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Abstract 

The nature of space charge layers (SCLs) formed in solid-state electrolytes (SSEs) at contact with 

different materials has been debated since the discovery of oxygen-ion conducting solids. With the 

advent of lithium-based all-solid-state batteries (ASSBs), the phenomenon regained attention in 

the scientific community as a possible origin of the high interfacial resistance between the SSE 

and the electrode. A variety of theoretical approaches based on thermodynamics or 

electrochemistry have not shown a conclusive picture of the SCL phenomenon. Moreover, 

experimental evidence is hard to come by, typically employing methods that require impractical 

sample sizes or geometries. In this work, the asymmetric growth of the SCLs upon increasing the 

bias potential at the SSE/electrode is directly observed with an optical method, namely 

spectroscopic ellipsometry, and further characterized by impedance spectroscopy. Further 

electrochemical and physical properties, such as ionic resistance, are determined. A physical model 

describing the impedance response of an SSE in blocking conditions has been elaborated. This 

model was further used to investigate the change of SCL resistance under temperature variation. 

This resistance reveals a significant increase in activation energy for the Li+ transport compared to 

the bulk electrolyte. Finally, a kinetic Monte Carlo simulation was used to estimate the SCL 

thickness. The obtained results not only match the experimentally observed values, but the model 

also naturally reflects the asymmetry of the SCL formation. 
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Zusammenfassung 

Die Formierung von Raumladungszonen in Festkörperelektrolyten bei Kontakt mit anderen 

Materialen wurde bereits mit der Entdeckung von Sauerstoff-Ionen leitenden Materialien 

debattiert. Heutzutage sind Lithium basierte Festkörperelektrolyte insbesondere für 

Festkörperbatterien von Interesse und das Phänomen der Raumladung wird als mögliche Ursache 

für den hohen Grenzflächenwiderstand zwischen dem Elektrolyten und der Elektrode diskutiert. 

Verschiedene Ansätze zur theoretischen Modellierung, thermodynamisch oder elektrochemisch, 

haben bisher nicht zu einer schlüssigen Darstellung geführt. Zudem waren experimentelle Beweise 

für Raumladungszonen bisher auf Proben beschränkt die keine elektrochemische 

Charakterisierung zugelassen haben. In dieser Arbeit wurde das asymmetrische Wachstum von 

Raumladungszonen in einem Modellmaterialsystem mit einer optischen Methode, 

spektroskopischer Ellipsometrie, direkt nachgewiesen und mit Impedanzspektroskopie weiter 

untersucht. Die elektrochemischen Eigenschaften, wie z.B. der Widerstand, wurden mittels 

elektrochemischer Impedanzspektroskopie bestimmt. Ein physikalisches Ersatzschaltbild für die 

Impedanzantwort der Raumladungszone in einem Festkörperelektrolyten wurde entwickelt und 

validiert. Der Einfluss der Temperatur auf den Widerstand lässt auf die eine signifikante Erhöhung 

der Aktivierungsenergie im Vergleich zum Bulkelektrolyten schließen. Abschließend wird ein 

kinetisches Monte Carlo Modell mit den physikalischen Messergebnissen parametrisiert, wobei 

sich sowohl die Asymmetrie als auch die Dicken der Raumladungszonen in den Simulationen 

unmissverständlich widerspiegeln. 
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1 Introduction and Literature Overview. 
 

In a world with ever-increasing energy demand and the climate crisis manifesting its dire 

consequences in global warming, the storage of energy is becoming more important every day. 

With renewable energy production, like wind energy and solar photovoltaic, on the rise (3 % from 

Q1 2019 to Q1 2020),1 the question of energy storage has gained increasing attention over the last 

decade. Both stationary and non-stationary solutions are required, and consequently, the field of 

battery technology is growing rapidly. Stationary global energy storage facilities are expected to 

increase by a total storage capacity of 1000 gigawatt-hours by 2030, as reported by Bloomberg 

NEF.2 While the emerging technologies for stationary storage are most likely no longer based on 

lithium,3 with more abundant elements such as sodium4 as a successor, the search for a suitable 

replacement for the lithium-ion battery (LiB) technology for non-stationary storage is still ongoing. 

Without a doubt, the requirements for mobile energy storage strongly depend on the application 

ranging from micro-batteries for implantable medical devices,5 across communication devices,6 to 

larger batteries for battery electric vehicles (BEVs).7 

Batteries, conceptually speaking, store energy in chemical bonds, which can be turned into 

electrical energy during discharging. The electrical energy is supplied externally and converted to 

chemical energy during charging. All of this is accompanied by the movement of ions from one 

material to another, driven by an electrochemical potential difference. One can consider for many 

types of batteries that the anode, with a low redox potential, is filled with certain ions in the charged 

state, while the cathode, a material with a high redox potential, is depleted of those ions. The ions 

move from anode to cathode during discharging through a part of the battery, which selectively 

transports ions, but not electrons. The electrons are forced to move via the external circuit where 

a load can be inserted to employ the potential difference and the current flow to power the electrical 

devices. In almost all traditional battery technologies, the part of the battery separating the anode 

and cathode consists of two materials: a separator and the electrolyte. Together, these parts ensure 

the physical separation of the electrodes while maintaining an ionic pathway. 

The invention of today’s prevailing battery technology has recently been rewarded with the Nobel 

Prize in Chemistry.8 The LiB is often based on a graphite anode with a theoretical capacity of 372 
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mAh/g,9 an intercalation cathode,10 and a liquid electrolyte. Although the original technology was 

first described in 1991,11 more than 30 years ago, the material types used for modern batteries are 

still the same.12 Approaching the theoretical limits of today’s LiB technology, researchers have 

started to explore alternative materials and cell concepts. For anodes, the “holy grail” of materials 

is the Li-metal anode with a theoretical specific capacity of 3861 mAh/g and the lowest redox 

potential of -3.04 V vs. standard hydrogen electrode.13,14 However, major safety concerns are 

associated with the use of lithium metal due to the formation of needle-like structures called 

‘dendrites’ during plating and stripping reactions on the electrodes.15,16 Several mitigation 

strategies have been proposed, such as using specific charging and discharging profiles,17 alteration 

of the electrolyte composition,18 desolvation kinetics,19 and, most prominently, a replacement of 

the liquid electrolyte with a more rigid structure, such as a polymer or a solid-state electrolyte 

(SSE).20 SSEs could effectively enable a Li-metal anode by posing an impenetrable barrier to 

dendrites.21,22 The concept of SSEs, although not for Li+, was introduced as early as 1853 with the 

discovery of the galvanic SSE gas cell by J. M. Gaugain.23 Ceria-based SSEs were developed early 

on for use in Solid Oxide Fuel Cells (SOFCs).24 For the application in All-Solid-State Batteries 

(ASSBs), the SSE must fulfill several requirements: (i) sufficient ionic conductivity,25 (ii) 

impenetrability to lithium dendrites,26 (iii) stability vs. cathode materials,27 (iv) no degradation of 

the bulk electrolyte during the charge/discharge cycles,28 and (v) stability vs. metallic Li.29 

Extensive research efforts have mitigated the issues caused by aspects (i) – (iv), e.g., recently 

found SSEs are approaching the ionic conductivity of liquid electrolytes.30 
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Figure 1. Schematic of the different ion conduction phenomena in liquid, (solid) polymer, and 
inorganic solid-state electrolytes. The ionic movement in polymers happens within (i) or 
between (ii) the polymer chains. In SSEs, ionic conduction often occurs via ion transport along 
crystallographic pathways. Graph adapted from Energy Technology, 2020, 8(11), 2000580, The 
Authors. Energy Technology published by Wiley-VCH GmbH. 

For the application in ASSBs, three different material groups are relevant:31 inorganic sulfides or 

oxides and organic polymers. The different ion conduction mechanisms are sketched in Figure 1. 

In 2001, R. Kanno and co-workers introduced a new crystalline material family, the thio-LISICON 

(Lithium Super Ionic Conductor),32 which has been treated as one of the most promising candidates 

for ASSBs.33 This is one of the prime examples of sulfide electrolytes,34 which can form stable 

interfaces with anode and cathode materials35 and exhibit good ionic conductivities.36 However, 

they are typically too soft to effectively prevent dendrite penetration,37 leading to various efforts 

to prevent the dendrites from forming in the first place.38,39 Oxide-based materials, such as the 

NASICON (Sodium Super Ionic Conductor)-type, originally developed for sodium-ion 

conductors,40 are another class of SSEs that could be used in ASSBs.41,42 Vithal and co-workers43 

reviewed a range of NASICON materials with glassy and crystalline structures. With the higher 

mechanical stability of oxide SSEs,44 cells suffer from mechanical contact loss between electrode 

materials and the SSE upon cycling, which significantly impacts battery performance.45 However, 

the oxides have excellent stability characteristics in terms of air and moisture resistance46 – a clear 

advantage over the unstable sulfide electrolytes.47 Polymer electrolytes, although prone to 

dendrites due to their soft nature, have recently gained attention as they circumvent the rather 

complicated manufacturing and handling that sulfide and oxide electrolytes present.48,49 

The SSE/Li(s) interface is still one of the major obstacles for ASSBs for all three material classes. 

Consequently, this problem has gained significant attention over the last two decades. On the one 
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hand, the interface instability can lead to the formation of an interphase or mixed layer, which 

grows upon electrochemical cycling. This layer can have various electronic and ionic conductivity, 

a phenomenon that has been thoroughly investigated in the dissertation of R. Koerver50 and 

associated publications.51,52 On the other hand, the high interface resistance can already be present 

upon cell assembly.53 Typically, this resistance is associated with the formation of a thin layer 

depleted of Li+ close to the electrode.54 In ASSB applications, the depletion of mobile charge 

carriers has been found to significantly impact the performance of the cells.55 This depletion layer 

is a part of the space charge layer (SCL) concept in SSEs, a fundamental phenomenon occurring 

at the interface between two materials with different electrochemical potentials, e.g., an electrode 

and an electrolyte.56 While the SCL effect has received quite some attention in the early days of 

SOFC research in ceria-based electrolytes,57,58,59 the formation of such layers in solid Li+ 

conductors still lacks fundamental understanding. With a more elaborate description of the 

theoretical understanding of SCLs in SSEs following in chapter 2, the following considerations 

are important to understand the formation of SCLs: (i) two materials of different chemical or 

electrochemical potential are in contact, (ii) the occurring potential difference is accounted for by 

a rearrangement of charges, (iii) the only mobile species are cations, and (iv) the SSE crystal lattice 

poses constraints on the maximal concentration of accumulated and depleted cations. Suppose the 

electrochemical potential of the electrode is lower than that of the electrolyte. In that case, a Li+ 

accumulation layer will form in the SSE, while a depletion layer will form at an interface towards 

an electrode of higher electrochemical potential. The excessive charge in SCLs can therefore be 

negative and positive, depending on the concentration of the only mobile species – the Li+.60 

The space charge phenomenon is strongly dependent on the (electro-)chemical potential difference 

between the two materials, which makes direct experimental evidence hard to come by. Ex-situ 

experiments are mostly unable to distinguish SCLs from other changes in the stoichiometry or 

chemical composition of the material, which is well known to occur at the interfaces of ASSB.61,62 

In situ experiments often require a special cell design and the possibility to contact the electrode 

to control the formation of an SCL, which is naturally hidden beneath the electrode material. 

One of the first investigations into the phenomenon of space charge in SSEs was led by Kornyshev 

and Vorotyntsev around 1980,63 who developed a phenomenological theory for the polarization of 

SSEs with a single mobile charge carrier.64 Almost two decades later, J. Maier summarized the 
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efforts to describe the solid ion conductor, i.e. an SSE, and a metal.65 The conductivity in boundary 

layers was investigated regarding the defect chemistry, which forms the basis for any ion 

conductivity in solids. However, the concept of SCL formation in SSEs has recently gained more 

attention correlating to the spiking interest in the ASSB technology. In 2010, C. R. Mariappan et 

al. found high interfacial capacitance values in glassy electrolytes, which were significantly larger 

than in liquid electrolytes.66 Ion adsorption on the surface of the electrode was suggested as the 

origin of a pseudocapacitive effect. With the accumulation of charges accompanied by a drop in 

electric potential, Yamamoto et al. were able to investigate the SCL formation in a working ASSB 

cell using electron holography on a miniaturized cell setup.67 While drawing clear conclusions 

about the presence of such a charged layer, the authors avoided using the term “space charge 

layer”. In another publication, the accumulation of Li+ around the SSE/electrode interface during 

initial charge and discharge was found to manifest within the electrolyte.68 Between an oxide 

cathode and a sulfide electrolyte, Tateyama and co-workers found using Density Functional 

Theory (DFT) that an SCL grows during the charging, leading to an increased interface 

resistance.69 

With the suspected elusive nature of SCL formation and its electrochemical properties, only a 

limited number of experimental investigations exists, which vary drastically in their conclusion 

about the size of the SCLs. For ASSB applications, the most important question is whether the 

formation of an SCL leads to an increase in interface resistance. 

Very low resistance of 8.6 Ωcm2 at the cathode/SSE interface was reported by Haruta et al.70 in an 

electrochemical study of sputtered LiPON (Lithium Phosphorus Oxynitride) films. Although the 

low interface resistance contrasts with older literature on thin-film ASSBs, that report significantly 

higher resistances.71,72 With electrochemical measurements pointing to a low interface resistance, 

no measurements, in which the SCL is actively formed or its existence has proven, were performed. 

Another work by Cheng et al. on a cathode/SSE interface used NMR (Nuclear Magnetic 

Resonance) exchange measurements in combination with an electrochemical setup to tune the SCL 

formation.73 By varying the Li+ content in the cathode material, the authors were able to control 

the electrochemical potential between 2 and 4 V vs. Li/Li+. They report significantly higher 

activation energy, and thus energy barrier, for the Li+ exchange over the interface between a 

LixVo2O5 and a Li1.5Al0.5Ge1.5(PO3)4 (LAGP) SSE of 0.515 eV compared to 0.315 eV when no SCL 
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is present. While not involving in situ electrochemical measurements, the tuning of the cathode 

potential allows a selective study for the influence of the electrochemical potential difference 

across the interface and its consequences for the cation diffusion coefficient, which is reported 17 

times lower than the bulk diffusion coefficient. The authors, therefore, conclude that the SCL has 

a detrimental impact on cell performance. 

While a real cathode or anode material is naturally more relevant for ASSB applications, the 

fundamental physical and electrochemical properties of SCLs can be investigated on a simpler 

model system. For a metal/SSE interface, the SCL is tunable by applying a bias potential that 

allows in situ experiments. This approach was used by Nomura et al. to visualize the Li+ and 

potential profiles around the interface of an oxide SSE and a copper electrode.74 The application 

of a bias potential of up to 1.95 V leads to a thick (up to 420 nm) negative SCL formation. Using 

phase-shifting electron holography,75 the SCL was approximated to be roughly 10 nm thick at the 

Cu/SSE interface without any additionally applied potential. Fuller et al. recently investigated a 

full ASSB cell with spatially resolved Kelvin probe force microscopy to measure the contact 

potential difference across a miniaturized ASSB cell consisting of a Si anode, a LiPON electrolyte, 

and a LiCoO2 cathode.76 Additionally, they employed neutron depth profiling to measure the Li+ 

concentrations in situ. The authors concluded that the largest potential drop occurs at the 

anode/SSE interface, which is accompanied by a performance-limiting interfacial process for the 

charge transfer of Li+. The SCLs are approximated to extend several hundred nanometers into the 

bulk SSE. In summary, the experimental findings qualitatively conclude that the cathode/SSE 

interface exhibits a smaller, less pronounced SCL compared to the anode/SSE interface, but the 

quantitative analysis of its thickness is inconclusive. 

The formation of SCLs can also be viewed from a theoretical perspective with two major 

viewpoints: a continuum model for thermodynamics and an electrochemical model with analytical 

equations. A thermodynamic model by Braun et al.,77 introduced in detail in section 2.4, comprises 

a semi-analytical equation for the charge carrier concentration in the SSE and two boundary 

conditions for the charge concentration at the interfaces towards the electrodes. Derived from the 

free energy functional of mixing enthalpy, polarization energy, and linear elastic energy, the 

chemical potentials are stated separately for cations, vacancies, and anions. Notably, the Coulomb 

interaction is neglected, and only the stationary case with vanishing time derivatives is regarded. 
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The physical boundary conditions include blocking electrodes with no charge transfer, making the 

applied bias potential the most important physical parameter. The applied bias potential and, 

therefore, the voltage drop across the two interfaces is the driving force for the formation of SCLs. 

The study concludes that the SCL formation is highly dependent on the available vacancy sites 

and the cation concentration with thick (up to 2 microns) asymmetric layers growing plane-parallel 

to the electrodes into the electrolyte. However, the neglection of the Coulomb interaction within 

the highly charged layers suspected leads to an underestimation of the thicknesses. 

In a study by de Klerk et al., an electrochemical model based on the chemical potentials of the 

cations was developed.78 While this model considers Coulomb interactions and uses a solid 

solution model79 for the cation distribution in the SSE, the underlying SSE crystal structure 

constraints are neglected. Especially, no boundary conditions for cation and vacancy 

concentrations are set – leading to a prediction of very thin layers with negligible impact on the 

interfacial resistance, a result in strong contrast with the thermodynamic model. 

With neither experimental investigations nor theoretical models leading to a conclusive picture of 

the SCL formation in SSEs, the scope is now widened to the more elaborate and widely accepted 

models for the diffuse double layer formation in liquid electrolytes. In liquid electrolytes (LEs), 

the charges accumulation near the electrode interface is called an electrical double layer (DL) with 

investigations dating back to the 19th century with a first description by H. Helmholtz in 1853.80 

He proposed a simple model of two layers of opposite charge, one in the electrode, another one in 

the electrolyte, with the stored charge linearly dependent on the voltage dropping across the 

interface. The DL, treated as a layer of a molecular dielectric, exhibits a differential capacitance 

that is measurable through, e.g., electrochemical impedance spectroscopy (EIS). With 

observations in the early 1900s, L. Gouy and D. Chapman developed a model introducing a diffuse 

part of the DL structure, which decays exponentially away from the interface. O. Stern united the 

two theories into a two-layer model in 1924.81 While further elaborations of the description of the 

DL, especially for ionic liquids, exist,82,83 the simple model of a compact Helmholtz layer and a 

diffuse Stern layer suffices for the comparison to the SCL structure in SSEs. Table 1 compares 

some systems in which charges accumulate at the interface between two materials. The close 

similarity of SSEs to semiconductors, which will be explained in detail in section 2.3, will later be 



 17 

used to develop an approach analogous to the common Mott-Schottky analysis of semiconductor 

junctions, see section 2.5. 

Table 1. Comparison of physical and electrochemical properties underlying the interfacial 
charge layers in different systems. 
 

 semiconductor liquid electrolyte solid-state 
electrolyte 

mobile species electrons or holes multiple (cations, anions, 
etc.) cations  

charge concentration high low high 

limit in concentration low (lattice) high (volume) low (lattice) 

 

The current understanding of the SCL formation in SSEs, as described above, does not involve a 

diffuse and a compact part as the description of the DL in LEs. Compared to LEs, two main 

differences can be pointed out: (i) the SSE lattice’s vacancy concentration, i.e., the maximum in 

cation concentration, and (ii) higher overall charge concentration in SSEs. While the impact of 

aspect (i) can easily be conceived considering that the same number of cations can only be stored 

in a much wider layer, aspect (ii) might mitigate this effect for a charge depletion. 

With some early research on the DL structure in LEs fundamentally based on EIS, a technique that 

will be used extensively in this work to investigate the SCL formation and properties in SSEs, the 

following introduces the concept of EIS and the impedance of SSEs. An in-depth description of 

the working principle and possible fallacies in the analysis and evaluation of the data will be 

presented in section 3. An EIS measurement is based on the application of a sinusoidal voltage 

perturbation to the electrochemical system at hand and measuring the current response. Assuming 

a linear and stationary system, the complex impedance can be calculated for a range of different 

frequencies – hence the term spectroscopy. With electrical equivalent circuits representing 

physical and electrochemical processes, the resulting impedance spectra can be analyzed, and 

information about the electrochemical system can be obtained. 

The impedance of SSEs can be separated into two major contributions: the bulk of the electrolyte 

and the interfaces towards the electrodes. The bulk electrolyte contains grains of variable sizes, 
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which are small crystalline structures. The ionic conductivity is typically best within the grains84 , 

with the boundaries between grains forming an energetic barrier for the ions. While some single-

crystal SSEs have been reported in the literature,85 polycrystalline materials make up most of the 

relevant literature. One of the first descriptions of the grain-boundary impact on the 

electrochemical response of such a system was published in 1969 by J. Bauerle.86 

While the conductivity, and therefore impedance, in a structure consisting of crystallites can be 

simplified to a single bulk resistance, EIS is a common tool to study the impact of grain-boundary 

resistances on the overall electrolyte resistance.87,88 The impedance of microstructures, e.g., grains 

and their respective boundaries, has been previously investigated by J. Fleig and J. Maier for less 

specific materials and systems.89,90,91,92 With the description of the impedance of the bulk by a single 

resistance and the possible elaboration with grain boundaries, the more complicated interface 

structure and impedance can now be introduced. Importantly, the difference between non-blocking 

and blocking conditions must be considered. Suppose no charge transfer can happen at the 

interface between SSE and electrode, either due to the material of the electrode or the 

electrochemical difference. In that case, the electrode is called ion-blocking or simply blocking. 

This is the case for electrodes of Gold93 and some other metals. The interfacial impedance of an 

SSE in blocking configuration was modeled by J. Wang and J. Bates, considering the effect of 

surface roughness.94 A comparison between the interface impedance of single-crystal and 

polycrystalline SSEs can be found in a work by R. Armstrong and R. Burnham.95 More recently, 

Levasseur and co-workers found that the impedance response of a glassy SSE in different electrode 

conditions (non-blocking and blocking) can be well described using charge transfer resistances.96 

In the case of non-blocking electrodes, the energetic barrier for the exchange of Li+ between SSE 

and electrode is described by the charge transfer resistance – extensively investigated and 

described for the polarized interfaces in other systems, such as polymers,97 cathode materials,98 

and the Silicon/LE interface.99 As the SSE/electrode interface is regarded as the major bottleneck100 

to the ASSB performance, the interface has gained much attention in recent years. Most studies 

focus on phenomenological observation of the interface impedance of cathodes101,102,103 and 

anodes104,105,106 and the respective SSEs. Interface modification in terms of artificial protection 

layers and interphase formation has been shown to decrease the interface resistance 

significantly.107,108 However, the electrochemical origin of the observed interface impedances and 
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the causality of the mitigative effects of interlayers between SSEs and electrode materials lack a 

conclusive and elaborate theory. 

This work explores the nature of SCL formation in a model SSE, and the physical implications of 

highly Li+-depleted layers are investigated. An Ohara LICGCTM (Lithium Ion Conducting Glass-

Ceramic) electrolyte is extensively investigated towards impedance response and optical 

properties. In a first step, the spatial extent of the SCL in SSEs will be optically determined using 

spectroscopic ellipsometry, a method known for high depth resolution in the investigation of thin 

films. An advanced optical model for the SSE is proposed, and the accumulation and depletion of 

Li+ are modeled using an effective medium approximation (EMA). The EMA is not only used to 

determine the thickness of the layers and analyze a possible asymmetry between accumulation and 

depletion layer, but also to study the corresponding concentration change of the Li+. 

