphology of tin nitride 
thin films (50-500 nm) have been characterized by means of SEM, TEM and XRD (c.f. 
section 7.2.2). With SEM it was not possible to observe changes in morphology from one 
composition to another or when the thickness of the layer was increased. XRD indicated that 
thin layers of both compositions were composed of an amorphous or nanocrystalline 
material, and TEM did not evidence the presence of nanocrystals.  
 
7.2.4.1. Characterization of as-prepared tin nitride thick films 
 
The crystallographic structure of the thick films, as determined by XRD, is presented in 
Figure 7.22. It is clear from Figure 7.22a that SnNx 1:1 is amorphous or nanocrystalline as 
broad humps, around 231.5 and 55, are observed at the positions expected for 
tetragonal -Sn and spinel Sn3N4. This XRD pattern is quite similar to those obtained for 
thin layers (Figure 7.10). However, a closer look at the pattern (c.f. Figure 7.22b) reveals 
very weak diffraction peaks related to Sn3N4. This is quite clear from the weak peaks 
indicated by (#) markers matching the reference lines. Thus, the material is most likely 
composed of small Sn3N4 crystals embedded in an amorphous matrix. It might also be that 
small nanocrystals of -Sn are present in the material, as suggested by the broad humps 
described earlier. 

In the case of the SnNx 3:4 material, apart from peaks related to TiN (^), tetragonal -Sn 
(*), orthorhombic SnO2 (+) and spinel Sn3N4 (main peaks) are measured. The crystallites 
present a strong preferred orientation as the relative intensities differ significantly from the 
reference patterns, especially for Sn3N4.  In addition, it is clear that the width of the peaks, 
which gives some indication for the crystallite size, depends on the crystallographic direction 
and suggests an orientation-dependent crystallite size. As previously discussed in section 
7.2.3, several groups investigated the materials properties of sputtered tin nitride films [30-
37]. None, however, successfully prepared single phase stoichiometric Sn3N4 using reactive 
sputtering and only N deficient and/or O contaminated compositions were characterized. 



Tin nitride film electrodes  173 
 
 

 

From these groups, several reported the XRD patterns of tin nitride and attributed it to an 
hexagonal structure [31,33,35,36]. Scotti et al., however, more recently showed that Sn3N4 
crystallizes in a spinel structure [45]. 

Most of the diffraction pattern peaks observed in Figure 7.22a for the SnNx 3:4 film are 
related to Sn3N4. The corresponding peak positions are slightly shifted from those of the 
reference patterns, which is most likely due to some residual stress in the material. The 
peaks indicated by an asterix attributed to -Sn although their positions are shifted by several 
tenths of degrees with respect to the theoretical pattern. Using these peak positions, it can 
be calculated that the shifts correspond to changes of the -Sn tetragonal structure lattice 
constants from 5.833 to 5.855 Å for a and b, and from 3.182 to 3.239 Å for c. This 
corresponds to an elongation of all three axes and results in a volume cell of about 111.0 Å3 
in comparison to the expected value of about 108.3 Å3 for -Sn. Thus, a slight mixing 
reaction of -Sn and, most likely, N has occurred.  
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Figure 7.22. (a) XRD patterns of an as-prepared 2.5 m thick SnNx 3:4 film (blue 
curve) and of an as-prepared 6.5 m thick SnNx 1:1 film (black curve). Peaks 
attributed to -Sn are marked with an asterix (*), those of orthorhombic SnO2 with 
a cross (+) and those of TiN with (^). (b) Magnification for the SnNx 1:1 pattern to 
reveal very weak diffraction peaks corresponding to the spinel Sn3N4 structure (#). 
The peaks related to TiN are labeled with (^). The reference patterns for cubic TiN 
(blue), spinel Sn3N4 (red), tetragonal Sn (green) and orthorhombic SnO2 (grey) are 
inserted in the graphs. 

 
The shoulder at about 53.20 in Figure 7.22a cannot be ascribed to -Sn or Sn3N4. This 

peak is also not related to naturally-abundant SnO and SnO2 tetragonal structures but seems 
to correspond to an orthorhombic SnO2 structure similar to that found by Suito et al. [46]. 
The presence of such an orthorhombic SnO2 could also explain the weak peaks measured 
around 2=35.70, 62.05 and 63.10, which are expected at 2=35.77, 62.17 and 63.54, 
and the main peak expected at 2=53.28. Orthorhombic and fluorite-type SnO2 structures 
are normally only produced at high pressures [46-48], by thermal treatment [49-53], or can 
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be formed by electron-beam exposure [54]. A detailed description of the crystallographic 
structures and transformation of SnO2 structures is given in [55].  

Although the formation of this sort of SnO2 structures is rather unexpected, evidence for 
the formation of small fractions of such SnO2 structures when using evaporation or pulsed 
laser deposition techniques combined with moderate thermal treatments was reported 
before [49-53]. During sputter deposition of the present films, the sample holder was water-
cooled but the substrate temperature was not monitored. When exposing thin film samples 
(50-500 nm) to air rapidly after the end of the deposition, oxidation of the outer part of the 
layers into SnO2 was systematically measured using RBS. The structure of the SnO2 material 
was, however, not characterized with XRD and it is therefore not possible to attribute the 
presence of O to tetragonal or orthorhombic SnO2. Interestingly, oxidation of thin films was 
not evidenced with RBS on samples left inside the reactor to cool down for several hours. 
Therefore, it could be that the heating of the substrate induced by the sputter deposition was 
responsible for the oxidation in air. As thick films were deposited using much longer 
deposition times (about 3.5 hrs) than thinner layers, it can be expected that the substrate 
temperature increased further. Although the samples were left inside the reactor to cool 
down, it cannot be excluded that the formation of SnO2 took place when the reactor 
chamber was opened. It could perhaps also be that the oxidation took place inside the 
reactor from residual O traces coming from the gas supply or from the target material. 

The strongest peak, around 234.47, could be attributed to either spinel Sn3N4 or 
orthorhombic SnO2 since both materials have a diffraction line close to that position  
(234.34 for SnO2 and 234.35 for Sn3N4). However, SEM/EDX analysis of the 
material exposed to air for several days indicated that the SnNx 3:4 material has an O 
content of less than 5%. Thus, it is most likely that this strongest peak is due to Sn3N4. This 
hypothesis is also confirmed by the analysis of the (111), (222) and (444) diffraction peaks 
expected at 216.98, 34.35 and 72.39, respectively. As discussed before, the films have a 
strong preferred orientation. This preferred orientation is characterized by a much stronger 
relative intensity of the (111) and (444) diffraction peaks measured at 217.13 and 72.47, 
respectively. Similarly, the contribution of the {222} planes, which are parallel to the 
{111} and {444} planes, should obviously be higher than expected. Thus, the peak 
measured 2=34.47 can be related to the diffraction of the {222} planes of Sn3N4 and not 
to SnO2. This specific preferential orientation of sputtered tin nitride films is further 
supported by several reports [21,23,25,26]. Moreover, as will be shown later, the MS 
results do not support the presence of SnO2. Therefore, it can be concluded that the sputter 
deposited 3:4 material mainly consists of Sn3N4 crystallites with a preferred orientation of 
their {111} planes parallel to the sample surface, and minor traces of orthorhombic SnO2 
and slightly reacted -Sn. 
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The structure of the spinel Sn3N4 is presented in Figure 7.23. Two types of environments 
exist for the Sn atoms. Per formula unit, two thirds of the Sn atoms occupy octahedral sites 
and the other third are located in tetrahedral sites. 

 
Figure 7.23. Representation of the spinel Sn3N4 crystallographic structure. Red atoms and 
green tetrahedra (atoms) represent the Sn atoms positioned in octahedral and tetrahedral 
sites coordinated by N atoms (blue). 
 

Tin nitride thick films imaged with SEM are presented in Figure 7.24. A close look at the 
interface of SnNx 3:4 with TiN (Figure 7.24a) suggests that the material started an 
amorphous growth which continued crystalline after a few hundreds of nm from the 
interface. Moreover, it is clear that the layer presents a high roughness, which probably 
results from the preferentially oriented Sn3N4 crystallites. In the case of SnNx 1:1 thick films 
(Figure 7.24b), the layer does not clearly reveal the presence of large crystallites and shows 
a much lower surface roughness, rather similarly to what was observed for thin layers grown 
using the same conditions. This supports that conclusion that the 1:1 thick films are most 
probably amorphous or nanocrystalline.  
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Figure 7.24. SEM photographs of as-prepared SnNx thick films. (a) Photographs of a SnNx 
3:4 film of about 6.5 m thickness in cross-section (left) and top surface (right) views. (b) 
Photographs of a SnNx 1:1 film of about 6.5 m thickness in cross-section (left) and top 
surface (right) views. 

 
Figure 7.25 presents TEM photographs for the SnNx 3:4 material.  From Figure 7.25a, it 

is clear that SnNx 3:4 started an amorphous growth which continued crystalline at about 
300-500 nm from the interface with TiN, as already suggested from the SEM photographs 
(Figure 7.24a). BF-HRTEM photographs of the amorphous and crystalline materials are 
presented on the right-hand side of Figure 7.25a. The absence of immediate crystallization, 
also not found for thin films, most likely results from the lattice mismatch between cubic 
TiN [56] and cubic Sn3N4 [45], which have lattice parameters of about 4.25 Å and 9.04 Å, 
respectively.  
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1 m  5 m
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Figure 7.25. TEM photographs of an as-prepared SnNx 3:4 thick film prepared onto a TiN-
covered Si substrate. (a) Bright Field TEM of the SnNx 3:4 film (left-hand side) and BF-
HRTEM photographs within the crystalline (1) and amorphous areas (2) (right-hand side). 
(b) Annular Dark Field STEM image (left-hand side) and High Angle Annular Dark Field 
STEM (right-hand side) of the layer. Note the different magnifications. 

 
Moreover, it is worthwhile mentioning that dark regions are well visible in both the 

amorphous and crystalline material (right-hand side photographs of Figure 7.25a). In order 
to elucidate the nature of these regions, the material was investigated in a dark field mode 
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(Figure 7.25b). In this mode, the dark regions in Figure 7.25a do not appear bright (left-
hand side photograph of Figure 7.25b), which indicates that these regions represent an 
amorphous material. Using mass sensitive HAADF-STEM, which collects electrons over 
larger angles, these same regions appear bright (right-hand side photograph of Figure 7.25b). 
This brightness indicates that these small regions represent a material of higher density 
and/or higher Sn concentrations.  

Figure 7.26 presents TEM photographs for the SnNx 1:1 material. The material is mainly 
amorphous although small particles are visible throughout the layer. The upper right 
photograph of Figure 7.26 taken at a higher magnification clearly shows that the material 
consists of an amorphous matrix in which small particles are embedded. These particles can 
be as large as 50 nm and sometimes consist of a crystalline core. It should be noted that the 
thickness differences visible in this photograph are due to the curtaining effect, which 
originates from the FIB milling preparation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.26. TEM photographs of an as-prepared SnNx 1:1 thick film prepared onto a 
TiN-covered Si substrate. BF-TEM image of the SnNx 1:1 film (left-hand side) and  
BF-HRTEM photographs of the material and of a single particle (right-hand side). The 
corresponding Fast Fourier Transform of the crystalline core of the particle (delimited by 
the dashed circle) is included as an inset. Note the different magnifications. 

 
The lower right picture focuses on a single particle which has a diameter of about 30 nm 

and a crystalline core diameter of approximately 20 nm. The corresponding Fast Fourier 
Transform indicates two bright spots (c.f. inset), which corresponds to a single inter-planar 
distance of 2.87 Å (± 2%). Although some crystals were observed in the HRTEM mode, it 
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was not possible to find a crystal displaying more than one inter-planar distance and actually 
most of the analyzed particles showed none.  

This inter-planar distance can match inter-planar distances of tetragonal -Sn or of 
orthorhombic SnO2. Close distances are found for the {101} and {200} inter-planar 
distances of -Sn and for the {020} inter-planar distance of orthorhombic SnO2 at about 
2.79, 2.92 and 2.86 Å, respectively. The measured distance of 2.87 Å could correspond to 
both the {101} and {200} inter-planar distance of nanocrystalline -Sn having a deformed 
structure or if -Sn has reacted with another element, such as N. Another explanation could 
also be that the crystal is related to nanocrystalline orthorhombic SnO2. The XRD spectrum 
of the material (c.f. Figure 7.22b) did not reveal the presence of diffraction peaks except 
those of Sn3N4. However, broad humps around the expected positions for tetragonal -Sn, 
orthorhombic SnO2 and spinel Sn3N4 were found. As it will be shown later, the presence of 
SnO2 was not detected with MS. However, the MS response attributed to -Sn slightly 
differs from the expected one, which could indicate a slight reaction of -Sn. Moreover, 
Sn3N4 does not have inter-planar distances around 2.87 Å. Hence, it is most likely that these 
nanocrystals represent reacted or distorted -Sn. 

The Mössbauer spectra measured at room temperature and with N2 cooling at 77 K for 
of a 2.5 m thick SnNx 3:4 film are presented in Figure 7.27. The room temperature 
spectrum is in good agreement with findings of Lima et al. [31,32]. Deconvolution of the 
spectrum into the response for Sn4+ in octahedral (isomer shift  = 0.60 mm·s-1, red curve) 
and tetrahedral ( = 1.13 mm·s-1, green curve) sites results in a quantitative determination 
of the amount of Sn occupying each type of site, respectively 66 and 37%. This result is in 
very good agreement with the crystallographic data where 2/3 of Sn4+ occupies the 
octahedral positions and 1/3 the tetrahedral positions [45]. The lower isomer shift associated 
with Sn4+ in octahedral site can be related to the more ionic character of the Sn-N bond in 
the SnN6 octahedra compared to the SnN4 tetrahedra. This is similar, for instance, to the 
situation of SnS6 and SnS4 configurations for which a lower isomer shift is found for the 
former configuration compared to the latter. Actually, the lower isomer shift can related to 
a lower number of electron fraction occupying the 5s orbital, as was obtained from 
molecular calculations [57].  

