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The lack of a diagnostics approach to monitor interface kinetics in solid-state batteries (SSBs) 

results in an incomplete knowledge of the mechanisms affecting device performance. In this 

study, a new protocol for process control of SSB interface formation and their evolution during 

operation is presented. Thin-film SSBs and diagnostic test devices that are composed by a 

permutation of isolated layers were simultaneously fabricated using sequential sputtering 

deposition and in-situ patterning using shadow masks. Physics-based electric circuit models were 

designed for deconvolution of impedance profiles, which enabled an evaluation of bulk 

properties and space-charge layers at interfaces individually and during operation under different 

states-of-charge. Relative permittivity values of fundamental battery components (cathode, 

electrolyte and anode) were calculated as a function of the frequency and the applied voltage. 

Interfacial impedances, as well as space-charge layers formed at heterojunctions during charge 

and discharge processes, were successfully deconvoluted using the diagnostic test devices and 

electric circuit modeling. The cathode-electrolyte interphase was kinetically stable under a 



  

voltage window of 0 – 3.6 V vs Cu, and it had an estimated ionic conductivity of the order of 10-

9 S/cm, hence it is a localized limiting factor for Li+ transfer. The anode-electrolyte interphase 

was thermodynamically stable upon completion of the fabrication process, but it became 

kinetically unstable during charge and discharge cycles. Hence, the proposed diagnostics 

protocol enlightened the necessity of implementing interfacial engineering on these interphases 

in the future for improvement of cyclability and stability of SSBs and ionic devices. 
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Chapter 1: Introduction 

 

1.1.Solid-State Batteries 

1.1.1. Device Mechanism, Materials and Properties 

Lithium-ion batteries (LIBs) enabled a technological revolution in portable 

devices, hybrid and electric vehicles, and smart devices. However, the majority of 

commercially available LIBs employ flammable liquid electrolytes, which increase the 

risk of excessive heating and possible internal short circuits.1,2 For this reason and 

more, solid-state batteries (SSBs) are anticipated as the next energy storage technology 

to replace present-day LIBs.3 

Figure 1.1 presents a simplified description of the main components in a SSB. 

During a charging process, an external applied bias induces an electric field between 

the terminals of the battery. In this case, electrons located in the cathode layer will 

move to the cathode current collector (positive terminal) so the electronic current 

feeds the anode current collector (negative terminal) with electrons through the 

external wiring. At this point, the electrons are still under the electric field until they 

reach the anode layer. This net of negative charges simultaneously drives positive ionic 

species (lithium ions in the case of LIBs) from the cathode layer to the anode, passing 

through the electrolyte in between them to promote charge neutrality. During the 

discharging process, both positive ions and electrons will move on the reverse direction 
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due to an internal electric field driving these charges, so electricity can be provided for 

appliances as a DC current. 

 

Figure 1.1. Simplified schematics of a solid-state battery. 

The electrochemical reactions occurring inside the cathode and anode layers 

will determine the total amount of charges that can be stored in them. The capacity (Q) 

is then defined as the number of Coulombs that a cathode/anode can utilize for charge 

and discharge processes, in which its theoretical value is given by the following 

equation, normalized by the mass: 

𝑄 =
𝑛𝑧𝐹
𝑀  

( 1.1 ) 

Where n accounts for the number of active species participating in the electrochemical 

reaction, z corresponds to the charge of the active species (1 for Li+), F represents the 

Faraday’s constant (~ 96,500 C/mol) and M is the molar mass of the anode/cathode in 

g/mol. Frequently, the capacity is reported in units of mAh/g as a result of direct 

measurements of the time taken to fully charge/discharge a battery when a constant 

current is applied. 
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The total energy that a battery can provide is then calculated based on the 

capacity and the voltage during cell operation (E = DQ.DV). Therefore, ways to 

optimize batteries4,5 to increase their energy are directly related to the intrinsic 

properties of materials (Q) and their combination in a form of a device (DV). In 

this sense, there are many challenges6–8 in the design and operation of SSBs that can 

effectively make this technology suitable for a variety of applications. 

The first challenge arises from the electrical properties of the SSB components. 

Current collectors should be excellent conductors while acting as ion-blocking 

materials to avoid side reactions that would consume active charges used in the 

charge/discharge processes. Usual choices are metals, in which noble ones are 

preferred, but are more expensive. Anode and cathode components are mixed 

conductors, in which different mechanisms of charge insertion/extraction may occur, 

such as intercalation, conversion or alloying reactions. 

For materials where intercalation/deintercalation takes place, an imbalance of 

electronic and ionic conductivities may result in poor kinetics and decomposition of 

compounds, leading to smaller capacities and battery ageing.6,9–11 Transition-metal 

oxides with layered or spinel structures are commonly studied as possible materials to 

be used for intercalation of charges12–17 due to the ability of transition metal atoms to 

easily change their valence states. Materials that undergo alloying reactions usually 

have higher theoretical capacity values like silicon,18–25 but they suffer from large 

volume expansions during cycling26–28, which can drastically compromise the battery 

operation. Materials where conversion reactions are expected to happen have been less 

studied than the other ones. Conversion electrodes suffer from the possibility of 
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emerging irreversible phase transformations that can lead to low diffusivities of active 

species, and a lack of reversibility and low capacities when cycling the SSBs.29–35  

Solid electrolytes, on the other hand, are expected to be ion-conducting 

dielectrics. This is, in fact, a great advantage of SSBs versus LIBs because the solid 

electrolyte, at the same time, act as a mechanical separator between the cathode and the 

anode, and sustains ionic conduction.3 However, the solid electrolytes developed so far 

that effectively prevent lithium dendrite growth have low ionic conductivities (10-7 – 

10-5 S/cm),29,36–39 and the ones that have achieved decent ionic conductivity values (10-

4 – 10-2 S/cm) suffer from available paths for electronic conduction in their structure 

and/or have presented low chemical and electrochemical stability against lithium metal, 

for example,13,40–44 which leads to the second challenge encountered in engineering 

SSBs. 

The electrochemical compatibility of materials in a SSB is essential to ensure 

that the voltage window of the full device is maximized under safety conditions to 

avoid side reaction that might lead to internal short circuits. The cell voltage (V) of a 

SSB determines the voltage window of its operation, which can be defined as the 

electrochemical potential difference between the cathode and the anode:45,46 

𝑉 = −
)𝜇+!"#$%&'() − 𝜇+!"$*'(),

𝑛𝑧𝐹  

( 1.2 ) 

In which 𝜇+!" corresponds to the electrochemical potential of lithium (in kJ/mol) 

in a certain material (whether a cathode or an anode), and it is a sum of the chemical 

potential (𝜇!") and the electrostatic potential of Li+ (𝜙) within a material: 
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𝜇+!" = 𝜇!" + 𝑛𝑧𝐹𝜙 

( 1.3 ) 

And therefore equation ( 1.2 ) can be rewritten in terms of the open-circuit 

voltage (OCV),47,48 which is the chemical potential difference across the SSB, and the 

difference in electrostatic potential (Δ𝜙) due to the movement of Li+ and electrons 

under an electric field: 

𝑉 = −
)𝜇!"#$%&'() − 𝜇!"$*'(),

𝑛𝑧𝐹 − (𝜙#$%&'() − 𝜙$*'()) = 𝑂𝐶𝑉 − Δ𝜙 

( 1.4 ) 

The voltage window is usually determined by the stability of the chosen solid 

electrolyte in terms of the chemical potential values.2,45,49 The stability must, ideally, 

occur in both anode and cathode sides, so deciding which materials to be used together 

in a SSB is crucial. The cell voltage can be maximized by increasing the OCV, i.e., 

having a suitable cathode (anode) in which its chemical potential is high (low), and 

finding a solid electrolyte that will be stable within this range. In practice, many solid 

electrolytes are electrochemically stable either at low or high voltages, but not 

simultaneously on both, which can lead to their decomposition at the interface with the 

electrode.8,13  

Lastly, the multiscale ion transport in a SSB is negatively affected from a 

combination of charge transfer, microstructure, and interfaces, at different length 

scales. In particular, SSBs based on particulate materials have their performance 

compromised due to tortuosity effects50,51, besides the need of using inactive materials. 

Uneven particle size distribution, dead-end pores, and inefficient ionic pathways all 

contribute to a decrease in cell capacity, since less charges will be participating in the 
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electrochemical reactions inside the electrodes.6,46 In addition, additives such as binders 

and carbon black particles add an extra mass to the SSB, decreasing the overall cell 

capacity.5–7,31,50 

Furthermore, many interfaces are created in different locations across the SSB 

as a consequence of the microstructure, in which the energy barriers to allow 

conduction of charges can vary depending on the choices of materials, electrochemical 

stabilities, morphology, and their electrical properties.13,46,47,49,52 In general, these 

interfaces may or may not significantly increase the impedance (and hence, ohmic 

losses) of SSBs.52 Therefore, it is crucial for material scientists and engineers to find 

strategies to stabilize those interfaces, and to reduce their total amount in a single 

device. Dense films, such as the ones in thin-film SSBs, eliminate the use of 

particulates, so less interfaces are present, besides several other advantages and 

applications that will be discussed further on. 

 

1.1.2. Thin-Film Batteries 

For certain applications in biomedical devices and electronics, thin-film SSBs 

are an important alternative, compatible with many well-established micro-fabrication 

processes for electronics integration. Borrowing techniques from the micro-electronics 

industry, important factors regarding scalability, processing cost, and flexibility in 

shape and size are generally applicable to thin-film SSBs53–55. 

Among the benefits of using thin-film SSBs, the well-defined surface area 

obtained from physical vapor deposition (PVD) techniques allows excellent 

characterization of electrochemical and electrical properties for further development of 
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individual constituent layers54,56. More practically, the diffusion lengths needed for 

electrons and lithium ions are smaller in thinner films and, according to the relationship 

between the charge transport length (L) and relaxation time (t)52, where D corresponds 

to the effective chemical diffusivity of a charge carrier at a specific material: 

𝐿 ∝ √𝐷𝑡 

( 1.5 ) 

the time taken to transfer charges in a thin-film SSB layer to another device component 

is reduced, which increases the power density of thin-film SSBs in comparison to 

particulate-based SSBs.2,4,57–59 Therefore, the design of advanced SSBs that can 

increase both the power and energy densities is essential to make such devices 

realistically and commercially competitive to the conventional lithium-ion 

batteries.40,60–65 

 

1.2.Complexity of Device Architectures and Performance 

1.2.1. Planar Batteries 

As indicated in Figure 1.1, the simplest way to arrange a thin-film SSB consists 

of a multilayered stack, where the battery’s constituents are deposited on a substrate. 

Because of the simplified geometry of planar (2D) thin-film SSBs, different shapes are 

easily patterned by photolithography processes or by shadow masking59,66,67, and 

calculation of important parameters such as conductivity are straightforward.   