Investigations using EIS at different applied bias potentials (and thus different SCLs), are used 

similarly to the analysis of DLs in LEs to determine the capacitance of SCLs and the dependence 

on the applied bias potential. A physical model is developed to facilitate the analysis of the 

impedance spectra and carefully validated using different external conditions, such as different 

electrode metals, bias potentials, and temperatures. The impact of the SCL formation on the 

interface resistance will be investigated, and a temperature variation is used to calculate the 

activation energy from the Arrhenius equation. Furthermore, a model like the Mott-Schottky 

equation for semiconductors will be proposed, and the charge carrier concentration in SSEs 

calculated. At last, a kinetic Monte Carlo model is used to close the loop from the physical 

understanding through experimental results to theoretical predictions. 
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2 Theory of Solid-State Electrolytes and 
Space Charge Regions. 

 

As described above, most research in solid-state electrolytes (SSEs) focuses on chemical and 

electrochemical phenomena, and even research on the interface remains of chemical nature in most 

cases. Space charge layers are – in principle – a simple phenomenon, but still the origin of 

inconclusive results in the literature. The following chapter provides an overview of the 

environment in which the SCL occurs (the SSE crystal lattice), the driving force (the 

electrochemical potentials), an introduction to the thermodynamic model and a common model for 

semiconductor junctions, which will be adapted to SSEs in the course of this work. 

2.1 Solid-State	Electrolytes	and	Ionic	Concentrations.	
 

SSEs and the conductivity phenomena dominating the ion transport are best understood from a 

crystal lattice point of view. While the assumption of an isotropic, uniform lattice, i.e., perfect 

crystal, is a rough approximation for any solid ionic conductor, we will see during this thesis that 

these assumptions are sufficient to derive models describing the SSE in different electrochemical 

states. 

For most of the relevant SSEs for ASSBs introduced in the last section, the conductivity origins in 

defects in an otherwise highly ordered crystal lattice allowing ions to hop between point,109 linear110 

or planar111 defects. Common classification of point defects, which are present in the majority of 

Li+ conducting materials, can be made by the source of charge. An anion vacancy, i.e., a missing 

anion in the otherwise periodic crystal lattice, is called a Schottky defect, whereas an interstitial, 

i.e., a cation where, e.g., no regular lattice site is present, is called a Frenkel defect. Independent 

of the defect type, the conductivity process is dominated by the cations with transference numbers 

close to 1.112 The fact that the anions are considered immobile113,114,115 will become important for 

the considerations of charge accumulation. The energy landscape in SSEs can therefore be 

described as a periodic well of the defect and anion potentials with cations moving across the 

defect lattice with a thermally activated process. The whole electrolyte is assumed to stay 

electroneutral116,117 if no additional sources of cations or excessive potentials outside of the 
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electrochemical potential window are applied. At an atomistic level, this view is almost complete 

and – together with a thermodynamic framework – would allow simulations of the ionic 

conduction process. However, reports on single-crystal SSEs remain rare in the literature118,119 and 

inhomogeneities must be considered. These could be either grain boundaries in between two 

crystallites120 of the same material or even different phases within the same material.121 The grain-

boundary effect has been long discussed to have a detrimental impact on overall ionic 

conductivity,122 where conductivity can happen across or along these boundaries. However, for the 

considerations in this work, the grain boundaries and their electrochemical properties are 

considered not important as they are not dominating in the impedance response in our material 

system, which will be explained in detail later. 

A thorough definition of charge carrier concentrations is important to be able to discuss the SCL 

formation as a displacement of the existing cations in a fixed lattice of anions, vacancies, and 

cations. In the following, 𝑐! and 𝑧! denote the concentration and charge of species 𝛼, respectively. 

The anions, denoted by the subscript a, in the SSE form a constant background concentration of 

negative charge, 𝑧"𝑐" = 𝑐𝑜𝑛𝑠𝑡, and immobility is a classical assumption in theoretical 

considerations123,124 that has been experimentally validated.125,126 

The Li+ is now considered the only cation in the SSE lattice. We define the cation concentration 

as a sum of the mobile and immobile cations 𝑐#$ = 𝑐#$,&'($)* + 𝑐#$,$&&'($)*, which for the bulk 

SSE without any electrochemical driving force must match the stoichiometric cation concentration 

of the material. Under blocking conditions, the total Li+ content inside of the SSE is fixed, and 

therefore the volume integral must be constant, ∫ 𝑐#$ = 𝑐𝑜𝑛𝑠𝑡.	
,,-  However, as a thermally 

activated process, the concentration of mobile Li+ 𝑐#$,&'($)* might depend on temperature, which 

will be investigated in this work, see section 6.3. While stoichiometric concentrations are known 

for most SSE materials, the actual fraction of mobile Li+ remains an open question.127 

The vacancy concentration requires a careful introduction, as it is important for the upper limit of 

Li+ concentration. At a given equilibrium state of the system, the total number of vacancies is 

constant and consists of the occupied vacancies and free vacancies, 𝑐. = 𝑐.,'// + 𝑐.,01**. 

However, the total number of vacancies 𝑐. accessible to Li+ is subject to vary with temperature 

and other thermodynamic variables. The vacancies are assumed to be massless and chargeless and 
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therefore do not contribute to the overall charge. In electrochemical equilibrium with no applied 

bias potential or other driving force, the electrolyte is electroneutral. Therefore, the total cation 

concentration must match the anion concentration 𝑐#$ = 𝑐". 

The natural boundaries for the cation concentration are therefore given by the maximal 

concentration where all accessible vacancies are filled 𝑐#$ = 𝑐. and the minimal concentration 

where all mobile Li+ are depleted, 𝑐#$ = 𝑐#$,$&&'($)*. Here, it is important to differentiate the cation 

concentration from the net charge. The net charge in a lattice fully depleted of mobile cations will 

match that of the excess anions, no longer compensated by the missing cations. In other terms, the 

net charge is 𝑧 = −𝑧#$𝑐#$,&'($)*	under the assumption of the equal absolute value of the charge of 

anion and cation. In the opposite case, a lattice fully accumulated with cations, the net charge will 

equal that of the total number of vacancies 𝑧 = 𝑧#$𝑐.. For the sake of simplicity, the bulk 

concentration of mobile Li+ will be denoted as 𝑐#$,(2)3. A simplified view of such lattice with the 

different lattices sites is shown in Figure 2. 

 

 
Figure 2. Idealized crystal lattice with mobile and immobile cations, filled and free vacancies, 
and a fixed anion background. In this example, the number of mobile and immobile cations is 
equal, and the number of vacancies is double the number of cations. Any cation accumulation 
or depletion is therefore limited by the immobile cation concentration and the vacancy 
concentration. 

 

The inherent difference of negative and positive charge in the maximal absolute charge storable 

within a volume will become important later when a certain amount of charge within the SSE is 

displaced. The displacement of charge in SSEs at the interface towards the material of different 

electrochemical potential is nothing less than the SCL formation, which will be explained in detail 
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in section 2.3. First, we need to define and discuss the driving force for any movement of Li+, 

which is a difference in electrochemical potentials between the electrolyte and electrodes. 

2.2 Fundamental	Electrochemical	Considerations.	
 

As an electrochemical system, the state of the SSE will change as soon as it is brought into contact 

with any other material or subjected to an electric field. Understanding the SSE's behavior with 

chaning external conditions requires a background in general electrochemistry. 

The chemical potential 𝜇$ is a measure of how much energy is required to add or remove a certain 

species to a certain point in space.128 The straightforward definition is by deriving the free energy 

𝐺$ with respect to the particle number 𝑛$. 

𝜇$ =
𝜕𝐺$
𝜕𝑛$

 Equation 1 

In the system defined above, the addition of an ion can be interpreted as the replacement of a free 

vacancy with an occupied vacancy. The removal is replacing an occupied vacancy with a free 

vacancy, thus removing the cation. 

In an electrical field, e.g., caused by an externally applied electrical potential, the chemical 

potential becomes an electrochemical potential for a particle of charge 𝑧$ in an electrostatic 

potential 𝜙: 

𝜇1$ =	𝜇$ + 𝑧$𝐹𝜙 Equation 2 

where 𝐹 is the Faraday constant. 

From a thermodynamic standpoint, for the bulk electrolyte, a (meta-) stable energy state of the 

system is achieved by minimizing the sum of electrochemical potentials of the different charge 

species in the system. 

0 = 	5𝑑𝜇1$
$

=	5𝑑𝜇$
$

+ 𝐹𝑑𝜙5𝑧$
$

 Equation 3 

The driving force for a particle of species 𝑖 is given by the spatial derivative of the electrochemical 
potential: 



 
24 

∇𝜇1$ =	∇𝜇$ + 𝑧$𝐹∇𝜙 Equation 4 

This derivative is a local property of the electrochemical system, and the fact that a minimum in 

electrochemical potential can be achieved by balancing the electrical with the chemical potential 

or vice versa will become essential when a certain region of the SSE effectively shields an external 

potential by a non-zero charge distribution. 

In thermodynamic equilibrium (∇𝜇1$ = 	0), the Nernst-Einstein equation129 for particle species 𝑖 

can be derived, which links the diffusion coefficient 𝐷$ and the mobility 𝑢$: 

𝐷$
𝑘4𝑇

=
𝑢$
𝑧$𝑒

 Equation 5 

where 𝑒 is the electron charge, 𝑘4 the Boltzmann constant, and 𝑇 the temperature. 

In the presence of an electrical field, the movement of ions is typically described using a Poisson-

Nernst-Planck (PNP) model. Typically, these models are of limited use for SSEs due to the high 

ion concentrations.130,131 

Therefore, a modified PNP equation has been recently developed to describe the ion dynamics in 

SSEs.132,133 

𝐽$ = −
𝐷$

1 − 𝑐5B
∇c6 −

𝑧$𝐹𝐷$
𝑅𝑇 𝑐$∇Φ Equation 6 

Here, 𝑐$ is the ion concentration, 𝑐5B the vacancy concentration (both for the ion i), R the universal 

gas constant, 𝐽$ the flux of ion i, and  Φ the external field. 

The ionic conductivity of ion species 𝑖 can then be expressed with the electron charge 𝑒: 

𝜎$ = 𝑧$𝑒𝑐$𝑢$ Equation 7 

As the conductivity is directly dependent on the concentration and mobility, it is a thermally 

activated process in which the temperature dependency can be described using the Arrhenius 

equation:134 
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𝜎$ =
𝐴
𝑇 exp	(−

𝐸"
𝑘4𝑇

	) Equation 8 

Here, 𝐸" is the activation energy and 𝐴 the pre-exponential factor. The activation energy for the 

conductivity process is the amount of energy required to promote an ion to take part in the 

conduction process, or in other words, to overcome the potential well of the anion lattice. All other 

contributions to the ionic conductivity are contained in the pre-exponential factor. 
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2.3 Space	Charge	in	Semiconductors	and	Ionic	Conductors.	
 

A theoretical understanding of the SCL formation can be approached in two different ways: (i) 

from a semiconductor point of view, but with ions and vacancies taking the role of electrons and 

holes, and (ii) from a liquid electrolyte perspective, but with fixed anions, no solvent and different 

ion concentrations. In this thesis, we will discover that both approaches are useful to describe the 

nature of SCL formation. 

In semiconductors, the space charge phenomena at the interface of two materials with different 

Fermi levels, e.g., a semiconductor junction, are well described and formulated as follows. Note 

that no complete description of the physics of semiconductors will be given, but only the most 

important ideas are presented. A detailed description of the physics of semiconductors can be 

found in most good textbooks on that topic, e.g., by Balkanski and Wallis.135 

When two semiconductors of different electron concentrations are brought into contact, the Fermi 

levels will align136 by a current of electrons from the n-type to the p-type semiconductor and an 

increase of hole concentration on the opposite side. The region in which the concentration of 

electrons and holes effectively changes is then called the space charge region. As the Poisson 

equation dictates, the electric field and potential are also non-zero in this region. 

∇7𝜙 =	−
𝜌
𝜖 ,with	𝐸 = 	−∇𝜙 Equation 9 

Here, 𝜌 is the charge distribution, 𝜙 the electrical field, and 𝜖 the permittivity. 

For the case of electroneutrality outside the space charge and a continuous electric field, the 

electrostatic potential can be calculated to:137 

𝜙(𝑥) = 	−
𝑞
2𝜖 𝑁8

(𝑥 − 𝑙9)7 +
𝑞
2𝜖 (𝑁8𝑙9

7 + 𝑁:𝑙;7), for −	 𝑙9	 ≤ 	𝑥	 ≤ 	0	 Equation 10 

𝜙(𝑥) = 	−
𝑞
2𝜖 𝑁:\𝑥 − 𝑙<]

7, for	0	 ≤ 	𝑥	 ≤ 𝑙<	 Equation 11 

Here, the SCL width is given by 𝑙9 and 𝑙< inside the n-type and p-type semiconductors, 

respectively. The donor and acceptor densities are given by 𝑁8 and 𝑁:, and 𝑞 denotes the electron 
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charge. The vacancy density is denoted as 𝑁=.  As overall electroneutrality across the device must 

hold, 𝑁:𝑙< = 𝑁8𝑙9	can be assumed and used to calculate further properties. 

The potential drops quadratically to either side of the junction in this approximation, which is an 

important result for the analysis of the electrical properties of these layers. With the definition of 

the bandgap 𝐸>, one can calculate the built-in potential to:  

𝑉($ =
𝑘4𝑇
𝑞 ln(𝑁:𝑁8/(𝑁?𝑁= exp b−

𝐸>
𝑘4𝑇

c) Equation 12 

The built-in potential is a measure of how the charge carrier concentration of the two 

semiconductors leads to an electrical field across the interface even without applying a bias 

potential. For the considerations of SCL formation in SSEs, an estimate of the thickness will 

become important. For a pn-junction in semiconductors, the SCL width can be written as:138 

𝑊 = e
2𝜖
𝑞 𝑉($ b

1
𝑁:

+
1
𝑁8
cf

@
7

 Equation 13 

Besides having different charge carriers, these layers in semiconductors can now be considered 

analogous to the situation in which an electrode and an electrolyte are brought into contact. While 

– of course – the Fermi level of the electrons will play a role in the electrode, the electrolyte is 

usually assumed to have negligible electronic conductivity. Therefore the effect of electron charge 

will only be a background potential (combined with the anion background). 

Furthermore, based on the theory developed for semiconductors, a theory linking the applied bias 

across an electrolyte/semiconductor interface to the space charge capacitance has been developed: 

The Mott-Schottky theory.139 As this thesis also aims at developing a similar theoretical approach 

for the metal/SSE interface, an elaborate discussion can be found in section 2.5. 

The other point of view relies on theory to describe the double layer structure in liquid electrolytes, 

resembling the same electrochemical system only with the restrictions of a crystal lattice for the 

electrolyte. As described above, the modern theory on DLs in LEs describes two different layers. 

A compact and dense Helmholtz layer next to the electrode is combined with a diffuse Stern layer, 

ranging further into the electrolyte with an exponential potential drop. 
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For the Helmholtz layer, the potential perpendicular to the (perfectly planar) electrode is assumed 

to decrease linearly due to the step-like charge distribution. The electrolyte and metal potentials 

are given by 𝜙# and 𝜙A, whereas the double layer width is 𝑑. 

𝜙(𝑥) = (𝜙# − 𝜙A)
𝑥
𝑑 +	𝜙A 	for	0 < 𝑥 < 𝑑 Equation 14 

The capacitance is easily calculated using the contact area A, the thickness d, and the dielectric 

constant 𝜖B: 

𝐶8# =
𝜖C𝜖B𝐴
𝑑  Equation 15 

Here, 𝜖C is the dielectric constant of vacuum. 

The more diffuse and wider part of the double layer structure is usually described by the Debye 

length, which origins in the Debye-Hückel theory.140,141 In this theory, a characteristic length scale 

is derived, which provides a measure for the distance in which the electrostatic force drops to 1/e 

of the initial value around a charged particle or interface.142 

The Debye length can generally be expressed using the ion concentration c, the charge q, 

Temperature T, dielectric constant of vacuum and bulk 𝜖C and 𝜖B, and the Boltzmann constant 𝑘4: 

𝜆87 =
𝜖'𝜖B𝑘4𝑇
𝑞7𝑐  Equation 16 

Although this theory is only valid for low electrolyte concentrations, as the direct Coulomb 

interaction between ions is neglected in the Poisson-Boltzmann theory used to derive the Debye 

length and typically underestimates the length scale, the theory is useful for a first 

approximation.143 

Considering the SSE with a crystal lattice as described in section 2.1 and the electrochemical 

potentials as described in section 2.2, the theory to describe an SCL in SSE can now be approached. 

The driving force for a charge accumulation at the interface between the SSE and an electrode is 

the electrochemical potential difference and we define it as follows: 
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Δ𝜇1 = 𝜇1,,-,(2)3 − 𝜇1*)*/D1';* Equation 17 

Note that the potential of the SSE is defined at some point in the bulk of the electrolyte, which is 

not affected by an accumulation or depletion of charges and therefore is electrically neutral. The 

electrode potential assumes that the electrode is ideally polarizable, implicating that no charge 

transfer reactions can take place. This assumption is equal to the blocking conditions in which the 

SSE is investigated in this work, as described in section 5.3. 

As in the case of semiconductors described above, this potential difference leads to an 

accumulation of charge, either by an accumulation or a depletion of Li+, which are the only mobile 

ion species in the SSE. For the sake of simplicity, a single SSE/electrode interface is described 

first, and the second interface will be introduced later. 

No conclusive and generally accepted theory for the description of SCLs at the SSE’s interface 

towards other materials exists so far. As described in the literature review in chapter 1, a variety 

of models has been proposed, which are valid for the specific material system and approach. 

For the case of an interface at which the electrode is more electrochemically negative, i.e., Δ𝜇1 >

0, an accumulation of Li+, equivalent to a depletion of free vacancies, will occur. The net charge 

in this layer is positive, and we call this layer an accumulation layer or positive space charge layer 

(p-SCL). As the accumulation of Li+ is limited by the number of accessible vacancies, once the 

maximum concentration is reached, the layer must grow perpendicular to the electrode into the 

electrolyte to hold an additional charge. For large enough potentials, the concentration profile is 

assumed to take a step-like form with a height equal to the maximal concentration and a sufficient 

thickness to account for the charge accumulation. The step-like form is a common approximation 

in semiconductors, also known as the abrupt approximation.144 Assuming a nearly rectangular 

shape of the SCL, the charge 𝑄<E,?# held inside can be formulated with the vacancy concentration 

𝑐F,(2)3, the thickness 𝑑<E,?#, and electrode area 𝐴. 

𝑄<E,?# = 𝐴𝑐F,(2)3𝑑<E,?# Equation 18 

As the bulk of the electrolyte is shielded from the electrochemical potential of the electrode, the 

potential must drop across the p-SCL. For the sake of simplicity and better visualization, the 
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electrochemical potential difference is now replaced by an electrical potential which is applied by 

blocking electrode and referred to as the bias potential 𝜙($"G. 

As soon as a bias potential comes into play, the second SCL becomes non-negligible as the bias 

potential is applied through a second electrode – with opposite polarity and thereby creating a layer 

of opposite charge. At the interface where the electrode is more (electrochemically) positive, the 

SSE will now see a depletion of mobile Li+ as the electric field will drive the charges away from 

the interface. Again, assuming a rectangular shape and a perpendicular growth into the electrolyte, 

the charge 𝑄9E,?# and thickness 𝑑9E,?# of this effectively negative charge SCL is given by: 

𝑄9E,?# = 𝐴𝑐#$,(2)3𝑑9E,?# Equation 19 

This equation represents the fact that the number of depletable Li+ is limited by the concentration 

of mobile Li+ in the electrolyte. In blocking conditions, where no ion transport across the interfaces 

happens and the SCL formation is a mere redistribution of Li+, the charge of the layers must be 

opposite if the vacancies carry the opposite charge of the cations: 

𝑄9E,?# = 𝑄<E,?# Equation 20 

This yields a relation for a fraction of thicknesses and concentrations: 

𝑐#$,(2)3
𝑐.,(2)3

=
𝑑<E,?#
𝑑9E,?#

 Equation 21 

As with the double layer in liquids, the SCL exhibits a capacitance, which we later show is 

measurable. The capacity for a layer of thickness 𝑑,?# under the abrupt approximation is given by 

its geometric capacitance, based on the equation for a parallel plate capacitor: 

𝐶,?# =
𝜖'𝜖B𝐴
𝑑,?#

 Equation 22 

Here, 𝜖B is the relative dielectric constant of the bulk and A the electrode area.  

As the SCL is considered to have a major role in interface resistance, defining a space charge layer 

resistance and conductivity is important. The conductivity of Li+ inside the SCL can be calculated 

based on the resistance 𝑅,?#: 
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𝑅,?# =
𝑑,?#
𝜎,?#𝐴

 Equation 23 

The SCL in the abrupt approximation can be treated as a “separate” SSE with a separate 

conductivity and possibly different activation energy due to the shift in electrochemical potentials. 

The activation energy can be calculated from the Arrhenius equation as introduced before. While 

several models have been described in the literature, one thermodynamic model was found to be 

very helpful in building an understanding of the SCL properties and their formation in SSEs. 

  



 
32 

2.4 Semi-Analytical	Space	Charge	Layer	Modeling.	
 

The thermodynamic model by Braun et al.77 is used for some of the numerical simulations in this 

work and will be briefly described here to understand its capabilities and limitations. The 

concentration profiles, the major result of this model, can be described by a semi-empirical 

equation, which is derived later in this section. 

In addition to the SSE lattice, which defines the concentrations and their boundaries for the 

different species, the model relies on conservation equations for mass and momentum. As 

described, the anions are immobile and the vacancies are mass- and chargeless. In the stationary 

case, the particle conversation law can be written with the velocity of each particle 𝑣! for 𝛼 =

𝑐, 𝑎, 𝜈, which denotes the cations, anions, and vacancies, respectively. 

𝑑𝑖𝑣(𝑛!𝑣!) = 𝑑𝑖𝑣 b
𝜌

𝜌 − 𝜌!
𝐽!c = 0 Equation 24 

Here, 𝐽! is the flux of species 𝛼, 𝑛! 	the particle density, and using 𝜌! = 𝑚!𝑛!, 𝜌 = 𝜌/ +	𝜌" is 

the mass density. 

The momentum conservation can be formulated with the Cauchy stress tensor found in an article 

by Dreyer et al.145 and using the free charge carrier density 𝑛H = 𝑧/𝑛/ + 𝑧"𝑛": 

−𝑛HΔ𝜙 = 𝑑𝑖𝑣(𝜌𝑣 ⊗ 𝑣) + ∇p Equation 25 

, where p is the pressure, 𝑣 the velocity vector and Δ the Laplace operator. 

Note that the free charge density 𝑛H is zero in the electrical neutral bulk and assuming 𝑧/ = −𝑧" 

represents the same limits as defined above: A minimum of 𝑛H =	−𝑧/𝑛" and a maximum of 𝑛H =

𝑧/𝑛/ can be reached, limiting the charge concentration in the SCLs. 

The electric field 𝐸 is correlated to the free charge density by the Poisson equation, now restated 

as: 

𝑑𝑖𝑣(𝜖C𝜖B𝐸) = 	−𝑛H Equation 26 
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As this defines the most important physics governing the SCL formation and the derivation of the 

free energy functional and the entropy production equation are rather lengthy, the reader is referred 

to the original work by Braun et al.77 for a complete derivation of the equations below. The authors 

introduce a characteristic length of the SCL, like the Debye length in liquids, defined as follows: 

𝜆7 =
𝑘(𝑇𝜖C𝜖B
𝑒C7𝑛B𝐿B7

 Equation 27 

In this equation, the reference length 𝐿B and bulk density 𝑛B are used, with 𝑒C being the electron 

charge. The reference length 𝐿B is the sample length in the direction of the applied electrical field, 

which implies that the SCL length depends on the sample geometry. 