The presence of SnO2 is not detected as it should be represented by an isomer shift of  
0 mm·s-1 with a quadrupole splitting of about 0.5 mm·s-1. Reacted -Sn, which was detected 
by XRD for these layers (Figure 7.22a), was not found with MS at room temperature. This 
likely results from the lower recoil-free fraction of -Sn at room temperature [58]. A higher 
(lower) mean square vibrational displacement (msvd) of the atoms, which is characteristic 
for soft (hard) materials, results in a lower (higher) recoil-free fraction. Using the Debye 
model for describing lattice vibrations, it can also be shown mathematically that a lower 
temperature results in a higher recoil-free fraction [58]. Thus, cooling down at 77 K will 
result in a significant gain for the recoil-free fraction, especially for soft materials. As a 
consequence, a more reliable quantification of Sn species will be possible. The Mössbauer 
spectrum measured at 77 K now indicates a response at higher isomer shifts which can be 
attributed to Sn2+ species. The presence of Sn2+ species most likely results from the 
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amorphous material observed with TEM, which has a similar MS response as the Sn2+ species 
measured in the SnNx 1:1 material (c.f. Figure 7.28). Interestingly, the presence of Sn2+ is 
accompanied with a lower proportion of Sn4+ in octahedral sites, which could indicate that 
the Sn2+ species result from N deficient octahedra. Although cooling is applied, the presence 
of -Sn is not measured. This absence indicates that the quantity of pure Sn is very low. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.27. Room temperature (295 K) and liquid N2 (77 K) Mössbauer 
spectra of an as-prepared 2.5 m thick SnNx 3:4 film. The deconvolution of the 
spectra into Gauss-Lorentzian lines is included. Red, green and black curves 
correspond to Sn4+ in octahedral and tetrahedral environments, and Sn2+ 
species, respectively. 

 
The Mössbauer spectra measured for a SnNx 1:1 thick film are presented in Figure 7.28. 

A more complex response is measured, which can be deconvoluted into four sub-spectra. At 
room temperature, the isomer shifts at 0.54 mm·s-1 (red curve) and 1.20 mm·s-1 (green 
curve) are attributed to octahedrally- and tetrahedrally-coordinated Sn4+, respectively. This 
attribution is reasonable since Sn3N4 was detected with XRD (c.f. Figure 7.22b). The isomer 
shift at 2.41 mm·s-1 (blue curve) can be attributed to -Sn and the shift at 2.43 mm·s-1 with a 
quadrupole splitting of 1.48 mm·s-1 (black curve) is attributed to Sn2+ species.  
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Figure 7.28. Room temperature (295 K) and liquid N2 (77 K) Mössbauer 
spectra of an as-prepared 6.5 m thick SnNx 1:1 film. The deconvolution of the 
spectra into Gauss-Lorentzian lines is included. Red, green, blue, and black 
curves correspond to Sn4+ in octahedral- and tetrahedral-like environments,  
-Sn and Sn2+ species, respectively. 
 

The room temperature isomer shift for pure -Sn is 2.56 mm·s-1 [43,44,59] whereas we 
attributed here the spectra at 2.41 mm·s-1 to this material. By means of TEM we found a 
possible match for reacted or distorted -Sn nanocrystals, which could explain the difference 
between the attributed and expected isomer shift. Moreover, SnO2 is not detected with MS, 
similarly to what was measured on the 3:4 samples. Thus, the 1:1 material is most likely 
composed of a few stoichiometric Sn3N4 nanocrystallites surrounded by an amorphous 
material having large quantities of tetrahedrally-coordinated Sn4+ and possibly also smaller 
quantities of octahedrally-coordinated Sn4+, in addition to N-coordinated Sn atoms in 
configurations providing an oxidation state of 2, and Sn-rich nanoclusters (reacted or 
distorted -Sn). Thus, in principle two responses (from the spinel and from the amorphous 
material) could be given for each type of Sn4+ coordination. However, no realistic fit could 
be obtained using 4 types of Sn4+ species and it was therefore decided, for the sake of 

 

-6 -4 -2 0 2 4 6

R
el

at
iv

e 
tr

an
sm

is
si

o
n

Velocity (mm/s)

295 K

77 K



Tin nitride film electrodes  183 
 
 

 

simplicity, to attribute a single response to tetrahedrally-coordinated Sn4+ and a single 
response to octahedrally-coordinated Sn4+.  

The Mössbauer spectrum measured at 77 K (Figure 7.28) results in a more accurate 
quantification of each Sn species contribution. At room temperature, the contributions of 
octahedrally- and tetrahedrally-coordinated Sn4+, -Sn and Sn2+ are 16, 25, 10 and 49%, 
respectively. At 77 K, a higher amount of -Sn is found (23%) at the expense of the Sn2+ 
species (36%) whereas the proportions of octahedrally- and tetrahedrally-coordinated Sn4+ 
remain the same. If SnNx 1:1 would result from 0.25 Sn3N4 + 0.25 Sn, the starting material 
would have respective contributions for octahedrally- and tetrahedrally-coordinated Sn4+ 
and -Sn of 50, 25 and 25%. The present SnNx 1:1 material shows the same amount of 
tetrahedral Sn4+ (25%) but much lower amounts of octahedral Sn4+ (16%) and -Sn (23%) 
and a large presence of Sn2+ species (36%). Limiting the N content during sputter deposition 
of the 1:1 material seems to preferentially affect the octahedra. The proportion of Sn2+ is 
equal to 36% which is about two times the proportion of tetrahedrally-coordinated Sn4+ 
present in the amorphous material (17%), and perhaps indicates that Sn2+ species result from 
Sn atoms insufficiently coordinated by N to adopt an octahedral configuration. 

The isomer shifts for the Sn4+ sites both increase by about 0.1 mm·s-1, which can be 
related to the temperature dependence of the isomer shift. Indeed shifts of peak positions 
can result from several temperature-dependent effects of which the second order Doppler 
shift (SODS) is generally the main contribution for 119Sn [58]. Hence, it appears that the 
SODS is negligible for the Sn4+ located in the octahedral and tetrahedral sites of the spinel 
structure whereas it is non negligible (about 0.1 mm·s-1) for the tetrahedrally- and 
octahedrally-coordinated Sn4+ present in the film of composition 1:1. These differences are 
most likely caused by a smaller mean square velocity of the atoms in the spinel structure in 
comparison with those present in the film of composition 1:1. 

Interestingly, at 77 K it is found that the isomer shifts of the octahedrally-coordinated 
Sn4+ in the 1:1 material (0.63 mm·s-1) is very close to that found for the octahedral site of 
the spinel Sn3N4 (0.60 mm·s-1), which can indicate that the Sn-N bond has very similar 
properties in both octahedral configurations. As the SODS variation from 77 to 0 K is much 
smaller than that from 295 to 77 K [58], it can be concluded that the octahedrally-
coordinated Sn4+ measured in the 1:1 material (16%) mostly results from the Sn3N4 
nanocrystallites present in the material and therefore the quantities of octahedrally-
coordinated Sn4+ in the amorphous material can be neglected. The isomer shift attributed to 
tetrahedrally-coordinated Sn4+ in the 1:1 material has, however, a much higher isomer shift 
(1.29 mm·s-1) than the Sn4+ in the tetrahedral site of the spinel structure (1.11 mm·s-1). It 
can then be concluded that the response attributed to tetrahedrally-coordinated Sn4+ 
corresponds to both tetrahedral sites in the spinel Sn3N4 nanocrystals (1/2 of octahedral, 
thus about 8%) and tetrahedrally-coordinated Sn4+ in the amorphous material  
(25-8=17%).  

When cooling down at 77 K the atoms msvd will decrease and thus the total absorption 
will increase, as is clearly evidenced for both compositions. Interestingly, the gain for the 
maximum absorption from 295 to 77 K is much higher in the case of the 1:1 composition as 
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it increases by 95% whereas an increase of only 42% is measured in the case of the 3:4 
composition (c.f. Tables 7.1 and 7.2, samples a1 and b1). Comparing the areas under the 
curves yields an increase of the total absorption of 109% in the case of the 1:1 material and 
of 56% in the case of the 3:4 material. It can be assumed that the higher increase of 
absorption measured for the film of composition 1:1 in comparison with the film of 
composition 3:4 is caused by a larger relative decrease of the msvd of the atoms in the 
amorphous material in comparison with those in the spinel structure. This is qualitatively 
reasonable if one assumes that the film of composition 3:4, which is essentially composed of 
a crystalline spinel Sn3N4 structure, has a more rigid structure than the 1:1 material, which is 
mostly amorphous. As the recoil-free fractions depends not only on lattice vibrations but 
also on the whole particles motion in the case of nanocrystals [60,61], it could also be that 
the recoil-free fraction increases more in the case of the 1:1 material due to a decrease of the 
nanoparticle motion displacement when cooling at 77 K. 
 
7.2.4.2. Characterization of (de)lithiated tin nitride thick films 
 
The initial potential profiles of the SnNx materials are presented in Figure 7.29. The 
lithiation curves are accompanied by a quasi-plateau followed by a slope and a quasi-plateau 
dominant at low potentials. The subsequent charges of both materials present similar 
features, and both start with a quasi-plateau and a slope until the potential steeply increases 
above 1 V and reaches the cut-off voltage of 3 V. These profiles are somewhat similar to 
those of thinner layers, especially that of the 1:1 composition. The main difference is related 
to the position and shape of the plateau visible at the start of the initial discharge. For thin 
layers from 50 to 250 nm, the initial plateaus were positioned between 600 and 700 mV. 
Here, the plateau potentials are somewhat lower, at about 400 and 550 mV for the 3:4 and 
1:1 compositions, respectively.   

The 1:1 thick layers have a morphology and structure rather analogous to those of thin 
films (Figures 7.9-7.11), and the shape of the potential profile found here (Figure 7.29b) is 
very similar to that measured for thin films (Figure 7.12). Hence, the difference of potential 
between the potential profiles of the thin and thick 1:1 films can be attributed to reaction 
kinetics overpotentials resulting from difference in layer thickness.  For the 3:4 thick layers, 
the structure of the starting material is, however, quite different from that of thin films 
(Figures 7.9-7.11). Indeed, the thin layers were amorphous while thick layers crystallized 
for thicknesses above 300-500 nm. This difference explains the difference in shape of the 
plateau present during the initial discharge. Moreover, the rest of the discharge is less steep 
than what was found for thin films (Figure 7.15) and for the layer of composition 1:1, which 
is most likely related to the presence of crystalline material. 
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Figure 7.29. Potential profiles of SnNx thick films. (a) 2.5 m thick film of 
composition 3:4 measured with a current density of 25 A·cm-2 and (b) 6.5 m 
thick film of composition 1:1 measured with a current density of 25 A·cm-2. The 
markers represent the several samples which were prepared and measured with  
ex situ MS. The apparent potential difference found at the start of charging for the 
electrode of composition 3:4 (Figure 7.29a) simply results from the application of 
a much longer relaxation period in between the discharge and charge steps. 

(b) 

(a) 

(a1) (a10) 

(a6) 

(b1) (b13) 

(b7) 
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The charge irreversibility of the materials is 19 and 27% for the 2.5 m thick SnNx 3:4 
and 6.5 m thick SnNx 1:1 films, respectively. Although the irreversibility of the 3:4 layers 
is close to that measured for thin films (about 15%), the irreversibility measured for the 
SnNx 1:1 films is higher. This higher irreversibility is most likely related to the larger 
electrode thickness, which can contribute to both an increase of the electrode overpotentials 
and to the electrical isolation of certain parts of the material resulting from the partial layer 
delamination after Li-ion extraction, as observed experimentally. These hypotheses are 
supported by results on thicker SnNx 3:4 films of 6.5m that showed a worse irreversibility 
(31%) than the thinner 2.5 m thick films (19%).

The circular markers placed on the curves represent various samples that were prepared 
for the ex situ MS measurements. The MS results corresponding to these samples are 
presented in Figures 7.30 and 7.31 and the corresponding hyperfine parameters obtained 
from the deconvolution of the Mössbauer spectra are given in Tables 7.1 and 7.2, 
respectively for the 2.5 m thick SnNx 3:4 and 6.5 m thick SnNx 1:1 films.  

For the SnNx 3:4 films, it is clear from Figure 7.30 and Table 7.1 that the responses of 
Sn4+ located in the octahedral (red curve) and tetrahedral (green curve) sites of the spinel 
structure are measured during almost the entire discharge process (from a2 to a5), 
concomitantly with the appearance of a response attributed to a mixture of LiySn phases 
(grey curves). It is also evident that the (maximum) absorption decreases upon Li-ion 
insertion (c.f. Table 7.1). This can be related to the conversion reaction of the spinel Sn3N4 
with Li to form LiySn products that most likely have lower recoil-free fractions than Sn 
atoms of the spinel structure. In addition, it is well-known that the conversion reaction 
generally induces the formation of nanoparticles, which can contribute to the decrease of the 
recoil-free fraction due to the whole particle motion [60,61]. Indeed, the total recoil-free 
fraction of nanocrystalline systems is the product of the recoil-free fraction resulting from 
the lattice vibration within the particles by the recoil-free fraction induced by the whole 
particle motion. During Li-ion extraction the (maximum) absorption increases, which is 
indicative of the formation of higher recoil-free fraction products, i.e. octahedrally- and 
tetrahedrally-coordinated Sn4+ and LiySn of lower Li content, and perhaps also of larger 
particles. 

As Li ions are inserted into the electrode material, the isomer shifts for Sn4+ 
environments do not change substantially and these environments remain until the very end 
of discharge. The ratio of the Sn4+ octahedral and Sn4+ tetrahedral site contributions is close 
to 2 for sample a2 (1.87), decreases at 1.73 for sample a3 and becomes close and less than 1 
for samples a4 and a5. In contrast to the expected reaction mechanism (7.3), the formation 
of pure Sn is not evidenced. Indeed, samples a2 and a3 should present large quantities of Sn 
at the expense of Sn4+ ions.  
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Figure 7.30. Room temperature ex situ Mössbauer spectra of 2.5 m thick SnNx 3:4 films 
during (a) lithiation and (b) delithiation corresponding to Figure 7.29a. The deconvolution 
into Gauss-Lorentzian lines is included. Red, green and grey curves correspond to 
octahedrally- and tetrahedrally-coordinated Sn4+, and LiySn phases, respectively. 
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Table 7.1. Hyperfine parameters obtained from room temperature 119Sn Mössbauer spectra 
of SnNx 3:4 films, corresponding to fits included in Figure 7.30. Attributions to Li-Sn phases 
are based on refs. [43,59]. LiySn represents a mixture of the Li-Sn phases Li13Sn5, Li5Sn2 and 
Li7Sn3 which cannot be unambiguously attributed. 
 