As it was previously mentioned, thin-film SSBs can achieve high power 

densities due to the smaller time that charges take to diffuse because of the dimension 

of the battery components. Usually, thin films for planar batteries range from the 
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nanometer to the micrometer scale. For the case of solid electrolytes, having smaller 

thicknesses is very beneficial for this transport of charges between the cathode and the 

anode. However, the use of thin cathode layers in a planar SSB leads to having a smaller 

amount of active material, which can reduce the capacity of the cell and, as a 

consequence, decreases the total energy density. 

Planar thin-film SSBs then require the deposition of thicker cathode layers, 

which is a problematic factor in terms of production time and cost. For instance, the 

deposition of oxide materials from PVD techniques, such as sputtering deposition, or 

by Atomic Layer Deposition (ALD) can be very expensive due to the required 

technology, and their fabrication may take several hours for completion. An alternative 

way to improve both power and energy densities in a SSB is to lay on the development 

of 3D battery architectures, which will be presented in the next section. 

 

1.2.2. 3D Solid-State Batteries 

The ANSLab (ALD Nanostructures Laboratory at the University of Maryland) 

has devoted a significant effort in recent years to elaborate new architectures that can 

overcome those SSB challenges. The concept of creating 3D thin-film SSBs relies on 

increasing the internal surface area at the same footprint that a planar thin-film battery 

might have. Pearse et al66,68 have previously demonstrated that the use of fabrication 

methods that produce highly-conformal thin films, such as ALD and Chemical Vapor 

Deposition (CVD), combined with high-precise etching steps, can form 3D structures 

like nanopores and micropores filled with thin-film SSBs, like the ones showed in 

Figure 1.2. 



 

 

9 
 

 

Figure 1.2. Planar versus 3D thin-film solid-state batteries. Reproduced from Pearse et al.68 

The drawback of having to compromise the power density in a planar SSB by 

increasing the cathode thickness to maintain a high energy density does not exist in this 

3D battery configuration. In fact, more power is expected to be delivered since SSBs 

can be fabricated having ~ hundreds of nanometers in total length.  

While different 3D architectures can be implemented to fabricate SSBs, most 

of the reports are focusing on the use of micromachining methods and etching for 

creation of holes and trenches that will end up forming a 3D substrate.69–76 Then, pores 

with uniform dimensions are filled in with battery components, so that the capacity of 

the device can be tuned according to the geometry of the pores, having more or less 

material to be deposited relative to their length and diameter, and by the electrical 

connection of multiple pores sharing the same substrate.77,78 

Hence, to maximize energy and power density, thin electrode-electrolyte-

electrode layers should be configured to maximize the surface area, and so the 

interfaces become the dominant part of the system. The biggest issue arising in the 
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design of the 3D batteries that were aforementioned relies on the complexity of such 

interfaces that will be formed. Due to the geometry of the 3D SSBs, non-uniform 

electric field lines are expected, so the charge transport involves some complications. 

For instance, those interfaces may suffer from electrochemical degradation, and they 

might act as energy barriers for charge transfer. Therefore, it is important to distinguish 

the processes occurring at interfaces from those involving the bulk of the components, 

and the effect of each individual interface on the overall electrochemical performance 

of a thin-film SSB. 

 

1.3.Types of Interfaces in Solid-State Batteries 

There are many reports in the literature describing the importance of 

investigating the role of interfaces in SSBs.49,64,79–86 It is important to note, however, 

that most of the published reports have focused on studying electrode/electrolyte 

interfaces, while little attention has been given to current collector/electrode interfaces, 

even though insulating thin layers can be formed at their interfaces and could affect the 

electronic charge transfer.87 The interfaces are commonly divided into three categories, 

according to their electrochemical stability:49,81,88,89  

 

1.3.1. Thermodynamically Stable Interfaces 

When there are no driving forces for reactions at an interface in a SSB, this 

heterojunction is intrinsically, thermodynamically stable. This is the ideal type of 

interface, in which low or negligible impedances are expected due to the 
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electrochemical compatibility of the materials while maintaining constant interfacial 

contact.  

There are few examples in the literature showing electrode/electrolyte 

interfaces that are considered to be thermodynamically stable. For instance, a first 

principles study conducted by Zhu et al88 indicated that solid oxide electrolytes upon 

contact with lithium cobalt oxide (LCO), one of the most studied cathode materials in 

SSBs, have a minimum interfacial reaction energy, indicating their thermodynamic 

equilibrium. However, an electrochemical stability could not be maintained at high cell 

voltages, where side reactions would take place. For the case of lithium lanthanum 

zirconium oxide (LLZO) and lithium aluminum titanium phosphate (LATP) contacting 

LCO, side reactions above 4 V vs Li/Li+ are expected to happen and will decompose 

the electrolytes at the interface, resulting in undesirable phases that are electronically 

conducting. However, the same study has shown that other oxides such as lithium 

phosphorus oxynitride (LiPON) are expected to form stable, electronically-insulating 

interfaces with LCO at above 4 V vs Li/Li+. Hence, it is almost inevitable to form 

thermodynamically unstable interfaces in SSBs, but their kinetic stabilization may vary 

according to the choice of electrode/electrolyte materials.  

 

1.3.2. Kinetically Stable Interfaces 

When the chemistry of an interface diverges from the present phases in the 

materials that are in direct contact at the heterojunction, the interface can then be 

described as an interphase arising from the kinetics of species. Decomposition of 

materials under electrochemical cycling, as well as intermixing of charges during 
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deposition or after annealing processes can create interphases in SSBs.49,81,88 Usually, 

those interphases will result in an increase in local impedance (in comparison to 

thermodynamically stable interfaces) and measurable space-charge layers (SCL) due 

to charge accumulation/charge depletion.89  

When a SSB is charged/discharged, its interphase is considered to be kinetically 

stable if the conductivity remains fairly constant on the full range of the applied voltage 

window.89 Since the conductivity of an interphase can be related to its impedance and 

SCL, those are two very important parameters that can be experimentally measured and 

analyzed to provide good diagnostics of the nature of the interface. 

With respect to its electric properties, a kinetically stable electrode/electrolyte 

interface in a SSB should be ion-conducting, electronically insulating for optimization 

of charge transfer. In addition, kinetically stable interfaces are expected to have a 

different phase, but no sign of chemical decomposition should be observed upon 

cycling. 

 

1.3.3. Kinetically Unstable Interfaces 

On the other hand, the electric conductivity of an electrode/electrolyte interface 

that varies according to the applied voltage is a characteristic of a non-passivating, 

kinetically unstable interphase, which should be avoided in SSBs81. In general, this 

interphase is a mixed conductor, meaning that ionic and electronic conductivities have 

comparable values. Since the electronic mobility is significant, side reactions are 

favorable to occur, leading to a decrease in the number of available charges for battery 

operation and electrochemical decomposition of active materials in a SSB. In a long 
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term, capacity fading can be observed with further cycling due to the evolution of the 

unstable interphase, leading to a fast device degradation.  

 

1.4.Strategies for Stabilization of Interfaces 

Kinetically unstable interfaces can lead to local impedances as high as kW.cm2 

during cycling, and sometimes choosing materials that have electrochemical 

compatibility to form kinetically stable interfaces is not an option in terms of device 

performance due to low ionic conductivity and capacity values of battery components. 

Protective layers that are deposited between the electrode and the electrolyte act as 

artificial interfaces that could provide the desired electric properties and 

electrochemical compatibility in SSBs, and many different options in terms of materials 

are being used as a way to stabilize the interface. 

ALD aluminum oxide (Al2O3) as thin as 14 nm has been used as a protective 

layer of Li metal pellets due to its ability to mitigate corrosion reactions with 

atmosphere and with liquid electrolytes containing sulfur species in a coin cell.23 A 

reaction takes place when aluminum oxide is in contact with Li metal, creating a stable, 

uniform and pinhole-free ion-conducting LixAl2O3 alloy that still allows the 

electrochemical reactions of the battery to happen.  

LiPON has been employed as an artificial interface for kinetic stabilization of 

conversion reaction electrodes and liquid electrolytes. 3D ruthenium oxide (RuO2) 

electrodes coated with 18 nm of LiPON showed a decrease in total impedance in 

comparison to uncoated electrodes, besides a remarkable capacity retention.29 

Composite iron oxyfluoride (FeOF) electrodes coated with LiPON also showed an 
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extended capacity retention through the battery cycle lifetime due to the suppression of 

formation of an undesirable, irreversible phase.30 

Organic compounds have demonstrated as well their effective use as protective 

layers. 1,3-dioxolane, in combination with LiPON, created a hybrid artificial interface 

between Li metal and liquid electrolyte that suppressed the dendrite formation.25 

Recently, the same organic compound has showed that can stabilize the contact 

between Li metal and Li10GeP2S12 (LGPS) pellets with an extension of the capacity 

retention in comparison to the unprotected Li/electrolyte interphase.41 

These were examples of strategies that can be employed to stabilize the 

electrode/electrolyte interface, which have demonstrated the importance of studying 

interfaces in LIBs. For the case of thin-film SSBs, in particular, the length of the 

existing interfaces is comparable to the thickness of battery constituents and, therefore, 

the need of investigating their electrical, structural and chemical properties by coupling 

different characterization techniques is essential for optimization of charge-transfer 

mechanisms. 

When Prof. Herbert Kroemer said in his Nobel lecture that “the interface is the 

device”,90 he was referring to heterostructures built from two different semiconductors 

that enabled a revolution in microelectronics. The same statement can then be used to 

denote thin-film SSBs, where the role of interfaces dictates the performance of the 

device. This key lecture and the challenges encountered in materials science and 

engineering to design innovative and efficient SSBs served as motivation to conduct a 

dissertation on fundamental science aspects of interfaces in thin-film SSBs.  
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Chapter 2: The Multibattery Prototype 

 

 
For instance, another interesting 3D architecture that exemplifies how pivotal 

the role of interfaces is for the operation of thin-film electrochemical devices is called 

the “multibattery” system. As indicated in Figure 2.1, it consists of stacking multiple 

planar thin-film batteries with an appropriate electrical connection between them to 

maximize their energy and power density.91,92 

In this case, the cathode can be as thin as the other battery constituents, then 

promoting fast transport of charges, without compromising the total energy density 

because multiple batteries will contribute to the final energy to be delivered. Series 

connections of individual planar batteries can improve the energy density of the device 

by increasing its total voltage; a parallel connection between 2D batteries increases the 

total generated current (so a capacity can be maximized), also effectively improving 

both the power and energy density values. 

 

Figure 2.1. Cross section of a representation of a multibattery, which leverages thin film processing to 
stack multiple layers of anode, electrolyte, and cathode in a manner which magnifies the energy storage 
for a given device footprint. Such batteries may be made in arbitrary shapes and intimately integrated 
into micro-electronics devices. The total number of battery layers depicted is small, but would scale 
depending on the desired performance. Reproduced from Ferrari et al.91 
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2.1. Consequences of Fabrication Process on Interface/Interphase Formation 

A three-layer multibattery, as depicted in Figure 2.1, was manufactured using 

a PVD process (sputtering deposition) that involved sequential steps of in-situ 

patterning to establish a parallel connection between the individual battery stacks. This 

prototype was fabricated to evaluate its performance versus a single planar SSB using 

the same battery constituents. However, problems encountered after completion of the 

fabrication process have served as a motivation to investigate the nature of the different 

interfaces existing in the device. 