With the use of some minor approximations, the authors derive a single equation for the charge 

density 𝑛H in the SSE. 

𝜆7(𝐹(𝑛H)𝜕II7 𝑛H + (𝜕I\𝐹(𝑛H)](𝜕I𝑛H)7 = −𝑛H Equation 28 

with the definitions: 𝐹(𝑛H) = ∑ J!
9"KL!$ , 𝛾@ = − @

M#
, 𝛾7 = −𝛾@, 𝛽@ = 𝑧/𝑛" , 𝛽7 = 	1 − 𝛽@. 

The function 𝑛H(𝑥) is defined on the open interval 𝑥 ∈ (0,1) with the electrodes at the coordinates 

0 and 1. The boundary conditions of global charge neutrality (in blocking conditions) and the 

potential difference 𝜙($"G = 𝜙(𝑥 = 1) − 𝜙(𝑥 = 0) complete the algebraic system. 

The partial differential equation and its boundary conditions were implemented in a COMSOL 

MultiphysicsTM runtime environment to calculate the charge and potential profiles in one 

dimension with an unevenly distributed mesh to account for the narrow SCLs at either side of the 

electrolyte.231 

As the computation of the PDE is quite time consuming and often runs into singularities around 

the boundary conditions, an empirical equation using Sigmoid functions was developed. 

A logistic function is a sigmoidal function to describe a transition between two states, 

concentrations, or energies used in a large variety of fields.146,147 It is usually defined using a lower 

boundary A, an upper boundary K, a growth rate B, and Q the value for argument zero. 
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𝑓(𝑡) = 𝐴 +
𝐾 − 𝐴

\1 + 𝑄𝑒𝑥𝑝(−𝐵𝑡)]
@
F
 

Equation 29 

The factor 𝜈 describes the asymmetry of the function, and a typical graph for this kind of function 

can be seen in Figure 3. 

A) B) 

 
 

Figure 3. A) A general logistic function for a realistic set of parameters, which closely resembles 
the charge carrier concentration of a single SCL shown in B). Standard parameters for the 
simulations are 𝛥𝜙 = 4𝑉, 𝜆7 = 1.5 ⋅ 10EN. The lower boundary for charge concentration is 
given by the parameter 𝑛" , which resembles the anion concentration and is the maximum charge 
accumulable by depletion of ions. 

As two SCLs must be accounted for, each is individually described by a general logistic function 

used to fit the original results from the thermodynamic model: 

𝑛*&<$1$/")H (𝑧) = −𝑛" +
𝑛"

\1 + 𝑄@𝑒𝑥𝑝(−𝐵@𝑥)]
O @P$

Q

+
1 − 2𝑛"

�1 + 𝑄7𝑒𝑥𝑝\−𝐵7(𝑥 − 1)]�
O @P%

Q
 

Equation 30 

This empirical equation contains 6 independent parameters: 𝑄$ , 𝐵$ , 𝜈$ 	for	𝑖 ∈ {1,2}. 

The initial PDE system contains 3 independent variables: the applied bias potential 𝜙($"G, the anion 

concentration 𝑛" , and the characteristic length 𝜆. Additionally, the boundary conditions for the 

potential drop across the SSE must be fulfilled. The boundary conditions for the concentration near 
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the electrodes are 𝑛H(𝑥 = 0) and 𝑛H(𝑥 = 1), in the case of a normalized concentration where 𝑛H ∈

(−𝑛" , 1 − 2𝑛"). The two boundary conditions can be formulated by introducing two deviation 

parameters 𝛿$. 

𝑛H(𝑧 = 0) = 	−𝑛" + 𝛿C,	for 𝛿C > 0 Equation 31 

 

𝑛H(𝑧 = 1) = 	1 − 2𝑛" − 𝛿@,	for 𝛿@ > 0 Equation 32 

 

With these boundary conditions, the parameters 𝑄@ and 𝑄7 can be eliminated if 𝐵$ ≫ 1 holds: 

𝑄@ = b
𝑛"
𝛿C
c
F$E@

− 1 Equation 33 

 

𝑄7 =	b
1 − 2𝑛"

1 − 2𝑛" − 𝛿@
c
F%
− 1 

 

Equation 34 

Next, the empirical equation, combined with the equations for 𝑄@ and 𝑄7, is used to fit the 

modeling results for the semi-analytical PDE for a standard set of parameters 𝜆, 𝜙, and 𝑛". 
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A) B) 

  
Figure 4. Charge carrier concentration profiles in the depletion layer A) and accumulation layer 
B) for 𝜆 = 1.5 ⋅ 10EN, 𝛥𝜙 = 4	𝑉, 𝑛" = 0.4. The empirical fits using the sigmoid function are 
the dashed lines, which show very good agreement with the numerical solution to the PDE. In 
both the accumulation and depletion layers, the empirical fit overestimates the numerical 
solution to a small degree. 

As shown in Figure 4, both the accumulation and depletion layers can be well described by the 

empirical equation. The regions of constant concentration are exactly reproduced with little to no 

deviation in concentration and spatial extent, whereas the transition is not precisely reproduced 

with a bit of overestimation, especially for the accumulation layer. However, numerical integration 

of the equation shows that the empirical equation adheres to the overall boundary condition of 

charge neutrality. 

In the next step, the parameters of the empirical model can be fitted to the parameters of the original 

equation to be able to calculate a concentration profile based on the natural parameters 𝜆. As this 

is the most critical parameter and the effect of Δ𝜙 is included in the boundary condition and 

therefore implicitly present in the calculation of the parameters 𝑄@ and 𝑄7, it does not have to be 

calculated explicitly. A range of simulations for 𝜆 ∈ [1.5 ⋅ 10ER, 1.5 ⋅ 10E7] which covers most 

sets of physical parameters is completed, shown in Figure 5, to be able to determine the impact of 

𝜆 on 𝐵@, 𝐵7 and 𝜈@, 𝜈7. 

  



 37 

 

A) B) 

  
Figure 5. Empirical parameters are determined by fitting the equation to numerical simulations. 
The parameters 𝐵@, 𝐵7 are inversely proportional to 𝜆, whereas 𝜈@, 𝜈7 are constant for a wide 
range of 𝜆 ∈ [1.5 ⋅ 10ER, 1.5 ⋅ 10E7]. Note that the outliers present in B) are due to errors in the 
numerical calculations and are not filtered or removed here for the sake of completeness. 

The empirical equation combined with the parameter dependencies sums up the analysis of the 

thermodynamic model and will be later used to visualize the impact of temperature on the SCL 

formation. 
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2.5 Mott-Schottky	Theory.	
	
The Mott-Schottky theory describes the thickness of the space charge region at semiconductor 

junctions. The theory has been long-standing and used for a variety of applications, such as the 

determination of carrier concentrations in oxide films148 and the determination of flat band 

potentials.149,150 A short recap of the derivation is provided here to help the reader with 

understanding the derivation of the ionic Mott-Schottky theory presented in section 6.4. 

The derivation is based on the book “The Physics of Semiconductors” by M. Grundmann found in 

reference 151. As explained in section 2.3, the SCL at the interface of a semiconductor is assumed 

to follow a step-like shape, which is called the abrupt approximation. Using the Poisson equation, 

one can write the charge carrier density 𝑛8 as: 

 

−
𝜕7𝜙
𝜕𝑥7 =

𝜌(𝑥)
𝜖B𝜖C

=
𝑒𝑛8
𝜖B𝜖C

, 𝑥 ∈ [0, 𝑑,?B] Equation 35 

 

Here, 𝜙 is the electrical potential, 𝜖B𝜖C the permittivity, 𝜌(𝑥) the charge distribution and 𝑑,?B the 

thickness of the space charge region. 

Using the next correlations and the electric field E, the applied bias potential 𝜙($"G and electrode 

area A, the capacitance can be easily calculated: 

 

�
𝜕7𝜙
𝜕𝑥7 𝑑𝜙 = �𝐸 𝑑𝐸

S(;&'()

S(C)
 Equation 36 

 

𝐶 = 𝐴𝜖B𝜖C
𝜕𝐸

𝜕𝜙($"G
 Equation 37 

 

The Mott-Schottky equation, linking the capacitance and the applied potential 𝜙($"G is obtained 

by deriving the expression for the electric field E to the potential 𝜙($"G: 

 

1
𝐶7 =

2(𝜙($"G − 𝑈($)
𝐴7𝜖B𝜖C𝑒𝑛8

 Equation 38 
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Importantly, the integration constant 𝑈($ determines the capacitance without any applied potential 

𝜙($"G, which is the built-in potential of the semiconductor junction. The MS equation combined 

with capacitance measurements at different applied potentials at the semiconductor/electrolyte 

interface is, therefore, a readily available tool to determine the mobile charge carrier density 𝑛8. 
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3 Electrochemical Impedance Spectroscopy 
and the Importance of a Physical Model. 

 

The application of electrochemical impedance spectroscopy (EIS) requires a thorough 

understanding of its working principles, its inherent limitations, and most importantly, the art of 

building a physical model to extract quantitative system parameters from the obtained impedance 

spectra. 

 

 
Figure 6. Overview of an EIS study. The impedance spectrum is recorded by probing the 
electrochemical system with a perturbation signal and measuring the response. The resulting 
impedance spectrum is then fitted using a physical model in the form of an electrical equivalent 
circuit to extract system parameters and gain mechanistic insights. Graph adapted from Phys. 
Chem. Chem. Phys., 2021, 23, 12926, The Authors. Physical Chemistry Chemical Physics 
published by Royal Society of Chemistry. 

 

The process of recording, analyzing, and interpreting an impedance spectrum is shown in Figure 

6, where a probing signal is used to test an electrochemical system and its processes. The recorded 

impedance spectrum is subsequently fitted with a physical model to gain mechanistic insights and 
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extract system parameters (such as the conductivity of the SSE). This section first explains the 

measurement principle of electrochemical impedance spectroscopy, secondly highlights criteria 

for data reliability, and finally explains the importance of the development of an equivalent circuit 

with a physical meaning. 

While many well-written books on electrochemical impedance spectroscopy and its application in 

electrochemistry exist,152,153,154 the following section is based on “Electrochemical impedance 

spectroscopy and its applications” by A. Lasia, 2002.155 
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3.1 Working	 Principle	 of	 Electrochemical	 Impedance	

Spectroscopy.	
Recording an impedance spectrum is nothing more than measuring the system response upon 

applying an electrical excitation signal. If one applies a current and measures the resulting 

potential, the measurement is called galvanostatic. However, in this work, the measurements are 

done in the potentiostatic mode, where the current response of the system is measured while 

applying a potential, which consists of a constant term plus an overlaid disturbing signal. The 

technique of potentiostatic electrochemical impedance spectroscopy (PEIS) is commonly used in 

battery applications.156 

The gold standard in electrochemistry is the use of a reference electrode, which ideally requires a 

three-electrode configuration. However, most setups for investigating batteries are limited to two 

electrodes. Therefore, a short discussion of the two vs. three-electrode setup is given in the 

following. In a three-electrode setup, the working electrode potential is applied with regard to the 

counter electrode. The potential of the counter electrode must be constant, such that the applied 

potential to the working electrode is exact. This proves difficult, since the counter electrode is also 

the sink or source of current, and a common solution is to use a reference electrode. This reference 

electrode does neither take part in any electrochemical process nor pass any current and is solely 

used as a potential reference for the applied potential to the working electrode. With a two-

electrode setup, which is used throughout this work, it is important to keep in mind the limitations. 

A high current flow through the counter electrode could lead to an unstable potential at the counter 

electrode and thereby distort measurements.157,158 
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Figure 7. Working principle of a PEIS with a sinusoidal excitation voltage (red) and the system 
response in the form of a sinusoidal current (blue). If the assumptions of a linear and stationary 
response are fulfilled, the response frequency will match the excitation frequency with a phase 
shift 𝜙 between the curves. The excitation amplitude of 10 mV is a typical value, and the 
amplitude ratio gives the absolute value of the impedance. 

 

In a PEIS, the potential is applied in the form of a sinusoidal signal with an amplitude 𝐸C and a 

frequency 𝜔 in a set frequency range 𝜔&$9 to 𝜔&"I. As depicted in Figure 7, the excitation of the 

system can be written as 𝐸(𝑡) = 𝐸Csin	(𝜔𝑡). The current response of a linear and stationary 

system, which will be explained in detail in section 3.2, will then take the form of 𝐼(𝑡) =

𝐼Csin	(𝜔𝑡 + 𝜙). The phase shift 𝜙 and the amplitude 𝐼C define the current response, from which 

the impedance	𝑍(𝜔) for each frequency	𝜔 can be calculated to: 

 

𝑍(𝜔) =
𝐸(𝑡)
𝐼(𝑡) =

𝐸C sin(𝜔𝑡)
𝐼C sin(𝜔𝑡 + 𝜙)

= 𝑅𝑒\𝑍(𝜔)] + 𝑖	𝐼𝑚\𝑍(𝜔)] Equation 39 

 

The impedance, as a complex number, can be written in terms of a real and imaginary part 

(𝑅𝑒(𝑍), 𝐼𝑚(𝑍))	or using the amplitude and phase (|𝑍|, 𝜙). In any representation, the full 

impedance spectrum consists of a complex number 𝑍	dependent on the frequency 𝜔. Usually, the 

impedance spectrum is represented as Nyquist (𝑅𝑒(𝑍)	𝑣𝑠. −	𝐼𝑚(𝑍)) or Bode (|𝑍|	𝑣𝑠. 𝜔	&	𝜙	𝑣𝑠. 𝜔) 

plots, shown in Figure 8A) and B). While Nyquist plots are sometimes helpful to reveal the 

number of underlying processes, it must be noted that the frequency does not appear in these plots. 
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A) B) 

  

C) 

 
Figure 8. Typical representations of impedance data, the Nyquist plot in A) and Bode plot in 
B). The Nyquist plot typically reveals the existence of features and electrochemical processes at 
a first glance, but hides frequency information. The Bode plot, consisting of two plots for the 
absolute value of the impedance and the phase shift, contains frequency information, but is 
usually harder to interpret. C) Applied voltage over time in a staircase potentiostatic EIS 
measurement with the waiting time 𝑡V and voltage step size 𝑉G. 

 

An advanced technique of EIS, which will be used extensively in this work, the so-called staircase 

potentiostatic EIS (SPEIS), combines EIS with the application of a constant potential that changes 

in steps over time. Important parameters are the waiting time 𝑡V, for which any potential step is 

held, and voltage step size 𝑉G as shown in Figure 8C). 

Recording an impedance spectrum using modern equipment with a highly accurate potential and 

current acquisition capability at the given frequencies becomes an easy task. However, one must 
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keep in mind that the system response needs to fulfill two criteria: stationarity and linearity, which 

will be discussed in the next section. 
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3.2 Stationarity,	Linearity	and	the	Kramers-Kronig	relations.	
 

An electrochemical system is called stationary when the system does not change over time. In the 

case of PEIS, this is equivalent to the claim that the impedance 𝑍(𝜔) is only a function of 

frequency and not of time. In mathematical terms, the second part of the current response shown 

in Equation 40 becomes zero. 

 

𝐼(𝑡) = 𝐼C sin(𝜔𝑡 + 𝜙) + 𝐼9'9EGD"D$'9"1W	(𝑡) Equation 40 

 

The additional current will lead to distortions in the impedance for each frequency, which will 

unpredictably impact the impedance spectrum. For a linear or constant non-stationary current, 

which represents a drift of the electrochemical system, dedicated drift correction algorithms have 

been developed159,160,161 and implemented in software such as EC-Lab by Biologic®. A recent 

review by Szekeres et al.162 gives a good overview of methods for EIS in non-stationary systems. 

However, the stationarity of an electrochemical system can be assured by a repeated recording of 

impedance spectra. A common solution is to apply a resting time before the recording takes place, 

which allows the system to settle in a steady state. While stationarity must be assured carefully, 

the linearity of the electrochemical system is typically fulfilled for small perturbation amplitudes. 

For battery applications in a PEIS, the perturbation potential is usually set between 5 mV and 20 

mV.163,164 

When stationarity or linearity of the electrochemical system are not given or cannot be validated 

experimentally, a range of mathematical formalisms can help to detect distortions in the data. As 

EIS is a spectroscopic technique, harmonic analysis can detect non-linearity and noise within 

recorded impedance data.165 Even simpler, and integrated into most EIS analysis software, the 

Kramers-Kronig (KK) relations can be used to validate impedance data. Mathematically speaking, 

the KK relations are a set of integral equations for the real and imaginary parts of a meromorphic 

function,166 which all physical or electrochemical processes can be represented by.167 For the 
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application in EIS, the KK check has been proven to be highly accurate in detecting a disturbance 

of the system in the forms of non-linearity, non-stationarity, and measurement noise.168,169  

While the recording of the impedance spectra is now formally completed and the spectrum can be 

checked for its validity, the most critical step to gain insights into the electrochemical system still 

lies ahead. A physical model must be built, describing the response of the processes taking place 

in the system. For EIS, these models are typically developed and represented as electrical 

equivalent circuits (EECs), and the importance of the physically motivated model building is 

highlighted in the next section. 
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3.3 Electrical	Equivalent	Circuits.	
 

EECs are used throughout a wide range of applications to model a system’s response to an external 

perturbation, for example, in plant cells,170 piezoelectrics,171 photovoltaics,172 and battery 

applications.173,174,175 

 

All electrochemical processes in this work can be described using four basic elements: 

(i) a resistor R, for conductivity and charge transfer processes, 

(ii) a capacitor C, for charge accumulation at interfaces and geometric capacitances, 

(iii) an inductor L, mostly as artifacts of electrode wires176 and cell design,177 

(iv) a constant phase element CPE, for the description of imperfect capacitances.178 

 

Each of these elements is described by a complex impedance function of the frequency, which is 

represented in Table 2. 

 

Table 2: Commonly used elements in EECs for the fitting of battery impedances, the resistor R, 
the capacitor C, the inductor L, and the constant phase element CPE. 
 

Element Resistor Capacitor Inductor Constant Phase Element 

Symbol R C L CPE 

Impedance 𝑅 
1
𝑖𝜔𝐶 𝑖𝜔𝐿 

1
𝑄(𝑖𝜔)! 

 

The CPE requires a more delicate discussion, as the origins and physical explanation are not fully 

understood.179 In addition to the pseudo-capacitance 𝑄, the impedance of the CPE contains an 

additional parameter 𝛼. For 𝛼 = 1, the impedance matches that of a capacitor with 𝐶 = 𝑄, 

whereas, for 𝛼 = 0 the CPE impedance is a resistor with 𝑅 = @
X

. Therefore, any value for 𝛼 below 

1 represents an imperfect capacitor that can originate from electrode surface structure,180 porous 

electrodes,181 anomalous diffusion processes,182 and multiple reaction rates.183 In this work, the CPE 

is used to account for the compact part of the electrochemical double layer, which is commonly 

done in liquid electrolytes.184,185 Typically, the Q value is treated as capacitance and used to 
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describe the double layer capacitance186 if the value for 𝛼 is above 0.9. Although more elements 

and parameters exist, such as the Warburg element for diffusion-limited processes,187 these are 

applicable only in special cases and therefore omitted here. As every electrochemical system 

contains multiple processes, the elements above are arranged in the EEC using Kirchhoff’s circuit 

laws by series and parallel connections. As the elements each describe an equation for the 

impedance response, the EEC is a mere graphical representation of the underlying equation. 

The simplest EEC, which, for example, can be used to describe an electrochemical interface 

between an electrode and an electrolyte in a first approximation, is an RC-“element” comprising a 

resistor parallel to a capacitor. The low-frequency limit will be dominated by the resistor, and the 

impedance will be represented by a semicircle in the Nyquist plot. The fact that a semicircle is 

easily identifiable highlights the importance of a Nyquist plot for the first evaluation of impedance 

when an electrochemical system with multiple, possibly overlapping, processes is investigated. 

An EEC must be able to fulfill three criteria at the same time: (i) a good fit is obtained, identifiable 

by a low deviation, (ii) being comprised by the minimal number of parameters to avoid overfitting, 

and (iii) representing the physical and electrochemical processes of the system. 

Out of these three criteria, the third is the most complicated and requires delicate treatment. In a 

recent review article,188 the importance of finding a physically meaningful EEC was elucidated 

with examples from battery research. The “black box” problem of EIS is a major concern when 

the elements contained in the EEC are assigned a posteriori to a physical or electrochemical 

process. Therefore, building an EEC must either follow strict physical reasoning, as shown in the 

derivation of an EEC for SSEs in section 6.2, or be accompanied with auxiliary techniques 

confirming that the parameters are correlated to the physical processes they are assigned. 

However, EEC modeling for impedance data is only one way to gain insights into the physical 

processes of the electrochemical system at hand. So-called “model-free” approaches for the 

analysis of impedance data exist, which provide a different path to the analysis. Impedance spectra 

are recorded in the frequency domain, and a transformation into the time domain is a common tool, 

that obtains the so-called distribution of relaxation times (DRT). However, DRT typically relies 

on solving a numerical integral using a regularization parameter,189 which in turn drastically 

impacts the time domain spectra.190 While some DRT approaches exist for battery 

applications,191,192,193 this work will focus on finding and validating a physically motivated EEC. 
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This short introduction into EIS and the “black box” problem of finding a physically meaningful 

EEC is by no means a complete picture of the theory, application, or prospects of EIS. The 

interested reader is referred to a recently published review188, the various works of Bernand A. 

Boukamp on electrochemical impedance spectroscopy for solid-state ionics194,195 and the textbooks 

by Orazem & Tribollet196 and Lasia155, and the reference therein. 
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4 Spectroscopic Ellipsometry and Optical 
Modeling. 

 

Spectroscopic ellipsometry will later play an important role in “watching” the formation of space 

charge layers with an accurate determination of thickness and concentration change. This section 

will describe the physical background, the working principle, and the important step of modeling 

the ellipsometry spectra. Ellipsometry measures the change in polarization of light when it is 

reflected at an interface between two materials or thin films. The first section is a quick recap of 

light polarization and polarization angles. 

4.1 Light	Polarization	and	Reflection.	
 

The following description is textbook knowledge, and only the points most relevant for the 

measurement principles of ellipsometry are made. An in-depth explanation of the theory of 

polarized light can be found in Polarization of Light by S. Huard, 1997.197 

Monochromatic light as an electromagnetic wave can be described as three independent 

oscillations along the three space axes (𝑥, 𝑦, 𝑧). In a transverse wave, the oscillation is 

perpendicular to the direction the wave propagates, which is the same as claiming that the 

electromagnetic field vector 𝐸 is always orthogonal to the direction of motion. Setting the direction 

of motion to the 𝑧-axis leaves two oscillations along the 𝑥, 𝑦-axes, which are characterized by an 

individual amplitude and phase, but have the same frequency. The projection along the 𝑧-axis 

describes the time-dependent movement in 𝑥, 𝑦-plane, which is called the polarization of light. 