Sample   
(mm·s-1) 

  
(mm·s-1) 

  
(mm·s-1) 

I 
(%) 

Attribution 
Maximum absorption  

(%) 

a1 295K 
0.60  0.99 67 Sn4+ octa 

3.70 
1.13  0.99 33 Sn4+ tetra 

a1 77 K 
0.60  0.99 56 Sn4+ octa 

5.26 1.11  0.99 37 Sn4+ tetra 
2.64 1.70 0.99 7 Sn2+ 

a2 
0.59  0.88 56 Sn4+ octa 

2.87 1.06  0.88 30 Sn4+ tetra 
2.18 1.02 0.88 14 LiSn + LiySn 

a3 
0.60  0.88 52 Sn4+ octa 

2.43 1.03  0.88 30 Sn4+ tetra 
2.20 1.17 0.88 18 LiSn + LiySn 

a4 
0.58  0.83 41 Sn4+ octa 

1.86 1.01  0.83 34 Sn4+ tetra 
2.10 0.92 0.83 25 LiySn 

a5 

0.57  0.86 25 Sn4+ octa 

1.11 
1.04  0.86 32 Sn4+ tetra 
1.89 0.3 0.86 17 Li7Sn2 4i 
2.08 1.08 0.86 26 LiySn 

a6 1.78 0.57 0.96 100 ‘Li22Sn5’ 0.80 
a6’ 1.83 0.56 1.00 100 ‘Li22Sn5’ 2.72 

a7 
1.07  0.93 35 Sn4+ tetra 

0.83 2.05 0.4 0.93 18 Li13Sn5 2d 
2.12 1.29 0.93 47 LiySn 

a8 
0.98  0.99 49 Sn4+ ‘tetra’ 

1.06 
2.09 1.25 0.99 51 LiySn 

a9 
0.67  0.92 25 Sn4+ ‘octa’ 

1.48 1.27  0.92 36 Sn4+ ‘tetra’ 
2.26 0.95 0.92 39 LiSn + Li7Sn3 

a10 
0.57  0.97 38 Sn4+ ‘octa’ 

1.67 1.33  0.97 41 Sn4+ ‘tetra’ 
2.40 1.22 0.97 21 LiSn or LiSn 1a 

a10’ 
0.70  0.95 28 Sn4+ ‘octa’ 

2.65 1.31  0.95 34 Sn4+ ‘tetra’ 
2.30 0.98 0.95 38 LiSn + Li7Sn3 
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The absence of pure Sn can support the direct formation of LiySn and Li3N from Sn3N4 as 
a result of the occurrence of rate-limiting reaction (7.3) so Sn formed by reaction (7.3) is 
instantaneously consumed by reaction (7.4). As mentioned above, the insertion reaction is 
accompanied with the preferential consumption of Sn4+ located in octahedral sites. This 
preferential consumption might be caused by the insertion of Li+ in tetrahedral sites of the 
spinel structure. As a result, displacement of Sn sitting in the octahedral site to the 
neighboring tetrahedral site would occur. Upon further insertion, the extraction of Sn 
would be immediately followed by the reaction with Li to form LiySn. 

In the case of Fe3O4 electrode, the insertion reaction at high temperatures proceeds with 
the substitution of Fe2+ by Li+ within the inverse spinel structure. This leads to the formation 
of a structure having a higher octahedral to tetrahedral site ratio as the inverse spinel is 
characterized by the occupancy of Fe2+ in octahedral sites [62]. This electrode material, 
however, undergoes a different reaction mechanism at room temperature. Indeed, a 
cooperative displacement of Fe3+ from octahedral to tetrahedral sites takes place when Li+ is 
inserted in tetrahedral sites, and upon further insertion, Fe is extracted from the structure 
[62]. Although a displacement of Sn4+ from octahedral to tetrahedral sites induced by the 
insertion of Li+ is an attractive explanation, more research is required to unravel the reaction 
mechanism responsible for the decrease of the octahedral to tetrahedral site ratio in the 
present electrode material. 

The isomer shift attributed to LiySn compounds is about 2.20 mm·s-1 for samples a2 and 
a3, 2.10 mm·s-1 for sample a4 and around 2 mm·s-1 for sample a5. The mixture obtained for 
a2 and a3 is probably composed of LiSn ( of about 2.40 mm·s-1) and a more lithiated Li-Sn 
phase, most likely Li7Sn3 which has an isomer shift value of about 2.0-2.1 mm·s-1 [43,59]. 
For sample a4, the isomer shift decreases to 2.1 mm·s-1 and is now close to what is obtained 
for the Li7Sn3, Li5Sn2 and Li13Sn5 phases. Upon further Li-ion insertion the isomer shift 
continues to decrease (sample a5) and appears as a mixture of the latter phases and of a 
specific site of Li7Sn2, and finally reaches 1.78 mm·s-1 (sample a6), a value which is close to 
that expected for ‘Li22Sn5’ (actually Li21+5/16Sn5, see ref. [63]).  

A thicker SnNx 3:4 film (sample a6’) was fully lithiated and measured with MS (c.f. 
Figure 7.31a). The corresponding isomer shift equals 1.83 mm·s-1 (c.f. Table 7.1), which is 
the exact value found for ‘Li22Sn5’ model compound [43,59]. Obtaining a closer value for 
‘Li22Sn5’ results from the higher absorption of the thicker film (maximum absorption of 
2.72% against 0.80%, c.f. Table 1) and well confirms that the end product of the lithiation 
reaction of Sn3N4 is ‘Li22Sn5’. The corresponding quadrupole splittings are about 0.56 and 
0.57 mm·s-1, which is about 0.3 mm·s-1 higher than what was found for model compounds 
[43,59]. A similar effect was observed for SnO-based electrode materials [29]. This 
difference in quadrupole splitting probably results from the formation of 
amorphous/nanocrystalline LiySn products. 
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Figure 7.31. Room temperature Mössbauer spectra of 6.5 m thick SnNx 3:4 
films after (a) full lithiation (sample a6’) and (b) full delithiation (sample a10’) 
using 50 A·cm-2. The irreversibility of the thick SnNx 3:4 films is 31%. The 
deconvolution into Gauss-Lorentzian lines is included and the corresponding 
hyperfine parameters are included in Table 7.1. Red, green and grey curves 
correspond to octahedrally- and tetrahedrally-coordinated Sn4+, and LiySn 
phases, respectively.  
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Upon Li-ion extraction, the response for tetrahedrally-coordinated Sn4+ is rapidly 
measured (sample a7) while that for octahedrally-coordinated Sn4+ appears later (sample 
a9). This is probably resulting from the difficulty to reconstruct octahedra compared to less 
N-coordinated tetrahedra. The appearance of tetrahedrally-coordinated Sn4+ is accompanied 
with the presence of LiySn phases. Upon further Li-ion extraction, the isomer shift attributed 
to LiySn phases increases, which is consistent with the lower Li content of  
Sn-containing clusters [43]. This increase finally results in the formation of a Li-Sn product 
having the same isomer shift as LiSn, as measured for sample a10 which is characterized by a 
response at 2.40 mm·s-1 with a quadrupole splitting of 1.22 mm·s-1. The isomer shift 
matches very well the expected value from the model compound LiSn but the quadrupole 
splitting is obviously higher than the expected value (0.6-0.7 mm·s-1) [43,59]. This 
difference in quadrupole splitting, similarly to what was found for the fully lithiated material 
(samples a6 and a6’) compared to the model compound ‘Li22Sn5’, is most likely partly 
resulting from the nanostructuring of the electrode material. Moreover, this difference 
could also suggest the preferential formation of a specific site of LiSn, denoted as 2m in [59] 
and as 1a in [43], whose quadrupole was measured between 0.9 and 1.1 mm·s-1. Perhaps this 
site is present inside an amorphous material. It could also be that this site is present inside a 
ternary Li-Sn-N compound. The isomer shift of Sn in such an amorphous or such a ternary 
compound would be that expected for the specific site of LiSn but with a larger quadrupole 
splitting resulting from a more asymmetric environment resulting from other surrounding 
atoms, e.g. Li and N. Nevertheless, the reason why Li cannot be completely extracted from 
these LiySn clusters of isomer shift value equal to that of LiSn is not clear. 

A thicker sample was fully delithiated (sample a10’). The corresponding Mössbauer 
spectrum is given in Figure 7.31b and hyperfine parameters are reported in Table 7.1. The 
isomer shift attributed to tetrahedrally-coordinated Sn4+ is almost the same as for sample a10 
but that for octahedrally-coordinated Sn4+ is higher and close to that found for sample a9. 
Moreover, the isomer shift attributed to LiySn at 2.3 mm·s-1 is in between that of samples a9 
and a10. As previously discussed, the irreversible capacity of thick films is higher than that of 
thinner layers (31% against 19%). Therefore, the lower isomer shift attributed to LiySn and 
the higher isomer shift found for octahedrally-coordinated Sn4+environment are related to 
the higher Li content of the thicker films. This is further supported by the higher proportion 
found for LiySn, which is 38% in the case of the thick film (sample a10’) compared to 21% in 
the case of the thinner film (sample a10).  

For the SnNx 1:1 films, the evolution of the hyperfine parameters derived from the 
Mössbauer spectra presented in Figure 7.32 is somewhat different and easier to understand 
(c.f. Table 7.2). The fully (de)lithiated materials are essentially the same, i.e. ‘Li22Sn5’ and a 
mixture of LiSn/Li7Sn3 and octahedrally- and tetrahedrally-coordinated Sn4+, samples b7 and 
b13, respectively. As similarly found for a delithiated thick SnNx 3:4 layer (sample a10’), the 
isomer shift attributed to LiySn in sample b13 is lower than that expected for LiSn and that 
measured for a thinner layer (sample a10) due to the higher irreversibility of thicker 
electrode layers. Therefore it is reasonable to assume that the end product of the SnNx 1:1 
material should be having a signature similar to that of sample a10 and attributed to LiSn. 
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Figure 7.32 (previous page). Room temperature ex situ Mössbauer spectra of 6.5 m 
thick SnNx 1:1 films during (a) lithiation and (b) delithiation corresponding to Figure 7.29b. 
The deconvolution into Gauss-Lorentzian lines is included. Red, green, blue, grey and black 
curves correspond to octahedrally- and tetrahedrally-coordinated Sn4+, -Sn, LiySn phases, 
and Sn2+ species, respectively. 
 

During Li-ion insertion, the formation of some Li-Sn phases is clearly evidenced. For 
instance, sample b2 is well fitted with the sum of Sn4+ environments and LiSn. No response 
for Sn2+ species or -Sn, measured in the as-prepared material, is detected. As the isomer 
shifts for the Sn4+ environments are also differing from that of the as-prepared material, it is 
reasonable to assume that the formation of LiSn takes place in parallel to the formation of 
Li3N and results from the reaction of Li with the various types of Sn present in the starting 
material (-Sn, Sn2+ and Sn4+). Upon further lithiation, the isomer shift attributed to LiySn 
phases decreases to 2.14 mm·s-1 (sample b3), 2.07 mm·s-1 (samples b4) and 2.00 mm·s-1 
(sample b5), which is indicative of the coexistence of LiSn and Li7Sn3 (sample b3), most 
likely followed by the presence of Li7Sn3 and formation Li5Sn2 and Li13Sn5 (samples b4 and 
b5) [43,44].  

From sample b6 onward, the response of Sn4+ environments has completely disappeared. 
The Mössbauer spectra of sample b6 approaches that of Li7Sn2 with two responses at 1.80 
mm·s-1 and 1.94 mm·s-1 close to those expected for the sites 4i and 4h of Li7Sn2, respectively 
[43,59]. The proportion of both responses is not exactly that expected for Li7Sn2 (50:50), 
which most likely indicates that sample b6 is also composed of some ‘Li22Sn5’ as it has an 
expected isomer shift at 1.83 mm·s-1. At full lithiation, the signature of ‘Li22Sn5’ is found. As 
found for the SnNx 3:4 films, the quadrupole splitting of the Li-Sn phases are higher than for 
the model compounds, which probably results from the electrode nanostructuring. 

During Li-ion extraction, a reversible response is found. First the reformation of Li7Sn2 
(sample b8) is measured. The proportion of both responses at 1.81 and 1.95 mm·s-1 is closer 
to that expected for Li7Sn2, which is consistent with the lower Li content of this sample 
compared to sample b6 (c.f. Figure 7.29b). Upon further Li-ion extraction, the response for 
tetrahedrally-coordinated Sn4+ is first measured (sample b9) along with LiySn phases. As the 
Li content decreases, the isomer shift attributed to LiySn increases (samples b9 to b13) in a 
similar way as during discharge, which indicates reversible reactions of the Sn-containing 
clusters. Octahedrally-coordinated Sn4+ is measured for samples b11 to b13. 

Both Sn4+ environments have isomer shifts higher than those of the spinel structure (c.f. 
Table 7.1, sample a1), or of the as-prepared 1:1 material (c.f. Table 7.2, sample b1). Higher 
isomer shifts for SnIV compounds are related to more covalent Sn-N bonds, which could 
indicate the formation of octahedra and tetrahedra of larger volume in which the Sn-N bond 
distance would be larger. In the case of SnO and SnO2, higher isomer shifts were found for 
amorphous tin oxides, which can be related to a more covalent character of the Sn-O bond 
[64,65]. This well agrees with the structure of amorphous tin oxide in which longer Sn-O 
bond distances are found and for which a more covalent bond character is expected [64,65]. 
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Sample   
(mm·s-1) 

  
(mm·s-1) 

  
(mm·s-1) 

I 
(%) 

Attribution 
Maximum 
absorption  

(%) 

b1 
295 K 

0.54  0.93 16 Sn4+ octa 

4.66 
1.20  0.93 25 Sn4+ tetra 
2.41  0.93 11 -Sn 
2.43 1.48 0.93 48 Sn2+ 

b1  
77 K 

0.63  0.97 16 Sn4+ octa 

9.07 
1.29  0.97 25 Sn4+ tetra 
2.63  0.97 23 -Sn 
2.60 1.65 0.97 36 Sn2+ 

b2 
0.88  1.05 24 Sn4+ ‘octa’ 

3.82 1.46  1.05 34 Sn4+ ‘tetra’ 
2.38 0.75 1.05 42 LiSn 

b3 
0.70  0.79 13 Sn4+ ‘octa’ 

2.65 1.23  0.79 17 Sn4+ ‘tetra’ 
2.14 1.06 1.03 70 LiSn + LiySn 

b4 
1.00  1.03 29 Sn4+ ‘tetra’ 

3.41 
2.07 1.25 1.03 71 LiySn 

b5 
1.10  1.07 23 Sn4+ ‘tetra’ 

2.63 
2.00 1.28 1.07 77 LiySn 

b6 
1.80 0.50 0.93 66 Li7Sn2 4i + ‘Li22Sn5’ 1.73 
1.94 1.51 0.93 34 Li7Sn2 4h 

b7 1.83 0.50 0.89 100 Li22Sn5 2.37 

b8 
1.81 0.56 0.89 43 Li7Sn2 4i + ‘Li22Sn5’ 1.29 
1.95 1.59 0.89 57 Li7Sn2 4h 

b9 
1.10  1.07 16 Sn4+ ‘tetra’ 

2.41 
2.01 1.21 1.07 84 LiySn 

b10 
1.05  1.01 27 Sn4+ ‘tetra’ 

2.20 
2.09 1.21 1.01 73 LiySn 

b11 
0.73  1.14 10 Sn4+ ‘octa’ 

2.17 1.24  1.14 21 Sn4+ ‘tetra’ 
2.13 1.15 1.14 69 LiySn 

b12 
0.80  1.00 17 Sn4+ ‘octa’ 

2.20 1.29  1.00 24 Sn4+ ‘tetra’ 
2.23 0.92 1.00 59 LiSn + Li7Sn3 

b13 
0.84  0.94 21 Sn4+ ‘octa’ 

1.77 1.39  0.94 28 Sn4+ ‘tetra’ 
2.32 0.85 0.94 51 LiSn + Li7Sn3 
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Table 7.2 (previous page). Hyperfine parameters obtained from room temperature 119Sn 
Mössbauer spectra of SnNx 1:1 films corresponding to fits included in Figure 7.32. 
Attributions to Li-Sn phases are based on refs. [43,59]. LiySn represents a mixture of the Li-
Sn phases Li13Sn5, Li5Sn2 and Li7Sn3 which cannot be unambiguously attributed. 