Figure 2.2-a shows a real picture of a silicon substrate sharing nine identical 

multibattery prototypes. Regions at every multibattery showed severe delamination 

after annealing at 300 °C, which has compromised the quality and the operation of the 

multibatteries. While the expected layered structure of final devices should correspond 

to the schematics from Figure 2.2-b, cross-sectional images taken using Scanning 

Electron Microscopy (SEM) revealed different problems occurring at interfaces. 

 

Figure 2.2. A three-layer multibattery prototype. a) Top-view of 9 identical devices, fabricated by in-
situ patterning of sputtering depositions; b) expected layered structure of a multibattery. Gold and copper 
served as the cathode and anode current collectors, respectively; c) cross-sectional SEM image of a 
multibattery. 

Figure 2.2-c showed that voids were formed inside the cathode layer, and they 

eventually reached large sizes that may have induced a contact loss between the cathode 
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and the electrolyte. It is unclear if those voids were established after a thermal stress 

from the post-annealing step or if there was a gas evolution at the cathode-electrolyte 

interface during the deposition. In addition, there was no distinction between the anode 

and copper layers, indicating an occurrence of an undesirable intermixing. Lastly, both 

the electrolyte and the anode layers had an unexpected decrease in the growth rate after 

completion of the first SSB stack deposition, which suggested that the parameters of 

these depositions were not fully optimized. 

 

2.2. Summary of the Chapter 

Although it was impractical to evaluate the performance of the multibattery 

prototype, this case study highlighted that “the interface is the device”90 in many 

different ways. The compatibility of the materials at the heterojunctions, and the 

optimization of the fabrication process are fundamental aspects that have to be 

extensively investigated for the integration of advanced 3D SSB architectures with 

other micro-electronic devices. 

Interfaces in a thin-film SSB must be studied after their fabrication and also 

during battery operation. Important information regarding the chemical compatibility 

of battery materials, with evaluation of properties of interfaces, can be extracted by pre-

cycle analysis. The combination of multiple experimental techniques in operando can 

reveal the kinetics of those interfaces. The next two chapters will then present a novel 

approach to investigate the formation of interfaces in a thin-film SSB and their 

evolution upon cycling using a well-known experimental technique coupled with a 

unique fabrication strategy. 
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Chapter 3: Methodology: Electric Circuit Modeling of Solid-
State Batteries 

 

 
Many elaborated techniques have been implemented for in-situ characterization 

of heterostructures present in SSBs, like cryo-STEM (Scanning Transmission Electron 

Microscopy) combined with EELS (Electron Energy Loss Spectroscopy), which can 

provide important visualization of the systems, but may not entirely preserve the nature 

of interfaces due to ion-beam damage and the nature of the free surfaces produced by 

cross sectioning.93,94 KPFM (Kelvin Probe Force Microscopy) measurement has been 

emerging as a powerful technique that can describe local potential differences across 

interfaces,95 but there is still an incomplete understanding of the quantitative analysis, 

and the sample preparation using FIB may still interfere on the chemistry and local 

distribution of charges at the exposed surface.85 

A simpler, non-destructive, characterization technique that has been used to 

describe reactions and materials properties in battery systems is Electrochemical 

Impedance Spectroscopy (EIS),96,97 which can be implemented in a dynamic mode for 

evaluation of electrical responses of a device at different states-of-charge.97–103 

 

3.1.Fundamentals on Electrochemical Impedance Spectroscopy 

The response of any electrical system to a sinusoidal input signal (either voltage 

or current) is represented by its impedance (Z), which can be expressed in terms of 

magnitude and phase angle: 
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𝑍 = |𝑍|𝑒+, 
( 3.1 ) 

Where the magnitude of Z corresponds to the ratio between the voltage and current 

magnitudes, and f is the phase shift between the voltage and current signals. The 

impedance is also commonly represented as a complex number for better visualization 

in a 2D representation such that: 

𝑍 = 𝑍- + 𝑗𝑍′′ 

( 3.2 ) 

|𝑍| = >𝑍-. + 𝑍--. 

( 3.3 ) 

𝜙 = tan/0 B
𝑍--

𝑍′ C 

( 3.4 ) 

In real electrochemical systems, like batteries, electrical contacts at the current 

collectors can be used to measure the total impedance of the device, which is a 

combination of impedances from its bulk constituents and impedances at interfaces. 

Since this is a type of device that multiple electrochemical reactions and charge transfer 

are occurring simultaneously at different locations, and depend on the charge transport 

properties of individual components, its total impedance is expected to vary under 

different frequency regimes. The evaluation of how an electrochemical system (and its 

equivalent impedance) responds to a sinusoidal signal that oscillates under different 

frequencies is called Electrochemical Impedance Spectroscopy (EIS). 

One of the ways to evaluate the response of an electrochemical system consists 

of applying a sinusoidal voltage perturbation and measuring its impedance at OCV, in 
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which the input signal will vary its frequency in orders of magnitude (ranging from 

mHz to MHz). This experiment is then called Potentiostatic EIS, illustrated in Figure 

3.1, which will be the main experimental technique employed in this dissertation. 

 

Figure 3.1. An Illustration of Potentiostatic Electrochemical Impedance Spectroscopy technique. 

Evaluation of impedance profiles in electrochemical devices can also reveal 

important information regarding charge kinetics, cell degradation and electrochemical 

reactions. A more complex experimental technique, called Staircase Potentiostatic 

Electrochemical Impedance Spectroscopy (SPEIS), allows the analysis of 

impedance evolution under a desired voltage window, i.e., as a function of state-of-

charge, as illustrated by Figure 3.2. 

 

Figure 3.2. An illustration of a Staircase Potentiostatic Electrochemical Impedance Spectroscopy. 

In the SPEIS technique, a voltage perturbation is generated by a potentiostat 

under a certain DC voltage to acquire an impedance spectrum. The number of voltage 
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steps that are chosen to analyze a certain electrical response of a device equals to the 

number of impedance spectra generated by completion of the experiment.  

For most of the studied electrochemical devices, their total impedances have 

negative imaginary components, which is characteristic of energy storage electric 

components like a capacitor. Therefore, it is usual to display the impedance response 

using a Nyquist plot, as it is shown in Figure 3.1 and Figure 3.2, and build electric 

circuit models using elements like resistors and capacitors for interpretation of the data. 

Depending on the electric circuit element, Z might or not be frequency-

dependent. Electrical resistances, for example, are purely real, while capacitors and 

inductors are purely imaginary impedances that are frequency-dependent. When they 

are combined in an electric circuit arrangement, the total (or equivalent) impedance 

will have both real and imaginary parts that will reflect their association in series and/or 

in parallel. Figure 3.3 illustrates the impedance profile of a resistor and a capacitor, 

both in series and in parallel, as a practical example of expected behaviors of these 

arrangements as a function of frequency. 
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Figure 3.3. Nyquist plots of a resistor and a capacitor under different associations. 

Physical phenomena that happen inside an electrochemical device such a 

battery, like charge accumulation, charge transfer and diffusion of active species can 

be represented by resistors and capacitors in series and in parallel associations. Hence, 

fitting an acquired impedance spectra using an electric circuit model could be used to 

extract information about the materials properties and charge kinetics at interfaces from 

the numerical values of the implemented electric circuit parameters. 
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3.2.A Physical Approach to Decouple Interfacial and Bulk Properties 

3.2.1. Ambiguities Arising from Unrealistic Electric Circuit Models 

The biggest challenge in using PEIS and SPEIS for characterization of 

electrochemical devices comes from the fact that multilayered structures like SSBs 

have an entanglement of different physical and chemical reactions occurring 

simultaneously. Hence, ambiguities may arise from a naive or unrealistic interpretation 

of electric circuit models for description of a battery upon cycling.104,105 

For instance, an impedance diagram of a real SSB was fitted using two distinct 

electric circuit models, showed in Figure 3.4. Constant Phase Elements (CPEs) were 

used in the models instead of capacitors to accommodate the possible inhomogeneities 

of materials’ fabrication, porosity, and roughness of solid-solid interfaces that are 

commonly described in SSBs.106 

 

Figure 3.4. Two different electric circuit models fitting the same SSB data. 

Both electric circuits provide a satisfactory fitting, exemplifying that there are 

multiple (and in fact, infinite) ways to model an equivalent impedance. However, the 

numerical values of the electric circuit parameters will be substantially different in 

different models and, sometimes, may not represent accurate properties of bulk 
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materials and interfaces. The Electric Circuit Model A from Figure 3.4 fits the SSB 

impedance data by a series association of individual resistor-CPE elements in parallel. 

These five parallel lines are identical on their construction of the circuit; hence, 

although they may represent different parts of a SSB (cathode; cathode-electrolyte 

interface; electrolyte; electrolyte-anode interface; anode layers), it is very difficult to 

ascribe the circuit elements with charge transport mechanisms at different layers (and 

length scales) inside a battery. The Electric Circuit Model B from Figure 3.4 has 

distinct associations of electric circuit parameters and, indeed, it was built using a 

physics-based interpretation that will be summarized in the following section. 

 

3.2.2. Physics-Based Electric Circuit Model: the Huggins Approach 

Each battery component can be associated with electric circuit parameters based 

on their physical properties.107 Three general assumptions were made for the purpose 

of electric circuit modeling of thin-film battery materials: i) the current collectors are 

electronic conducting and ion-blocking; ii) both the cathode and the anode are mixed 

conductors, while the electrolyte is assumed to be electronically insulating and ion 

conducting; and iii) all the active layers (cathode, electrolyte and anode) are 

amorphous. The absence of grain boundaries simplifies the system, so it was a 

scientifical choice to start building electric circuit models using materials with less 

complexity in their morphology for a first validation of the model. 