Generally, this is described by an ellipse, and thus the wave is called elliptically polarized. Two 

special cases are noteworthy here, which are linear and circular polarization. In linear polarization, 

the phase of 𝑥 and 𝑦 oscillation is equal, and the projection yields a straight line. If the phase 

difference is exactly ±90°, a circular pattern arises in the projection. In optics, the axes are usually 

defined with respect to a surface that interacts with the light. The 𝑥-axis is defined parallel to the 

plane of incidence. Therefore, the 𝑦-axis is perpendicular to the plane of incidence. The electric 

field is then characterized by the parallel component 𝑝 and perpendicular component 𝑠. Note that 
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the polarization state is fully described by the movement of the field vector E on an ellipse and can 

be expressed as 𝐸 = �
𝐸<
𝐸G
�. When the light wave reflects from any interface, the polarization state 

𝐸	is changed by the reflection matrix 𝑅, and the outgoing light wave is described by 𝐸′. 

 

𝐸Y =	 �
𝐸′<
𝐸′G

� = �
𝑅<< 𝑅<G
𝑅G< 𝑅GG

� �
𝐸<
𝐸G
� Equation 41 

 

The reflection matrix for isotropic materials is diagonal (𝑅<G = 𝑅G< = 0) and therefore, the change 

of polarization can be described by 𝑅<< and 𝑅GG. The phase shifts between the incident and 

outgoing components of the light wave are expressed as 𝛿<< and 𝛿GG. 

The change in the polarization state can be used to define the two parameters Δ and Ψ, which are 

derived from the equation for the fraction of the reflection coefficients 𝑅<< and 𝑅GG. 

 

𝑅<<
𝑅GG

=
�𝑅<<�
|𝑅GG|

𝑒$Z[))E[**\ Equation 42 

 

Ψ = arctan	
�𝑅<<�
|𝑅GG|

 Equation 43 

 

Δ = 	𝛿<< − 𝛿GG Equation 44 

 

These parameters are commonly called ellipsometric angles. Despite the nomenclature, the 

parameters do not have a physical interpretation with a direct correlation to the optical properties 

or thickness of a medium. Therefore, the analysis of data obtained in spectroscopic ellipsometry 

depends on an (empirical) model to fit the experimental data. The description and modeling of the 
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optical properties, especially those relevant for a spectroscopic experiment, are described in the 

next section.  
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4.2 Optical	Properties	and	Modeling.	
 

For a given material, the process of the transmission or absorption of a light beam can be described 

by the refractive index, which is typically a complex number 𝑛 = 𝑛 + 𝑖𝑘, where 𝑛 is the real part, 

describing the phase velocity. The attenuation of the wave is determined by the extinction 

coefficient 𝑘. As this is a spectral property of the medium, the refractive index 𝑛 depends on the 

wavelength 𝜆 and can be expressed as 𝑛(𝜆) and 𝑘(𝜆). If more than one medium is present, the 

individual descriptions of the refractive indices are accompanied by the reflection (and therefore 

polarization) at the interface between the two materials. Under the assumption of plane-parallel 

reflection, the system is fully described by the complex refractive indices and the thicknesses of 

the materials. 

The optical system modeling is now two-fold: On the one hand, the refractive index of a single 

layer can be modeled using various approximations, which will be described in the following. On 

the other hand, a model must be developed to describe the stack of the different materials with 

individual refractive indices and thicknesses to obtain useful information about the system. 

For a single layer, the refractive index can be readily determined with a refractometer for materials 

in gas,198 liquid,199 and solid phases.200 Therefore, libraries exist for the most common materials 

and their phases, which contain data on the wavelength-dependent dispersion relation for specific 

phases of the material.201,202 If more than one phase is present within a layer for which the dispersion 

relation is of interest, effective medium approximations (EMAs) for composites to describe the 

macroscopic properties are commonly used.203 The EMA models inclusions of a guest material 

into a host material, usually under the approximation of a small guest concentration, which is 

illustrated in Figure 9. If the dispersion relations of the individual materials are known, the 

Bruggeman model (one EMA approach for optics) can account for spherical or ellipsoidal 

inclusions and can be used to calculate the effective refractive index of the composite material.204 

The fraction of the guest material in the host material is the most important modeling parameter 

and fully determines the effective refractive index if the individual refractive indices are known. 

A work by A. Feldman205 provides a critical view of refractive index modeling in composite 

systems and concludes that the prediction of a model before experiments are conducted is difficult. 
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But generally a good model can be found after the experiments are done. The EMA will later be 

used to model the inclusion of Li+ in the SSE as a first approximation for depletion and 

accumulation of Li+ in SCLs. 

 

 
Figure 9. 2D schematic of an effective medium approximation, in which a small fraction of 
guest material is present in a host material. The optical properties of the composite can be 
calculated by the EMA, when the fraction and individual properties of guest and host are known. 

 

Multiple studies have shown the validity of the Bruggeman model for ion-inserted 

semiconductors.206,207,208 The Bruggeman model was developed under the assumption that the 

composite material contains only a small fraction of guest material with ellipsoidal or spherical 

shape.209 In the first approximation, the guest material is assumed to be homogeneously distributed 

within the host material, and the fraction is only described by the volume fraction 𝑐 =

𝑉>2*GD/𝑉]'GD, where 𝑉 describes the respective volume of host and guest. A chapter in the book 

“Ellipsometry at nanoscale” by J. Humlicek210 provides a detailed analysis of the limitations of the 

Bruggeman approach and compares it to other models and, whenever possible, the analytical 

solution. 

For a multilayer system with different layers denoted with 𝑖, the response can be modeled by the 

refractive indices of the individual layers 𝑛$(𝜆), 𝑘$(𝜆), and their respective thickness 𝑑$. For a 

system with 𝑛 layers, there are 3𝑛 unknown parameters – two vectors (refractive indices) and one 

scalar quantity (thickness). Additionally, the interface between materials can introduce roughness 

parameters211 and mixed layers, which contribute to the overall optical properties in different 
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ways.212 Figure 10 shows a stack of three layers with surface roughness indicated between layers 

1 and 2 and a mixed layer between layers 2 and 3. 

 

 
Figure 10. Schematic of a three-layer structure for the modeling of the optical response. Each 
individual layer is described by the refractive indices 𝑛$(𝜆), 𝑘$(𝜆) and the thickness 𝑑$. In 
addition to the individual components of layers 1-3, mixed layers as drawn between layers 2 and 
3 or interface roughness as indicated between layers 1 and 2 can be present and influence the 
overall optical response. 

 

In most cases, the refractive indices are either known from literature or can be measured on the 

bare material and the thicknesses are the parameters of interest.213 Further reading on data analysis 

for spectroscopic ellipsometry can be found in a review by GE Jellison.214 
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4.3 Working	Principle	of	Spectroscopic	Ellipsometry.	
 

With the basics of light polarization covered in the previous sections 4.1 and 4.2, the following 

covers the working principles and explains the experimental technique of “nulling ellipsometry” 

used in this work. An overview of the applications of ellipsometry for thin-film characterization 

can be found in “Spectroscopic Ellipsometry: Practical Application to Thin Film Characterization“ 

by G. N. Tompkins and J. N. Hilfiker, published by Momentum Press, 2015.215  

 

 
Figure 11. Schematic drawing of an ellipsometer setup with a light beam direction from left to 
right. A linearly polarized light beam is produced by the polarization state generator (PSG) and 
after the reflection from the sample surface analyzed by the polarization state analyzer (PSA). 
Graph reproduced from reference 216. 

 

Spectroscopic ellipsometry is based on measuring the polarization change throughout a spectrum 

of wavelengths. As depicted in Figure 11, a light source provides the initially unpolarized beam, 

which is polarized into a defined, typically linear, polarization state using the polarization state 

generator (PSG). Combined with the compensator, which is an optical retarder and shifts one 

polarization component by 𝜆/4 in the case of a “quarter-wave plate”, arbitrary polarization states 

(linear, circular, or ellipsometric) can be generated. After the reflection from the sample, the beam 

is collimated using a lens and analyzed by a polarization state analyzer (PSA) with a photodetector. 

Both PSA and PSG are so-called polarizers, a common device found in optical setups, which can 

selectively suppress or transmit light of a certain polarization state. In “nulling ellipsometry”, the 

PSA is adjusted to detect the minima in intensity. Based on a linearly polarized incident light beam 
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on the sample, the beam after reflection from the sample is in an elliptical polarization state. In the 

case of a non-depolarizing sample, which is equivalent to finding an elliptically polarized light 

beam that exhibits linear polarization after the reflection from the sample. A linearly polarized 

light beam can be extinguished by setting the analyzer at a 90° position with respect to the 

polarization direction. In practice, the compensator is fixed to a certain angle, and the angle of the 

PSG and PSA are varied until the signal of the photodetector vanishes. While this requires an 

iterative procedure to improve the accuracy, it is by far the most common ellipsometry technique. 

One “nulling ellipsometry” measurement determines the ellipsometric angles ∆ and Ψ. To 

reconstruct information about the sample, a variation of the angle of incidence (AOI) or the 

wavelength of the incident light beam is necessary. For further reading on the application and 

principles, the reader is referred to the work of H. Fujiwara.217 
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5 Experimental Setups and Materials. 
In the last chapters, the concepts and theory of the experimental techniques and the investigated 

material class were described in detail. The following section gives specific information about the 

model electrolyte, the electrode materials, and the experimental setups used in this work. 

5.1 A	Model	Solid-State	Electrolyte:	Ohara	LICGCTM.	
 

The model electrolyte used in this work is a NASICON-type electrolyte produced by Ohara Inc. 

with the trade name LICGCTM (Lithium Ion Conducting Glass Ceramic).218 The modest ionic 

conductivity of the electrolyte is in the order of 10E^	𝑆/𝑐𝑚 at room temperature and is 

reproducibly found across sample batches, which makes experimental studies easily comparable 

and reproducible. The proven stability in ambient air and moisture makes the experimental designs 

independent of an inert atmosphere, which will be used across the investigations of this work. 

The main crystalline phase in the LICGCTM is Li1+x+yAlx(Ti,Ge)2−xSiyP3−yO12, but the exact 

stoichiometry is not stated by the manufacturer. Further, a phase of AlPO4 is present and visible in 

the scanning electron microscopy images shown in reference 223. The specimen used in this work 

are of 19	𝑚𝑚 diameter with a thickness of 150	𝜇𝑚 and are used as received with no further 

cleaning steps. A general characterization of the samples, including surface roughness, grain size 

distribution, and XRD measurements, can be found in reference 231. 

5.2 Electrode	Fabrication.	
 

For EIS measurements and the application of bias potential, metal electrodes were evaporated 

using either (for the studies in sections 6.1 and 6.2) an L560 (Leybold, Germany) e-beam 

evaporator with an IC6000 deposition controller (Inficon, Switzerland) or (for all other studies) a 

MICO (Tectra, Germany) thermal evaporator. The evaporation rates were set to 1 Å/s with a final 

thickness of 25 nm for all materials. All electrodes are fabricated using a stainless-steel mask with 

an inner radius of 7.5 mm, resulting in an electrode area of 1.76 cm7. 
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5.3 Impedance	Setup	and	Analysis.	
 

A VSP300 potentiostat from Biologic, France219 was used to carry out the impedance studies in 

this work. For all impedance measurements, a sinusoidal excitation amplitude of 10 mV was 

applied, and spectra were recorded in a frequency range from 5 MHz to 0.5 Hz. A waiting time of 

3 frequency periods is set before the acquisition starts at each frequency point, which is averaged 

over 5 periods. For SPEIS measurements, the bias potentials were applied vs. counter electrode 

with a waiting time of 15 minutes, for which the potentials are held before measuring the 

impedance spectrum. 

The impedance spectra were analyzed and fitted using the “EIS Data Analysis 1.3” software by 

A.S. Bandarenka.220,221 The fitting was done with a hybrid “Powell” algorithm in amplitude 

weighting mode. 

5.4 Electrochemical	Cell	Setup.	
 

For the electrochemical measurements, the samples are placed in a “PAT Cell” (EL-CELL, 

Germany), which was assembled inside an Argon-filled glovebox (O2 < 1 ppm, H2O < 1 ppm). 

Polished stainless-steel plungers inside the cells contact the metal electrode without further 

application of pressure, which leaves the actual pressure unspecified. The cells are He-leak 

tested222 and, therefore, can be taken out of the glovebox without contamination of the sample. The 

“PAT cell” is connected to the potentiostat through a “PAT stand” (EL-CELL, Germany) with 3	𝑚 

wires. 

For the temperature variation measurements, the cells are loaded into a custom-built temperature 

chamber with a simple PID controller and a thermometer tip within the steel case of the cell. At a 

given temperature, the thermodynamic equilibrium is assured by waiting for one hour prior to EIS 

or SPEIS measurements. 
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5.5 Optical	Measurements.	
 

The optical measurements require the top surface of the sample to be accessible by the instrument. 

In addition, the ellipsometry measurements require that the sample is fixed at a certain temperature, 

which is assured using a temperature stage – requiring the cell to be thin enough to easily transport 

heat to the cell, which is assured by a very thin cell layout. For alignment reasons, the sample 

should be plane parallel to the stage. The sample layout on top of the sample stage is shown in 

Figure 12. 

 

 
Figure 12. Photograph of the sample stage of the spectroscopic ellipsometry. Red and blue 
clamps and cables are the working and counter electrode, respectively. The SSE is placed on a 
copper surface and held by an Au spring, which also serves as the electrical connection for the 
counter electrode. The cupper plate beneath the sample is the temperature stage, assuring a fixed 
temperature throughout the measurements. The optical lens in the back is the detector. The light 
beam originates from the left of the picture. 

 

For all ellipsometry measurements, an EP4 imaging ellipsometer (Accurion, Germany) was used 

either in combination with a solid-state laser (658 nm) or, in spectroscopic measurements, with a 

stabilized xenon arc lamp and a grating monochromator. The angle of incidence was set to 65° for 

all in situ ellipsometry measurements. With an SP-150 potentiostat (Biologic, France), the 

polarization potentials were applied, and the samples were left to rest at any given polarization for 

2.5 hours. The software used to control the ellipsometry measurements also serves as the modeling 

environment, as the “EP4Model” module is contained. For the bare electrolyte, new material is 
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created and parameterized using a second-order Cauchy model. Using this new material, the EMA 

uses the material as a host and lithium as a guest structure. 
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6 Investigation of Space Charge Layers in 
Solid-State Electrolytes. 

 

The small changes in charge carrier concentrations in layers only a few hundred nanometers wide 

make experimental evidence hard to come by. The following chapter provides the original findings 

of this work, which reveal the nature of space charge layers in solid-state electrolytes. 

6.1 Measuring	 the	 Spatial	 Extent	 with	 Spectroscopic	
Ellipsometry.	

 

The following section is based on a first-author publication in Wiley’s Advanced Materials journal, 

entitled “Characterization and Quantification of Depletion and Accumulation Layers in Solid-State 

Li+-Conducting Electrolytes Using in Situ Spectroscopic Ellipsometry”.223 The article is open 

access under the terms of the Creative Commons Attribution License and can be found in 

Appendix 9.3. 

Spectroscopic ellipsometry is a well-known technique to determine the thickness of thin layers 

accurately.224 While mostly used for film thicknesses of synthesized films, it has been used to 

monitor the growth and swelling of thin organic films.225,226 In a recent study, the Li+ insertion into 

LiMn2O4 was investigated with spectroscopic ellipsometry combined with FEM analysis. 

However, no model for the changes in diffractive index upon Lithiation are developed in this work, 

and the analysis remains qualitative.227 As the theory (see section 2.4) suggests, the formation of 

SCLs strongly depends on the electrochemical potential difference between the electrode and 

electrolyte. Under blocking conditions, in which the measurements were taken, this implies that a 

change in bias potential leads to a formation of SCLs next to the Au electrodes. The experimental 

setup shown in Figure 12 allows forming SCLs while observing the change in light polarization. 

The in situ approach rules out inhomogeneity in the sample surface, the geometric path of the light 

beam, and possible hysteresis of the electrochemical state. As introduced in section 6.2, impedance 

spectroscopy and spectroscopic ellipsometry can be combined to conduct optical and 

electrochemical investigations simultaneously. 
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The following section is divided into three major parts, beginning with the observed changes in 

ellipsometry spectra upon polarization, followed by the optical modeling of the SCL, and 

concludes with the application of the model to find SCL thicknesses and concentrations. 

 

The changes in spectroscopic angles for different polarizations are shown in Figure 13, where the 

spectrum at 0 V bias is subtracted. A direct physical interpretation of the raw data, i.e., the 

ellipsometric angles Δ and 𝜓, has not been reported in the literature. The application of a bias 

potential clearly leads to a change in the spectroscopic angles with a change in Δ of up to 0.6% 

deviation in Figure 13A). For higher bias potentials (-1 V and 1 V), the changes are bigger 

compared to the smaller biases. However, the impact is not symmetric – an observation that, even 

without further data analysis, points to an asymmetry in the formation of the depletion vs. 

accumulation layer. 

 

A) B) 

  
Figure 13. Relative changes in spectroscopic angles upon application of bias potential. 
Although variations are small, compared to the statistical error of 0.05%, a relevant change 
occurs for all applied bias potentials. Graphs adapted from Adv. Mater. 2021, 33, 2100585, © 
2021 The Authors. Advanced Materials published by Wiley‐VCH GmbH. 

 

While the relative deviations are below 1 %, the changes are still significantly above the statistical 

error of 0.05% and therefore considered relevant for the subsequent fitting process. 

A model representing the layer structure, including the depletion/accumulation layer, is needed to 

derive quantitative results from these changes. The layer stack, shown in Figure 14, consists of 

three different materials with individual complex diffractive indices and thicknesses. This leads to 

a total of 6 free fitting parameters, three thicknesses (scalar), and three diffractive indices (complex 

vectors). The 25 nm gold electrode, thermally evaporated as described in section 5.2, is represented 
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by a literature model “Au-Gold_Q-Sense-Quarz” found in the EP4Model software, see section 5.5. 

The only fitting parameter for the Au layer is, therefore, the thickness, which is expected to match 

the deposition thickness of 25 nm. 

 

 
Figure 14. Drawing of the sample with the different layers of materials and the in situ formed 
SCLs. The models for the different materials and layers are listed on the right, with a literature 
model for the Au electrodes, a 2nd order Cauchy model for the SSE, and the EMA model for 
the SCLs. 

 

For the Ohara LICGCTM, no optical model describing the complex diffraction index is known in 

the literature. However, other glass-ceramics for different applications have been successfully 

fitted with Cauchy models.228,229,230 Therefore, the bare SSE was measured separately to determine 

the parameters of the Cauchy model. The ellipsometry spectrum of the bare SSE is shown in 

Figure 15A) together with the fit of a Cauchy model to the complex diffractive index, also shown 

in Figure 15B). The SSE is used as the substrate in the optical layer stack for fitting purposes. No 

free fitting parameters are set for the SSE substrate, as the optical properties are determined, and 

its thickness is assumed to be infinite, which is a reasonable assumption considering the total 

transmission of only 3.8 % through the Au/SSE/Au sample.   
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A) B) 

  
Figure 15. Analysis of the bare SSE. A) Ellipsometry spectra recorded on a pristine SSE 
combined with a fit using a Cauchy model. B) Fitted dispersion relation using a second-order 
Cauchy model. Graphs reproduced from Supporting Information of Adv. Mater. 2021, 33, 
2100585, © 2021 The Authors. Advanced Materials published by Wiley‐VCH GmbH. 

 

The description of the SCL relies on the fact that the accumulation and depletion of Li+ can be 

viewed as SSE material with additional or less Li+. A Bruggeman model, introduced in section 4.2 

for the effective medium approximation (EMA), with the SSE representing the host material and 

lithium the guest material, is therefore used to describe the SCL. The diffractive index is then 

determined by the concentration of Li+ inside the SSE, which leaves the concentration and 

thickness as free fitting parameters. The optical properties of the SCL based on a depletion (-8% 

volumetric lithium, assumed at – 1V) and accumulation (+3% volumetric lithium, assumed at 1 V) 

are calculated and shown in Figure 16, where a negative bias indicates a depletion and positive 

bias an accumulation, respectively. This verifies the model's sensitivity to a change in optical 

properties, which will now be used to fit the equation to experimental data. 
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A) B) 

  
Figure 16. Sensitivity of the developed Bruggeman model to the concentration change. The 
calculations are based on -8 vol% and 3 vol% lithium, representing SCL for -1 V and 1 V, 
respectively. Graphs reproduced from Supporting Information of Adv. Mater. 2021, 33, 
2100585, © 2021 The Authors. Advanced Materials published by Wiley‐VCH GmbH. 

The final optical model used to fit the ellipsometry spectra under different bias potentials therefore 

only contains two free parameters: the SCL thickness (𝑑,?#) and the concentration change (𝑐,?#). 

 

Table 3. Fit parameters based on fits for 9 spectra recorded for different bias potentials. An 
asymmetry in the thicknesses can be observed in both thickness and concentration change of the 
formed SCLs. Overall, the errors are below 10 % for the thicknesses, except for the data at no 
applied bias potential – which correlates to a vanishing SCL. Data reproduced from Supporting 
Information of Adv. Mater. 2021, 33, 2100585, © 2021 The Authors. Advanced Materials 
published by Wiley-VCH GmbH. 

Bias [V] -1.0 -0.75 -0.5 -0.25 0.0 0.25 0.5 0.75 1.0 

SCL 
thickness 
𝑑,?# [nm] 

190.7 
± 19.0 

189.5 
±16.8 

189.9 
±13.2 

58.2 ± 
9.4 

21.7 
±19.6 

138.7 
±15.6 

318.7 
±17.1 

326.0 
±13.2 

321.8 
±15.7 

SCL 
concentration 
𝑐,?# [vol%] 

-8 ± 1 -7 ± 1 -8 ± 1 -3 ± 1 -5 ± 3 2 ± 1 3 ± 2 4 ± 2 3 ± 2 

Fit quality 
(RMSE) 4.5 5.9 9.0 9.9 9.4 8.9 6.4 9.9 11.5 

 

The fit results for bias potentials between -1 V and 1 V are shown in Table 3. The change in 

lithium concentration ranges from -8 vol% to +4 vol%, for negative to positive potentials, 

respectively. It must be noted that this change is a volumetric concentration change based on the 

mixing of lithium into SSE material. Due to the unknown Li+-concentration of the bulk electrolyte, 
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no conclusions about the Li+-concentrations in the SSE’s crystal lattice can be drawn. The 

asymmetry is best explained considering the different boundaries for Li+-concentration. As 

explained in section 2.4, the Li+-concentration is limited by the mobile Li+-concentration (for Li+ 

depletion) and the free vacancy concentration (for Li+ accumulation). If the vacancy concentration 

is not exactly double the mobile Li+-concentration, the same amount of charge (i.e., the absolute 

number of Li+) cannot be depleted/accumulated in a layer of equal width. This is not only reflected 

in the Li+-concentration change, but can also be found in the fitted thicknesses in Table 3. As the 

electrochemical system is in blocking conditions, the net charge of the accumulation layer must 

equal that of the depletion layer. The wider accumulation layer, seen for positive potentials as 

described in section 5.5, is less concentrated but must hold the same total charge as the thinner 

depletion layer with a higher deviation in concentration. The concentration fraction of occupiable 

vacancies to mobile Li+ is estimated to be ca. 2/3, meaning that the bulk concentration is two-thirds 

of the maximum Li+-concentration. 

Although the semi-empirical, three-layer model performs reasonably well, a few limitations must 

be considered:  

On the one hand, the model is relying on a true sharp separation of the layers like the abrupt 

approximation for SCLs in semiconductors and thereby neglecting the fact that any change in 

concentration will not occur in a step but rather a smooth, sigmoid-like distribution as suggested 

by the theoretical calculations introduced in section 2.4. The small concentration changes (-3 

vol%) at low bias potentials (-0.25 V) indicate that the layers indeed form gradually, and the full 

depletion/accumulation is not reached for low bias potentials. On the other hand, the 

approximation of forming volumetric Li+-content inside the electrolyte material is rather simple. 