 
The full delithiation of the material is not possible and in contrast to sample a10, LiSn 

coexists with, most likely, some Li7Sn3 (sample b13). This is very similar to what was found 
for sample a10’ in contrast to the thinner sample a10 showing only the signature for LiSn. 
This limitation is caused by the mechanical delamination of the thick film upon shrinkage and 
not by the electrode material properties. 

The cycle life of a 2.5 m thick SnNx 3:4 is presented in Figure 7.33. The potential 
profile (main plot) found during the first cycle is similar to that presented in Figure 7.29a 
although the irreversible capacity (26%) is slightly higher. The higher irreversibility is 
resulting from the higher current employed for the cycle life test (about C/11 instead of 
C/85 in Figure 7.29a). 
 

 
Figure 7.33. Cycle life of a 2.5 m SnNx 3:4 film cycled between 0 and 2 V at  
200 A·cm-2 (about C/11 rate). The main plot shows the corresponding potential 
profiles obtained during the first three cycles while the inset presents the electrode 
cycle life. The initial cycle potential profile of a 6.5 m thick 1:1 film, measured at 
25 A·cm-2 and normalized with respect to the maximum discharge capacity value 
found for the 3:4 film, is included for comparison (blue curve, data identical to that 
presented in Figure 7.29b). 

Q



196 Chapter VII 
 
 

 

During the subsequent cycle, the discharge is rather different to what is found during the 
first cycle as they only coincide at the very end of discharge. The peculiar discharge 
measured during the initial cycle is most likely related to the coexistence of original Sn4+ 
tetrahedral and octahedral configurations with Li3N and LiySn products. Interestingly, the 
subsequent charge is similar to that measured during the first cycle. During the third cycle, 
reactions similar to those of the second cycle are obtained.  

The electrode capacity retention (see inset) is good only for a few cycles after which a 
rapid decline is observed. This decline is attributed to the partial delamination of the thick 
film upon expansion/shrinkage associated with insertion/extraction of Li ions into/from the 
electrode material. Nevertheless, it is clear that the electrode can be reversibly cycled once 
the conversion reaction, occurring during the initial discharge, has been completed. 
Moreover, it is likely that the products formed at the end of the first charge (i.e. 
octahedrally- and tetrahedrally-coordinated Sn4+, and LiySn having an isomer shift equal to 
that of LiSn) remain the same upon cycling. It should be noted that the potential profile 
found during the discharge of an activated electrode is now very close to what is obtained for 
the 1:1 composition once its conversion reaction has taken place (c.f. normalized potential 
profile of the 1:1 thick film represented by the blue curve). The profile measured during the 
second and subsequent discharges is also very similar to what was measured on tin nitride 
thin films (Figure 7.12). Thus, it is very likely that the conversion of the 1:1 and 3:4 
electrodes yields the same products and only differs during the conversion reaction 
occurring during the initial discharge, as has been suggested by the ex situ MS results. 

Based on these experimental results, a new reaction mechanism is proposed for tin 
nitride electrodes. Although the participation of N is not directly evidenced by MS, it can be 
assumed for both compositions that the formation of LiySn phases is accompanied with the 
formation of Li3N. The formation of pure Sn is not evidenced, which could indicate that Sn 
immediately forms LiySn products. In the case of the 1:1 electrodes, the disappearance of the 
Sn4+ located in the polyhedra is found for a LiySn composition of about y=3 (in between 
samples b5 and b6). Thus, the latter assumption agrees well with the reaction of Sn1N1 with 
6 Li to concomitantly form Li3N and ~Li3Sn, until eventually the composition ‘Li22Sn5’ is 
reached. During Li-ion extraction, the reaction proceeds reversibly until the material 
reaches a composition in between that of LiSn and Li7Sn3 in the Sn-containing clusters. 
Similar to the 3:4 films, thicker layers have a more limited reversible capacity than thinner 
films, which originates from the mechanical delamination of the material. Thus, it can be 
assumed that upon full delithiation the final composition in the Sn-containing clusters would 
be close to LiSn. Reaction (7.3) indicates that N present in SnNx is expected to irreversibly 
react with Li to form Li3N. However, the formation of Sn4+ configurations is clearly 
evidenced during Li-ion extraction by the MS results and requires the reversible 
participation of N.  
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A reaction mechanism, taking into account the formation of the intermediate Li-Sn 
phases and the partial reformation of Sn4+ configurations, is proposed for SnNx of 
composition 1:1 as follows 
 

SnN + (3 + y) (Li+ + e-) → LiySn + Li3N                 (7.7) 
Li4.26Sn + Li3N  z Li3N + z’ LiSn + Sn1-z’N1-z + (7.26 - 3z - z’) (Li+ + e-)            (7.8) 

 
during discharge and charge, respectively, and assuming the full reaction up to ‘Li22Sn5’ 
(actually Li21+5/16Sn5, see ref. [63]). The proportions of remaining Li3N and LiSn are denoted 
z and z’, respectively. The compound Sn1-z’N1-z corresponds to a material having 
octahedrally- and tetrahedrally-coordinated Sn4+, and LiSn corresponds to a LiySn product 
having the same isomer shift as LiSn but a much higher quadrupole splitting. 
 

In the case of electrodes of composition 3:4, the reaction mechanism found during Li-ion 
extraction, once the conversion reaction has been performed, is quite similar to that of the 
1:1 films as has been shown by both the MS (c.f. Tables 7.1 and 7.2) and electrochemical 
results (c.f. Figure 7.33). During the initial Li-ion insertion, however, the material shows a 
different conversion reaction which originates from its different structure. Indeed, the Sn4+ 
environments of the spinel Sn3N4 persist during almost the entire discharge process. The 
reaction of the Sn4+ tetrahedral and octahedral sites yields the direct formation of LiySn and 
Li3N products, which can be interpreted as the occurrence of rate-limiting reaction (7.3), 
immediately followed by reaction (7.4). The LiySn products are either composed of a 
mixture of nanocrystalline Li-Sn phases of which Mössbauer spectra cannot be 
unambiguously fitted, or they represent the formation of specific sites of certain Li-Sn phases 
probably present inside an amorphous material. Hence, the following conversion reaction is 
proposed as follows during lithiation 

 
Sn3N4 + (12 + 3y) (Li+ + e-) → 3 LiySn + 4 Li3N            (7.9) 

  
with y corresponding to an average composition and not to the composition of Li-Sn phases. 
 

The surplus of N initially present in the as-prepared 3:4 material compared to the 1:1 
material (7.7) is assumed to result in the irreversible formation of more Li3N. During Li-ion 
extraction, a mechanism similar to that of (7.8) is proposed. 

For both compositions, the impossibility to fully extract Li ions from LiSn is a surprising 
result. As the 2.5 m thick 3:4 films have irreversible capacities very close to that found for 
thin films, it is very likely that the maximum extraction of Li ions is reached when LiSn and 
Sn1-z’N1-z are formed. Perhaps, Li, Sn and N are not in the form of LiSn, Li3N and Sn1-z’N1-z 
but in the form of a ternary compound. The electrochemical data measured on thin films 
would conveniently attribute the composition of such a ternary to LiSnN, which is of similar 
composition to the ternary material characterized for zinc nitride electrodes [13]. However, 
the MS data clearly indicate two responses below 1.4 mm·s-1 that cannot be attributed to Li-
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Sn phases, -Sn or Sn2+ species and are very likely to correspond to Sn4+ species. Thus, the 
possible existence of such ternary should include an irreversible capacity of about 1 Li/Sn, 
accompanied with environments similar to those of a specific site of LiSn along with some N, 
as well as the presence of Sn4+ environments and possibly be surrounded by Li3N. The 
present data cannot support the existence of such a compound and more research is 
necessary to investigate in more detail the environments of the Sn4+ and to explain the 
origins of the significantly larger quadrupole splitting attributed to LiSn. Moreover, the 
reason for the decrease of the octahedral to tetrahedral site ratio and the configuration 
adopted by the Sn2+ species in the as-prepared material need to be further researched. 
 
7.3. Conclusions 
 
Tin nitride thin films are very promising negative electrode materials for lithium-ion 
microbatteries, showing very high volumetric capacity (700 Ah·cm-2·m-1) and good 
lifetime when cycled in a liquid electrolyte. It has been found that films of composition 1:1 
present better capacity retention than those of composition 3:4. Moreover, by restricting 
the extraction of Li-ions from the material, much better capacity retention has been 
obtained. The conversion reaction of tin nitride has been discussed based on RBS and 
electrochemical results. The results indicate that the generally-accepted mechanism ((7.3) 
and (7.4)) is incomplete for the present materials. The present findings indicate that 
nitrogen partially participates reversibly in the conversion reaction. In turn, tin nitride is 
capable of reversibly inserting more than 6 Li per Sn atom. This large amount is probably 
related to the formation of a Li-Sn-N ternary compound as a first intermediate, which would 
reversibly decompose upon further Li-insertion into lithiated Sn and Li3N. 

The structure of as-prepared SnNx thick films of composition 1:1 and 3:4 has been 
characterized using XRD, SEM, TEM and MS. The films of composition 1:1 present an 
amorphous or nanocrystalline structure. The formation of an amorphous matrix in which 
nanocrystals of Sn3N4 and reacted or distorted -Sn are embedded has been evidenced. 
According to the MS results, the amorphous material appears to be a mixture of 
tetrahedrally- and octahedrally-coordinated Sn4+, in combination with Sn2+ species which 
most likely mainly result from N deficient octahedral sites. The films of composition 3:4 are 
composed of an amorphous material which continued a crystalline growth after 300-500 nm 
from the substrate interface. According to XRD results, the material mainly consists of the 
spinel Sn3N4, and minor traces of reacted -Sn and orthorhombic SnO2. The MS signature of 
this material shows the response of Sn4+ located in octahedral and tetrahedral sites of the 
spinel structure while no -Sn or SnO2 was detected at room temperature. At  
77 K, however, the presence of Sn2+ was revealed as a minor secondary phase. These species 
are most likely resulting from the amorphous material observed with TEM and are similar to 
the Sn2+ species measured for the 1:1 material.  

When these tin nitride materials are inserted with Li-ions, large modifications of the 
structure occur. The 1:1 material transforms into Li3N and intermediary Li-Sn phases (LiSn, 
Li7Sn2) and ultimately reaches the composition ‘Li22Sn5’. During Li-ion extraction, modified 
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Sn4+ environments are rapidly formed while the Li content in the Li-Sn clusters decreases. 
At full delithiation, the electrode shows a signature for octahedrally- and tetrahedrally-
coordinated Sn4+ together with a mixture of, most likely, LiSn and Li7Sn3.  

For the 3:4 material, the initial discharge is different from that of the subsequent cycles 
most likely due to the co-existence of original Sn4+ octahedra and tetrahedra with Li3N and 
LiySn products. During the first charge, however, the electrode potential profile is very 
similar to that measured during the subsequent cycles or to that of the 1:1 material, which is 
indicative of similar reactions. During the initial lithiation, the preferential consumption of 
octahedral Sn4+ sites is measured. The composition of the LiySn products is not elucidated 
and it seems that specific sites of Li-Sn phases are formed. At full lithiation, the signature for 
‘Li22Sn5’ is measured. During Li-ion extraction, the isomer shift associated with LiySn 
products increases and Sn4+ octahedral and tetrahedral environments are formed. At full 
delithiation, a LiySn product with the isomer shift of LiSn is measured. Its quadrupole 
splitting, however, is substantially higher than the value expected for LiSn. Such a much 
higher quadrupole splitting most likely indicates the electrode nanostructuring and the 
formation of either a specific site of LiSn or perhaps of a complex ternary compound. 
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Summary 
 

Negative electrode materials for  
lithium-ion solid-state microbatteries 

 
 
Electronic portable devices are becoming more and more important in our daily life. Many 
portable types of electronic equipment rely on rechargeable lithium-ion batteries as they can 
reversibly deliver the highest gravimetric and volumetric energy densities. Lithium-ion 
batteries are currently rapidly expanding into very large-scale applications, such as hybrid 
(electrical) cars. Miniaturized autonomous devices, at the other end of the ‘spectrum’, are 
also becoming increasingly important. Characteristic for small autonomous devices is that 
they have to operate independently. When devices are becoming smaller and smaller it 
becomes, however, much more complicated to assemble batteries from their individual 
components. In addition, the contribution of inactive overhead mass and volume by, for 
example, the package will increase significantly. As the energy consumption for autonomous 
devices will be relatively small this opens up the possibility to integrate microbatteries 
directly onto electronic chips. Moreover, as certain applications have stringent safety 
requirements, for instance medical implants, integrated batteries ideally should not contain 
any hazardous liquids that can induce dangerous leakage issues. 

All-solid-state planar microbatteries are good candidates to serve as energy sources for 
autonomous systems as they can be integrated into microchips and they do not present safety 
issues arising from the use of a liquid electrolyte. Such batteries already exist in the pilot 
production phase and are usually produced using Physical Vapor Deposition techniques 
(PVD), such as magnetron sputtering and evaporation. However, a relatively low 
volumetric storage capacity of about 50 Ah per micron cathode material thickness and per 
cm2 footprint area is generally achieved. Yet, it is still not sufficient to power future 
autonomous devices. In addition, metallic Li is unfavorable due to its very low melting point 
of 181 °C. Indeed, the reflow solder process widely used in the microelectronic industry is 
generally applied at higher temperatures. To prevent the use of pure Li metal, it would be 
better to make use of other negative electrode materials. In addition, ways to increase the 
energy density of solid-state microbatteries should be investigated. This could be achieved 
by, for instance, using the third dimension of the battery substrate material.  