The motion of charges inside each battery element is represented by a resistor 

(R). In particular, the electron transport inside the external wires and the thin film metal 

contacts is combined and represented by Rwiring. Extra electrical parameters need to be 
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added to include the effect of charge storage between the two metal contacts, i.e., the 

bulk capacity of the layer(s) to be studied, and also the space-charge regions that exist 

at interfaces upon contact of different materials. CPEs will be used to represent these 

bulk and interfacial charge storage mechanisms. The impedance of a CPE is described 

by the following equation: 

𝑍123(𝜔) =
1

(𝑗𝜔)$𝑄 =
𝑐𝑜𝑠 I𝜋2 𝑎M
𝜔$𝑄 − 𝑗

𝑠𝑖𝑛 I𝜋2 𝑎M
𝜔$𝑄  

( 3.5 ) 

Where w is the angular frequency (rad/s), Q has units of F/s1-a, and a is unitless. From 

equation ( 3.5 ), the impedance of a CPE has both real and imaginary parts that are 

frequency-dependent, such that: 

𝑅𝑒{𝑍123} = 𝑍- =
𝑐𝑜𝑠 I𝜋2 𝑎M
𝜔$𝑄  

( 3.6 ) 

𝐼𝑚{𝑍123} = 𝑍-- = −
𝑠𝑖𝑛 I𝜋2 𝑎M
𝜔$𝑄  

( 3.7 ) 

And the magnitude of the impedance can be calculated as well: 

|𝑍123| = >𝑍-. + 𝑍--. =
1

𝜔$𝑄 

( 3.8 ) 

In practice, a ranges from 0.5 (ideal diffusion mechanism108) to 1 (ideal 

capacitor behavior). While Q has similarities with a capacitance (C), they are not 

equal.109 Nevertheless, it is possible to calculate a corresponding capacitance of a CPE 

from the impedance equation for a capacitor: 
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𝐶 =
1
𝑗𝜔𝑍 = −𝑗

1
𝜔𝑍 

( 3.9 ) 

And therefore: 

𝐶123(𝜔) = −𝑗
1

𝜔𝑍123
=	𝐶-(𝜔) + 𝑗𝐶′′(𝜔) 

( 3.10 ) 

Hence, when modeling materials that require the use of a CPE, its equivalent 

capacitance is a complex number with both real and imaginary parts.110 Equation ( 3.10 

) can be further derived in terms of ZCPE to calculate the real and imaginary parts of its 

capacitance using equations ( 3.6 ), ( 3.7 ) and ( 3.8 ): 

 

𝐶-(𝜔) = −
1
𝜔
𝑍--

|𝑍|. =
𝑄

𝜔0/$ 𝑠𝑖𝑛 I
𝜋
2 𝑎M 

( 3.11 ) 

𝐶--(𝜔) = −
1
𝜔
𝑍-

|𝑍|. = −
𝑄

𝜔0/$ 𝑐𝑜𝑠 I
𝜋
2 𝑎M 

( 3.12 ) 

Therefore, C is directly proportional to Q, and equations ( 3.11 ) and ( 3.12 ) also show 

the relation between the capacitance and the frequency. 

The bulk capacitance of a layer is directly related to the geometry of the device, 

and it is delimited by the thickness of the material (d), active area (A), vacuum 

permittivity (εo) and its relative permittivity (εr) for the case of a parallel-plate 

capacitor, according to equation ( 3.13 ): 

𝐶4567(𝜔) =
𝜀8𝜀9𝐴
𝑑

	
⇒𝜀8 = Y

𝑑
𝜀9𝐴

Z𝐶4567(𝜔)	= 𝜀8-(𝜔) + 𝑗𝜀8--(𝜔) 

( 3.13 ) 
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Where εr has a frequency dependence due to the nature of the complex capacitance, 

which can be computed using equations ( 3.11 ), ( 3.12 ) and ( 3.13 ): 

𝜀8-(𝜔) = Y
𝑑
𝜀9𝐴

Z 𝐶4567- (𝜔) = Y
𝑑
𝜀9𝐴

Z
𝑄

𝜔0/$ 𝑠𝑖𝑛 I
𝜋
2 𝑎M 

( 3.14 ) 

𝜀8--(𝜔) = Y
𝑑
𝜀9𝐴

Z 𝐶4567-- (𝜔) = −Y
𝑑
𝜀9𝐴

Z
𝑄

𝜔0/$ 𝑐𝑜𝑠 I
𝜋
2 𝑎M 

( 3.15 ) 

From the real and imaginary components of the relative permittivity complex 

number, the real part, indicated by equation ( 3.14 ), corresponds to the dielectric 

function, while the ratio between the imaginary part and the real part is called the 

dielectric loss.111,112 The dielectric function decreases at high frequencies because of 

the reduced space-charge polarization effect. The dielectric loss is directly related to 

the electromagnetic energy loss due to the nature of the material in the presence of an 

applied electrical field.113 

 At interfaces (and interphases), charges can be accumulated or depleted 

according to the applied bias. CPEs are implemented to model this charge dynamics at 

different heterojunctions in a thin-film device, and the width of these created space-

charge layers (dSCL) can be derived from equation ( 3.14 ): 

𝑑;1! =
𝜀8-(𝜔)𝜀9𝐴

𝐶"*%)8<$#)- (𝜔) 

( 3.16 ) 

Like the relative permittivity and the capacitance, dSCL is mathematically 

frequency-dependent. In practice, accumulation of charges and depletion of them will 



 

 

28 
 

be studied at minimum frequencies for evaluation of the effect of SCL during charge-

transfer reactions. 

Using a physical interpretation of charge transport at different materials and 

interfaces, as well as at different frequency domains, electric circuit models can be built 

for two fundamental electrochemical devices: a) a metal-electrolyte-metal device; and 

b) a metal-electrode-metal device, where the electrode is either the cathode or the 

anode. Specifications of these two basic models will be descripted below, which can 

be associated in a full battery electric circuit model. 

a) Metal-electrolyte-metal device: electric circuit model 

Charge dynamics can be predicted in this metal-electrolyte-metal system 

according to the diffusivity of ionic species (like Li+) in two different regimes: bulk 

domain and interfacial domain. When the frequencies of the input sinusoidal voltage 

from PEIS are large enough, less time is given for Li+ to diffuse inside the electrolyte, 

and they tend to get localized, which contributes to bulk polarization. In this case (bulk 

domain), accumulation of ion charges at the Electrolyte-Metal Interfaces (EMIs) is very 

small or nonexistent. When the frequencies are small (interfacial domain), Li+ are 

diffusing according to the applied electric field, with no significant bulk polarization 

while the charge polarization happens mainly at the EMIs. 

As it was previously mentioned in this section, CPEs can be used to model both 

the bulk polarization and the local accumulation of charges at the interfaces with metal 

layers. Denoting CPEelectrolyte and CPEinterface as the electrical parameters that will model 

the bulk and interfacial charge polarization, these CPEs will have different behaviors 

under different frequency ranges, which can be represented by their association in 
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parallel. Relectrolyte, i.e., the electrolyte resistance of Li+, should have a series association 

with CPEinterface because these two processes (diffusion and charge 

accumulation/depletion at EMIs) occur in a sequential progression at lower 

frequencies. Figure 3.5 illustrates the complete electric circuit modelling for the 

Al/LiPON/Cu device derived from the physical considerations and aforementioned 

approximations. 

 

Figure 3.5. Metal-Electrolyte-Metal electric circuit model based on physical properties of charge 
transport. 

Therefore, at lower frequencies, the series association of resistances and 

CPEinterface results in a “diffusion tail” in a Nyquist plot, which should be a straight line 

parallel to the y-axis if such interface could be modeled as an ideal capacitor. For CPEs 

with a smaller than 1, that diffusion tail will have an angle with respect to the x-axis 

that arises from the frequency-dependent real impedance showed in equation ( 3.6 ). At 

high frequencies, the parallel Relectrolyte/CPEelectrolyte association will result in a 

depressed semicircle shape in a Nyquist plot (which eccentricity depends on factor a). 

That arc, at extremely elevated frequencies, would intercept zero at the x-axis, but the 
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presence of a finite resistance due to the wiring (Rwiring) shifts the arc to this resistance 

value. 

b) Metal-electrode-metal device: electric circuit model 

The conduction of electrons in the anode and in the cathode should be 

comparable to the conduction of Li+ in them. Therefore, the electric circuit model of a 

metal-electrode-metal device should include an extra resistor (Relectronic) in the electric 

circuit shown in Figure 3.5 to properly model the electric pathway for electronic 

conduction. Since electrons and Li+ will be flowing in opposite directions, Relectronic is 

connected in parallel to the resistor that models the ionic conduction inside an electrode 

(Rionic).  

Although Li+ will still be blocked at interfaces due to the ion-blocking nature 

of the chosen metals to serve as current collectors, electrons will be allowed to be 

transferred from the electrode to the metal layer and vice-versa, according to the 

direction of the generated electric field. Hence, it is expected that electrons will not be 

able to reach the electrode-metal interface at high frequencies, and less accumulation 

of charges might happen at this interface under lower frequencies since there is an 

electronic charge transfer. The electric circuit model from Figure 3.6 considers all of 

these physical processes with respect to conduction of ions and electrons inside an 

electrode, and the electronic charge transfer at interfaces. 



 

 

31 
 

 

Figure 3.6. Metal-electrode-metal electric circuit model based on physical properties of charge transport. 

 

3.3.Summary of the Chapter 

The use of appropriate electric circuit models to fit the SSB impedance response 

during an EIS experiment can provide important information about charge transport in 

bulk and interfacial regions. In order to eliminate ambiguities arising from the data 

interpretation, electric circuit models must be built using physical assumptions. 

Using the Huggins’ approach,107 battery constituents with different electrical 

properties like the anode and the cathode (mixed conductors), and the electrolyte (ion-

conducting dielectric) can be individually modeled using electric circuit parameters. 

This basic knowledge of how to model diffusion of species and charge transfer/charge 

accumulation at interfaces can be used as a building block for more complex electrical 

devices. For instance, an anode-free device consisting of a cathode and an electrolyte 

in contact and between current collectors will take into account the electric circuit 

models of these materials separately. Therefore, a realistic electric circuit model of a 

thin-film SSB will take use of these building block units studied in Figure 3.5 and 

Figure 3.6 to model the bulk layers and all the present interfaces (and interphases). 
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A closer look at the electric circuit model B based on a physical interpretation 

of charge transport from Figure 3.4 reveals the existence of identical electric circuit 

parameter associations, so in order to completely decouple the charge transport 

properties of individual battery constituents and interfaces, a previous knowledge of 

the materials properties is necessary, like conductivities and relative permittivity 

values. Chapter 4 will then introduce a new methodology protocol to independently 

extract basic properties of materials of interest for evaluation of SSB performance and 

interface evolution using EIS and electric circuit modeling. 
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Chapter 4: Design of a Platform to Decouple Interfacial and 

Bulk Properties of a Thin-Film Solid-State Battery 

 

4.1.The Concept of Diagnostic Test Devices 

In this chapter, a new protocol for fabrication of thin-film SSBs that allows the 

evaluation of the formation and evolution of different interfaces across a device while 

providing a facile diagnosis of the final device performance will be presented. Full 

SSBs and a permutation of their isolated components and interfaces were manufactured 

in the same process step, so that it was possible to deconvolute the role of each material 

and interface in a stepwise fashion. A careful and systematic analysis arising from 

electric circuit modeling served as a good estimate of bulk properties, like conductivity 

and relative permittivity, and once the ambiguity in the EIS dispersion is removed, the 

models can also be used to predict space-charge layers at many different 

heterojunctions. Figure 4.1 describes the steps used in the methodology analysis to 

build a complete SSB model: 
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Figure 4.1. Description of methodology used for impedance analysis. 

Equivalent electric circuits composed of resistors and constant phase elements 

that account for various physical parameters of the electrolyte, cathode, and anode in 

our device that were introduced in Chapter 3 will be modeled. Then, materials 

properties will be extracted from fitting these equivalent circuits to the measured EISs 

of the individual layers (called as the diagnostic test devices) depicted in Figure 4.1. 