A more elaborated model on the changes of optical properties of the SSE with accumulated or 

depleted Li+ is therefore suggested for future measurements. For example, several stoichiometries 

with varying Li+-concentration in bulk could be measured in a non-biased state to investigate the 

impact of Li+-content on optical properties. Not only could this be used to validate and improve 

the model at hand, but the partition of mobile Li+ in the stoichiometric Li+-content could be 

determined. 

Conclusively, the thickness of the SCL forming at the electrode/electrolyte interface can be 

determined using spectroscopic ellipsometry, and the semi-empirical model developed. The 

findings presented in this section are direct evidence for the suspected SCL formation in SSE, and 
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the thickness of these layers cannot be considered negligible. The suspected asymmetry can be 

measured and quantified to be the fraction between available and occupied Li+-vacancies. This is 

especially important for theoretical models, where parameterization is inherently complex due to 

the unknown ion concentrations. A given fraction of accumulable and depletable charges allows 

us to describe the SCL formation at least qualitatively by theoretical calculations. However, the 

ellipsometry measurements are limited to “optical” properties and do not give insight into the 

resistance caused by this layer. As an electrochemical phenomenon, the SCL is investigated using 

electrochemical impedance spectroscopy (EIS) to gain insight into the electrochemical properties, 

such as resistance and capacitance. The following section explores impedance measurements and 

model building to describe and analyze the SCL effect. 
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6.2 Determining	 Electrochemical	 Properties	 with	
Electrochemical	Impedance	Spectroscopy.	

 

The main ideas and results presented in this section are published in ACS Applied Materials & 

Interfaces, entitled „Properties of the Space Charge Layers Formed in Li-Ion Conducting Glass 

Ceramics”, which can be found in reference 231. Permission to reuse was granted by ACS for use 

in this thesis, found in Appendix 9.1. The full paper can be found in Appendix 9.4. 

 

With the prerequisites of section 3 in mind, the use of EIS to measure the counterpart to double 

layers of liquid electrolytes becomes self-evident. Not only does EIS allow to measure resistances 

and capacitances in electrochemical systems on very different lengths- and timescales, but the 

simultaneous modification of the boundary conditions, here the bias potential, can be achieved. As 

described in the methodology, see section 3.1, staircase potential electrochemical impedance 

spectroscopy (SPEIS) can be used to swiftly measure the impedance response of the electrolyte at 

different DC potentials. As this is the first study of its kind, the same model material system as for 

the optical measurements is used: an SSE in between two blocking electrodes. 

As described in the previous section on spectroscopic ellipsometry measurements, the SCL 

phenomenon can be “activated” by applying a bias potential. Assuming some impact of the SCL 

on the impedance response of the electrochemical cell, a change in applied bias potential should 

correlate with a change in impedance. Figure 17 shows typical impedance spectra on different 

scales with a variation of the bias potential. Despite the fact that no analysis of the data should be 

done without an electrical equivalent circuit (EEC) describing the electrochemical processes, it 

can be seen that the applied bias potential has an impact on the impedance in the low-frequency 

(Figure 17A)) and mid-frequency (Figure 17B)) regime. 
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 A) B) C) 

 
   

Figure 17. Influence of the bias potential on the impedance of an SSE in blocking conditions in 
different frequency regions. A) all frequencies, B) mid frequencies and C) high frequencies. The 
impact of the bias potential is limited to mid and low frequencies, which are generally associated 
with slower processes such as charge accumulation at interfaces. The lines show the fits of the 
EEC to the data, showing very good agreement of the fit results. Graphs reprinted with 
permission from 231. Copyright 2021 American Chemical Society. 

 

To find a suitable and physically meaningful EEC, as described in section 3.3, one must consider 

the possible electrochemical processes of the Au/SSE/Au cell. The blocking electrodes should 

neither cause a high resistance nor a capacitance and will be included in the uncompensated 

resistance – an element typically found to account for connection resistances.232 

The SSE can be represented by a resistance linked to its ionic conductivity, geometry, and 

geometric capacity. The geometric capacity is caused by the SSE’s polarizability, as it is a 

dielectric medium in between two electrodes, and the capacity is determined by the following 

equation: 

𝐶>*'& =
𝜖C𝜖B𝐴
𝑑  Equation 45 

where A is the sample area, 𝜖C and 𝜖B the dielectric constants of vacuum and the bulk SSE, and d 

the sample thickness. 

Furthermore, the two interfaces of the SSE towards the electrodes must be considered in the EEC. 

Adjacent to the Au-electrode, a very thin double layer (DL) structure is formed and can be 

described by a constant phase element.233 Notably, this DL is not the same as the SCLs, but rather 

conceived as a layer of single ions on the Au surface – like the Helmholtz layer in LEs. 

Furthermore, the impedance spectra shown in Figure 17 indicate the presence of a third 

contribution. The strongly depleted SCL near the positive electrode will form a layer of lower ionic 

conductivity, as the conductivity is proportional to the Li+-concentration in SSEs.234 In parallel to 
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this SCL resistance, the Li+-depleted layer will also introduce a capacitance as it acts as an effective 

barrier to Li+. The SCL capacitance can be described as a geometric capacitance, where the 

thickness is equal to the SCL width. No impact on the impedance is expected to be introduced by 

the accumulation layer, where a wider layer naturally exhibits a lower capacitance. The charge 

accumulation does not lead to an increase in resistance but rather a decrease. 

 
Figure 18. Physical EEC for the SSE in blocking conditions. A central resistance, Rbulk, accounts 
for the electrolyte resistance and is in series to the SCL elements and the compact double layer 
(𝒁𝒅𝒍). In parallel, a geometric capacitance and a leakage resistance represent the SSE as a 
dielectric with small electronic leakage. 

 

The equivalent circuit based on this line of arguments is shown in Figure 18 with the addition of 

a leakage resistance to account for electronic leakage currents. However, the model must be 

validated by proving that each element of the EEC corresponds to the assigned electrochemical 

cause. By comparing the external condition with a subsequent impact on the impedance, we can 

deduce that the EEC elements are assigned to the correct cause. Table 4 shows the expected 

influences of the three external conditions on the EEC parameters. 

The interface conditions, i.e., the bias potential and electrode metal, should not influence any 

phenomena occurring in the bulk of the electrolyte, such as the bulk conductivity and geometric 

capacitances. Important to notice is that the frequently included grain-boundary impedance, 

represented by an additional RC-element,235,236 is not explicitly present but rather included in the 

bulk resistance. The temperature impact on the bulk conductivity should represent an Arrhenius 

behavior237 with well-defined activation energy. For a material system close to the one used here, 
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the activation energy is roughly 0.35 eV.238 Up to now, no predictions existed about the impact of 

temperature on the geometric capacitance, closely linked to the dielectric constant. 

 

Table 4. Expected impact of external conditions on EEC parameters, to create a verifiable 
physical model. 

 Rbulk Cgeom Rscl & Cscl Zdl Rleak 
Bias potential No No Yes Yes Unknown 
Temperature Arrhenius Yes Yes low low 

Electrode 
metal No No Yes Yes No 

 

With these assumptions set in place, it is now time to verify our impedance model with 

experimental data. Before evaluating the EEC parameters, a good fit quality must be ensured. 

Figure 19 shows the impedance spectra for three different electrode metals and 10 different 

temperatures, including a solid line for the corresponding fits. 
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 A) B) C) 

    

 D) E) F) 

 
   

Figure 19. Impedance spectra recorded for A) - C) 10 different temperatures and D) - F) three 
different electrode metals, shown in three different regions from low to high frequencies, from 
left to right, respectively. Reprinted with permission from 231. Copyright 2021 American 
Chemical Society. 

 

As expected, the temperature impacts the high-frequency region (Figure 19 C)) and leaves the 

mid- and low-frequency regions almost untouched. The variation of the electrode metal has the 

opposite effect, only impacting low and mid-frequency regions. It can therefore be concluded that 

the low and mid-frequency impedances are caused by an interface phenomenon. 

The EEC parameters for the different electrode metals are shown in Table 5. As expected, the 

values for Cgeom, RU, and Rbulk are unchanged regardless of the interface condition. All other 

parameters change with the choice of electrode metal, confirming that their origin is indeed an 

interface phenomenon. 
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With the knowledge of the previous section on spectroscopic ellipsometry that the SCL should be 

of several hundred-nanometer thicknesses, Figure 20 shows the impact of the applied bias 

potential on the impedance parameters. Figure 20A) and Figure 20B) show that the bulk 

parameters (Cgeom, Rbulk) are not impacted by the bias potential. However, the double layer 

capacitance (Figure 20C)) - interpreted as a very thin layer of ions right next to the electrode – 

shows a symmetric increase of capacitance, indicating a thinning layer. Considering that this layer 

is formed in between electrode and electrolyte, and therefore assuming the dielectric constant to 

be that of vacuum, the thickness of this layer at 1 V can be calculated to be 0.7 nm, equal to 3.8 

Li+ radii. The qualitative behavior of the DL capacitance matches a literature report on oxygen 

SSEs.239 In our recent study, which can be found in Appendix 9.2, the temperature dependency of 

the double layer capacitance was analyzed, and a positive correlation was found.240 The dominant 

factor is suspected of lying in the concentration change of mobile Li+ as the temperature increases 

and thus increasing the capacitance. A possible explanation for the decrease in leakage resistance 

with increasing bias potential is the higher polarization of the material forming electronic 

pathways. However, this is out of the scope of this work. 

  

Table 5. EEC parameters including errors for different electrode metals. Reprinted with 
permission from 5. Copyright 2021 American Chemical Society. 
 
  Au Cr Au/Ti Unit  

Value Error Value Error Value Error   
Cgeom 3.74E-09 1.10E-10 3.53E-09 1.16E-10 3.82E-09 1.60E-10 [F/cm²] 

Cscl 1.22E-05 1.85E-06 2.40E-05 4.80E-06 6.68E-06 1.65E-06 [F/cm²] 

RU 16.73 0.45 21.77 0.53 16.18 0.92 [Ohm] 

Rbulk 55.87 0.77 60.85 0.87 57.59 1.14 [Ohm] 

Rscl 6319.42 3963.79 1353 718.17 22.05 1.82 [Ohm] 

Rleak 1.52E+06 6.46E+05 5.53E+05 2.08E+05 4.01E+07 1.48E+07 [Ohm] 

C'dl 1.14E-06 1.07E-08 3.03E-06 3.04E-08 7.56E-06 1.14E-07 [F/cm²] 

𝛼dl 0.97 1.57E-03 0.90 1.80E-03 0.93 3.12E-03   
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A) B) C) 

   

D) E) F) 

   

Figure 20. EEC parameters for bias potentials between -1 V and 1 V were recorded at room 
temperature (25 °C) with an Au electrode. The properties of the bulk, namely Rb and Cgeom, shown 
in A) and B) are independent of the applied bias potential. A symmetrically increasing double 
layer capacitance, shown in C), indicates the formation of a thin DL with a decreasing thickness. 
The electronic leakage, D), strongly depends on the applied potential and seems to be “activated” 
by the application of a potential. E), F) show the properties of the SCL with a decrease in 
capacitance (indicating a growing layer) and an asymmetric increase in resistance. Adapted with 
permission from 231. Copyright 2021 American Chemical Society. 

The behavior of the SCL properties, Cscl and Rscl, can be explained as follows: As we already know, 

a layer of complete depletion will form upon application of a bias potential and gradually grow 

into the electrolyte. Assuming a perpendicular growth as indicated by the optical studies, the 

capacitance of this layer can be treated as the result of a plate capacitor, with the thickness being 

that of the SCL. However, when calculating the thickness using the plate capacitor equation 

(Equation 22) it is important to notice one of the major limitations of this approach. As the 

dielectric constant of the SCL is unknown, in a first approximation, the dielectric constant of the 

bulk is used, which is determined from the geometric capacitance Cgeom. Although the uncertainty 

is hard to quantify, as the accumulation or depletion of Li+ will change the dielectric properties of 
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the bulk material, the observed qualitative trend in SCL thickness is unaffected. A comparison can 

be made, however, to the thicknesses determined from spectroscopic ellipsometry, shown in Table 

3. Figure 21 shows the calculated depletion layer thicknesses from EIS compared to the 

thicknesses determined by spectroscopic ellipsometry and the corrected dielectric constant. 

Although the increase in SCL thickness is qualitatively observed with both spectroscopic 

ellipsometry and EIS analysis, a strong deviation can be observed in Figure 21A) with a plateau 

formation in the thickness determined by ellipsometry. 

 
A) B) 

  

Figure 21. A) Comparison of SCL thicknesses determined using spectroscopic ellipsometry and 
electrochemical impedance spectroscopy. Although both are on the same order of magnitude 
and the general trend is similar, the plateau formation for high potentials (> ±0.5 V) is only 
observed in spectroscopic ellipsometry data. B) Corrected relative dielectric constant calculated 
based on the thickness determined with spectroscopic ellipsometry and capacitance from EIS 
analysis. Data adapted with permission from Ref 231. Copyright 2021 American Chemical 
Society. Data adapted from Adv. Mater. 2021, 33, 2100585, © 2021 The Authors. Advanced 
Materials published by Wiley‐VCH GmbH. 

 

A layer of this form, depleted of Li+ and up to a few hundred nanometers wide, will naturally form 

a resistance, shown in Figure 20F). The resistance increases when a bias potential is applied. 

However, the asymmetry in the observed resistance is not expected as the cell setup is fully 

symmetric with a two-electrode configuration for SPEIS measurements. 

The values of the resistance, peaking at 16 𝑘Ωcm7 for positive potentials show the detrimental 

effect of the SCL on the charge transfer at the SSE/electrode interface. Conclusively, it has been 
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shown that EIS, together with a carefully developed and physically validated EEC, can not only 

reveal the resistance but can be used to calculate the thickness, assuming unchanged dielectric 

properties. In the approximation of a compact and perpendicularly growing layer with a different 

Li+-concentration than the bulk, this layer can be thought of as an ionic conductor itself in co-

existence with the bulk of the original SSE. As such, it is a reasonable pursuit to find the 

electrochemical properties such as ionic conductivity and activation energy of this newly “formed” 

material. Therefore, the next section describes the evaluation and interpretation of impedance 

spectra measured at various temperatures. In addition to the calculation of the properties of this 

layer, the temperature variation also allows to compare the results to theoretical predictions further. 

For theoretical simulations, the temperature is usually an easily accessible parameter, making a 

study on the effect of temperature on SCL formation relevant for the validation of thermodynamic 

and electrochemical models for SCLs. 
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6.3 Temperature	Dependence	of	Space	Charge	Layer	Properties.	
 

As introduced in section 2.3, the Debye length is a common measure in liquid electrolytes for the 

spatial extent of the diffuse double layer into the electrolyte. Qualitatively, the thickness of the 

SCL should be proportional to the square root of the temperature, which is easily verifiable. The 

mentioned uncertainty caused by the ignorance of the true dielectric constant of the SCL is not 

relevant, as are any other proportionality constants between capacitance and thickness. 

The ideas, graphs, and data shown in this section are primarily based on a first-author publication 

in ACS Applied Materials and Interfaces, entitled „Li+ conductivity of space charge layers formed 

at electrified interfaces between a model solid-state electrolyte and blocking Au-electrodes”, 

which can be found in reference 241. 

The same blocking conditions, i.e., a gold electrode with no charge transfer over the interface, as 

in section 6.2 are used, and therefore the same EEC, shown in Figure 18, is used for fitting the 

recorded impedance spectra at different temperatures. The following section begins with 

observations of the temperature impact on the impedance, followed by the analysis of the SCL-

related properties, a comparison of the observed thicknesses to a theoretical model, and concludes 

with a detailed description of the nature of Li+ conductivity inside the SCLs. 
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A) B) 

  

C) D) 

  
Figure 22. Parameters of the evaluation of impedance data with the EEC shown in Figure 18. 
The two bulk properties, Rbulk and Cgeom in A) and B) show a potential independent behavior 
with an increase in bulk resistance with temperature as expected. The increase in geometric 
capacitance is due to an increase in permittivity. The space charge layer properties Cscl & Rscl 
qualitatively match the room temperature data shown before with decreases in both resistance 
and capacitances. However, the asymmetry of the resistances is more pronounced for higher 
temperatures. Graphs adapted with permission from Ref 241. Copyright 2022 American 
Chemical Society. 

 

The bulk properties, shown in Figure 22 A)&B), show the expected constant behavior across the 

whole range of applied bias potentials. While the effect of temperature on the bulk resistance can 

be described using the Arrhenius equation, the origin of the increasing geometric capacitance, 
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Cgeom, is not described in the literature for SSEs. An early study in 1963 found that a temperature-

correlated increase in dielectric constant is seen in cubic ionic compounds, identifying volume cell 

expansion as the most prominent factor.242 Some literature243,244 exists on the high dielectric 

constant observed in Li+-conducting SSEs, but without further investigation of the temperature 

impact. While volume expansion is an accessible experimental parameter, a detailed investigation 

is out of the scope of this work, and although the thickness of the sample will certainly change to 

some degree, the change is not considered relevant for the calculations in this work. Whether an 

increase in temperature leads to a change in (mobile) ion or defect concentrations will be discussed 

later in section 6.4. 

For the SCL parameters, shown in Figure 22 C)&D), the qualitative behavior of the room 

temperature parameters of Figure 20 can be confirmed. The resistance decreases as the 

temperature increases, which – from an electrochemical point of view – is expected. At low bias 

potentials, i.e., absolute values below 0.5 V, and the lower temperatures below 20 °C the layer 

might not be fully formed. The capacitance drops symmetrically upon applying a bias potential 

and decreases with the increase in temperature, indicating a growing depletion layer. 

While a thorough study of the impact of temperature on SCL thickness would benefit from a 

method using a direct measurement, perhaps spectroscopic ellipsometry, the indirect determination 

using EIS allows for simultaneous determination of resistances and thereby the impact on the 

electrochemistry. Furthermore, the ellipsometry sample stage is not as easily manipulable, and 

temperature variation would require more work, which could be part of future studies. In the 

following discussion, only the values for negative bias potentials are used as the resistance values 

show a more reasonable trend. 
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A) B) 

  

Figure 23. SCL thickness plotted over bias potential, A), and the square root of temperature 
calculated based on the measured capacitances and dielectric constants, B). A plateau formation 
can be observed for higher temperatures at higher absolute potentials. The proportionality 
suggested by the Debye theory between screening length and temperature is confirmed in B) for 
negative applied potentials. Graph adapted with permission from Ref 241. Copyright 2022 
American Chemical Society. 

 

Figure 23 shows SCL thickness for different temperatures and bias potentials calculated from the 

EIS analysis. The growth of the SCL is promoted by both the applied potential (as discussed in the 

previous section) and the temperature. To explain such a trend, it is helpful to reconsider the 

underlying boundary conditions of the electrochemical system. The number of depletable Li+ per 

volume is given by the mobile Li+ concentration. If the potential drop across the SCL is equal for 

all temperatures, a wider layer containing the same amount of charge indicates a lower 

concentration of depletable Li+. This is somewhat contradictory to the general assumption that an 

increase in temperature should activate more Li+ to become mobile and take place in the 

conduction process, as observed for practically all SSEs. A solution for this conflict can be found 

in the impact of the dielectric properties on the SCL formation, which will be discussed in section 

6.4 and is suggested by the multitude of theoretical models described in 2.4. 

More importantly, the scaling of the thickness with the square root temperature proves that the 

concept of the Debye screening length can be transferred from liquid electrolytes to SSEs. While 

no exact linearity holds for all bias potentials, an increase in the slopes can be observed in Figure 

23B). Even for no applied bias potential, the depletion layer grows as the temperature increases. 

This indicates that the electrochemical potential without an applied bias potential is not exactly 
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zero, which could be caused by the Au electrodes as reported in a study on Au(111).245 Early 

reports in the literature have considered the interfacial capacitance at a metal/SSE with much 

smaller Debye lengths on the order of the lattice parameters.246 In a review article spanning across 

different sorts of SSEs, it was reported that for yttrium-stabilized Zirconia compounds the Debye 

length largely underestimates the SCL thickness.247 Further studies, in combination with the exact 

determination of the thickness using spectroscopic ellipsometry, should also consider the dielectric 

constant as part of the Debye equation. 

 

The thickness of SCLs is certainly relevant to physically describe the phenomenon and validate 

theoretical models for the SCL formation in SSEs, but the contribution to the interfacial resistance 

is of more practical importance. The overall decrease in resistance, shown in Figure 22D), can be 

expressed as an increasing conductivity when taking the thickness of the layers into account. 

Figure 24A) shows the Arrhenius behavior of the SCL conductivity for the three lowest bias 

potentials and thus for the largest SCL thicknesses. Overall, the conductivities increase with the 

temperature, where a linear trend can be observed for the different bias potentials. Viewing the 

SCL as a new electrolyte material with different ionic properties, i.e., ion and defect concentration 

and activation energy, the ion transport is still a hopping mechanism and, therefore, a temperature 

mediated effect. 

A) B) 

  
Figure 24. A) Arrhenius behavior of the conductivity observed in SCLs formed at the SSE/Au 
interface for three different bias potentials. The overall conductivity is lower at higher bias 
potentials. B) Activation energy calculated from the slope of the Arrhenius plot and a 
comparison to the bulk activation energy (dashed line). Data adapted with permission from Ref 
241. Copyright 2022 American Chemical Society. 
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However, the activation energy rises significantly compared to the bulk activation energy of 0.388 

eV as shown in Figure 24B). For yttria-stabilized zirconia, the opposite effect has been discussed 

in the literature.248 The depletion of ions leads to more vacancies, which in turn lowers the energy 

an ion must overcome to take part in the conduction process. Thus, the activation energy decreases 

as the ions are depleted. 

In the Li+-conducting SSE of this study, a different mechanism seems to be dominant, which can 

be explained using an analogy to semiconductor physics. For semiconductors, it has been long 

known that Coulomb interaction leads to the trapping of electrons in highly depleted space charge 

regions and thereby hinders electronic conductivity.249 The phenomenon of Coulomb trapping has 

been investigated in polymer SSEs with the goal of minimizing trapping effects to foster high ionic 

conductivity.250,251 The SCL is a region of low cation concentration, thus only leaving a highly 

negatively charged anion lattice that traps any remaining cation. The exact physics of this trapping 

effect could be studied in the future using, for example, solid-state Nuclear Magnetic Resonance 

(NMR), which has been used to investigate trapping effects at interfaces towards battery 

electrodes.252 

The temperature effect on SCL formation and conductivity has been studied empirically using EIS 

with the newly developed EEC. Although the results partially match theoretical expectations, such 

as scaling with the Debye length and qualitative Arrhenius behavior, the underlying mechanisms 

are to be investigated more thoroughly. 

Based on the theoretical model introduced in section 2.4, the SCL formation as a function of 

temperature and bias potential can be depicted as follows: As shown in Figure 25A), when moving 

away from zero bias potential, the SCL starts to deplete and grows simultaneously into the 

electrolyte. Once a certain potential, here -0.6 V, is reached, the lattice is fully depleted, and any 

additional bias potential leads to a growth of the SCL perpendicular to the electrode. The 

temperature effect is similar, under the assumption that no additional Li+ are becoming mobile and 

the depletable number of Li+ is constant. The additional layer depleted of Li+ exhibits higher 

activation energy compared to the bulk and thereby contributes to the observed increase in charge 

transfer resistance across the interface, shown in Figure 22B). 
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A) B) 

  

Figure 25. A) Formation of the SCL represented by the decrease in mobile cation concentration 
as a function of bias potential (green shades) and temperature (blue to red). B) The increased 
activation energy of the formed SCL compared to the bulk SSE of 22 meV. Data adapted with 
permission from Ref 241. Copyright 2022 American Chemical Society. 