The concept of 3D-integrated all-solid-state microbatteries has been presented (c.f. 
Chapter I). It consists of the step conformal deposition of Li barrier, negative electrode, 
solid-state electrolyte, cathode and current collector layers inside high aspect ratio features 
such as trenches and pores. The deposition of the battery materials should be achieved by 
means of techniques capable of covering highly structured substrates with layers of 
homogeneous thickness and composition. Low Pressure Chemical Vapor Deposition 
(LPCVD) and Atomic Layer Deposition (ALD) are suitable techniques to that purpose. 
Compared to conventional planar solid-state batteries this concept offers several advantages. 
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The 3D-structuring of the substrate by means of anisotropic etching provides large surface 
area enlargement factors, which is expected to increase the effective storage capacity by 
more than one order of magnitude. Moreover, the use of Li-alloying materials to replace 
pure metallic Li as negative electrode ensures compatible IC integration. 

As a first step towards 3D-integrated batteries, the investigation of potential Li barrier 
layers has been conducted (c.f. Chapter III). By analogy with Cu barrier layers, layers of  
70 nm TiN, Ta and TaN, deposited by means of magnetron sputtering, have been 
investigated. The electrochemical results suggest that TiN is most suitable as a Li barrier 
layer since it only absorbs less than 0.02 Li per TiN formula unit. Thus, TiN has been 
applied extensively as a barrier layer and current collector for the study of potential negative 
electrode candidates. Moreover, a detailed comparison of the electrochemical response and 
crystallographic preferred orientation of sputtered and ALD TiN films has been presented. 
ALD TiN shows better barrier properties, which is perhaps related to its strong preferred 
orientation of the {200} planes parallel to the sample surface or to the larger size of its 
crystallites. The storage mechanism of Li is not elucidated but perhaps occurs as a solid 
solution of Li within TiN or at the grain boundaries of TiN crystals. Ex situ X-Ray Diffraction 
(XRD) measured after electrochemical cycling has not shown significant changes in the TiN 
crystallographic structure, which further confirms that the material does not react 
significantly. ALD is a suitable technique for growing step-conformal thin layers into  
3D-structured substrates, which makes the technique suitable for creating 3D negative 
electrode stacks (c.f. Chapter V). 

The reaction mechanism of Si electrodes has been described based on several literature 
reports (c.f. Chapter IV). In situ XRD clearly evidences the transformation of crystalline Si 
into an amorphous material during the initial Li-ion insertion, which is ultimately completed 
by the crystallization of the electrode material into metastable cubic Li15Si4. During Li-ion 
extraction, an amorphous material is created from Li15Si4 crystallites and the formation of 
amorphous Si as the fully delithiated electrode material is evidenced. During the subsequent 
cycles, the amorphous material reversibly transforms via two slopes, or quasi-plateaus, until 
the crystallization into Li15Si4 occurs. As a consequence, Si shows very high practical 
gravimetric and volumetric capacities, i.e. 3579 mAh·g-1 and 8303 mAh·cm-3, respectively, 
assuming complete conversion into Li15Si4. In situ Nuclear Magnetic Resonance (NMR) 
results show that the formed Si-Si and isolated Si atoms configurations are different from 
those of the Li-Si phase diagram compounds. Both configurations are created during the 
initial stage of Li-ion insertion and their concentrations increase upon further insertion until 
only isolated Si atoms are formed.  

LPCVD poly-crystalline Si (poly-Si) thin films of 50 nm thickness exhibit very favorable 
thermodynamic and kinetic properties as evidenced by quasi-equilibrium, impedance 
spectroscopy and rate capability measurements. The cycle life of the electrode has been 
investigated in two liquid electrolytes and in case the electrode is covered by a solid-state 
electrolyte film. The continuous decomposition of the electrolyte resulting in the formation 
of a thickening Solid Electrolyte Interphase (SEI) layer is expected to be responsible for the 
poor capacity retention of the electrodes. In contrast, poly-Si thin films covered by a solid-
state electrolyte film can be cycled 2000 times without capacity loss. 
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Evaporated Si thin films have been used in order to investigate the impact of solid-state 
electrolyte sputter-deposition. The formation of an interlayer material has been evidenced 
by transmission electron microscopy (TEM). The thickness and composition of this material 
depends on the sputter deposition power and gas composition, and results in a different 
electrochemical activation of the electrode/electrolyte stack. The charge transfer kinetics of 
activated electrodes has been investigated as a function of temperature. As expected, 
Arrhenius laws have been found for the various evaporated Si electrode/electrolyte systems 
and the corresponding activation energies have been determined.  

The huge volume changes of Si upon (de)lithiation can limit the amount of active 
electrode material and hence its storage capacity. Using larger layer thickness will obviously 
increase the total storage capacity of the electrode but it will also result in poorer capacity 
retention due to mechanical delamination or pulverization of the film. Limiting the extent of 
Li-ion insertion or extraction can prevent this detrimental effect, however, this is achieved 
at the cost of storage capacity. In order to increase the storage capacity while maintaining 
small expansion/shrinkage distances, 3D-nanostructured Si electrode systems have been 
investigated (c.f. Chapter V). In this way, not only the absolute changes in volume are 
limited but the diffusion length is also kept low to ensure fast diffusion kinetics. Three types 
of 3D-nanostructured Si electrode systems have been investigated, i.e. thin films deposited 
inside high aspect ratio pores and trenches, nanowires and honeycombs. The electrochemical 
performance and morphological changes of these structures are described in detail. 

The deposition feasibility of a highly structured negative electrode stack to be applied in 
future 3D-integrated batteries has been demonstrated. The stack comprises a TiN thin film 
deposited by ALD serving both as current collector and Li barrier layer, which is covered by 
a poly-Si thin film as negative electrode material. In comparison with planar films, these 
poly-Si films present a storage capacity increase by a factor of about 5 for the highest aspect 
ratio electrodes. Poly-Si deposited inside pores show an ‘island-like’ structure, which most 
likely results from the surface morphology of the underlying material. It has been found that 
the step coverage of poly-Si can be considerably improved by growing TiN and poly-Si inside 
wide trenches, which results in the growth of much smoother poly-Si films. Further 
optimization of the deposition conditions and 3D geometry can easily result in a storage 
capacity increase of more than one order of magnitude with respect to planar films. As found 
for planar thin films, the electrode cycle life appears to be limited by the continuous growth 
of the SEI layer inside the pores. Hence, the use of a solid-state electrolyte should be highly 
beneficial for enhancing the electrode cycle life, as has already been demonstrated for planar 
poly-Si thin film electrodes.  

Si nanowires present a poor initial electrochemical activity when evaluated with Cyclic 
Voltammetry (CV). Employing constant (dis)charging low currents ensures that the material 
gets activated. The reasons for the initially sluggish electrode kinetics are most likely 
resulting from the high electrical resistance of the nanowires, in combination with a poor 
wetting of their surface. A poor surface wetting reduces the surface area available for the 
charge transfer reaction and also increases the diffusion distance of Li ions. The 
morphological changes of the nanowires after cycling show that they tend to agglomerate 
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upon expansion/shrinkage to form a porous network separated by voids, which might not be 
favorable if the electrode is to be repeatedly cycled for a long time. 

The electrochemical performance and morphological changes of honeycomb-
nanostructured Si have been investigated. Si honeycomb arrays present a moderate cycle life, 
which can be improved by limiting the (de)lithiation reaction. The morphological changes of 
the structure have been investigated and reveal that the honeycomb structure can undergo 
very large deformations. The analysis of the dimensional changes as a function of Li content 
reveals that the structure does not deform isotropically. However, the total volume varies 
linearly and reversibly as a function of Li content. The degradation mechanism has been 
identified and results from the detachment of small parts of the honeycombs from the 
current collector after repeatedly cycling. The detachment is mainly caused by the wall 
bending and subsequent cracking, and the wall thickening at the isolated triple points which 
results in their mechanical detachment. 

Ge electrodes have received little attention in the existing literature because of the high 
cost of the material. For the application in thin-film batteries, however, the cost related to 
the amount of employed material is not a critical issue. Moreover, Ge presents several 
advantages over Si, such as a two orders of magnitude higher diffusivity for Li ions and four 
orders of magnitude higher electrical conductivity. The electrode reaction mechanism is not 
known and has been investigated in detail using electrochemical methods, in situ XRD, in situ 
X-ray Absorption Spectroscopy (XAS) and ex situ X-ray Photoelectron Spectroscopy (XPS) 
(c.f. Chapter VI). 

The thermodynamic and kinetic properties of Ge thin films clearly evidence that this 
material is a suitable negative electrode candidate for Li-ion microbatteries. The material 
shows a large storage capacity, a high rate capability, resulting from both fast charge transfer 
and solid-state diffusion kinetics, and favorable thermodynamics. The in situ XRD 
investigation has shown that lithiated Ge thin film electrodes remain amorphous until 
crystallization in cubic Li15Ge4 occurs. This corresponds to a storage capacity of 1385  
mAh·g-1 or 7366 mAh·cm-3 of starting material. Upon Li-ion extraction, a reversible process 
is found. In order to get more insight in the structure of the amorphous material formed 
prior to cubic Li15Ge4, in situ XAS has been conducted. The corresponding results indicate 
that the electrochemical reaction proceeds with the reversible formation of short range 
ordered LiGe, followed by the formation of a material with increasing Ge-Ge interatomic 
distance and decreasing coordination number. Near the end of the reaction, the local 
ordering approaches that of Li7Ge2 and finally complies with the short range ordered 
structure of Li15Ge4 at full lithiation. Finally, XPS surface measurements indicate the 
formation of Li2CO3 and (PPO)n as the main constituents of the top surface of the SEI layer 
formed onto Ge electrodes cycled in 1M LiClO4 in PC electrolyte. 

As already discussed, alloying negative electrode materials (e.g. Si, Ge and Sn) undergo 
tremendous volume expansion, which can be detrimental for the material lifetime that is 
often reduced to a few cycles for thick electrodes. Instead of using the pure element, oxides 
and nitrides can be employed as they are expected to present improved cycling 
performance. The generally-accepted scenario to explain the favorable cycle life of these 
electrodes is a conversion reaction during which an inert nanostructured lithia (Li2O) or 
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lithium nitride (Li3N) matrix is irreversibly formed concomitantly with the pure element 
during the initial Li-ion insertion. These matrices are expected to accommodate part of the 
stress associated with the large volume expansion/contraction resulting from the 
insertion/extraction of Li ions into/from the active elemental nanoclusters.  

In the case of tin nitride, the conversion mechanism and the electrochemical properties 
of the material have not been thoroughly investigated thus far. Consequently, a careful 
investigation has been conducted for this material (c.f. Chapter VII). The electrochemical 
behaviors of pure tin and of tin oxide thin films have been given as references. The 
characterization of as-prepared tin nitride thin films with layer thickness ranging from 50 to 
500 nm and compositions of 1:1 and 3:4, as well as their electrochemical responses have 
been presented. Using Rutherford Backscattering Spectrometry, the amount and 
composition of the starting tin nitride material was determined, which allowed the 
calculation of the quantity of Li reacting (ir)reversibly with the electrode material. These 
results have shown a large discrepancy with respect to the expected reaction mechanism. 
Thus in situ XRD has been performed in order to characterize the structure of the converted 
material for different Li contents, however, not successfully.  

Mössbauer spectroscopy (MS) has been employed on thicker layers aiming at probing the 
chemical environment of Sn atoms as a function of Li content. XRD results on the  
as-prepared thick films of composition 1:1 indicate the presence of an amorphous or 
nanocrystalline structure in which nanocrystals of Sn3N4 and of, most likely, reacted or 
distorted -Sn are embedded. According to MS results, the amorphous material appears to 
be a mixture of tetrahedrally-coordinated Sn4+ and Sn2+ species. The films of composition 
3:4 are composed of an amorphous material which continued a crystalline growth after  
300-500 nm from the interface with the TiN-covered substrate. According to XRD results, 
the material mainly consists of the spinel Sn3N4, and minor traces of reacted -Sn and 
orthorhombic SnO2. The MS signature of this material shows the response of Sn4+ located in 
octahedral and tetrahedral sites of the spinel structure while no -Sn or SnO2 was detected. 
At 77 K, however, the presence of Sn2+ was revealed as a minor secondary constituent. 
These species are most likely located in the amorphous material observed with TEM and are 
similar to the Sn2+ species measured for the 1:1 material.  

When these tin nitride materials are inserted with Li-ions, large modifications of the 
structure occur. The 1:1 material transforms into Li3N and intermediate Li-Sn phases and 
ultimately reaches the composition ‘Li22Sn5’. During Li-ion extraction, modified Sn4+ 
configurations are formed while the Li content in the LiySn clusters decreases. At full 
delithiation, the electrode shows a signature for modified Sn4+ octahedral ad tetrahedral 
configurations together with a mixture of LiSn and Li7Sn3. The presence of Li7Sn3 as a minor 
product is most likely related to the impossibility to fully remove Li ions from the thicker 
electrode film, as was also found for the thick films of composition 3:4. Thus, it can be 
assumed that the final composition in the Sn-rich cluster should be close to LiSn. 