Next, these parameters will be transferred to bilayers, and finally assembling the layers 

and interphases to describe the full cell EIS. Ultimately, the performance and capacity 

degradation of a full thin-film SSB after 500 cycles will be explained by analysis of the 

EIS through the lens of the individual components. 
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4.2.Prototype Fabrication Using Simple Materials 

A 4x4 array of thin-film SSBs, as well as diagnostic test devices that are 

permutations of individual battery components and their interfaces, was fabricated 

using a sputtering tool (AJA ATC Orion 8) with a UHV-coupled mask exchanger. The 

process involved a sequence of in-situ patterning using three different shadow masks 

and substrate rotation so that both SSBs and the diagnostic test devices could be 

fabricated in the same run, with no air exposure at any time, and sharing a single 

substrate (3-inch silicon wafer with a 500 nm layer of thermally grown silicon dioxide). 

Shadow masks were designed such that an offset of their patterns allowed substrate 

rotation and reutilization of 2 masks for following deposition steps, illustrated by 

Figure 4.2, which also shows a real image of a set of devices after fabrication. 

 

Figure 4.2. New methodology for fabrication of thin-film SSBs and diagnostic test devices. Illustration 
of shadow masks used for in-situ patterning of devices, and an image of a real batch of devices. In this 
case, 16 SSBs and auxiliary devices were fabricated simultaneously in a 3-inch silicon wafer. Materials: 
Copper as anode current collector, amorphous silicon (a-Si) as anode, lithium phosphorus oxynitride 
(LiPON) as electrolyte, lithium vanadium oxide (LVO) as cathode, and aluminum as cathode current 
collector. 

50 nm of copper was sputtered using a shadow mask for bottom electrical 

contact of all the devices. rf-sputtering was used to deposit 45 nm of amorphous silicon 

using a power of 3.7 W/cm2 under a 3 mTorr argon atmosphere for the anode layer. 



 

 

36 
 

570 nm of lithium phosphorous oxy-nitride (LiPON) was chosen to be the electrolyte, 

which was deposited by reactive rf-sputtering, using a lithium phosphate (Li3PO4) 

target with an applied power density of 3.2 W/cm2 under a 1.5 mTorr nitrogen (N2) 

atmosphere. Lithium vanadium oxide (LVO) was deposited to serve as the cathode 

layer using a previously developed co-sputtering process.91 To do so, Li2O and V2O5 

targets were simultaneously sputtered under a 1.5 mTorr argon (Ar) atmosphere. Their 

respective power densities during deposition were 5.9 W/cm2 and 7.6 W/cm2. At the 

end, a 60 nm-thick aluminum layer was sputtered for top electrical contact, and the 

substrate was then post-annealed at 300 °C for 3 hours under low-pressure N2 

atmosphere (5mTorr) after completing all the deposition steps. Thicknesses of the 

deposited materials were measured from cross-sectional SEM images (Hitachi SU-70 

FEG). 

The choice of materials for fabrication of thin-film SSBs was based on their 

previously reported compatibility22,66,67,85,91,114 and due to their simple structure with 

no grain boundaries, which simplifies the electric circuit model of the final SSB. 

Amorphous silicon (a-Si), lithium phosphorus oxynitride (LiPON), and lithium 

vanadium oxide (LVO) were chosen to be the anode, electrolyte and cathode layers of 

the devices in Figure 1. Copper and aluminum were sputtered as the anode and cathode 

current collectors, respectively, due to their electrochemical stability at respectively 

low and high voltages. 
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4.3.Properties of Interfaces and Interphases 

In a complete thin-film SSB, many interfaces are created during the fabrication 

process, and each one of them will have distinct electrical properties based on the 

created space-charge layers (SCLs) upon contact of the materials. Having diagnostic 

test devices that correspond to individual battery components shown in Figure 4.2 

promotes the investigation of every interface in a thin-film SSB and the interfacial 

stability before and after cycling. 

One of these test devices relies on the metal-insulator-metal arrangement, in 

which the insulator is the electrolyte (LiPON). Although the Electrolyte-Metal 

Interface (EMI) present in such a test device does not exist in the full thin-film SSB, 

important properties related to the permittivity and ionic resistance of LiPON can be 

extracted when this interface is decoupled from the rest. During an EIS measurement, 

a sinusoidal voltage input creates an electric field such that a majority of Li+ inside 

LiPON diffuses towards one of the EMIs when the frequency range is sufficiently 

small. On the other metal side, there is a higher concentration of lithium-ion 

vacancies,48 which also creates a SCL in which its thickness denotes the Li+ depletion 

width. 

The Anode-Metal Interface (AMI) and the Cathode-Metal Interface (CMI) 

will generate SCLs with distinct electrical properties in comparison to EMI. Li+ 

diffusing inside LVO and/or a-Si during cell charge/discharge will accumulate at their 

interfaces with the metal layers, while electrons are not blocked. While this type of 

interface has not been widely studied in the battery field, its behavior under different 

states-of-charge might reveal important features about the rate of reaction between Li+ 
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and electrons, and if the ionic and electronic conductivity at these interfaces remains 

constant. As it was discussed in Chapter 1, kinetically stable interfaces should maintain 

their electrical properties, and variations of their conductivities can therefore reflect on 

degradation of batteries during their lifetimes. 

The other two remaining interfaces that are created during fabrication are the 

Anode-Electrolyte Interface (AEI) and the Cathode-Electrolyte Interface (CEI). 

They are very challenging to be modeled in an electric circuit since intermixing is likely 

to occur and interphases can be formed during fabrication and under cycling. Previous 

studies have demonstrated that a wide intermixing region between ALD V2O5 and 

NaPON electrolyte developed in the course of the deposition process.115 In another 

study, interdiffusion between lithium manganese oxide and LLZO occurred after 

electrochemical cycling.116 In addition, Li+ diffusion was reported to occur during 

sputtering when depositing LiPON on V2O5,117 so an interphase is likely to be formed 

between the cathode and electrolyte thin films in this current prototype.  

Preferably, these interphases will have high ionic conductivities with low 

electronic conductivities to allow the charge transfer of Li+ from the electrolyte to the 

anode/cathode and vice-versa while suppressing the diffusion of electrons to minimize 

charge accumulation in those interphase regions and side reactions that could lead to 

lithium immobilization, resulting then in capacity fading.81,118 They are the most widely 

studied interfaces in a SSB because their local impedances can compromise the total 

performance of the device. In this work, both AEI and CEI will be modeled as a 

resistance in parallel to a CPE, in which the resistance is attributed to the charge 

transfer, and the CPE will inform about their SCLs according to equation ( 3.16 ). 
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4.4.Summary of the Chapter 

By combination of impedance spectroscopy analysis and a singular device 

fabrication methodology, it is now possible to systematically deconvolute charge 

dynamics in the bulk and at interfaces of a thin-film SSB. Patterned diagnostic devices 

that represented isolated battery components were used to build electric circuit models 

that enabled a realistic interpretation of the electrochemical reactions and properties of 

materials in these devices. The next chapter begins with an explanation of the electric 

circuits that were built for each studied device, as well as the correlations that can be 

made with electric circuit parameters and the physics of materials and interfaces under 

an applied bias. Then, main results will showcase how it was possible to diagnose the 

main cause of capacity fading of thin-film SSBs by using impedance spectroscopy 

analysis. 
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Chapter 5:  Electric Circuit Modeling Implementation on the 
Platform for Thin-Film Solid-State Battery Diagnostics 

 

 
The investigation of different interfaces that are formed in a SSB and their 

evolution under different states-of-charge was primarily based on impedance 

spectroscopy data. For every device manufactured in Figure 4.2, an equivalent electric 

circuit was modeled by considering the materials properties and the mechanisms of 

charge dynamics under different frequency ranges.107,119–121 Then, the acquired 

impedance spectra of the measured devices were fitted using the proposed electric 

circuit models for an estimate of the physical properties, like conductivities and relative 

permittivity values of bulk materials, as well as the width of space-charge regions at 

interfaces.  

For each analyzed set of impedance data, the complete frequency range (250 

kHz – 250 mHz) was fitted to the respective electric circuit model, which is a very 

important aspect when discussing charge accumulation or depletion of charges at small 

frequencies. More information about the error propagation of the fitted values can be 

found in the Appendix. 

Electrochemical measurements were done using a potentiostat (BioLogic, SP-

300) with electrical feedthrough connections inside an argon-filled glovebox, using a 

probe station with micromanipulators in a two-electrode configuration, in which the 

copper contact was both the counter and reference electrodes, and the aluminum contact 

side was the working electrode for all the tested devices. PEIS was used for evaluation 
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of impedance profiles for the diagnostic test devices and the SSBs. A sinusoidal voltage 

signal with 10 mV amplitude was applied as a perturbation about each device’s OCV.  

For some of the devices, an impedance spectrum was obtained at multiple 

voltage steps, from 0 V to 3.6 V (vs. Cu), with an increment of 180 mV using the SPEIS 

technique. A wait time of 5 seconds was used after incrementing the voltage before 

each EIS measurement, and the total time for a complete measurement under this 

voltage window was 1.5 hours.  The frequency of the input signal varied from 250 kHz 

to 250 mHz (30 points per decade), and the total impedance was recorded at every 

measured datapoint. The collected impedances of the devices were then fitted using Z-

fit, from the Biologic EC-lab software, for circuit element parameter estimation. For 

each tested device, an appropriate electric circuit model was designed to associate the 

electric parameters to the physics of the devices during operation. The Simplex+Monte-

Carlo method in Z-Fit was used to minimize the fitting. 

 

5.1.Full-Cell Electric Circuit Model Built from Component EIS Signatures 

5.1.1. Electrolyte-Only Diagnostic Test Device 

The diagnostic test devices composed of individual battery layers were used to 

extract information about materials properties of LiPON, LVO and a-Si. In Figure 5.1-

a, the impedance data of the LiPON-only test device was fitted using the electric circuit 

model shown in the same graph. At frequencies lower than 9 kHz, diffusion of Li+ to 

the EMI inside LiPON occurs, while at higher frequencies there is not a substantial 

concentration of charge but rather polarization of charges within the bulk of the LiPON. 
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Figure 5.1. Impedance profile of LiPON-only device. a) Impedance spectrum of LiPON-only diagnostic 
test device at OCV with the representation of the electric circuit model for data analysis; b) LiPON ionic 
conductivity on different applied voltages; c) relative permittivity of LiPON on different frequencies at 
OCV; inset: Bode diagram of device at OCV, in which the blue line corresponds to the phase of the total 
impedance, and the black line is the log of the total impedance modulus; d) computed SCL width at the 
Electrolyte-Metal Interface (EMI) under different applied voltages calculated at the lowest frequency 
measurement (250 mHz). 

The proposed electric circuit model can also be used for dynamic impedance 

analysis, i.e., when varying the applied voltage. In this case, for every increase or 

decrease in the applied bias, an impedance spectrum is acquired, and the parameters of 

the electric circuit model are minimized. Hence, any changes in the LiPON properties 

or interfacial reactions are reflected on the variation of the electric circuit parameters. 