 

The change of the SCL’s spatial extent correlates with the number of mobile Li+ and the available 

vacancies. However, literature on quantification of these fundamental numbers is scarce, with one 

literature report of 4.7 ⋅ 107a𝐿𝑖K/𝑚N determined by solid-state NMR.253 

The well-established Mott-Schottky theory for semiconductors, briefly described in section 2.5, 

uses the correlation of SCL capacitance to the applied bias potential to calculate charge carrier 

densities. The next section will show that a modified Mott-Schottky analysis can be formulated 

for SSEs. In combination with SPEIS measurements and the EEC for SCL formation in SSEs, this 

analysis can be used to calculate ionic concentrations. 
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6.4 Determining	 Ion	 Concentrations	 using	 a	 Modified	 Mott-
Schottky	Approach.	

 

The work in the following section was conducted together with Matti Kaye, who’s thesis was 

advised as a part of this work.254 The Mott-Schottky (MS) theory for semiconductors describes the 

SCL formation in the presence of an external potential and thereby links the formed capacitance 

with the applied bias potential. The classical approach for SCL formed by an accumulation or 

depletion of electrons can be found in section 2.5. A reformulation of the theory to be applicable 

for ionic SCLs and, therefore, ion concentrations can be done as follows. 

Table 6 defines all relevant parameters and variables for the ionic Mott-Schottky theory (iMS). 

While the different concentrations were introduced before, for the built-in potential it is worth 

reconsidering the electrochemical equilibrium at the electrode/electrolyte interface. The driving 

force for the formation of SCLs is the electrochemical potential difference, which can be of 

electrical (e.g., a bias potential) or chemical nature. As the iMS theory describes the voltage-

capacitance relation, the varied voltage is only the applied bias potential, and any preexisting 

potential drop across the interface changes the potential where the SCL becomes minimal, and the 

SCL capacitance is highest. The built-in potential is, therefore, specific for a given material system, 

and in symmetric blocking conditions, it is expected to be close to zero. 
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Table 6. Parameters and variables used in the derivation of iMS theory and a comparison 
to the traditional Mott-Schottky (MS) parameters used in semiconductor physics. 
 

 Description iMS vs. MS. 
Constants 

 
  

𝐹 Faraday constant same 
𝜖C vacuum dielectric constant same 

 
Material properties   

   
𝜖B relative dielectric constant material dependent 
𝑧$ charge of species i ion/defect vs. 𝑒E/hole 
𝑐$ concentration of species i ion/defect vs. 𝑒E/hole 

 
Variables 

 
  

𝐴 sample area same 
𝑇 Temperature same 
𝑥 1D spatial coordinate same 
𝜙 bias potential same 
𝜙($ built-in potential electrochemical vs. electrical 

   
   

As in the derivation of the classical MS, we start with the 1D Poisson equation: 

 

−
𝜕7𝜙
𝜕𝑥7 =

𝐹
𝜖C𝜖B

5𝑧$𝑐$
$

 Equation 46 

 

As all mobile, charged species must be considered in the sum, the assumption of immobile anions, 

as introduced in section 2.1, leads to the conclusion that only vacancies and cations are mobile. A 

further restriction to the concentrations is the fact that if the cation concentration changes, the free 

vacancy concentration must change by the same amount but with a different sign. The two 

concentrations, 𝑐#$ and 𝑐."/, for Li+ and free vacancies can therefore be rephrased to 𝑐&"I and 𝑐#$, 

where 𝑐&"I = 𝑐#$ + 𝑐."/ is the maximum number of Li+ accumulable with all vacancies filled. 

The mobility of cations and vacancies inside of an SSE can be described using the Poisson-Nernst-

Planck (PNP) equation as described in section 2.2. However, it has been theorized in the literature 

that the PNP approach has significant shortcomings for highly concentrated electrolytes.255 

Recently, a modified PNP model was introduced by Liu et al.,256 which considers the impact of 
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vacancies by adding an upper limit for the cation concentration (cmax). The spatial distribution of 

the cations, 𝑐K, for a given potential 𝜙, is calculated to be: 

𝑐K(𝑥) =
𝑐#$+ 	exp	(−

𝑧#$+𝐹
𝑅𝑇 𝜙)

1 + 𝑐#$+ 	
𝑐&"I

(exp �− 𝑧#$+𝐹𝑅𝑇 𝜙� + 1)
 Equation 47 

The Poisson equation and the derivation shown in section 2.5 can be used to calculate the 

capacitance, and thereby the following equation is found: 

 

1
𝐶,-./

=
2

𝐴/𝜖0𝜖1𝑧𝐹𝑐.2!

𝑅𝑇
𝑧𝐹

𝑐345
𝑐.2!

	ln	(1 + 𝑐.2!
𝑐345	

(exp4− 𝑧𝐹𝑅𝑇 (𝜙 − 𝜙72)8 − 1)) + 𝜙 − 𝜙72

⎝

⎜
⎛
1 −

exp4− 𝑧𝐹𝑅𝑇 (𝜙 − 𝜙72)8

1 + 𝑐.2!
𝑐345	

(exp4− 𝑧𝐹𝑅𝑇 (𝜙 − 𝜙72)8 − 1)⎠

⎟
⎞

/  

Equation 48 

At first glance, Equation 48 does not look like the original Mott-Schottky equation. However, if 

the potential 𝜙 deviates from the built-in potential 𝜙($ the exponential terms quickly vanish. 

Figure 26 shows that for potential values not in proximity of the built-in potential, the iMS 

equation is linear. 

 

A) B) C) 

   
Figure 26. Numerical calculations of the iMS equation (Equation 48). Standard values are 𝑐#$+ 
= 1 mol/m3, cmax = 2 mol/m3, 𝜙bi = 0 V, and T = 300 K. Variation of 𝑐#$+ and cmax leads to an 
asymmetric change in the slope, shown in A) and B). The offset along the x-axis with the variation 
of Vbi can be observed in C). Graphs adapted/reproduced with permission from reference 254. 

 

It is important to notice that the potential values of the x-axes in Figure 26A) - C) imply the use 

of a reference electrode setup in which the accumulation layer and depletion layer can be measured 

separately. In this work, no reference electrode is employed, and only the depletion layer is 
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measured as described in the explanation of the EEC in section 6.2. The derivation of the Mott-

Schottky analysis does not a priori define whether the SCL is positively or negatively charged, 

and therefore the capacitance-voltage relationship is valid for both negative and positive applied 

potentials. 

Figure 26A) and Figure 26B) show the impact of the Li+ concentration and the physical limit (i.e., 

cmax) on the inherent asymmetry. When a certain amount of charge is displaced, the width and 

capacitance of the accumulation and depletion layer are directly linked to the achievable 

concentration. A thinner layer with higher concentration difference can hold the same amount of 

charge as a wider layer of lower concentration change. In blocking conditions, the layers are only 

symmetric for 2𝑐𝐿𝑖+ 	= 	 𝑐&"I ,	and asymmetric behavior is expected for all other values. This is 

important for the experimental considerations: As explained in the derivation of the electrical 

equivalent circuit, see section 6.2, measuring the capacitance caused by the accumulation of 

charges is not achievable without a reference electrode as the depletion layer will dominate both 

resistive and capacitive effects. The fitting of the equation to the experimental data must therefore 

be limited to negative potentials and thereby only allows to calculate the Li+ concentration but not 

the maximal concentration. When no reference electrode is used, and only the depleted layer is 

observed for both negative and positive bias potentials, the observed symmetry in voltage-

capacitance plots can mislead to the conclusion that the bulk concentration is exactly half the 

maximal concentration. The built-in potential, a variation of which is shown in Figure 26C), only 

impacts the position of the iMS curve along the x-axis. For a semiconductor junction the built-in 

potential is easily explained by the potential the junction exhibits due to the difference in doping, 

and therefore describes the space charge region without any electrical driving force.257 The 

electrochemical potential difference in the symmetrical cell setup of this work is not as simple. In 

principle, the Au electrode and the SSE have a different electrochemical potential, and thus the 

built-in potential leads to the formation of an SCL even at zero potential. However, the 

measurement of this potential would again rely on a reference electrode – and therefore is out of 

the scope of this work. 

With these limitations, the experimentally obtained data of the SPEIS measurements can be fitted 

with the iMS equation, and information about the Li+ concentration be obtained. A temperature 

variation is taken into consideration from the beginning to investigate the impact of temperature 
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on the charge carrier concentrations. For room temperature, the inverse squared capacitance is 

shown in Figure 27A) showing a slightly asymmetric trend for negative and positive potentials as 

expected from the considerations above. The minimum of the curve is slightly moved to positive 

potentials, indicating a potential of minimum SCL presence at small positive polarizations of the 

sample. 

A) B) 

  
Figure 27. A) Room temperature SPEIS measurement in a Mott-Schottky plot with a slight 
asymmetry for negative and positive potentials. Overall, the fit of the iMS equation is closer to 
the data for positive potentials. B) Mott-Schottky plots of SPEIS data for different temperatures, 
solid lines are the fits of the iMS equation. While the SSE used for the measurements was the 
same, the samples were in a different electrochemical state, giving rise to the offset in the 
minimum of the curves, i.e., 𝜙($. Graphs reproduced with permission from reference 254. 

 

With increasing temperature, the asymmetry becomes more pronounced, as shown in Figure 27B) 

with an overall decrease in capacitances (thus increase in inverse squared capacitances). While the 

asymmetry points back to the issue of the missing reference electrode, the change in slope on the 

positive (right) side of the graphs leads to the conclusion that the concentration must change in 

dependence of the temperature. From the iMS equation and the calculations shown in Figure 26A) 

it can be deduced that the higher the slope, the lower the Li+ concentration regardless of the 

maximal concentration, see Figure 26B). Qualitatively, the decrease in Li+ concentration agrees 

with the conclusions in section 6.3, where the thickness of the depletion layer grows with 

increasing temperature indicating that the same amount of charge is stored in a larger volume. 

Comparing the qualitative results to experimental studies in the literature remains difficult as the 

temperature dependency of the Li+ concentration is a rarely studied phenomenon. However, early 
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theoretical works on single-crystal Na 𝛽-alumina suggest an exponential increase in concentration 

when the temperature is increased.258 Several approaches to explain the nonlinearity of traditional 

MS plots exist, such as the presence of multiple energy bands for mobile species in a TiO2 

semiconductor.259 Although this is certainly an interesting thought and would give insight into the 

solid-state ionics of the SSE at hand, this remains out of the scope of this work. 

In addition to the qualitative analysis for the temperature impact, the data for positive branch of 

the curves can be fitted to obtain numbers for the mobile Li+ concentrations. It is noteworthy that 

the temperature, besides the direct impact on Li+, influences the iMS equation also directly through 

the parameter T and indirectly through the impact on the dielectric constant. While the direct 

impact is negligible, as it only changes the slope of the curve for 𝜙 ≈ 𝜙($"G, the influence through 

the change in 𝜖B can be accounted for using the true dielectric constant from the measurement of 

𝐶>*'&. 

Table 7. Comparison of physical and electrochemical properties underlying the interfacial 
charge layers in different systems. Adapted with permission from Ref 254. 
 

Temperature 25 °C 35 °C 50 °C 62 °C 

Li+ concentration 
[mol/m3] 3.5 ± 0.24 2.61 ± 0.06 1.38 ± 0.01 1.06 ± 0.04 

 

While the Li+ concentration is a critical parameter for parameterization, which will be extensively 

used in the next section, a comparison to literature values is difficult as reports are rare. However, 

the concentrations of Li+ match that measured on the surface of a LICGCTM sample by a 

spectroscopy approach.260 In the next section, a kinetic Monte-Carlo model and a parameterization 

based on the experimental results of this work will be used to show that a physical calculation with 

the correct parameterization without any a priori assumption about the formation of SCLs verifies 

many of the experimental findings, such as the asymmetry of accumulation and depletion layer. 

The spatial extent of the SCLs, given a realistic approximation of the mobile Li+ and defect 

densities, matches the experimentally observed thicknesses determined by spectroscopic 

ellipsometry, as discussed in section 6.1.  
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6.5 Parameterization	 and	 Validation	 of	 a	 Kinetic	 Monte-Carlo	
Model.	

 

The work of the following section was conducted together with M. Gößwein at the chair of Prof. 

A. Gagliardi for “Simulation of Nanosystems for Energy Conversion” at TUM. Data and graphs 

were created in close collaboration with M. Gößwein. 

The method of kinetic Monte-Carlo (kMC) simulation has been used extensively for SSEs in solid 

oxide fuel cells,261,262 but little research has been done on Li+-conducting SSEs. 

 

Table 8. Input and output parameters of the kMC model. Note that, only the concentrations 
are hard to determine, while all other parameters are easily measured. The direct output 
parameters are spatial distributions of Li+ and potentials, from which the SCL thicknesses can 
be determined as described in the text. Bold are the standard values for the simulation if not 
specified otherwise. 
 

 Description Numerical Values 
Input Parameters 

 
  

𝑐#$+,(2)3 bulk Li+ concentration 
[ions/𝑐𝑚EN] 

{5 ⋅ 10@a, 𝟑 ⋅ 𝟏𝟎𝟏𝟖, 10@d} 

𝑐#$+,&"I maximal Li+ concentration 
[ions/𝑐𝑚EN] 

{1.25, 𝟏. 𝟓, 2} 	 ⋅ 𝑐#$+ 

Δ𝑡 simulated time [s] {2, 𝟓, 15} 
𝐿G sample length [𝜇𝑚] {1, 𝟏. 𝟓, 3} 
𝜖B dielectric constant {100, 𝟔𝟕𝟕, 1400} 
𝜙($"G bias potential [𝑉] {0, 0.5, 1.5, 𝟐. 𝟓, 3.5, 4.5}  

   
   
 Description Type 

Output  
 

  

𝑐#$+(𝑧) spatial Li+ distribution vector 
	𝜙(𝑧) spatial potential distribution vector 
𝑑9EG/) negative SCL thickness (Li+ depletion) scalar 
𝑑<EG/) positive SCL thickness (Li+ accumulation) scalar 
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Table 8 summarizes the input and output parameters of the kMC model. The input parameters, 

except for the Li+ concentration (𝑐#$+,(2)3) and its limit (𝑐&"I), are well known and/or easily 

measured. The concentrations, however, are less well known and rarely described in the literature. 

The three numerical values for 𝑐#$+,(2)3 are orientated on the results of the iMS, see section 6.4 – 

for example, at 25 °C, a mobile Li+ concentration of 2.1 ⋅ 10@e	𝑐𝑚EN is determined. The maximal 

concentrations are set in reference to the Li+ concentration of the bulk SSE, with up to 2 vacancies 

per mobile Li+ present. Before any kMC simulations are performed, it is known that this limits the 

charge accumulable, and based on the asymmetry of thicknesses known from the spectroscopic 

ellipsometry study, see section 6.1, the values are reasonably chosen. With all other parameters 

known, the kMC model is employed to simulate the 1D concentration profiles of the charge carrier 

concentration and thus the electrical potential profile across the simulated device, which in this 

case is an SSE in blocking conditions of 1.5	𝜇𝑚 thickness with a dielectric constant of 677. The 

driving force for the Li+ is the electrical potential difference, or potential 𝜙($"G, which is 

incorporated as a boundary condition such that the potential at position 𝑧 = 0 matches the applied 

bias potential 𝜙($"G and at position 𝑧 = 𝐿G matches 0	𝑉. 

A) B) 

  
Figure 28. Results of kMC simulations with standard parameters, see Table 8. A) Li+ 
concentration across the simulated device. A change in local charge concentration builds up 
towards the interface with a wider accumulation compared to the depletion. The net charge is 
displaced away from the more positive electrode to the negative electrode. The potential 
distributions in B) are based on the boundary conditions 𝜙(𝑧 = 0) = 	𝜙($"G, 𝜙(𝑧 = 𝐿G) = 0. 
The potential drops occur asymmetrically in the SCLs, with a higher potential drop in the 
accumulation layer. The bulk stays electroneutral, and therefore no potential drop occurs. 
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Figure 28 shows the results of the kMC simulation – the Li+ concentration in A) and the potential 

profile in B). Here, the bulk concentration of mobile Li+, 𝑐#$+,(2)3 , is 3 ⋅ 10@e𝑐𝑚EN at which the 

local net charge is zero. Without any applied bias potential, i.e., 𝜙($"G = 0	𝑉, the charge profiles 

remain constant, and no SCL is present. Note that this neglects the possibility of a chemical 

potential difference between electrode and SSE, which could lead to a slight offset in the true 

potential at which no charge redistribution happens. The asymmetry of the charge profiles, with a 

wider, less concentrated accumulation layer and a thinner, more concentrated depletion layer is 

unsurprising as the boundaries for the charge carrier concentration are incorporated into the kMC 

model. An increase in bias potential leads to a widening of the SCL. However, as shown in Figure 

28A), it is not proportional to the potential, which is in disagreement with the thermodynamic 

model described in section 2.4 and reference 77. These initial results predict the formation of two 

asymmetric SCLs of opposite charge based solely on merely two physical facts: The 

electrochemical potential difference must drop somewhere within the SSE, and there are limits for 

the minimal and maximal Li+ concentration in the SSE. Even without an exact parameterization, 

the qualitative results align with the experimental studies of this work. The thicknesses of the SCLs 

can be quantified using the point of the Li+ profiles where the concentration deviation is smaller 

than 10% with respect to the bulk Li+ concentration, which is close to the abrupt approximation 

used for the iMS analysis of section 6.4. 

Special attention must be brought to the impact of the SSE length, 𝐿G. The thermodynamic model 

of Braun et al.77 indicates a dependence of the SCL thickness on the “characteristic length” with a 

scaling of 𝑑G/) ∝ 1/𝐿G. When the bulk is expected to be electroneutral, a dependence on the size 

of the bulk should not occur. Figure 29 shows that the kMC model of this work does not predict 

a change of SCL thickness, Figure 29A) when the length of the simulation domain is changed. 

However, as observable in Figure 29B), a small deviation from the expected electroneutrality of 

the bulk occurs, which could either be due to the local polarizability of the SSE or a numerical 

artifact. As the impact is negligibly small, a detailed analysis is outside of the scope of this work. 
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A) B) 

  
Figure 29. Impact of the sample length on the spatial extent of the SCLs. Simulation parameters 
are given in Table 8. In A) the independence of the SCLs thickness on the device length is shown 
with the dashed lines showing the geometrical end of the devices for different lengths. In the 
potential distributions, shown in B), a slight deviation of the electroneutrality of the bulk is 
recognizable, which appears to be constant regardless of the SSE length. 

 

After this brief physical validation of the model’s output, the predictive power can be tested with 

a variation of the input parameters, namely 𝑐#$+,(2)3, 𝑐&"I, and 𝜖1. This is not only useful to test 

the model towards physical validity, but allows to predict the formation of SCLs for different 

materials with lower or higher Li+ concentrations and provide a guide to quickly assess the 

susceptibility of a material to the formation of highly charged and possibly resistive layers at the 

interfaces towards electrodes. Figure 30 summarizes the findings for the variety of parameters 

shown in Table 8 for bias potentials between -4.5 V and 4.5 V for each simulation. Unsurprisingly, 

the SCL thicknesses strongly depend on the accumulable charge with higher cation concentrations 

𝑐#$+,(2)3 leading to thinner layers – as the total amount of charge to shield a certain potential at a 

fixed dielectric constant must be equal. The same is true for the influence of the maximal cation 

concentration, which impacts only the accumulation layer. The thicknesses of the SCLs are defined 

as the distance from the electrode at which the Li+ concentration is within 10% of the bulk 

concentration. 
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A) B) C) 

   
D) E) F) 

   
G) H) I) 

   
Figure 30. Influence of physical input parameters on the formation of SCLs. Standard 
parameters are given in Table 8. For positive bias potentials, the depletion layer thickness is 
shown, whereas, for negative potentials, the thicknesses are those of the accumulation layers. 
The thicknesses are calculated based on the 10% criterium as described in the text. The 
simulations in one row are of equal cation concentration (𝑐#$+ = {5 ⋅ 10@a, 3 ⋅ 10@e, 10@d}, for 
A)-C), D)-F), and G)-I), respectively. The grey insets are the vacancy concentrations, which are 
1.25, 1.5, and 2 times the cation concentration from left to right, respectively. 
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For a constant cation concentration, shown in the rows of Figure 30, only the layer for negative 

potentials, the case when the electrode next to the layer of interest is negatively biased, changes. 

Although the qualitative results seem unsurprising, the fact that the simulation quantitatively aligns 

with the measured thicknesses determined in the ellipsometry study, see section 6.1, and shows 

that the concentrations determined by the ionic Mott-Schottky analysis, see section 6.4, are close 

to the physical parameters. Not only does this further prove the conclusions about the formation 

of SCLs in the experimental studies, but it also allows to investigate the SCL formation in new 

materials. 
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7 Conclusion & Outlook. 
 

In this thesis, the nature of space charge layers has been extensively elucidated and its physical 

and electrochemical properties measured. Theoretical predictions for the size and impact of the 

SCL were inconclusive or lacked a good set of parameters at the onset of this work, and 

experimental characterizations were and are hard to come by. A short summary of the research 

findings can be found at the end of this section. An overview of the leading Principal Investigators 

(PIs) in the field of SCL research in Li+-conducting SSEs is shown in Figure 31. 

 

1 Katzenmeier, L. et al. (2021) Advanced 
Materials, 33, 2100585 

2 Katzenmeier, L. et al. (2021) ACS Appl. 
Mater. Interfaces, 13(4), 5853–5860. 

3 Katzenmeier, L. et al. (2021) 
Electrochimica Acta. 391. 138969. 10.1016  

4 Kateznmeier, L. et al. (2022) ACS Appl. 
Mater. Interfaces, 14, accepted. 

5 Ionic Mott-Schottky Analysis of Solid-State 
Electrolytes (in preparation) 

6 Kinetic Monte-Carlo simulation of SCLs 
(in preparation) 

Figure 31. Overview of SCL research with the relatively small number of research groups, 
named by the PI, which investigate some aspects of SCL formation in SSEs ranging from 
theoretical to experimental works in the fields of physics and electrochemistry. The numbers 
indicate the studies and findings of this work according to the list on the right. 

The findings of this work cannot only be seen from the viewpoint of SCLs, but each study in this 

work involved developing a new technique for modeling a new aspect of SSEs. Using 

spectroscopic ellipsometry to in situ detect charge accumulation in Li+ conducting ceramic 

materials did not only prove to be useful to detect the formation of SCLs in the SSE, but also 

opened a possible path towards the characterization of SSE layers and their Li+ concentration. 

Many publications on the formation of interphase layers at the SSE electrode exist, possibly 
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important for negative effects such as dendrite suppression,263 cell failure,264 or even stabilization 

of the interface.265 Spectroscopic ellipsometry could help to elucidate the nature of these layers 

with unknown precision while only requiring a bench-top setup. The technique is easily combined 

with electrochemical measurements as the sample is easily accessible and provides a way for in 

situ measurements. 