For the 3:4 material, the initial insertion of Li ions is different from that of the 
subsequent cycles, which is most likely due to the co-existence of original Sn4+ octahedra 
and tetrahedra with Li3N and LiySn products. During the first extraction of Li ions, however, 
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the electrode potential profile is very similar to that measured during the subsequent cycles 
or to that of the 1:1 material, which is most likely indicative of similar reactions. During the 
initial lithiation, the preferential consumption of octahedral Sn4+ sites is measured. The 
composition of the LiySn products is not elucidated and it seems that specific sites of Li-Sn 
phases are formed. At full lithiation, similarly to what is obtained for the 1:1 composition 
the signature for ‘Li22Sn5’ is measured. During Li-ion extraction, the MS isomer shift 
associated with LiySn products increases and modified Sn4+ octahedral and tetrahedral 
configurations are formed. At full delithiation, a Li-Sn product with the MS isomer shift of 
LiSn is measured. Its MS quadrupole splitting, however, is substantially higher than the value 
expected for LiSn. The much higher MS quadrupole splitting most likely indicates the 
electrode nanostructuring and also the formation of either a specific site of LiSn or of a 
complex ternary compound. 
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Matériaux d’électrode négative pour  
microbatteries tout-solide lithium-ion 

 
 
Les équipements électroniques ont acquis une importance de choix dans notre vie 
quotidienne. Souvent, les équipements électroniques portables sont alimentés 
énergétiquement par des accumulateurs rechargeables à technologie lithium-ion car ce type 
de pile possède les meilleures capacités de stockage gravimétrique et volumétrique. Les 
domaines d’application occupés par les accumulateurs à technologie Li-ion s’étendent 
rapidement dans les applications de grande taille, par exemple les voitures hybrides ou 
électriques du domaine automobile. De plus, cette extension de domaine se porte également 
vers les applications de petite taille en englobant désormais les composants électroniques 
autonomes miniaturisés. Le caractère autonome de ces composants est essentiel. Quand la 
taille des composants devient de plus en plus petite, il est difficile d’assembler les différents 
composants et une solution d’intégration est préférable. De plus, la masse et le volume 
occupés par les différents éléments de l’accumulateur ne participant pas au stockage 
d’énergie deviennent, relativement, de plus en plus importants quand la taille décroit. Etant 
donné que la demande énergétique des composants autonomes miniaturisés est relativement 
petite, il est à tout fait raisonnable d’envisager l’intégration d’accumulateurs Li-ion au sein 
des puces microélectroniques. De plus, certains domaines d’application ont établis des règles 
strictes concernant l’utilisation de produits chimiques dangereux, comme par exemple les 
implants médicaux, ce qui décourage fortement l’utilisation d’accumulateurs conventionnels 
qui contiennent généralement une solution électrolyte liquide. 

Les micropiles rechargeables tout-solide en couche mince et de géométrie planaire sont 
de bons candidats pour alimenter les systèmes autonomes car elles peuvent facilement être 
intégrées au sein des micropuces. De plus, elles ne présentent pas de risque de sécurité 
résultant de l’utilisation d’une solution électrolyte liquide.  Ce genre d’accumulateur existe 
déjà en phase de production expérimentale et est crée par la croissance successive de 
couches minces par dépôt physique sous vide (PVD en anglais), notamment par pulvérisation 
cathodique et évaporation sous vide. Du fait de la géométrie planaire, la capacité de stockage 
par unité de volume de matériau d’électrode positive est relativement faible et équivaut à 
environ 50 Ah par micron d’électrode et cm2 de surface. En effet, cette valeur de capacité 
de stockage est insuffisante pour alimenter la plupart des composants miniaturisés présents 
et à venir. De plus, le métal Li, généralement employé en tant qu’électrode négative dans ce 
type d’accumulateur, est inapproprié pour l’intégration car sa température de fusion est 
d’environ 181 °C. Aussi, il serait plus adéquat d’utiliser d’autres matériaux d’électrode 
négative. Il serait également important d’étudier des moyens d’augmenter la capacité de 
stockage énergétique de telles micropiles intégrées. Cela pourrait être effectué, par 
exemple, en utilisant la troisième dimension du substrat. 
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Le concept des micropiles rechargeables Li-ion 3D et intégrées a été présenté (c.f. 
Chapitre I). Le principe est simple et consiste au dépôt homogène sur substrat 3D des 
couches minces nécessaires à la micropile, c'est-à-dire une barrière pour Li, l’électrode 
négative, l’électrolyte solide, l’électrode positive et les collecteurs de courant. La croissance 
des matériaux doit être effectuée par le biais de méthodes garantissant une croissance de 
couche homogène en épaisseur et en composition sur substrats fortement texturés à l’aide, 
par exemple, de tranchées ou de pores. Pour ce but, le dépôt chimique sous vide à basse 
pression et le dépôt par couche atomique (LPCVD et ALD en anglais) sont des techniques 
particulièrement adaptées. En comparaison avec les micropiles planaires conventionnelles, 
ce concept présente deux avantages principaux. Tout d’abord, la structuration du substrat 
par gravure anisotrope permet d’obtenir un substrat 3D qui offre un accroissement 
surfacique (et de capacité de stockage) d’au moins un ordre de grandeur. De plus, 
l’utilisation de matériaux d’électrode négative alternatifs (par exemple des métaux formant 
des alliages avec le Li) assure la compatibilité avec les processus d’intégration utilisés dans le 
domaine de la microélectronique.  

La première étape pour achever un tel concept consiste à évaluer des matériaux pouvant 
servir de barrière pour Li. Par analogie avec les barrières de diffusion pour le Cu, des 
couches minces de 70 nm de TiN, Ta and TaN, déposées par pulvérisation cathodique, ont 
été étudiées en tant que matériau barrière pour Li (c.f. Chapitre III). Les propriétés 
électrochimiques de telles couches indiquent que le nitrure de titane, TiN, semble être le 
plus adapté car il absorbe réversiblement moins de 0,02 Li par unité de TiN. Aussi, ce 
matériau a été utilisé extensivement lors de l’étude de matériaux potentiels d’électrode 
négative. De plus, une étude comparative des propriétés électrochimique et structurale du 
TiN obtenu par ALD ou PVD a été effectuée. Le TiN obtenu par ALD présente de 
meilleures propriétés en tant que barrière pour Li qui sont probablement résultantes de son 
orientation cristallographique préférentielle des plans {200} parallèles à la surface du 
substrat, ou bien peuvent être dues à la plus grande taille de ses cristaux. Le mécanisme de 
stockage du Li au sein de TiN n’a pas été clairement élucidé mais résulte peut-être de 
l’apparition d’une solution solide au sein des cristaux ou alors du stockage du Li aux joints 
de grain. La diffraction de rayons X (XRD en anglais) mesurés après de nombreux cycles 
n’indique pas de modification notable de la structure cristallographique du TiN, ce qui 
indique, comme suggéré par les données électrochimiques, que la réaction du matériau n’est 
pas importante. La méthode ALD est favorable pour croître des couches homogènes au sein 
de substrats 3D, ce qui fait de cette technique une méthode particulièrement intéressante 
pour produire des structures d’électrode négative au sein de substrats 3D (c.f. Chapitre V). 

Le mécanisme réactionnel d’électrode de Si a été décrit sur la base de plusieurs rapports 
scientifiques (c.f. Chapitre IV). La caractérisation par in situ XRD a clairement révélé la 
transformation du Si cristallin en matériau amorphe pendant l’insertion initiale d’ions Li, 
insertion qui est finalement complétée par la cristallisation du matériau en structure 
métastable de composition Li15Si4. Pendant l’extraction d’ions Li, un matériau amorphe se 
crée à part des cristaux de Li15Si4 et la formation de Si amorphe est apparente lors de 
l’extraction complète des ions Li. Pendant les cycles suivants, le matériau amorphe se 
transforme réversiblement par le biais de deux pseudo-plateaux jusqu’à ce que la 
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cristallisation s’effectue en toute fin de décharge. Aussi, le Si présente de large valeurs de 
capacité de stockage gravimétrique et volumétrique, c'est-à-dire 3579 mAh·g-1 ou 8303 
mAh·cm-3, respectivement, en assumant la cristallisation complète du matériau en Li15Si4. 
Une étude in situ Résonance Magnétique Nucléaire (NMR en anglais) a montré que 
l’insertion d’ions Li s’accompagne de la formation de configurations possédant des atomes 
de Si isolés et des paires Si-Si, ce qui est différent des configurations trouvées pour les 
composés binaires Li-Si. Ces deux configurations se créent dès le début de l’insertion, puis 
leur concentration augmente et finalement seulement des atomes de Si isolés sont formés.  

Des couches minces de Si poly-cristallin (poly-Si) de 50 nm d’épaisseur obtenues par 
LPCVD possèdent des propriétés thermodynamique et cinétique très favorables, comme 
démontré par les mesures de quasi-équilibre, la spectroscopie d’impédance et les mesures de 
capacité en courant. Le cycle de vie a été étudié dans deux types d’électrolyte liquide et 
quand l’électrode est recouverte par une couche d’électrolyte solide. La décomposition 
continuelle de l’électrolyte liquide, qui résulte en la formation d’une couche de ‘Solid 
Electrolyte Interphase’ (SEI) d’épaisseur croissante, est responsable de la mauvaise rétention 
de la capacité de stockage. Par opposition, les couches de poly-Si recouvertes d’une couche 
d’électrolyte solide peuvent être cyclés sans perte pendant 2000 cycles.  

Des films de Si évaporé ont été utilisés pour étudier l’impact de la déposition par 
pulvérisation cathodique de l’électrolyte solide. La formation d’une couche intermédiaire a 
été démontrée par microscopie électronique par transmission (TEM en anglais).  L’épaisseur 
et la composition de ce matériau dépendent de la puissance et la mixture de gaz employés 
pendant le dépôt par pulvérisation cathodique, et génèrent des activations électrochimiques 
différentes. La cinétique du transfert de charge des interfaces activées de quatre systèmes 
électrode/électrolyte ont été étudiées en fonction de la température. En accord avec nos 
attentes, des lois d’Arrhenius ont été trouvées pour les différents systèmes. 

L’insertion et l’extraction d’ions Li est accompagné par de larges changements de 
volume, ce qui peut limiter la quantité pratique de matériau d’électrode et donc limiter la 
capacité de stockage. Utiliser des couches plus épaisses accroit la capacité de stockage mais 
résulte aussi en une baisse de la rétention de capacité à cause de phénomènes de dégradation  
mécanique du matériau par pulvérisation ou décollement de couche. Pour limiter ces 
phénomènes, il peut être envisagé de restreindre l’insertion ou l’extraction des ions Li mais 
cela s’effectue au détriment de la capacité de stockage. Afin d’augmenter la capacité de 
stockage tout en maintenant de faibles distances d’expansion et de contraction, des systèmes 
d’électrodes nanostructurées en 3D ont été étudiées (c.f. Chapitre V). De cette manière les 
changements absolus en volume ainsi que les distances de diffusion des ions Li sont 
maintenus à de faibles valeurs. Trois types de nanostructures 3D à base de Si ont été étudiés: 
des couches minces déposées dans tranchées et pores de haut rapport d’aspect, des nanofils 
et des structures alvéolaires hexagonales similaires à celles trouvées au sein des ruches 
d’abeille. Les performances électrochimiques et les changements morphologiques de ces 
structures ont été décrits en détail.  

La faisabilité de la déposition d’une bicouche au sein de tranchées et de pores a été 
démontrée. Le système bicouche se compose de 60 nm de TiN comme barrière pour Li et 
collecteur de courant, et 50 nm de poly-Si en tant que matériau d’électrode négative. En 
comparaison avec les couches déposées sur substrat planaire, ces bicouches présentent des 
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capacités de stockage environ 5 fois plus importantes pour la structure de plus haut rapport 
d’aspect. Les couches de poly-Si ont développé une morphologie de type « îlot », qui est très 
probablement résultante de la morphologie du matériau sous-jacent. La croissance au sein de 
larges tranchées a démontré un accroissement important de l’homogénéité des couches ainsi 
qu’une diminution de leur rugosité. L’optimisation des conditions de dépôt et de la densité 
des tranchées ou des pores peut facilement conduire à l’obtention d’un accroissement de 
capacité d’au moins un ordre de grandeur. De plus, il apparait que le cycle de vie de ces 
électrodes est limité par l’utilisation d’un électrolyte liquide car il génère la formation et 
croissance d’une couche de SEI. Aussi, il est prédit que l’utilisation d’une couche 
d’électrolyte solide préviendra cette dégradation, similairement aux résultats obtenus pour 
les couches minces planaires.  

Les nanofils de Si présentent une activité électrochimique initiale plutôt mauvaise quand 
ils sont mesurés en voltampérométrie cyclique. En employant une méthode à faible courant 
constant le matériau parvient à s’activer correctement. La piètre cinétique initiale résulte 
très vraisemblablement de la résistance électrique élevée des nanofils, en combinaison avec 
une mauvaise mouillabilité de leur surface par l’électrolyte liquide. Une mauvaise 
mouillabilité réduit la surface accessible à la réaction de transfert de charge et augmente la 
distance de diffusion des ions Li. Les changements morphologiques après une dizaine de 
cycle montrent que les nanofils ont tendance à s’agglomérer lors des processus 
d’expansion/contraction. Cela résulte en la formation d’amas de réseaux poreux de fils 
interconnectés, séparés par de larges espaces vacants, structure qui ne sera probablement pas 
favorable pour une utilisation à long terme. 

Les alvéoles hexagonaux nanostructurées de Si ont un cycle de vie modéré qui s’améliore 
quand l’insertion et l’extraction des ions Li sont limitées. Les changements morphologiques 
ont été étudiés et montrent que la structure endure des déformations importantes. L’analyse 
des changements dimensionnels en fonction de la concentration en Li démontre que la 
structure ne se déforme pas de manière isotrope. Toutefois, le volume total varie 
linéairement et réversiblement avec la quantité de Li. Le mécanisme de dégradation de la 
rétention en capacité provient du détachement répété de petites parties du matériau. Le 
détachement est principalement causé par la déformation des murs de la structure suivi de 
leur fracture en leur centre, puis de l’expansion du matériau isolé au niveau des points triple 
et son détachement consécutif. 

Les électrodes à base de Ge ont reçu peu d’intérêt dans la littérature scientifique car le 
coût du matériau est élevé. Cependant, le coût lié à la quantité de Ge n’est pas une 
restriction dans le cas de micropiles en couche mince. De plus, le Ge offre des avantages par 
rapport au Si, tels qu’une diffusivité des ions Li de deux ordres de grandeur supérieure et 
une conductivité électrique de quatre ordres de grandeur supérieure. Le mécanisme 
réactionnel du Ge n’est pas connu et a été étudié en détail à l’aide de méthodes 
électrochimiques mais aussi par in situ XRD, in situ Spectroscopie d’Absorption des rayons X 
(XAS en anglais) et par ex situ Spectrométrie de photoélectrons induits par rayons X (XPS en 
anglais) (c.f. Chapitre VI). 

Les propriétés thermodynamique et cinétique des couches minces de Ge montrent 
clairement que ce matériau est approprié en tant qu’électrode négative pour micropiles Li-
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ion. Le matériau possède une large capacité de stockage, une cinétique rapide et une 
thermodynamique favorable. L’étude par in situ XRD a mis en évidence que les couches 
minces de Ge restent amorphes pendant l’insertion d’ions Li avant que la cristallisation en 
Li15Ge4 ne prenne place en toute fin de décharge. Cela correspond à une capacité de 
stockage de 1385 mAh·g-1 ou de 7366 mAh·cm-3 de matériau de départ. Pendant l’extraction 
d’ions Li, un processus réversible est obtenu.  