Figure 5.1-b shows the calculation of ionic conductivity of LiPON (sLiPON) at a voltage 

window of 0 – 3.6 V, according to equation ( 5.1 ): 
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( 5.1 ) 

Where RLiPON is the resistance obtained from the fitting analysis using the electric 

circuit model, dLiPON is the thickness of the deposited LiPON layer, and A is the active 

area of the device. Although there is a fluctuation of σLiPON as the voltage is increased, 

it relaxes back to its initial value when the voltage was decreased. The average ionic 

conductivity in this voltage range was (2.3 ± 0.1) x10-6 S/cm, which shows the 

electrochemical stability of the electrolyte, and it agrees with the literature values for 

σLiPON.37 

Since bulk properties can now be distinguished from interfacial reactions using 

the electric circuit model proposed here, the relative permittivity of LiPON (eLiPON) 

could be computed as a function of frequency (see equation ( 3.14 )). Figure 5.1-c 

shows that above 9 kHz eLiPON smoothly decreases towards values close to 48. Although 

reported values of eLiPON are usually smaller39,110,122,123 than the one estimated here, 

direct comparisons are imprecise because calculations are made using different 

frequencies in the literature, and compositional changes like Li and N content should 

affect eLiPON as well.124,125 Below 9 kHz, interfacial reactions are dominant, and eLiPON 

gets exponentially higher. The inset graph (Bode plot) confirms the bulk domain vs. 

interfacial domain over the studied frequency range. 

SCL width at the two EMIs were monitored over different applied biases. Any 

changes in the electric circuit parameters of CPEinterface (both a and Q, see equations ( 

3.11 ) and ( 3.16 )) resulted in changes to charge accumulation and interfacial kinetics. 

It was assumed that the width of the Li+ accumulation at one EMI has the same length 
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as Li+ vacancies on the other EMI, even though the metal contacts are different (copper 

and aluminum), so the width of each SCL in Figure 5.1-d is an approximate and 

average result. Adding 2 CPEinterface parameters to the electric circuit model, where each 

of them would correspond to one EMI, could be more accurate but it would not be 

possible to fit them without a high degree of correlation, giving rise to ambiguities in 

data analysis. At low voltages, the SCL is 7–12 nm wide, and towards 3.6 V (vs Cu) 

there was an increase of this layer up to 20 nm. Those larger values are consistent with 

a similar direct measurement of the Cu/LiPON interface using electron holography.126 

The increase in the width of the SCL at higher potentials might indicate a higher 

accumulation of charges and an eventual LiPON decomposition due to its 

electrochemical instability above 2.5 V vs Li/Li+.63,127 

 

5.1.2. Cathode-Only and Anode-Only Diagnostic Test Devices 

After obtaining information about the properties of LiPON, the cathode-only 

and anode-only diagnostic test devices were analyzed. In Figure 5.2-a, two semi-arcs 

are found in the impedance spectrum of the LVO-only diagnostic test device. The size 

of each arc depends on the conduction of ions and electrons in a mixed conductor. Two 

arcs are usually visible107 when both ionic and electronic conductivities are 

comparable. In the case of LVO, a similar concentration ratio between free electrons 

and Li+ is expected, so the semi-arc at lower frequencies found with a smaller size is 

mainly due to a higher electron mobility in comparison to Li+.128 The relative 

permittivity of LVO was estimated to be (37 ± 5) at 250 kHz, using equation ( 3.14 ).  
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Figure 5.2. Impedance profile of LVO-only and Si-only devices. a) Electric circuit model for the LVO-
only test device and impedance spectrum at OCV. b) Impedance spectrum of Si-only diagnostic device 
at OCV and the electric circuit model that represents this device. 

In contrast to the low-frequency profile of the LiPON-only diagnostic device, 

which showed a linear function between real and imaginary impedance components, a 

second and smaller semi-arc appears in the impedance profile of the LVO device. This 

is explained by the fact that although Li+ are blocked when they get accumulated at the 

cathode-metal interface (CMI), electrons will be transferred. For the LiPON-only 

diagnostic test device, charge accumulation at the interfaces took place below 9 kHz, 

while for LVO it was ~ 150 Hz. This is meaningful because it shows that the time 

constant for LVO is bigger than the LiPON-only device, i.e., a shorter time is needed 

for Li+ inside LiPON to reach the EMI in comparison to the Li+ diffusion in LVO. 
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Indeed, this is confirmed when the resistances of the electric circuit model are 

used to compute conductivity values for each charged species in LVO. The calculated 

LVO ionic conductivity was σi,LVO = 0.12 x10-6 S/cm while its electronic conductivity 

was σe,LVO = 0.71 x10-6 S/cm. Therefore, σLiPON is about 20 times bigger than σi,LVO, 

which explains the fast Li+ accumulation at the EMI on the LiPON-only diagnostic 

device. At the minimum measured frequency (250 mHz), the width of SCL at the CMI 

was estimated to be (38 ± 6) nm. The SCL width at the CMI is bigger than the value 

found for EMI due to the fact that εLVO > εLiPON. Because σe,LVO is ~ 6 times larger than 

σi,LVO, it is possible that, under an EIS experiment, electrons are diffusing from the 

metal layer to the LVO and reducing more Li+ at the interface.  

In Figure 5.2-b, the impedance spectrum of the Si-only diagnostic test device 

and the electric circuit model used for its fitting analysis are shown. After a-Si 

deposition, no Li+ are present, so there is conduction of electrons only (there could be 

mobile holes from defects, but the impedance spectrum shows no evidence, so they can 

be considered as minority carriers). Since the deposited a-Si layer is thin (~ 45 nm), the 

total impedance is reduced, so wiring effects are more pronounced, which were 

modeled using a series inductor.106,121 At low frequencies, the impedance tends to a 

resistor behavior, with an area-specific resistance of 1.6 Ω.cm2. The relative 

permittivity of a-Si was estimated to be (13 ± 1) at 250 kHz, and the SCL width at the 

Silicon-metal interface could not be modeled in this device due to the pronounced 

wiring effect previously described. 
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5.1.3. Electrolyte-Cathode (Anode-Free) Diagnostic Device 

Using the information learned from the diagnostic devices of individual battery 

components, properties such as relative permittivity and ionic and electronic 

resistances can be used to analyze more interesting interfaces under cycling. Electric 

circuit parameters previously fitted on these test devices are transferred to the more 

complex electric circuit models of diagnostic devices where the AEI and CEI are 

present. 

 

Figure 5.3. Impedance profile of LVO-LiPON device. Impedance spectra of LiPON-LVO diagnostic test 
device when a) increasing the voltage, and b) decreasing the voltage gradient; c) schematics of the device 
and the electrically modeled interfaces (and interphase). The values of circuit parameters in blue were 
taken from the LiPON-only device, and the same applies for circuit parameters in red, taken from the 
LVO-only device. Circuit parameters in orange are representing the CEI; d) cyclic voltammogram of 
LiPON-LVO device; e) LVO ionic conductivity and f) LVO electronic conductivity as a function of 
applied bias. 

For instance, when LVO is in contact with LiPON, a redistribution of charges 

is expected to happen, resulting in a CEI formation that may have distinct electrical 

properties. Now, it is possible to distinguish the properties of this interphase (and SCLs 

at metal interfaces) from the electric dynamics of the single layers using the electric 
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circuit models from the isolated LVO and LiPON devices. The estimated circuit 

parameters from LiPON-only (shown in blue in Figure 5.3-c) and LVO-only (shown 

in red in Figure 5.3-c) diagnostic devices are plugged into the electric circuit model of 

LiPON-LVO diagnostic device for data fitting and analysis. Using this methodology, 

every parameter is allowed to relax to its appropriate value. The great benefit behind 

this approach is that the isolated LVO and LiPON diagnostic test devices provided 

initial guesses for the LVO-LiPON device that are representative of the 

physical/chemical properties. 

Hence, charge dynamics and internal impedances can now be fully resolved 

under different states-of-charge. By increasing the applied voltage in this system, Li+ 

will be moving from LVO to LiPON. Decreasing the applied voltage will result in Li+ 

transfer in the opposite direction. Impedance diagrams from Figure 5.3-a and Figure 

5.3-b show that the LiPON-LVO test device can be modeled using the electric circuit 

from Figure 5.3-c, and a significant change in the impedance spectra was observed at 

voltages higher than 2.7 V. In Figure 5.3-d, the cyclic voltammetry taken from this 

device revealed that an electrochemical peak at ~ 3.1 V is observed when the bias is 

increased that can be ascribed to a partial extraction of Li+ from LVO.91,129 Above 3.3 

V, the remaining amount of mobile Li+ inside LVO should be diffusing through the 

CEI and the LiPON layer, and a current density spike in the mA/cm2 range is noted. 

The shape and magnitude of this peak is representative of lithium plating130 at the 

LiPON/Cu interface (EMI), so there should be a convolution of two different reactions 

happening at the same time: Li+ diffusing out of LVO and Li+ reduction at the EMI. 
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When the applied bias becomes smaller, Li oxidation from EMI and subsequent Li+ 

diffusion towards the LVO side is observed in the cyclic voltammogram. 

While it could be challenging to decouple these two different mechanisms 

(lithium oxidation/reduction at EMI and Li+ diffusion inside the device), this is now 

possible to be made with the novel diagnostics approach. An evaluation of the changes 

to the electric circuit parameters from the impedance analysis showed, for example, 

that σi,LVO and σe,LVO vary according to the applied bias in the device. In Figure 5.3-e, 

σi,LVO ranges from 1-3 x10-6 S/cm from 0-3 V. In contrast, the conductivity during the 

last portion of the sweep is ~ 102 times greater. A similar behavior was also observed 

in electrochemically lithiated V2O5 thin films by Shibuya et al,131 in which the V2O5 

conductivity substantially decreased below 3.0 V vs Li/Li+ due to a possible irreversible 

change in its crystal structure. 

Interface kinetics was also evaluated using this diagnostic device and the 

numerical values of the electric circuit parameters. From the data in Figure 5.4-a and 

Figure 5.4-b, it is evident that the CEI is mostly stable from 0-3 V, despite some 

fluctuations of its resistance. The CEI SCL shown in Figure 5.4-b is significantly wide, 

ranging from 80-160 nm. That may be caused by a Li+ gradient at the interphase,132 in 

which the LiPON-side of LVO has a high concentration of Li+, and heightened by the 

ready transfer of Li+ between LiPON and LVO. 

At higher voltage biases, up to 3.6 V, it seems that the CEI resistance is affected 

by the charge polarization and the SCL width at the CEI drops to small values. This 

could possibly be explained by the small concentration of Li+ in this region at high 

voltages, since the majority of mobile Li+ have diffused towards the EMI at 3.6 V. 
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Figure 5.4. Interface kinetics of the LVO-LiPON diagnostic test device. Evolution of a) Cathode-
Electrolyte Interphase (CEI) resistance; b) Space-Charge Layer (SCL) formed at the CEI; c) SCL at 
Electrolyte-Metal Interface (EMI); d) SCL at the Cathode-Metal Interface (CMI) of the LiPON-LVO 
diagnostic test device. 