The detection of SCLs via the capacitance caused by such a thin but resistive layer in SSEs 

showcases the power of EIS. Combined with an EEC, physical insights into the elusive SCLs can 

be gained with an easily accessible electrochemical technique that almost every research 

laboratory possesses. However, it must be stressed that the EEC is the central part of the analysis 

and therefore must be carefully validated and competing effects, here the grain-boundary 

impedance, have to be considered. Once a physically correct EEC is developed, the impedance 

spectra are easily recorded for different temperatures, electrode metals, and potentials, to only 

name a few possible parameters for which the influence on the electrochemical system can be 

studied. The fact that concepts and theories, such as the Debye screening and Mott-Schottky 

analysis, can be transferred to SSEs, although with minor adjustments, highlights the importance 

of fundamental research into the electrochemical behavior of Li+-conducting solids. 

A deep understanding of the formation and impact of SCLs in SSE candidates for use in ASSB for 

automotive and mobile applications will require more work on both different materials and non-

blocking conditions. Any real-world battery application will, of course, be in non-blocking 

conditions, such that the extension of the models and theories developed in this work must be 

prioritized in future studies. 

However, the new field of lithionic devices, reviewed by J.L.M. Rupp and co-workers,266 could 

greatly benefit from a deep understanding of the formation of SCLs – as some of these devices 

operate in blocking conditions. 
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Research Summary 

• An optical method, spectroscopic ellipsometry, was used to directly measure the growth of 

the SCL under different bias potentials and the asymmetry of depletion and accumulation 

layer shown. Not only the thicknesses but also the concentration changes inside these layers 

were quantified. 

• Further probing of the electrochemical and physical properties of the SCLs was achieved 

by applying EIS and an EEC was developed. The physical EEC was then used to fit the 

data and was validated with a variation of bias potential, electrode metal, and temperature, 

thereby modifying the interface. The bulk and interface equivalent circuit elements were 

separated and individually assessed to gain insight into the SCL properties. 

• The impact of temperature on the capacitance and resistance of the SCL was investigated 

using EIS. The SCL thickness shows a Debye-like temperature dependency, and its 

activation energy is significantly increased compared to the bulk electrolyte. 

• A kinetic Monte Carlo model, parameterized through the experimental findings, 

conclusively reproduces the nature of the SCL formation in the model electrolytes. Not 

only do the calculated thicknesses match, but the model inherently predicts the 

experimentally observed responses. 
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9.2 Temperature	Dependency	of	the	Double	Layer	Capacitance.	
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a b s t r a c t 
This study investigates the influence of the temperature on the electrical double layer capacitance (C DL ) 
of various materials, which are essential for fuel cells and solid-state Li-ion batteries. Electrochemical 
impedance spectroscopy is utilized to measure the C DL of polycrystalline Pt/aqueous electrolytes inter- 
faces, cathode catalyst layers of polymer electrolyte membrane fuel cells (PEMFC), and Au or Li electrodes 
in contact with a solid-state electrolyte (SSE), a prime example for solid-state ionics. Our results show 
that within the investigated temperature ranges, the C DL decreases with an increase in the temperature 
for Pt electrodes in an aqueous acidic electrolyte. However, for SSE and PEMFC cathode catalyst layers, 
the C DL increases with temperature. The C DL behavior with the temperature of herein presented systems 
is important for understanding and modeling of the interface processes for renewable energy conversion 
systems such as fuel cells, water electrolyzers, and batteries. 

© 2021 Elsevier Ltd. All rights reserved. 
1. Introduction 

Electrical double layer (EDL) structure plays a crucial role in 
various energy conversion and storage systems, such as super- 
capacitors, batteries, electrolyzers, and fuel cells [1–7] . The EDL 
structure can be influenced by several parameters such as the elec- 
trode and the electrolyte composition as well as temperature [8–
13] . For instance, recently, the influence of supporting electrolyte 
components on the EDL of Pt, Au, and Cu electrodes has been in- 
vestigated [ 14 , 15 ]. It was shown that the solvated metal cations 
present in the solution tend to accumulate near the electrode sur- 
faces. This can have a significant influence on the catalytic per- 
formance of the electrodes [16–19] . Moreover, the EDL structure 
also plays an essential role in determining the properties of the 
solid electrode/solid-state electrolyte (SSE) interfaces. For instance, 
in solid-state ionics, the nature of the electrochemical interface 
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München 85748, Germany. 
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(A.S. Bandarenka). 
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of SSE towards electrodes is believed to have a fundamental dif- 
ference to the EDL formed at solid/liquid interfaces. The confine- 
ment of charge carriers to specific lattice sites of the SSE crystal 
gives a narrow concentration limit for the accumulation of charges. 
Previous work showed that the coexistence of a thin but highly 
charged, almost mono-ionic, EDL and a wider, less concentrated 
space charge layer (SCL) accurately describes the impedance be- 
havior of an SSE in contact with a gold electrode [20] . The EDL of 
SSEs thickness is close to a few ionic radii of Li and, therefore, ex- 
hibits a capacitance on the order of microfarads. The electrochemi- 
cal EDL in SSE has not been as widely investigated compared to the 
case of liquid electrolytes. A study on the metal/SSE has extended 
the classical Guoy-Chapman model to the case of solids and shows 
that the interfacial capacity differs quite drastically [21] . 

Electrochemical impedance spectroscopy (EIS) is a unique 
and affordable technique that can provide valuable information 
about the EDL of different interfaces [ 22 , 23 ]. In this work, the 
temperature dependence of the capacitive properties of various 
application-relevant systems is investigated using EIS. The influ- 
ence of the temperature on the double layer capacitance (C DL ) of 
Pt/0.1 M HClO 4 , cathode catalyst layer of polymer electrolyte mem- 
brane fuel cells (PEMFC), and SSE/Li or Au are presented. Results 

https://doi.org/10.1016/j.electacta.2021.138969 
0013-4686/© 2021 Elsevier Ltd. All rights reserved. 



 
106 

S.A. Watzele, L. Katzenmeier, J.P. Sabawa et al. Electrochimica Acta 391 (2021) 138969 
showed that the C DL of Pt electrodes decreases with increasing 
temperature, and the opposite trend is observed for the SSE and 
the PEMFC cathodes. The possible origin of these kinds of trends is 
briefly discussed. 
2. Experimental methods 
2.1. EIS measurements for polycrystalline Pt electrodes 

Prior to experiments, all glassware was cleaned with freshly 
prepared, hot peroxymonosulfuric acid and subsequently rinsed 
multiple times with boiling de-ionized water. For the assessment 
of the C DL of the simple Pt surface, a standard double-walled glass 
cell with a three-electrode configuration was utilized. A Pt wire 
(99.99%, Mateck, Germany), a mercury/mercury-sulfate electrode 
(SI Analytics, Germany), and a polycrystalline Pt(pc) (Mateck, Ger- 
many) were utilized as the counter, reference, and working elec- 
trode, respectively. The 0.1 M HClO 4 electrolyte was prepared using 
perchloric acid (70% Suprapur, Sigma Aldrich, Germany) and de- 
ionized water (18.2 M Ω ) obtained from a water machine (Evoqua 
water technologies, Germany) and purged with argon (5.0) for at 
least 20 min. The temperature was controlled by a thermostat (Ju- 
labo, Germany). The experiments were performed using a VSP-300 
potentiostat (Biologic, France), and all the potentials are referred to 
the reversible hydrogen electrode (RHE) scale. A temperature range 
between 20 and 60 °C was studied. EIS spectra were recorded in 
20 mV steps between 0.36 and 0.7 V vs RHE. Frequencies between 
12 kHz and 1 Hz were applied, using a probing voltage amplitude 
of 10 mV. 
2.2. EIS measurements related to the PEM fuel cell cathodes 

For PEMFC cathode studies, a FuelCon Evaluator C10 0 0-LT with 
an EIS capable load and the Peltier-Element-Tempered (PET) PEM 
single-cell was used [24] . The test procedure was fully auto- 
mated and performed three times for each temperature measure- 
ment point. After preconditioning, to maintain the same measure- 
ment parameters and approximate the respective temperature, the 
impedance measurement was performed at the open-circuit poten- 
tial. A membrane electrode assembly (MEA) with an active area of 
43.6 cm ² and a ∼15 µm thick polymer electrolyte membrane was 
used for the measurements. The Pt loading of the anode/cathode 
side was 0.05 and 0.45 mg Pt/cm ², respectively. More about the 
measurement setup and the exact test procedure can be found in 
Ref. [25] . A temperature range between −5 and 60 °C was stud- 
ied. EIS spectra were recorded at open circuit potential. Frequen- 
cies between 30 and 0.1 Hz were applied, using a probing current 
amplitude of 20 mA. 
2.3. EIS measurements related to the metal/solid electrolyte interface 
2.3.1. Solid Electrolyte 

The solid electrolyte used in this work was a lithium-ion 
conductive glass ceramics (LICGC TM ) purchased from Ohara, Ger- 
many. The main conductive in such samples crystalline phase is 
Li 1 + x + y Al x Ti 2-x Si y P 3-y O 12 and conductivity values of ∼0.1 mS/cm 
are typical. The samples were used as delivered without further 
treatment. 
2.3.2. Preparation of the blocking electrode 

Gold electrodes were deposited using an e-beam evaporator 
(L560, Leybold, Germany) under vacuum conditions. A deposition 
rate of 1 Å/s was controlled with an IC-60 0 0 (Inficon, Switzerland). 
Stainless steel masks with a radius of 7.5 mm were utilized to cre- 
ate circular electrodes. 

2.3.3. Preparation of non-blocking electrodes 
The Li electrodes used in this work were circular plates of 

15.6 mm radius and 1 mm thickness. All handling was done in an 
Ar-filled glovebox with O 2 and H 2 O residual values below 1 ppm. 
The surface was polished to reveal the metallic Lithium shine and 
instantly placed onto the SSE. 

A temperature range between 25 and 62 °C was studied. EIS 
spectra were recorded in 0.25 V steps between −1 and 1 V bias 
potential. Frequencies between 5 MHz and 1 Hz were applied, us- 
ing a probing current amplitude of 10 mA. 
3. Results and discussion 
3.1. Polycrystalline Pt and PEM fuel cells 

First, the temperature effects on the EDL of Pt(pc) electrode 
were investigated in aqueous perchloric acid electrolytes. These 
model systems serve for a basic understanding and as a point of 
comparison with respect to more complex systems. To evaluate the 
C DL the EIS is utilized. Using equivalent electric circuit (EEC) mod- 
els with a physical meaning to fit the impedance data, the actual 
C DL can be separated from other pseudo-capacitance contributions, 
e.g., caused by proton adsorption/desorption. The specific EECs are 
discussed for each individual system. 

Fig. 1 A shows a typical cyclic voltammogram, CV, of the Pt(pc) 
electrode in Ar-saturated 0.1 M HClO 4 at 50 mV/s scan rate. This 
CV shows all the expected features, such as typical proton and 
∗OH/ ∗O adsorption/desorption peaks, the peak positions are indi- 
cated in the figure [ 26 , 27 ]. Moreover, the Pt(pc) surface remained 
unchanged during the EIS measurements, which was confirmed by 
the CVs taken before and after recording the impedance spectra. 

The EEC used to evaluate the EIS data is given in Fig. 1 B. It 
consists of an uncompensated resistance, R u , which is mainly de- 
termined by the electrolyte, the cell, and the electrode geome- 
try, the impedance of the double layer Z dl , as well as an adsorp- 
tion capacitance, C a and resistance, R a . The latter two are caused 
by reversible adsorption/desorption with simultaneous electron 
exchange, e.g., the adsorption of protons or hydroxyl-ions. This 
pseudo-capacitance (C a ) can be typically separated from the C’ DL 
due to the different time constant and frequency dispersion rela- 
tion [ 28 , 29 ]. This physical model is generally accepted and com- 
monly used for adsorption processes without diffusion limitation 
[ 14 , 15 , 22 ]. 

In general, the double layer capacitance depends not only on 
factors such as the electrolyte composition, the surface, and the 
temperature but also on the electrode potential. Consequently, EIS 
spectra were recorded and evaluated over a wide potential win- 
dow to compare the minimum C DL values at different tempera- 
tures. Fig. 2 (A,B) show a typical impedance spectrum (open sym- 
bols) with the fitting results recorded at 20 °C. All the fits have a 
very small average deviation from the data of ( !r ²< 6 · 10 −5 ). Fur- 
thermore, all parameters have only low uncertainties ( < 5%), which 
shows the importance of the individual elements in the EEC. The 
fits at the respective capacitance minima for the higher tempera- 
tures can be found in the supporting information, SI (Fig. S1). 

The exponent n in the constant phase element Z CPE = C ′ DL ·
( jω ) −n remained always higher than 0.95. Hence, it can be as- 
sumed that the values of the parameter C’ DL are close to the value 
of the real electrical double layer capacitance, C DL . 

In Fig. 2 C , the C’ DL values at different temperatures obtained 
from the EIS data analysis are plotted against the applied electrode 
potential. Two general trends can be seen. (i) Independent of tem- 
perature, the double layer capacitances are at minima at ca . 0.4–
0.5 V vs RHE. (ii) The capacitance decreases with increased temper- 
ature. The position of the minima coincides with that from other 
works, e.g ., for Pt (111) [30] . 

2 
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Fig. 1. Characterization of the Pt(pc) electrode. (A) Cyclic voltammogram in Ar-saturated 0.1 M HClO 4 (scan rate 50 mV s −1 ). Typical proton and ∗OH/ ∗O adsorption/desorption 
peak positions are indicated in the figure. (B) Equivalent electric circuit for the evaluation of EIS data. It consists of uncompensated resistance R u , a constant phase element 
to model the impedance of the double layer, Z dl , adsorption resistance, R a , and capacitance, C a . 

Fig. 2. Influence of temperature on the double layer capacitance of Pt(pc). (A) Representative Nyquist plot for the Pt(pc) electrode recorded in Ar-saturated 0.1 M HClO 4 at 
20 °C and at 0.48 V vs RHE. Data points are represented with open symbols. The EIS data were fitted using the EEC presented in Fig. 1 B. (B) Corresponding Bode plot. (C) 
The double layer capacitance as a function of the applied potential. (D) Minima of the double layer capacitance as a function of temperature. The dotted line is a guide to 
the eye. Note that, for better visibility of data points at high frequencies, the Nyquist plots are not orthonormal. 

Concerning the temperature dependence of the double layer ca- 
pacitance, as shown in Fig. 2 C,D, this can probably be explained 
via Brownian molecular motion, stretching, bending, and rotation 
modes which are excited at elevated temperature [31] . Here, for 
example, the polarizability of water and thus the dielectric con- 
stant ε r is significantly reduced at elevated temperatures. While at 
the lower temperature, the water molecules are more ordered and 
can be polarized, their polarizability is limited at higher tempera- 

tures. This behavior leads to decreased ε r [32] . In turn, this results 
in lower C DL . 

Let us now consider the C DL of more complex systems, in par- 
ticular, that of PEM fuel cells. To evaluate the impedance data with 
respect to the C DL , an EEC shown in the inset of Fig. 3 A was used. 
This EEC consists of an uncompensated resistance, double layer ca- 
pacitance, adsorption capacitance and resistance. Moreover, due to 
the oxygen reduction reaction, ORR, happening at the cathode, the 
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Fig. 3. Determination of the double layer capacitance of the PEM fuel cell cathode at various temperatures. (A) Typical Nyquist plot recorded at the 10 °C at the open-circuit 
potential. Open symbols correspond to measured data, while the line corresponds to the fitting using the EEC shown in the inset. The EEC consists of an uncompensated 
resistance, a double layer capacitance and adsorption capacitance and resistance, and a charge transfer resistance. (B) Typical Bode plot recorded at the 10 °C at the open- 
circuit potential. The magnitude of the impedance |Z| (dark blue) and phase angle ϕ (light blue) are plotted versus the frequency. (C) The double layer capacitance as a 
function of temperature. The dotted line is a guide to the eye. Note that, for better visibility of data points at high frequencies, the Nyquist plots are not orthonormal (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
EEC has an additional charge transfer resistance. This charge trans- 
fer resistance models the Faradaic reaction, while the adsorption 
capacitance and resistance are caused mainly by the adsorption of 
sulfonated groups from the ionomer [ 33 , 34 ]. 

Fig. 3 A shows exemplary data of the measured impedance and 
the corresponding fitting analysis at a cell temperature of 10 °C. 
Fig. 3 B illustrates the typical Bode plot recorded at the 10 °C at 
the open-circuit potential. The C DL shows a quasi -linear behavior 
versus the cell temperature (see Fig. 3 C). The detailed analysis of 
the other EEC parameters is out of the scope of this study and can 
be found in reference [25] . 

Two main mechanisms could be responsible for the quasi-linear 
increase of the measured C DL in PEMFC: First, the proportion of 
free ions decreases sharply at low temperatures, which leads to 
a decrease in capacitance. Second, the influence of the volume 
changes of the catalyst layer triggered by the different tempera- 
tures cannot be neglected. There is higher repulsion energy be- 
tween the hydrophobic and hydrophilic portions of the matrix do- 
mains at low temperatures, and thus less water can be absorbed at 
the hydrophilic sulfonate groups. In turn, at higher temperatures, 
more hydrophilic groups disperse into the hydrophobic matrix (en- 
tropically driven), leading to an increase in the number of wa- 
ter molecules absorbed at the hydrophilic groups [35–37] . In sim- 
ple terms, this means that the reduction in volume towards lower 
temperatures results in a smaller amount of sulfonate groups com- 
ing into contact with the electrically conductive carbon surface, 
leading to a reduction in the interface and thus the capacitance. 

Another practical conclusion of the double layer capacitance 
measurements related to the Pt-containing systems is that it is 

not always correct to extrapolate the conclusions obtained using 
model Pt-surfaces to real PEMFC catalyst layers. Further investiga- 
tions are required to understand the temperature dependencies of 
both model electrodes and devices in more detail. 
3.2. Solid-state systems involving Li-ion conductors 

Finally, the temperature dependence of C DL formed between the 
solid-state battery electrolytes and Au or Li electrodes is examined. 
For this, the impedance was recorded for temperatures between 25 
and 62 °C for both a blocking and a non-blocking electrode con- 
figuration. The blocking configuration has the SSE sandwiched be- 
tween two gold electrodes, while the non-blocking one uses two Li 
electrodes. 

It should be noted that, when considering the EDL in the case 
of SSEs, there are two significant differences to the solid/liquid in- 
terface. On the one hand, the charge carrier concentration tends 
to be higher in solids [38] , more comparable to the ion concentra- 
tion in ionic liquids. On the other hand, the crystal lattice poses an 
upper limit for charge carrier concentration. [ 39 ] As both of these 
are concentrations, ions, and vacancies, the impact of temperature 
can be considered as follows: As the temperature increases, the 
ions become more mobile and move through the lattice more eas- 
ily. The concentration of mobile ions is also thought to depend on 
temperature, whereas the vacancy density is independent of the 
temperature. 

For the analysis of the impedance data, it is essential to con- 
sider the different contributions to the impedance spectra of (i) 
bulk electrolyte, (ii) space charge layer, SCL, describing the wider 
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Fig. 4. Solid electrode/solid electrolyte interface EDL characterization. (A) and (B) show the EECs for the whole spectrum fit for the Au/SSE and Li/SSE, respectively. (C) 
The constant phase element value related to the double layer capacitance for the Au/SSE interface plotted over the applied external bias. Overall, the C’ DL values increase 
with increasing temperature. (D) The corresponding C’ DL values for the Li/SSE interface. While the applied potential only impacts the C’ DL moderately, the values increase 
drastically at higher temperatures. (E) Comparison of the C’ DL values for blocking and non-blocking electrode configurations at −1.0 V cell potential over temperature, dashed 
lines are guide to the eyes only. 

depletion layer near the electrically positive biased side, and (iii) 
the double layer capacitance. In parallel, there is either a minor 
leakage or charge-transfer resistance for blocking and non-blocking 
conditions, respectively. The EECs for both cases are shown in 
Figure 4 A and B for Au and Li electrodes, respectively. They only 
differ in the leakage and the charge-transfer resistance elements. 
The equivalent circuits represent the aforementioned contributions 
(i) – (iii), with (i) R bulk and C geom representing the bulk contribu- 
tions, (ii) R scl and C scl - the space charge layer contribution [ 20 , 2 ], 
and (iii) the double layer constant phase element, Z DL . The resis- 
tances, R leak and R f , are the electronic leakage under blocking con- 
ditions and the Faradaic resistance under non-blocking conditions, 
respectively. The values for the non-ideal double layer capacitance 
C’ DL (derived from the constant phase element) ranges from 0.2 
to 2.8 µF s n −1 c m −2 . Based on C ′ DL = εA 

d , where ε is the dielectric 

constant, A is the contact area and d the electrolyte thickness, the 
thickness can be roughly estimated to range from sub-nm to a few 
nm. 

Comparing the case of blocking ( Fig. 4 C) vs. non-blocking elec- 
trodes (see Fig. 4 D), the overall capacitance for the non-blocking 
case is lower, which indicates either a wider layer or worse con- 
tact between two solids. If one assumes an equally good contact 
for the cases of Au and Li, this can be explained in light of the fact 
that constant flux of Li-ions will smear the double layer structure 
by inherently increasing the disorder near the interface. This ef- 
fect is even more prominent for non-zero potentials where slightly 
lower C’ DL values are observed. Of course, an additional contribu- 
tion could come from the imperfect interface between metallic Li 
and the SSE, which has been previously reported [40] . However, 
the potential change in the symmetric setup between two Li metal 
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electrodes leads to only a minor change in the C’ DL , which induces 
a plating/stripping reaction (as shown in a similar material system 
in reference [41] ). 

Rather similar behavior of the C’ DL with temperature is ob- 
served for both blocking and non-blocking conditions, as shown 
in Fig. 4 E. With an increase of temperature from 25 to 62 °C, the 
double layer capacitance increases by a three-fold in the case of 
Li electrodes. Assuming a constant dielectric constant within the 
vicinity of the interface, this can be explained that the effective 
double layer thickness decreases by nearly a factor of three within 
this temperature range. 

For non-zero applied biases, the constant oxidation and reduc- 
tion of Li-ions at the electrodes lead to a slight decrease in the 
double layer capacitance, as seen in Fig. 4 D. On the other hand, 
a higher temperature leads to higher ion mobility and increased 
number of ions taking part in the conduction process. However, the 
increase in the capacitance ( Fig. 4 E) indicates a higher charge car- 
rier density at the interface. Therefore, the dominant factor must 
lie in the nature of the single-ion layer, as a higher temperature 
allows for more ions to accumulate within a single layer at the 
electrode surface. 