Afin d’obtenir davantage d’information sur la structure du matériau amorphe, une étude 
par in situ XAS a été conduite. Les résultats correspondants indiquent que la réaction 
électrochimique procède avec la formation réversible de LiGe ordonné à courte échelle 
(short range ordered (SRO) en anglais), suivi par la formation d’un matériau amorphe dont 
les distances interatomiques Ge-Ge augmentent tandis que leur coordination diminue. 
Proche de la fin de la décharge, l’environnement local des atomes de Ge approche celui de 
Li7Ge2 avant que le matériau n’adopte la structure SRO de Li15Ge4 lors de l’insertion 
complète.  

De plus, les spectres XPS de surface indiquent la présence majoritaire de Li2CO3 et 
(PPO)n comme constituants principaux de la surface de la couche SEI pour des électrodes de 
Ge évaluées dans un électrolyte 1M LiClO4 dissout dans PC. 

Comme discuté auparavant, le volume des électrodes négatives (e.g. Si, Ge ou Sn) 
augmente considérablement quand elles s’allient avec le Li. Dans le cas de couches épaisses 
cela provoque des effets négatifs sur le cycle de vie qui est souvent réduit à seulement 
quelques cycles. Une solution pour améliorer le cycle de vie peut consister à ne pas 
employer l’élément pur mais un de ses oxydes ou nitrures. Le mécanisme réactionnel 
généralement accepté pour expliquer le favorable cycle de vie de telles électrodes est une 
réaction de conversion pendant laquelle une matrice inerte de Li2O ou Li3N nanostructurée 
est formée irréversiblement et conjointement à  l’élément pur pendant l’insertion initiale 
d’ions Li. Ces matrices sont censées pouvoir accommoder une partie des contraintes 
associées à l’expansion/contraction du volume résultant de l’insertion/extraction des ions Li 
au sein des nanograins de l’élément pur.  

Dans le cas du nitrure d’étain, le mécanisme de conversion ainsi que les propriétés 
électrochimiques du matériau n’ont pas été étudiées en détail. Aussi, une étude du 
mécanisme réactionnel a été conduite (c.f. Chapitre VII). Le comportement électrochimique 
de couches minces d’étain pur et d’oxyde d’étain SnO a été présenté. La caractérisation de 
couches minces de nitrure d’étain d’épaisseur de 50 à 500 nm et de composition 1:1 et 3:4, 
ainsi que leurs propriétés électrochimiques ont été présentées. En utilisant la spectroscopie 
de rétrodiffusion de Rutherford (RBS en anglais), la quantité et composition des matériaux 
de départ ont été déterminées, ce qui permit le calcul des quantités de Li réagissant 
(ir)réversiblement avec le matériau d’électrode. Ces résultats ont clairement indiqué que le 
mécanisme réactionnel attendu pour ce matériau était incorrect. Aussi, des mesures d’in situ 
XRD ont été employées pour caractériser la structure du matériau converti, 
malheureusement sans succès.  

La spectroscopie Mössbauer (MS en anglais) a également été utilisée pour déterminer 
l’environnement des atomes Sn en fonction du contenu en Li. Les films de départ de 
composition 1:1 ont une structure amorphe ou nanocristalline. En utilisant la XRD, la 
présence d’une matrice amorphe dans laquelle sont inclus des nanocristaux de Sn3N4 et 
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probablement aussi de -Sn a été mesurée. Les résultats de MS montrent que le matériau 
amorphe est constitué d’une mixture d’ions Sn4+ en configuration tétraédrique et d’espèces 
Sn2+. Les films de départ de composition 3:4 consistent d’un matériau amorphe pendant 
environ 300-500 nm après quoi la croissance d’un matériau cristallin est observée. Selon les 
mesures XRD, le matériau cristallin consiste de la structure spinelle Sn3N4, ainsi que de 
traces de -Sn ayant vraisemblablement réagi avec un peu de N, et du SnO2 en structure 
orthorhombique. La signature MS de ce matériau est caractérisée par la réponse de Sn4+ en 
position tétraédrique et octaédrique au sein de la structure spinelle tandis que le -Sn ou 
SnO2 ne sont pas détectés. A 77 K une faible quantité de Sn2+ est également mesurée. Ces 
espèces proviennent vraisemblablement du matériau amorphe observé par TEM et sont 
similaires aux espèces Sn2+ mesurés dans le matériau de composition 1:1.  

Quand ces matériaux d’électrode sont insérés avec des ions Li, des modifications 
importantes de la structure apparaissent. Le matériau de composition 1:1 se transforme en 
Li3N et en composés binaires Li-Sn et atteint finalement la composition ‘Li22Sn5’ au sein des 
grains riches en Sn. Pendant l’extraction des ions Li, des Sn4+ au sein d’environnements 
tétraédrique et octaédrique modifiés sont mesurés tandis que la quantité de Li au sein des 
grains de Li-Sn diminue. Lors de l’extraction complète, le matériau présente la signature de 
Sn4+ au sein d’environnements tétraédrique et octaédrique modifiés, conjointement avec une 
mixture de LiSn et Li7Sn3. La présence de Li7Sn3 est très vraisemblablement liée au fait que 
l’extraction complète d’ions Li est impossible dans le cas des couches épaisses, comme 
également trouvé pour les films de composition 3:4. Aussi, il peut être conclu que la 
composition au sein des grains riches en Sn est proche de LiSn. 

Le matériau de composition 3:4 présente une insertion initiale différente de celle des 
cycles suivants, ce qui est très vraisemblablement du à la coexistence de Sn4+ tétraédriques et 
octaédriques originels avec les produits Li3N et LiySn. Cependant, la première extraction 
d’ions Li est très similaire à celles obtenues pendant les cycles suivants ou à celle du matériau 
de composition 1:1, ce qui indique des réactions voisines. Pendant l’insertion initiale, la 
consommation préférentielle des sites octaédriques Sn4+ est mesurée. La composition des 
produits LiySn formés pendant l’insertion n’est pas clairement élucidée et il semblerait que 
des sites spécifiques aux phases Li-Sn soient formés. Lors de l’insertion complète, 
similairement au matériau de composition 1:1 la signature de ‘Li22Sn5’ est mesurée. Pendant 
l’extraction, le déplacement isomérique associé aux produits LiySn augmente et des 
configurations Sn4+ apparaissent. Lors de l’extraction complète, des Sn4+ en configuration 
tétraédrique et octaédrique modifiés sont mesurés conjointement à un produit Li-Sn 
caractérisé par un déplacement isomérique égal à celui de LiSn. Son éclatement 
quadrupolaire, par contre, est largement supérieur à celui attendu pour LiSn. La 
nanostructuration du matériau peut expliquer une partie de cette différence. Le reste 
pourrait toutefois être résultant de la formation d’un site spécifique de LiSn ou de la 
formation d’un produit ternaire à structure relativement plus complexe. 
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Negatieve-elektrodematerialen voor  
vaste stof lithium-ion microbatterijen 

 
 
Elektronische draagbare apparaten worden steeds belangrijker in ons dagelijks leven. Veel 
soorten draagbare elektronische apparatuur worden van energie voorzien door oplaadbare 
lithium-ion batterijen, omdat die de hoogste gravimetrische en volumetrische energie- 
dichtheden reversibel kunnen leveren. Lithium-ion batterijen worden ook steeds meer 
toegepast in zeer grootschalige toepassingen, zoals hybride (elektrische) auto's. Aan de 
andere kant van het 'spectrum' worden geminiaturiseerde autonome toepassingen steeds 
belangrijker. Kenmerkend voor deze kleine autonome apparaten is dat ze zelfstandig 
functioneren. Wanneer de apparaten kleiner en kleiner worden, wordt het echter veel 
gecompliceerder om batterijen te maken uit de afzonderlijke componenten. Bovendien zal 
de relatieve bijdrage van inactieve batterijcomponenten aan de massa en het volume, door 
bijvoorbeeld de verpakking, aanzienlijk toenemen. Omdat het energieverbruik voor de 
autonome apparaten relatief klein zal zijn, geeft dit de mogelijkheid om de microbatterijen 
te integreren in elektronische chips. Omdat bovendien bepaalde toepassingen strenge 
veiligheidseisen kennen, bijvoorbeeld medische implantaten, mogen geïntegreerde batterijen 
dus idealiter geen gevaarlijke vloeistoffen bevatten welke kunnen leiden tot problemen door 
lekkage. 

Planaire vaste stof microbatterijen zijn goede kandidaten om als energiebron te dienen 
voor autonome systemen omdat ze kunnen worden geïntegreerd op microchips en geen 
veiligheidproblemen opleveren die voortvloeien uit het gebruik van een vloeibaar elektrolyt. 
Dergelijke batterijen bestaan al in pilot-productie en worden meestal geproduceerd met 
behulp van Physical Vapor Deposition (PVD) technieken, zoals magnetron sputteren en 
opdampen. Echter een relatief lage volumetrische opslagcapaciteit van ongeveer 50 Ah per 
micron materiaal dikte en per cm2 oppervlakte is in het algemeen bereikt. Toch is het nog 
steeds niet voldoende om toekomstige autonome apparaten van energie te voorzien. 
Bovendien is metallisch Li ongunstig vanwege een zeer laag smeltpunt van 181 °C, omdat 
het standaard gebruikte proces van reflow-solderen in de micro-elektronische industrie 
wordt toegepast bij hogere temperaturen. Om het gebruik van zuiver Li metaal te omzeilen, 
zou het beter zijn om gebruik te maken van andere negatieve elektrode materialen. Ook 
zouden manieren om de energiedichtheid van vaste stof microbatterijen te verhogen moeten 
worden onderzocht. Dit kan worden bereikt door bijvoorbeeld de derde dimensie van het 
batterij-substraatmateriaal te benutten. 

Het concept van 3D-geïntegreerde vaste stof microbatterijen is gepresenteerd in 
Hoofdstuk I. Het bestaat uit de ‘stap-conforme’ depositie van de Li-barrière, negatieve 
elektrode, vaste stof elektrolyt, kathode en geleidende lagen in hoge aspect-ratio structuren, 
zoals trenches en poriën. De depositie van de batterij materialen moet worden bereikt door 
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middel van technieken die gestructureerde substraten met lagen van homogene dikte en 
samenstelling kunnen bedekken. Low Pressure Chemical Vapor Deposition (LPCVD) en 
AtoomLaag Depositie (ALD) zijn geschikte technieken om dat doel te bereiken. Vergeleken 
met conventionele planaire vaste stof batterijen biedt dit concept een aantal voordelen. De 
3D-structuur van het substraat kan bereikt worden door middel van anisotroop etsen en 
levert een grote oppervlakte vergroting op, die naar verwachting de opslagcapaciteit 
vergroot met meer dan een orde van grootte. Bovendien is het gebruik van Li 
legeringselementen in plaats van zuiver metallisch Li als negatieve elektrode geschikter voor 
IC integratie.  

Als eerste stap in de richting van 3D-geïntegreerde batterijen, is een onderzoek naar 
mogelijke Li barrièrelagen uitgevoerd (zie Hoofdstuk III). Naar analogie met de Cu 
barrièrelagen, zijn lagen onderzocht van 70 nm Ta, TaN en TiN, die zijn gedeponeerd door 
middel van magnetron sputteren. De elektrochemische resultaten laten zien dat TiN het 
meest geschikt is als Li barrièrelaag, omdat deze slechts minder dan 0,02 Li per TiN eenheid 
absorbeert. Om deze reden wordt TiN uitgebreid toegepast als barrière- en geleidende laag 
voor de studie naar potentiële negatieve elektrodes. Bovendien is een gedetailleerde 
vergelijking van de elektrochemische reactie en kristallografische preferentiële oriëntatie van 
gesputterde en ALD TiN films gepresenteerd. ALD TiN toont betere barrière-
eigenschappen, die gerelateerd kunnen zijn aan de sterke (2 0 0) oriëntatie evenwijdig aan 
het monsteroppervlak of door de grotere kristallieten. Het lithiumopslagmechanisme is niet 
opgehelderd, maar misschien vindt dit plaats als een vaste oplossing van Li in TiN of op de 
korrelgrenzen van TiN kristallen. Ex situ Röntgen Diffractie (XRD), gemeten na 
elektrochemisch cycleren laat geen significante veranderingen in de TiN kristallografische 
structuur zien, wat verder bevestigt dat het materiaal niet significant reageert. ALD is een 
geschikte techniek voor het groeien van stapconforme dunne lagen in 3D-gestructureerde 
substraten, waardoor de techniek geschikt is voor het maken van 3D-negatieve elektrode 
stacks (zie Hoofdstuk V).  

Het reactiemechanisme van Si elektroden is beschreven op basis van diverse verslagen uit 
de literatuur (zie Hoofdstuk IV). In situ XRD laat duidelijk bewijs van de transformatie van 
kristallijn Si in een amorf materiaal zien tijdens de eerste Li-ion insertie, die uiteindelijk 
gecompleteerd wordt door de kristallisatie van het elektrodemateriaal in metastabiel Li15Si4. 
Tijdens Li-ion extractie wordt een amorf materiaal gemaakt op basis van de kristallieten, en 
de vorming van amorf Si als volledig gedelithieerd elektrodemateriaal werd waargenomen. 
Tijdens de volgende cycli, transformeert het amorfe materiaal reversibel via twee hellingen, 
of quasi-plateaus, tot kristallisatie van Li15Si4 optreedt. Hierdoor, toont Si zeer hoge 
praktische gravimetrische en volumetrische opslagcapaciteiten, 3579 mAh·g-1 en 
8303 mAh·cm-3 respectievelijk, uitgaande van volledige conversie naar Li15Si4. In situ NMR 
resultaten toonden aan dat configuraties van de gevormde Si-Si en geïsoleerde Si atomen 
verschillen van die van de verbindingen in het Li-Si fase diagram. Beide configuraties werden 
gevormd tijdens de eerste fase van Li-ion insertie en nemen toe bij verdere insertie tot er 
alleen geïsoleerde Si atomen gevormd werden.  
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50 nm LPCVD poly-kristallijne Si (poly-Si) dunne films vertonen zeer gunstige 
thermodynamische en kinetische eigenschappen, zoals blijkt uit de quasi-evenwicht, EIS en 
reactiesnelheidsmetingen. De levensduur van de elektrode is onderzocht in twee vloeibare 
elektrolyten en in het geval de elektrode wordt bedekt door een vaste stof elektrolyt. De 
continue afbraak van het elektrolyt resulteert in de vorming van een ‘Solid Electrolyte 
Interphase’ (SEI) laag die verantwoordelijk is voor het slechte behoud van capaciteit van de 
elektroden. Poly-Si dunne films bedekt met een vaste stof elektrolyt daarentegen kunnen 
2000 keer reversibel worden gecycleerd zonder verlies van capaciteit.  