The average conductivity of the CEI between 0 and 3.6 V can be estimated 

assuming that its thickness is equivalent to the SCL width (see equation ( 3.16 )). In 

this case, the average sCEI is (0.8 ± 0.2) x10-6 S/cm, which is lower than the ionic 

conductivity of LVO and LiPON. Hence, charge transfer of Li+ in this multiscale 

process (LVO↔CEI↔LiPON) can be negatively affected by the sluggish motion of 

Li+ at the CEI. 

The hypothesis of Li oxidation/reduction at the EMI at higher biases is now 

confirmed by the evolution of the SCL at the EMI seen in Figure 5.4-c. As the applied 

voltage was increased, the width of the SCL of LiPON-Cu interface decreased to a sub-
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nm range. Above 2 V, it was already very small, which most likely indicates a 

beginning of LiPON decomposition into Li3PO4 and Li3N.94 Above 3.2 V, lithium 

reduction has occurred. When the applied bias was reversed, Li was stripped from 

LiPON/Cu interface and the initial SCL was slowly restored.  

Another interesting, and yet uncommonly reported interface that was decoupled 

using this diagnostics approach was the LVO-Al interface (CMI). While increasing the 

voltage bias, its SCL was mostly stable (20-40 nm wide, see Figure 5.4-d), until the 

last fraction of mobile Li+ from LVO were transferred to CEI and LiPON, which then 

decreased the width of the SCL to only a few nanometers. At this point, the CMI does 

not accumulate charges anymore, since Li+ is depleted and electrons can be easily 

transferred because σe,LVO is significantly higher at this voltage (see Figure 5.3-f). 

When the applied bias was reversed, the SCL slowly increased, and below 1.2 V it was 

even wider than the initial state (about 3-4 times wider), possibly due to the smaller 

electronic conductivity of LVO at this voltage, as shown in Figure 5.3-f. 

 

5.1.4. Anode-Electrolyte (Cathode-Free) Diagnostic Device 

Upon contact of unlithiated a-Si and LiPON, the Silicon-LiPON interface (AEI) 

appears to be thermodynamically stable.89 An electric circuit based on the LiPON-LVO 

diagnostic device was built (see the following Figure 5.5), in which the addition of 

circuit parameters to represent the AEI were not giving satisfactory fitting of the data. 

Hence, to avoid over-parametrization104 we did not include circuit elements to denote 

that specific interface. 
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Figure 5.5. Impedance spectrum of Si-LiPON diagnostic device (green curve), and the electric circuit 
model that was built for data analysis. Values of the electric circuit parameters in green were extracted 
from the Si-only test device, and the blue ones were taken from the LiPON-only test device. The 
impedance data of LiPON-only device is shown in blue for visual comparison. 

Two resistors were included to represent the electronic flow inside the Silicon 

layer (Re,Si) and the eventual ionic flow (Ri,Si) under equilibrium if there was a 

spontaneous diffusion of Li+ from the LiPON layer. In the as-deposited state, the silicon 

electronic resistance was estimated at 1.4 Ω.cm2, which agrees with the value found on 

the Si-only diagnostic device, while the ionic resistance was ~ 140 kΩ.cm2, confirming 

that the thermodynamically stable AEI prevented Li+ from flowing from the LiPON 

layer to the a-Si during deposition. It is important to note that the deposition sequence 

is reversed from that of the LiPON/LVO device, so the Si is deposited beneath the 

LiPON.  

The fitting of the electric circuit model to the real data from the Si-LiPON 

diagnostic device revealed interesting information about the interfaces. The contact 

between a-Si and copper (Anode-Metal Interface – AMI) created a SCL with an 

estimated width of (8 ± 1) nm. On the other side of this device, the EMI (in this case, 

LiPON-Al interface) SCL width was calculated to be (30 ± 2) nm. The data for the 

LiPON-LVO test device (Figure 5.4-c) showed that the LiPON-Cu interface was 5 nm-
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thick, at most. The combination of these results from different auxiliary devices can 

help us conclude that a thicker SCL exists when LiPON is in contact with Al rather 

than Cu, and that the average of these two EMI SCLs is ~ 17.5 nm, which is in good 

agreement with the values in Figure 5.1-d when studying the interfaces from the 

Al/LiPON/Cu diagnostic device. 

 

5.2.Describing the EIS of the Thin-Film SSB Full Cell 

5.2.1. Building an Electric Circuit Model for a Full Cell from Impedance Signatures 

of Diagnostic Devices 

Having previously analyzed the EIS of each diagnostic test device, now those 

fitted circuit parameters can be applied to an equivalent circuit for the complete thin-

film SSB. The circuit, therefore, includes bulk and interfacial parameters, and the 

knowledge of how the properties evolve under different applied biases. For each 

parameter added to the circuit in Figure 5.6-a, their initial values were extracted from 

the electric circuits of the diagnostic test devices. This ensures that the impedance 

analysis is robust, because it considers the different physical properties and chemical 

reactions happening at the bulk and at different interfaces, at the same time, that are 

now fully distinguished. 
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Figure 5.6. Electric circuit model and impedance profile of a full thin-film SSB. a) Description of the 
proposed electric circuit model for interpretation of the thin-film SSB impedance analysis; b) Impedance 
spectra of every auxiliary device at OCV, including the impedance profile of the SSB stack as-deposited; 
Impedance of the SSB after several galvanostatic charge/discharge cycles at 8C recorded at different 
biases during c) charge; and d) discharge half cycles. A discrepancy in the impedance curves at 3.6 V 
when applying the bias in reverse directions possibly occurred due to relaxation between the charge and 
discharge measurements. 

Figure 5.6-b shows that the impedance profile of the SSB is a convolution of 

the impedances of isolated battery components and interfaces, and lacks any discrete 

features that would allow a decomposition of the spectrum without the systematic 

approach we have taken. The impedance data in black corresponds to the total 

impedance of the thin-film SSB after fabrication, at OCV. The Si-LiPON interface 

(AEI) in that specific EIS curve (as-deposited cell) was not modeled in the electric 

circuit to avoid over-parameterization, like it was observed on the Si-LiPON device 

(see Figure 5.5). The absence of electric circuit parameters to model the AEI suggests 
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that little or no reactivity exists between LiPON and a-Si before electrochemical 

cycling on the full cell, which is a characteristic of thermodynamically stable interface. 

The LiPON-LVO interface (CEI) in the SSB before cycling had a fitted resistance of 

14 W.cm2, which is comparable to what was found at the LiPON-LVO test device (see 

Figure 5.4-a), and the ionic resistance of a-Si was within the same order of magnitude 

(117 kW.cm2) of what was calculated for the Si-LiPON diagnostic device. Overall, it 

appears that the characteristics found in the diagnostic devices were not affected after 

completion of the deposition process to form a thin-film SSB. 

After galvanostatically cycling the battery 545 times at faster rates (8C, which 

corresponded to a current density of 50 µA/cm2) for the purpose of studying kinetic 

effects, we analyzed the evolution of the internal impedances as a function of the 

applied bias. Overall, the total impedance of the SSB before cycling (Figure 5.6-b, 

black curve) looks different than any of the impedances after 550 cycles taken at 

different applied biases (Figure 5.6-c and Figure 5.6-d). While the as-deposited device 

exhibits a single semi-circle with a low-frequency tail, after cycling there was a split of 

the impedance profile into two semicircles at high frequencies with a distinct low-

frequency tail angle. Furthermore, the impedance data at different biases (Figure 5.6-

c and Figure 5.6-d) shows that the properties of the thin-film SSB are not perfectly 

reversible during each half cycle. In fact, the two 0 V spectra have different low-

frequency tails. It is possible that there is a kinetic factor that delays some restoration 

of the impedance, or this irreversibility in the EIS is indicative of continuing side 

reactions somewhere in the device. 
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5.2.2. Cathode Interfaces During Cycling 

 

Figure 5.7. SSB cathode interfaces after cycling. a) SCL at the LVO-Al interface; b) resistance of LVO-
LiPON interphase; c) SCL at the LVO-LiPON interphase. 

The many different interfaces (and interphases) inside the thin-film SSB 

showed electrochemical instabilities under different applied biases. The LVO-Al 

interface (CMI) in Figure 5.7-a had a SCL width estimated up to 170 nm at low cell 

voltages (Li+ insertion in LVO), while that width decreased at higher voltages to values 

close to 5 nm (Li+ extracted from LVO). The general trend in SCL is in accordance 

with the same interface in the LiPON-LVO diagnostic device (see Figure 5.4-d). 

However, the CMI is around two times wider at low cell voltages in the case of the 

thin-film SSB. 

Interestingly, the width of the LiPON-LVO interphase (CEI) from the full cell 

(Figure 5.7-c) agrees with the Li+ gradient observed from an XPS depth profiling data 

of electrochemically lithiated V2O5-LiPON interface,132 which then validates the 

deconvolution of impedance profiles performed in this report. A remarkable increase 

in the CEI resistance with comparison to the uncycled SSB (14 W.cm2) is shown in 

Figure 5.7-b, and an asymmetry in the charge transfer is noted. In particular, when the 

applied voltage was being increased, this interphase had a resistance that reached 400 

W.cm2 at 1.6 V. When the applied voltage was decreased, the resistance was about 4 
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times smaller. This indicates that the transfer of Li+ has a higher energy barrier to go 

from the LVO to the LiPON than the reverse direction. 

The ionic conductivity of the CEI in the SSB was estimated to be on the order 

of 10-9 S/cm, which is one order of magnitude higher than the value calculated for the 

LiPON-LVO diagnostic device. Therefore, the difference in the CEI conductivity 

values predicts a drop in performance after the device begins to be cycled. 

 

5.2.3. Anode Interfaces During Cycling 

 

Figure 5.8. SSB anode interfaces after cycling. a) SCL at the Si-Cu interface; b) resistance of Si-LiPON 
interphase; c) SCL of Si-LiPON interphase. 

The anode side of the thin-film SSB also contributed to a decrease in energy 

during the device operation. The SCL at the Si-Cu interface (AMI) was estimated to be 

8 nm in the Si-LiPON diagnostic device (Figure 5.5), while the same interface was 

below 5 nm during cycling (Figure 5.8-a). The increase in SCL width is attributable to 

an increase in charge accumulation as long as the relative permittivity is held constant 

(see equation ( 3.16 )). It is expected that eSi should increase as a function of lithiation, 

but no such information could be extracted from this set of diagnostic devices and no 

references in literature were found to describe eLixSi. Therefore, no conclusions can be 

made about the AMI as a function of state-of-charge with this lack of information on 

silicon properties. Indeed, this illustrates how it is important to propose new 



 

 

58 
 

experiments for evaluation of properties of battery materials as a function of lithium 

insertion for modeling purposes and better data interpretation. 