As a potential in the blocking electrode case increases to + 1 V, 
the C’ DL almost doubles. This possibly indicates that the higher po- 
tential difference between the metal electrode and SSE leads to the 
Li-ions being drawn closer to the interface and therefore building 
a more compact layer. 
4. Conclusion 

In this study, the influence of the temperature on the dou- 
ble layer capacitance of various systems, namely, polycrystalline 
Pt electrode in acidic solution, PEMFC cathode, and SSE in con- 
tact with Au and Li electrodes, are presented. The C DL decreased 
with an increase in the solution temperature for solid Pt elec- 
trodes in contact with aqueous HClO 4 solutions. We suggest that 
this is mainly due to the decrease in the dielectric constant, ε r , 
at elevated temperatures, which leads to such an effect. In con- 
trast, the double layer capacitances of the PEMFC cathode and 
the SSE increased with an increase in temperature. In the PEMFC 
cathode catalyst layers, the capacitance increase can be due to a 
lower proportion of free ions at lower temperatures. In addition, 
the temperature-dependent volume changes at the catalyst layer 
cannot be neglected. In the case of SSE, the increase in the C DL 
can be attributed to the higher mobility and polarizability of the 
mobile ions. 
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ABSTRACT: For years, the space charge layer formation in Li-conducting solid electrolytes and its relevance to so-called all solid-
state batteries have been controversially discussed from experimental and theoretical perspectives. In this work, we observe the
phenomenon of space charge layer formation using impedance spectroscopy at different electrode polarizations. We analyze the
properties of these space charge layers using a physical equivalent circuit describing the response of the solid electrolytes and solid/
solid electrified interfaces under blocking conditions. The elements corresponding to the interfacial layers are identified and analyzed
with different electrode metals and applied biases. The effective thickness of the space charge layer was calculated to be ∼60 nm at a
bias potential of 1 V. In addition, it was possible to estimate the relative permittivity of the electrolytes, specific resistance of the
space charge layer, and the effective thickness of the electric double layer (∼0.7 nm).
KEYWORDS: solid Li-ion conductor, space charge layer, impedance spectroscopy, all solid-state batteries, double layer,
space charge capacitance

■ INTRODUCTION
All solid-state batteries (ASSBs) are among the most promising
candidates for the next-generation energy-storage devices and
battery electric vehicles.1,2 Their potential inflammability and
possible stability against dendrite formation3 can target at least
two major challenges currently faced by traditional Li-ion
batteries (LIBs):4 flammability and energy density. The choice
of the electrodes for ASSBs is in that case not restricted to
those currently used in conventional LIBs, as the wide
electrochemical stability window5 allows to use high-voltage
cathodes and anodes. For instance, even the use of lithium
metal anodes,6 the “holy-grail” of anode materials, has been
proposed.
Polycrystalline solid Li-ion conductors, which should replace

liquid electrolytes, however, introduce a set of new challenges.
On one hand, the intergranular transport across and along
grain boundaries poses an additional ion transport barrier.7

Although grain-boundaries have been shown to be another ion-
conducting pathway with a lower ionic conductivity,6 the
advances in sintering processes and the resulting decrease in
porosity have mitigated these problems.8 On the other hand,
the solid/solid interfaces between the electrodes and solid

electrolytes exhibit a higher interface impedance9 as well as
certain stability issues,10 which can be grouped into a few
categories: charge accumulation (which we explore in this
work), mechanical stress,11 and chemical decomposition.12

The solid electrolyte grains themselves have a crystal
structure with fixed anions,13 in which Li-ions are normally
transported by a hopping mechanism between certain adjacent
lattice defects.14 The Li-ion concentration is limited by the
number of defects per unit volume in the lattice15 with an
upper and a lower boundary to the (local) Li-ion
concentration. A defect lattice with no empty vacancies is
positively charged due to an excess of Li-ions, whereas
complete depletion of mobile Li-ions leads to an excess of
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negative (“anionic”) charge and consequently to a negatively
charged region.
While several phenomena have been reasoned to explain

interface resistance, theoretical works suggest the presence of
two charge accumulation layers (ALs) on different depth scales
in the form of Li-ion accumulation or depletion. While one
phenomenon happens on the scale of a few nanometers, as
suggested by a kinetic model,16 the other is a diffuse charge
layer, which is validated in experiments17,18 and predicted by a
thermodynamic model19 extending to as far as 1 μm into the
electrolyte.20

Experimental evidence for a charge layer hidden beneath an
electrode is hard to achieve. Stoichiometry-sensitive techni-
ques, such as X-ray photoelectron spectroscopy (XPS),21 X-ray
diffraction (XRD),22 and energy dispersive X-ray spectroscopy
(EDX)23 in cross-sectional experiments show an additional
interface toward air and face problems of nonuniform element
distribution along the grains and grain-boundaries regardless of
the presence of a charged layer. Electrochemical techniques,
such as impedance spectroscopy or cyclic voltammetry, require
a fundamental a priori understanding of the system before the
data can be analyzed.
To explore the impact and formation of the space charge

layers (SCLs), one should consider the nature of charge

accumulation and charge-neutral regions in solid electrolytes:
the bulk of a solid electrolyte in electrochemical equilibrium
should be charge neutral. Therefore, the numbers of Li-ions
and negatively charged anions per unit volume are equal. An
applied bias potential forces the only mobile charge species,
that is Li-ions, to compensate for the electrochemical driving
force near the electrodes, and a charged layer will form to
shield the bulk electrolyte.24 For liquid electrolytes, this
behavior has been extensively described both in theory and
experiments and is known as the formation of a diffuse double
layer.25 In solid electrolytes, the presence of an electrochemical
potential difference, therefore, leads to the formation of a SCL
on the “positive” electrode and an AL on the “negative”
electrode. The formation of these layers is dependent on the
external parameters such as the pressure, temperature, and
sample geometry, as well as intrinsic material properties such
as maximum number of Li-ions per unit volume, the dielectric
properties, and most importantly, the free charge carrier
density. While the external parameters are easily varied under
experimental conditions, the intrinsic material properties
remain only vaguely determined or completely unexplored.
This fact not only hinders a straightforward interpretation of
the experimental findings, but the missing parameterization
renders theoretical models to be only qualitatively useful. A

Figure 1. (A) Optical image of an Ohara glass sheet with 15 mm diameter Au-electrode. (B) SEM image of the gold/electrolyte (in-plane)
boundary, spot darkened after the EDX measurement. (C) SEM cross-sectional image in breaking edge, thin Au layer on the planar surface. (D)
Cross-sectional SEM image showing the grains and grain-boundaries with distribution of grain sizes. (E) Cross-sectional EDX element distribution
of the pristine material; quantitative fits are given only for O, Al, P, and Ge. Li, Ti, and Si were not quantifiable with EDX. (F) XRD spectra of the
pristine material with peak assignment to the metal oxides. (G) XPS data of the sample after gold evaporation indicating the presence of carbon on
the surface layer. (H) Typical AFM image showing the surface morphology. (I) Two AFM line scans highlighting relatively small surface roughness.
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careful analysis of the experimental data for different external
conditions in combination with a qualitative modeling
approach is therefore needed to find the physical origin of
the interface-related ion-transport barriers.
In this work, we use a model electrolyte with a blocking

electrode configuration, and electrochemical impedance spec-
troscopy (EIS) was used to investigate the behavior of the
solid/solid electrified interface. A physical model in terms of
equivalent circuits has been developed to analyze the
impedance data, reflecting bulk and interface contributions,
and which is valid for a variety of external conditions. The
resulting model parameters are logically correlated to the
physical origin of the SCL, and its depth is in good qualitative
agreement with the output of the theoretical modeling. The
interface resistance caused by the SCL is quantified and found
to be a major contribution to the overall interfacial impedance.

■ MATERIALS AND EXPERIMENTAL SECTION
Electrolytes. The solid electrolyte samples used in this work were

150 μm thick, 19 mm diameter Ohara LICGC glass substrates. The
main crystalline phase is Li1+x+yAlx(Ti,Ge)2−xSiyP3−yO12 with further
AlPO4 as stated by the manufacturer.26 The results of in-depth
characterization of the samples used in this work can be found in
Figure 1. Figure 1A shows an optical image of the sample with formed
blocking Au-electrode, and a uniform surface of the electrolyte can be
seen in Figure 1B,C. Very small gaps between the grains with a mean
diameter of 151 nm are found in Figure 1D. The composition of the

material is confirmed with EDX, XRD, and XPS in Figure 1E−G,
respectively. Negligible surface roughness can be seen in Figure 1H,I.

Electrode Deposition. The electrodes (Au, Ti, Cr) were e-beam
evaporated using an L560 (Leybold, Germany) evaporator under high
vacuum conditions with a stainless-steel mask (r = 7.5 mm). The
deposition rate of 1 Å/s was controlled by an IC-6000 deposition
controller (Inficon, Switzerland). After electrode deposition, the
samples were transferred to an argon glovebox with a highly inert
atmosphere (O2 < 2 ppm, H2O < 0.7 ppm).

Electrochemical Impedance Spectroscopy. The AC impe-
dance measurements were carried out with a VSP300 potentiostat
(Biologic, France) in the frequency range between 5 MHz and 0.5 Hz
with a probing signal amplitude of 10 mV. The metal-contacted
samples were assembled into a PAT-Cell (EL-CELL, Germany) with
polished stainless-steel plungers to contact the electrode area. The
cells were placed into a PAT-Stand (EL-CELL, Germany) with a 3 m
lead to the potentiostat. The impedance of the samples was measured
in the temperature range between 5 and 60 °C. For the temperature-
dependent measurements, the cells were left to stabilize at the chosen
temperature for 1 h before the EIS measurements were started. After
applying the bias potential, a waiting time of 15 min was used to
ensure electrochemical equilibrium. The impedance data were
analyzed using the “EIS Data Analysis 1.3” software.27

X-ray Diffraction. XRD data were obtained by a Siemens Bruker
D5000 X-ray diffractometer (Siemens, Germany) with Cu Kα X-ray
radiation, in the 2Θ of 10−70° at an increment of 0.05°.

Scanning Electron Microscopy and EDX Spectroscopy.
Measurements were performed using an Ultra Plus field emission-
scanning electron microscope (Carl Zeiss Microscopy GmbH,

Figure 2. (A) Schematic representation of the proposed impedance model. It describes the response of the polycrystalline electrolyte and the
interfaces between blocking Au electrodes and the electrolyte. RU stands for the wire and side resistances. ZDL is the impedance of the electrical
double layer. RSCL and CSCL are the resistance and capacitance of the SCL, respectively. ZBULK&AL is the impedance related to the bulk electrolyte,
and the AL CGEOMgeometrical capacitance and RLEAK account for the leakage, e.g., because of electrolyte electron conductivity. (B) Free charge
carrier spatial distribution in arbitrary units near the positively biased electrode interface obtained using a thermodynamic model described in the
literature.19 Depending on the external bias, the SCL widens, as more charge accumulates in the limited vacancy lattice. Based on this, (C) shows
the SCL capacitance calculated for different potentials in arbitrary units (fluctuations are due to the singularities in the thermodynamic model).
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Germany) with an INCAPentaFET-x3 EDX (Oxford Instruments,
UK). For evaluation, the manufacturer’s INCA software was used.
Thermodynamic Modeling. The complete set of equations and

boundary conditions can be found in the literature.19 They were
implemented in a single-client COMSOL Multiphysics runtime to
calculate the one-dimensional (1D) concentration and potential
profiles along the electrolyte lattice. An unevenly distributed mesh
with elements in symmetric arithmetic spacing toward either end of
the solid electrolyte was used to account for the thin interface features
while not neglecting charge neutrality of the bulk.

■ RESULTS AND DISCUSSION
Model Development. When developing a physics-based

equivalent circuit impedance model for a solid electrolyte,
there are multiple processes and parameters to be considered.
On a larger scale, the electrolyte between two electrified metal
plates is a capacitor. Within the electrolyte, besides its ionic
conductivity, the grain structure can impact the impedance and
grain boundary effects must be considered. Different charge

accumulations can occur under bias conditions. The role of
each physical contribution to the overall impedance equivalent
circuit is explained in the following.
A geometric capacitance CGEOM describes the behavior of

the ionic conductor with moderate specific conductivity
between two electron conductors (current collectors) under
high-frequency AC probing and is connected in parallel to the
other elements (Figure 2A). The impedance of the bulk
electrolyte cannot only include the bulk resistance, as would be
in the case of liquid electrolytes, but should also include
contributions from the grain boundaries and, possibly, the SCL
and is therefore summarized as ZBULK&AL. The grain boundary
and space charge impedances are still widely discussed points
in the literature, where the grain boundary effects are typically
observable at temperatures well below room temperature.7 The
model electrolyte of this work shows a very dense structure, as
confirmed by the SEM image shown in Figure 1C. For these
well-sintered samples, we assume a negligible contribution of

Figure 3. Nyquist plots of impedance spectra recorded under a variety of conditions (default: Au, 25 °C, Ubias = 0 V). Solid lines show the
corresponding fit to the proposed equivalent circuit in Figure 2A. The red crosses in the plots indicate the same frequency in each plot. (A)
Overview for the temperature range 5−60 °C, which shows a similar low-frequency behavior. (B) Mid-frequency region up to 1.5 Hz. (C) High-
frequency semicircle showing a strong dependence on the temperature. (D−F) Different metals used as blocking electrodes: a clear impact on low-
and mid-frequency behavior can be observed, while the high-frequency semicircle remains unchanged. (G−I) DC bias potential variation showing
its strong impact on the spectra at lower frequencies.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c21304
ACS Appl. Mater. Interfaces 2021, 13, 5853−5860

5856



 
122 

the grain boundaries to the overall impedance response in
accordance with work on a similar LAGP/LATP-electrolyte.28

Within the phenomenon of the space charge formation, the
effect of AL and SCL should be considered separately since
they describe different kinds of physics (“collection” of ions vs
“collection” of vacancies). The AL is assumed to be much
wider with lower capacitance because it is based on the
vacancy concentration distribution in the bulk. The impedance
contributions of the bulk electrolyte, AL, and grain boundaries
are assumed to convolute to a single model parameter, the
aforementioned ZBULK&AL. As in most electrochemical systems,
we also include a resistance RU to account for unwanted wire
and cell resistances.
The double-layer response and a possible leakage resistance

due to electronic conductivity of the electrolyte are modeled
with the constant phase element ZDL = Cdl′−1(jω)−n (where j is
an imaginary unit, ω is the angular frequency, Cdl′ is assumed to
be close to the double-layer capacitance, and exponent 1 > n >
0.7 describes dissipation of the probing signal energy) and
RLEAK, respectively. A graphical representation of the proposed
impedance model and the physical origins of its elements are
schematically presented in Figure 2A in which the elements are
arranged in a way corresponding to the geometry of the cell.
In addition to the analyses based on impedance spectros-

copy, a thermodynamic model with finite element method

approximation was used to predict the trends in the space
charge formation based on the thermodynamic model
developed by Braun et al.19 In brief, this model assumes the
Li-ions to move in a continuum of anions with thermodynamic
equilibrium achieved by a redistribution at the interface. The
formed SCL is shown in a 1D representation in Figure 2B and
results in a capacity potential behavior shown in Figure 2C. A
distinction between depletion and accumulation cannot be
made within the scope of this model. A more detailed
description can be found in the Supporting Information. While
quantitative analysis is not possible due to missing material
parameters (i.e., ion and defect concentration), the qualitative
decrease in the SCL capacitance of 25% between 0 and 1 V can
be later compared to our experimental findings.

Model Evaluation. Figure 3 shows the impedance spectra
of the samples related to different experimental parameters,
such as temperature, bias potentials, and the nature of the
blocking electrodes. The developed equivalent circuit,
mathematically simplified to that shown in Figure 4A, fits all
frequency regions of the spectra well with the mean deviation
below 2% and low individual parameter errors (less than 10%).
This statistical evaluation of the impedance data shows that
each element of the circuit has a significant contribution to the
fit. To resolve possible ambiguity (e.g., SCL vs possible grain
boundary contributions) of the central RC-element, viz. RSCL

Figure 4. Dependencies of fitted impedance parameters of (A) simplified equivalent circuit model on the external bias (2-electrode configuration)
ranging from −1 to 1 V (vs Au). (B) Bulk resistance (RB). (C) Arrhenius behavior of the bulk conductivity. (D) Geometric capacitance (CGEOM).
(E) Double-layer capacitance (Cdl′ ). (F) Leakage resistance (RLEAK). (G) SCL capacitance (CSCL). (H) SCL resistance (RSCL). (I) Quasi Mott−
Schottky behavior of the SCL capacitance.
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and CSCL, it should be considered that the nature of metals
used as the blocking electrodes should not influence the
impedance of the grain boundaries, as this intragrain
phenomenon is happening throughout the complete bulk of
the electrolyte. If the RC-element, however, is linked to an
interface phenomenon like SCL formation, the nature of the
current collectors should have a significant impact on the
values of the R and C element. The fitting results (equivalent
circuit parameters are presented in Table S1), and the spectra
shown in Figure 3D−F demonstrate that the capacitance and
resistance designated in the equivalent circuit in Figure 4A as
RSCL and CSCL depend on the nature of the electrodes.
Therefore, we conclude that indeed those R and C elements
correspond to the electrode/electrolyte (pre-)interfacial
structures, namely the SCLs.
Dependency of the Equivalent Circuit Parameters. In

the following, we focus on the electrolyte under blocking
conditions with symmetric gold current collectors. Figure 4B−
I shows a variation of the individual parameters as a function of
the bias potentials. As expected, the bulk resistance RB =
60(±2.7) Ω (Figure 4B) stays practically constant, which is
equivalent to σLi = 1.5 × 10−4 S/cm at room temperature, close
to the manufacturer’s specifications26 of σLi,ref = 1 × 10−4 S/cm
at T = 25 °C. As one would expect, the ionic conductivity of
the bulk electrolyte does not change upon a modification of
the interface (see Table S1). The activation energy of ∼0.35
eV, which is calculated based on the Arrhenius plot shown in
Figure 4C, is slightly higher than stated in the literature for
similar materials.29 This confirms that the estimated RB arises
indeed primarily from the bulk electrolyte. The values of the
geometric capacitance (CGEOM) remain also essentially
constant with the change in the bias potential (Figure 4D)
and are in the order of nano-farad. They are also well below
those estimated for the other capacitances in the model. The
dielectric constant of the solid electrolyte can thus be
determined using CGEOM = ∼4 nF/cm2, which results in the
relative permittivity values of ϵr = ∼677 based on C = ϵ0ϵrA/d
(ϵ0: dielectric constant of vacuum, ϵr: dielectric constant of
medium, A: electrode area, and d: the electrolyte thickness).
The geometric capacitance does not depend on the nature of
the electrodes, which supports the hypothesis that the origin of
it lays in the bulk electrolyte.
It should be noted that the impedance behavior of the solid-

state electrochemical systems under external polarization is
rarely discussed in the literature. For instance, there are only a
few studies that link the impedance spectra at different
polarizations and loss functions to underlying physical
quantities such as the jump-rate30 and relaxation processes.31

The dielectric constant, as it is determined in this work, is used
in the following for the calculation of the thickness of the SCL,
although this implies that the impact of the changes in the

charge carrier concentration on the dielectric properties is
neglected.
A typical double-layer capacitance dependency is shown in

Figure 4E. Note that the double-layer impedance Zdl is
assumed to be a true capacitor Cdl′ . The capacitance increases
when the bias is applied, with the minimum at ∼0 V as
expected for the case for anion-immobilized solid electro-
lytes.32 The double-layer capacitance for solid-state electro-
chemical systems has been proven to be on a microfarad scale
for oxygen-conducting electrolytes,33 which is close to the case
presented in Figure 4E. Based on the measured values of the
double-layer capacitance, which are close to ∼0.0 V, Cdl′ = 1.2
μF/cm2, and taking into account the relative vacuum
permittivity of ϵr = 1 (i.e., a void), a double-layer thickness
of ∼0.7 nm or approximately 1.5 Li-ionic radii can be
calculated. Theoretical approaches based on classical theory31

and low-frequency Monte-Carlo simulations34 give similar
double-layer thicknesses. The increase of Cdl′ with the bias
potential can be interpreted through the formation of a more
compact layer, as Li-ions compactly fill the voids toward the
gold electrode, but a more detailed study of this phenomenon
is yet to be conducted.
The leakage resistance in Figure 4F shows a strong,

symmetric correlation to the applied bias potential, which
indicates a variable electronic conductivity of the electrolyte.
The leakage resistance also accounts for reactions at the
electrodes (such as alloy formation) and therefore depends on
the nature of the blocking electrodes (see Table S1). Values of
the RLEAK of several MΩ can be correlated to the high
transference number found in solid electrolytes,35 but the
details related to the potential and temperature dependencies
remain unclear and will be the focus of further studies.
The SCL capacitance (Figure 4G) and resistance (Figure

4H) strongly depend on the applied voltage. The former
ranges from CSCL,0V = ∼80 μF/cm2 to CSCL,1V = 6.42 μF/cm2,
which indicates a widening of the SCL upon increasing the bias
potential. The corresponding thickness of the SCL is estimated
to be between dSCL,0V = ∼7.4 nm and dSCL,1V = ∼59.5 nm using
the plate capacitor equation and the bulk dielectric constant ϵr
= 677. The SCL widens because the increasing number of
depleted charges are held within a lattice that has a limited
vacancy density. Once this concentration is reached, the
additional electrical potential causes a perpendicular growth of
the SCL into the electrolyte. While the SCL builds up on the
positively biased side, the negatively biased side undergoes an
accumulation of Li-ions. Because of the smaller number of
vacancies, this AL is of much wider nature and therefore does
not result in measurable capacitance. Thus, the impedance of
the AL is not distinguishable from the spectra.
Notice that the calculated thickness of the SCL at zero bias

does not go to zero. This has two prevailing reasons. One
reason can arise from the accuracy of the measurement method

Figure 5. Results obtained in this work in table and geometric representations. Beneath the gold electrode, a thin electrochemical double layer
forms followed by a thick SCL of up to ∼60 nm at a bias potential of 1 V.
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itself. Another reason is related to the nature of the electrodes,
whose electrochemical potential force a redistribution of the
ions near the interface at equilibrium.
Figure 4I shows a plot of the space charge capacitance

commonly used in semiconductor physics, the so-called Mott−
Schottky plot. While this type of analysis is typically used to
characterize the SCLs formed at the semiconductor/electrolyte
interface,36 one can surprisingly observe an almost linear trend
for the bias potentials above 0.5 V.
With the widening of the SCL, the corresponding resistance

shown in Figure 4H increases to nonsymmetric maxima of
R−1V,SCL = 5 kΩ and R+1V,SCL = 9 kΩ for negative and positive
polarizations, respectively. The decrease of the absolute Li-ion
concentration within the defect lattice causes the charge-
transfer resistance to rise. A depletion of mobile charge carriers
leading to a decrease in ion conductivity is observed in
temperature variation as well.37 For high bias potentials, the
minimum lithium concentration is reached, and the resistance
stabilizes at a fixed value, as can be observed in Figure 4H.
Figure 5 summarizes the obtained results and shows the

charge layer structure near the positively biased gold electrode.
The reasonably thick layer of 60 nm thickness causes a non-
negligible resistance of 2580 MΩ cm. The double layer of 0.7
nm indicates a row of ionic charges right on the interface to the
gold electrode, which is followed by the SCL.

■ CONCLUSIONS
A physical impedance model has been developed and validated
for a variety of experimental conditions for the model Li-ion
conductor. The SCL formation is elucidated by EIS measure-
ments. The layer structure near the interface between the
positive blocking Au electrode and LICGC glass electrolytes
can be accurately described as consisting of a near-interface
compact double layer, a diffuse but well-defined SCL, and the
bulk electrolyte. An electric circuit model is proposed to
interpret the observed capacitive and resistive behavior of the
systems at different frequencies: each element of the model is
found to be influenced differently by the experimental
parameters, such as the material of the blocking electrode,
the temperature, and the bias potential. As the SCLs are
formed, a correlated resistance appears, which imposes a
transport barrier for Li-ions from being transported through
this highly charged layer. An SCL with a lower degree of
depletion, that is at lower bias potentials, does not show this
high resistance. Interface engineering, such as the introduction
of stacked layers with different ionic conductivities could be
used to mitigate this problem. The positively charged Li-ion
accumulation on the other side of the electrolyte does not
manifest itself in the impedance spectra under the conditions
of this work due to its much larger width. The effective width
of the double layer and SCL, the specific bulk and SCL ionic
resistances, and the dielectric constant were calculated using
the impedance data at different biases and temperatures. In
further work, the space charge occurrence under constant
current will be investigated, and the influence of temperature
as an additional parameter should shed light on further details
on the SCL formation in solid Li-conducting electrolytes.
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