Opgedampte Si dunne films zijn gebruikt om de invloed van het gesputterde vaste-stof 
elektrolyt te onderzoeken. De vorming van een tussenlaag is aangetoond door TEM. De 
dikte en de compositie van dit materiaal is afhankelijk van de toegepaste stroom en 
gassamenstelling tijdens het sputteren en resulteert in verschillende elektrochemische 
activering van de elektrode/elektrolyt stack. De kinetiek van de ladingsoverdracht aan de 
geactiveerde elektroden is onderzocht als functie van de temperatuur. Zoals verwacht, 
voldeden de verschillende Si elektrode/elektrolyt systemen aan het Arrhenius verband, en 
werden de activerings-energieën bepaald. 

De enorme volume veranderingen van Si bij (de)lithiatie kan de hoeveelheid van het 
actieve elektrode materiaal ernstig beperken en dus ook de opslagcapaciteit. Het gebruik van 
dikkere lagen zal uiteraard leiden tot een verhoging van de totale opslagcapaciteit van de Si 
elektrode, maar het zal ook resulteren in een slechtere retentie-capaciteit als gevolg van een 
snellere afname van de elektrodelevensduur door delaminatie of verpulvering van de film. 
Beperken van de mate van Li-ion extractie kan dit schadelijke effect voorkomen, maar dit 
gaat echter ten koste van de opslagcapaciteit. Ter vergroting van de opslagcapaciteit met 
behoud van kleine expansie/krimp, zijn 3D nanogestructureerde Si elektrodesystemen 
onderzocht. Op deze manier is niet alleen de absolute verandering in volume beperkt, maar 
wordt ook de diffusielengte klein gehouden om een snelle diffusie-kinetiek te waarborgen. 
Drie soorten van 3D nanogestructureerde Si elektrodesystemen zijn onderzocht: dunne 
lagen afgezet in hoge aspect-ratio poriën en trenches, nanodraden en honingraten. Het 
elektrochemische gedrag en morfologische veranderingen van deze structuren zijn in detail 
beschreven.  

De haalbaarheid van de depositie van een zeer gestructureerde negatieve elektrode stack 
in toekomstige 3D geïntegreerde batterijen is aangetoond. De stack bestaat uit een dunne 
TiN film, die zowel als geleidende laag en Li barrière dient, en wordt bedekt door een 
dunne poly-Si film als negatieve elektrode. In vergelijking met planaire films, vertonen deze 
poly-Si films een stijging van de opslagcapaciteit met ongeveer een factor 5 voor de hoogste 
aspect-ratio elektrode. Poly-Si gedeponeerd in poriën laat een 'eiland-achtige' structuur zien, 
die hoogstwaarschijnlijk het gevolg is van de oppervlakte morfologie en ruwheid van het 
onderliggende materiaal. Het is gebleken dat de stap-conformaliteit van poly-Si aanzienlijk 
kan worden verbeterd door TiN en poly-Si in brede trenches te groeien, wat resulteert in de 
groei van veel vlakkere poly-Si films. Verdere optimalisatie van de depositie condities en de 
3D geometrie kan gemakkelijk leiden tot een vergroting van de opslagcapaciteit met meer 
dan een orde van grootte met betrekking tot planaire films. Zoals gevonden voor planaire 
dunne films, lijkt de levensduur van de elektroden te worden beperkt door de voortdurende 
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groei van de SEI laag in de poriën. Dat is de reden waarom het gebruik van een vast stof 
elektrolyt zeer gunstig zal zijn voor het verbeteren van de levensduur van de elektrode, zoals 
al eerder is aangetoond voor planaire poly-Si dunne film elektroden. 

Silicium nanodraden vertonen bij elektrochemische evaluatie met cyclovoltammetrie 
(CV) slechts weinig elektrochemische activiteit. Het beladen en ontladen met een constante 
lage stroom zorgt daarentegen voor een activering van het materiaal. De redenen voor deze 
trage elektrodekinetiek zijn waarschijnlijk de slechte elektrische geleiding van de nanodraden 
en het slechte contact tussen de nanodraad en het vloeibare elektrolyt. Wanneer slechts een 
klein deel van het oppervlak van de draden in contact komt met het elektrolyt, is het 
oppervlak waar de ladingsoverdracht plaatsvindt ook gereduceerd en moeten de lithium-
ionen verder diffunderen. Tijdens deze laad/ontlaad cycli vinden er ook morfologische 
veranderingen plaats. Door het uitzetten en weer krimpen van de nanodraden hebben ze de 
neiging om aan elkaar te plakken waarbij een poreus netwerk wordt gevormd. Deze 
verandering kan negatieve gevolgen hebben wanneer de elektrode gedurende langere tijd 
herhaaldelijk wordt beladen en ontladen. 

De elektrochemische eigenschappen van silicium in een nano-honingraatstructuur zijn 
ook onderzocht. De honingraten vertonen een middelmatige levensduur tijdens de 
elektrochemische laadcycli, die verlengd kan worden wanneer de belading en ontlading 
begrensd wordt. De morfologie van de honingraatstructuur kan sterk veranderen bij 
lithium-opname. Bij onderzoek naar de dimensionele verandering bij verschillende lithium-
gehaltes bleek dat de structuurverandering niet isotroop is. De totale volumeverandering 
schaalt echter wel lineair met het lithium-gehalte en is omkeerbaar. De de-activering van de 
honingraatstructuur gedurende de laad- en ontlaadcylci komt vooral door het loslaten van 
delen van de honingraatstructuur van de geleidende onderlaag. Het loslaten komt 
voornamelijk door het steeds buigen en uiteindelijk barsten van de wanden van de 
honingraat, en de mechanische spanningen die ontstaan door de volumeverandering van de 
wanden op hun kruispunten. 

Germanium elektroden hebben in de wetenschappelijke literatuur slechts weinig 
aandacht gekregen, vooral vanwege de hoge prijs van het materiaal. Voor toepassing in 
dunne-film batterijen zijn de kosten die voortvloeien uit de hoeveelheid materiaal echter 
minder van belang. Daarnaast biedt germanium enkele voordelen boven silicium, zoals een 
lithium iongeleiding die twee ordegroottes hoger ligt en een elektrische geleiding die 
silicium zelfs vier orde van grootte overtreft. Het reactiemechanisme van deze elektrode was 
nog vrijwel onbekend, en is onderzocht met elektrochemische meetmethoden, in situ XRD, 
in situ röntgen absorptie spectroscopie (XAS) en ex situ röntgen foto-electron spectroscopie 
(XPS), zoals beschreven in Hoofdstuk VI.  

De thermodynamische en kinetische eigenschappen van de Ge lagen maken duidelijk dat 
dit materiaal een geschikte kandidaat is om als negatieve elektrode te dienen in dunne-film 
microbatterijen. Het materiaal laat een hoge ladingscapaciteit zien gecombineerd met een 
gunstige thermodynamica, en hoge belaad- en ontlaadsnelheden zijn haalbaar omdat zowel 
de kinetiek voor de ladingsoverdracht als ook Lithium diffusie snel zijn. De onderzochte 
lagen lieten bij in situ XRD zien dat Ge bij lithium opname amorf blijft, totdat kristallisatie 
van Li15Ge4 plaatsvindt. Dit komt overeen met een ladingscapaciteit van 1385 mAh·g-1 of 
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7366 mAh·cm-3 (ten opzichte van het uitgangsmateriaal). Bij het onttrekken van lithium 
werd het omgekeerde proces geconstateerd. 

In situ XAS is uitgevoerd om meer inzicht te krijgen in de structuur van het amorfe 
materiaal dat gevormd wordt voordat Li15Ge4 ontstaat. De resultaten laten zien dat door de 
electrochemische reactie eerst LiGe met een korte afstandsordening wordt gevormd, waarna 
de interatomaire afstand tussen de Ge atomen steeds meer toeneemt terwijl de coördinatie 
afneemt. Tegen het einde van de reactie nadert de lokale ordening die van Li7Ge2 en 
uiteindelijk bereikt het de korte afstandsordening in volledig gelithieerd Li15Ge4. Tot slot is 
met XPS aangetoond dat tijdens het laden/ontladen in 1 M LiClO4 in PC elektrolyt een SEI 
laag gevormd wordt waarvan het oppervlak voornamelijk uit Li2CO3 en (PPO)n bestaat. 

Zoals eerder al beschreven was, vertonen materialen die een legering met lithium 
vormen (bijvoorbeeld Si, Ge op Sn) een enorme uitzetting ten gevolge van lithium opname 
vertonen, die desastreus is voor de levensduur van de elektroden. In het geval van dikke 
elektrodefilms is de levensduur vaak beperkt tot slechts enkele cycli. In plaats van de pure 
elementen kunnen ook oxides of nitrides gebruikt worden, waarvan verwacht wordt dat ze 
betere prestaties opleveren. De algemeen aanvaarde verklaring voor deze verbetering is dat 
door middel van een conversiereactie een nanogestructureerd netwerk van Li2O of Li3N plus 
het pure element ontstaat. Dit netwerk kan dan een deel van de spanningen opvangen die 
gepaard gaan met de uitzetting en inkrimping van de actieve elektrode. 

Het conversiemechanisme en de electrochemische eigenschappen voor tin nitride zijn tot 
dusverre niet uitputtend onderzocht. Daarom is een uitgebreid onderzoek gedaan naar dit 
materiaal (Hoofdstuk VII), waarin het wordt vergeleken met het elektrochemisch gedrag van 
puur tin metaal en tin oxide. De geanalyseerde eigenschappen en de elektrochemische 
resultaten voor tin nitride films met een laagdikte die varieerde van 50 tot 500 nm, en een 
samenstellingsverhouding Sn:N van 1:1 en 3:4 zijn in dit hoofdstuk besproken. Met 
Rutherford Backscattering Spectrometrie (RBS) werd de hoeveelheid en de samenstelling 
van het tin nitride uitgangsmateriaal bepaald, waarmee de hoeveelheid lithium die 
(ir)reversibel met het elektrodemateriaal reageerde kon worden berekend. Uit deze 
berekening bleek dat er een groot verschil was met het verwachte reactiemechanisme. 
Daarom werden in situ XRD metingen uitgevoerd om de structuur van het materiaal te 
bepalen bij verschillende lithium gehaltes, die echter niet een eenduidige conclusie 
opleverden. 

Mössbauer Spectroscopie (MS) werd daarnaast ingezet om bij dikkere lagen de 
chemische omgeving van Sn atomen te bepalen als functie van het lithiumgehalte. XRD 
resultaten van de dikke lagen met een 1:1 samenstelling wijzen op de aanwezigheid van een 
amorfe of nano-kristallijne structuur met daarin Sn3N4 nanokristallen en hoogstwaarschijnlijk 
gereageerd of verstoord -Sn. Volgens de MS resultaten lijkt het amorfe materiaal te bestaan 
uit een mengsel van tetraëdrisch gecoördineerd Sn4+ en van Sn2+. De lagen met een 3:4 
samenstelling, die gedeponeerd waren op een substraat dat bedekt was met een TiN laag, 
bestaan uit een amorf materiaal dat na 300-500 nm verder groeit als een kristallijn materiaal. 
XRD metingen tonen aan dat het materiaal vooral bestaat uit Sn3N4 met de spinel-structuur, 
sporen van gereageerd -Sn en orthorhombisch SnO2. De uitkomsten van Mössbauer 
metingen van dit materiaal tonen vooral de aanwezigheid van Sn4+ in de octaëdrische en 
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tetraëdrische sites van de spinel structuur aan terwijl er geen -Sn of SnO2 kon worden 
gedetecteerd. Bij 77 K werd echter de aanwezigheid van Sn2+ zichtbaar als een secundair 
bestanddeel. Deze Sn2+ verbinding is waarchijnlijk aanwezig in de amorfe laag die bij TEM 
metingen zichtbaar was, en is waarschijnlijk vergelijkbaar met het Sn2+ type dat was bepaald 
bij de laag met de 1:1 samenstelling. 

Wanneer deze tin nitriden worden beladen met lithium ionen treden er grote 
structuurveranderingen op. Het 1:1 materiaal verandert in Li3N plus enkele Li-Sn 
intermediaire verbindingen, en uiteindelijk wordt een samenstelling van ‘Li22Sn5’ bereikt. 
Tijdens het onttrekken van lithium ionen worden gewijzigde Sn4+ omgevingen gevormd 
wanneer het lithiumgehalte in de Li-Sn clusters daalt. Bij volledige lithiumextractie laat MS 
gewijzigde Sn4+ ocaëdrische en tetraëdrische sites zien, en daarnaast een mengsel van LiSn en 
Li7Sn3. De aanwezigheid van kleine hoeveelheden Li7Sn3 in het product komt waarschijnlijk 
voort uit de onmogelijkheid om lithium volledig uit de dikke elektrodelaag te onttrekken, 
zoals ook was gevonden voor de dikkere lagen met een 3:4 samenstelling. Het kan daarom 
worden aangenomen dat de uiteindelijke samenstelling van de Sn-rijke clusters ongeveer 
LiSn is.  

Bij de 3:4 samenstelling verloopt de eerste lithiumopname anders dan bij de volgende 
cycli het geval is. Dit is hoogstwaarschijnlijk het gevolg van het feit dat de originele Sn4+ 
octaëders en tetraëders tegelijk met de Li3N en LiySn producten aanwezig zijn. Tijdens de 
eerste lithium extractie is het potentiaalverloop echter vergelijkbaar met het 
potentiaalverloop van de volgende cycli, en ook met het gemeten verloop voor de film met 
de 1:1 samenstelling, wat erop duidt dat ook het reactiemechanisme vergelijkbaar is. Tijdens 
de eerste lithium-opname  is een preferentieel ‘verbruik’ van octaëdrische Sn4+ sites 
gemeten. De samenstelling van de LiySn producten kon niet worden vastgesteld, maar het 
lijkt erop dat er specifieke sites in Li-Sn fasen worden gevormd. Bij volledige lithiumopname 
is de samenstelling ‘Li22Sn5’ gemeten, net zoals bij de materiaalvariant met de 1:1 
samenstelling. Tijdens de extractie van Li-ionen neemt de MS isomer shift, die geassocieerd 
wordt met LiySn verbindingen, toe en worden Sn4+ octaëder en tetraëder omgevingen 
gevormd. Bij volledige onttrekking van lithium wordt een Li-Sn product met de MS isomer 
shift van LiSn gemeten. De MS quadrupole splitting is echter significant hoger dan de waarde 
voor LiSn. Deze veel hogere MS quadrupole splitting is waarschijnlijk een gevolgd van de 
nanostructuur van de elektrode en de vorming van hetzij een specifieke site in LiSn, of een 
complexe ternaire verbinding.  
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