Lastly, the Si-LiPON interface (AEI) that was previously modeled to be 

thermodynamically stable before cycling has become kinetically unstable during 

charge/discharge cycles. Figure 5.8-b shows that its resistance reached 4 kW.cm2 after 

fully discharging the battery, i.e., when a-Si is delithiated. During the beginning of a 

charge process, the same interface had a resistance 4 times smaller than the discharge 

cycle. Hence, the resistance to transfer Li+ across the AEI slowly decreases as the 

silicon gets more lithiated, and Li+ transfer from Si to LiPON appears to be more 

favorable at cell voltages above 1.4 V.  

The width of the AEI SCL was found to be below 10 nm during both charge 

and discharge processes (Figure 5.8-c), and the estimated conductivity at the AEI is 

10-10 S/cm. The increased AEI resistance contributes to ohmic losses, reducing the 

measured capacity of the device in this voltage window. While it is still not clear 

whether these high-impedance interphases with the electrolyte (CEI and AEI) in a SSB 

are intrinsically dependent one of another, at least now there is evidence that the major 

sources of capacity fading in the thin-film SSB are ohmic losses at the AEI and CEI. 
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5.3.Performance of the Full Thin-Film SSB 

 

Figure 5.9. Charge-discharge cycles of thin-film SSB and cross-sectional SEM images. a) Cyclic 
voltammogram of a thin-film SSB, right after deposition. Under the 2-electrode configuration, the copper 
contact was used both as reference and as a counter electrode. Increasing the total cell voltage refers to 
charging; b) discharge capacity under different constant current densities (so different C-rates) for 45 
cycles in a fresh, yet uncycled SSB. Inset: capacity fading at fast charging/discharging for 500 cycles at 
8.5 C (50 µA/cm2) after cycling 45 times under variable C-rates; cross-sectional SEM images of the thin-
film SSB atop the SiO2 substrate c) before any electrochemical cycling; and d) after 545 cycles at 8.5 C 
at a charging state. 

Figure 5.9-a shows cyclic voltammetry of the thin-film SSB right after 

fabrication, in which broad peaks are observed between 3 – 3.6 V during charge, and 

at 2.9 V and 1.8 V during the discharge. Those peaks can be correlated to the 

insertion/extraction of Li+ from the LVO, which were also seen on Figure 5.3-d in the 

LVO-LiPON test device. In the thin-film SSB, the peaks are broader and shifted ~ 0.4 
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V with respect to the LiPON-LVO diagnostic device, likely because of the silicon-Li 

alloying/dealloying reactions happening at the same time. A first sign of degradation 

of the SSB was observed in the cyclic voltammogram in Figure 5.9-a by the continuous 

decrease in the current density over subsequent cycles, which was further investigated 

in a fresh device. 

On another thin-film SSB that was not yet electrochemically tested from the 

4x4 array of fabricated devices, a series of 545 galvanostatic charge/discharge cycles 

was performed under variable C-rates, as shown in Figure 5.9-b. A larger capacity loss 

was observed at the initial cycling of the SSB, regardless of the value of the applied 

currents (e.g. 10 µA/cm2 = 1.7 C). From cycle 1 to 45 under variable C-rates, there was 

a loss of discharge capacity ~ 15 %. Interestingly, the first 45 cycles from the follow-

up 500-series at a high C-rate of 8.5 C (50 µA/cm2) resulted in a discharge capacity 

loss of ~ 8 %. This evidence shows that fast charging was not the only factor 

contributing to the device performance below the expected. Apparently, problems 

occurring at the beginning of the battery lifetime have caused irreversible changes on 

the device. 

SEM analysis of the fractured cross section of an uncycled, as-deposited thin-

film SSB (Figure 5.9-c) revealed that most of the interfaces were smooth after 

completion of the fabrication process, besides some irregular patterns that were noted 

at the LVO-LiPON interface possibly due to the fracture, or because of an interphase 

that formed during the deposition of the LVO onto the LiPON. The interfaces of the 

full stack looked completely different after 545 cycles, here shown in a charged state 

(Figure 5.9-d). There is an evident volume expansion of silicon (about 4.33 times) 
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when it gets lithiated that is in accordance with the literature21, which had possibly 

caused a contact loss between Si and Cu. Also, a LiPON decomposition at the AEI133 

could have caused shrinking of ~ 9 % of the total LiPON layer. LVO had an 18 % 

thickness reduction, but this could be due to Li+ extraction from its structure.  

Overall, electrochemical measurements and SEM images are in accordance 

with the results observed from the impedance analysis. The Si-LiPON interface was 

not included in the electric circuit models of the Si-LiPON diagnostic device, nor in 

the full SSB before cycling, because unphysical and suspicious fitting of their EISs was 

found whenever this interface was included in the models. Our hypothesis for this case 

was that the interface was thermodynamically stable during/after fabrication, and the 

SEM images shown in Figure 5.9-c presented a smooth contact between Si and LiPON 

that agrees with our premise.  

After cycling, the SEM in Figure 5.9-d revealed a volume expansion of LixSi 

at a charged state that drastically affected the stability of the Si-LiPON interface, which 

was confirmed by the capacity fading observed on electrochemical measurements. The 

calculation of the AEI conductivity from the impedance analysis reinforces the 

argument that this interface was a major source of battery degradation. The direct 

relationship between cell performance and interface kinetics in this report was only 

possible due to our diagnostics protocol for systematic decoupling of internal 

impedances in a thin-film SSB. 
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5.4.Prognosis 

A battery is more than the sum of its parts. The properties of 

interfaces/interphases are important parameters for device performance, and the fact 

that many properties vary with ion concentration further complicates the analysis. By 

using thin film deposition to break up the battery into component parts, and analyzing 

each in turn, we find that changes in material properties and interphases can be fully 

accounted for. Furthermore, these fitted parameters do not become wild or highly 

correlated when examining the full cell, implying that the model is not overfitting the 

data, and verifies the hypothesis that the thin film full cell can be described by its 

component parts, once they are all accounted for. 

The use of diagnostic devices to deconvolute impedances in a SSB also 

proposes that in-situ experiments can be done using this technique. For example, 

internal impedances can be spatially resolved by performing a 2D-mapping of a SSB 

using KPFM analysis to probe the behavior of charge transfer at interfaces in different 

locations. For the case of crystalline materials and/or interfaces, coupling X-Ray 

Diffraction (XRD) measurements with impedance analysis over different states-of-

charge can evaluate the mobility of majority charge carriers at grain boundaries versus 

in bulk. And, in general, this protocol using individual and isolated test devices can 

provide comparisons of battery health while simultaneously performing 

morphological, structural, mechanical, and electrochemical characterization techniques 

on sibling devices. 
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While a complete study of interface kinetics in a SSB still requires in-situ 

experimental techniques such as SEM (Scanning Electron Microscopy), XPS (X-Ray 

Photoelectron Spectroscopy), ToF-SIMS (Time-of-Flight Secondary Ion Mass 

Spectroscopy), KPFM, AES (Auger Electron Spectroscopy), RBS (Rutherford 

Backscattering Spectroscopy), and/or TEM,9,50,114,116,134–136 an electrochemical 

impedance analysis coupled with an appropriate system of devices can reveal features 

of the interfaces during cycling, as well as indicate possible issues occurring during 

processing that were yet unreported. Hence, a direct, non-destructive measurement of 

the physical properties of interfaces is now feasible for a wider range of thin-film 

devices, which can substantially improve the design of next-generation ionic 

devices.105,137 

For the first time, the kinetics of interfaces in a SSB was monitored and reported 

from impedance analysis to diagnose full cell performance and degradation during fast 

cycling. The simple premise of decoupling bulk and interfacial internal impedances by 

building single and bilayer devices, deriving physics-based electric circuit models for 

every layer (and interface) individually, and combining their circuit parameters into a 

robust and complete electric circuit for the full battery, has proven to work successfully. 

Circuit parameters from the diagnostic test devices fully explain the behavior of the full 

cell, with minimal drift in the fitted values from test device to full cell. 

In the previous sections, we have shown that equivalent circuit analysis can 

provide models and parameters that are transferable from simple systems to complex 

ones. For instance, important material properties were calculated under different 
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applied biases, such as the relative permittivity of the active materials, conductivities 

of bulk layers and across at interphases, and the width of space-charge regions at 

heterojunctions. Variations in these material properties can be explained by well-

known dynamics in solid-state batteries, and provide quantitative measurements of 

parameters necessary for advanced modeling of electrochemical systems. 

There are several beneficial impacts to the field of electrochemical devices 

coming from these calculated properties. Conductivity measurements at interfaces can 

determine whether or not protective layers must be incorporated to adjust the electrical 

properties of interfaces closer to ideal values. Also, different combinations of 

promising materials can now be tested using this diagnostic protocol to investigate 

compatibility. And, more broadly, the calculated values of materials properties can now 

be included in computational simulations for a better prediction of device performance. 

Simple materials with simple interfaces were studied as a proof-of-concept. 

Adding materials with more complex structures like grain boundaries, or intrinsic 

tortuosity, porosity, and voids that exist in particulate SSBs will require extra 

assumptions to be made when building the electric circuit models. The inclusion of 

inactive materials such as carbon black will also add more challenges to fully 

deconvolute the internal impedances, so additional diagnostic test devices may be 

required to be fabricated and studied. Lastly, thin-film batteries with unique 

architectures like AAO-nanopore arrays for fabrication of 3D thin-film SSBs75 will 

have to be carefully studied because the electric field lines are not as uniform as they 
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are in planar batteries, so the calculations of space-charge layers have to be derived 

considering the nature of their architectures. 

Although this dissertation only performs diagnostics of simple thin-film SSBs, 

the challenges previously described for more complex systems only require some 

understanding of the structure of the system to include important chemical and physical 

properties into the electric circuit modeling. Hence, the benefits of using this 

diagnostics protocol for other battery systems can potentially increase the 

understanding of the battery community in local interfaces and impedances and their 

consequences for capacity retention, cell degradation and compatibility of promising 

materials. 

 

5.5.Summary of the Chapter 

Interface (and interphase) kinetics were proven to affect the overall 

performance of thin-film SSBs using the new diagnostics protocol presented in this 

work. By combination of impedance spectroscopy analysis, conventional 

electrochemical measurements, and a singular device fabrication methodology, we 

provided a systematic deconvolution of charge dynamics in the bulk and at interfaces 

of a thin-film SSB. 

Patterned auxiliary devices that represented isolated battery components were 

used to build electric circuit models that enabled a realistic interpretation of the 

electrochemical reactions and properties of materials in these devices. Accumulation 

of charges at interfaces and conductivities of Li+ and electrons across different layers 

were monitored at different states-of-charge, and, for instance, a space-charge layer in 
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the range of 100 nm was observed at the cathode-metal interface and the cathode-

electrolyte interphase after completion of the fabrication process. The anode-electrolyte 

interface was found to be stable only before cycling using both impedance analysis and 

cross-sectional SEM imaging. 

The determination of how the interfaces changed with different applied voltages 

was only possible by the implementation of the auxiliary device diagnostics approach. 

For instance, the LVO-LiPON interphase was found to be resistive to Li+ transfer, 

especially during charging, but the LiPON-Si interphase was 10 times more resistive. 

The information extracted from the auxiliary devices served as initial input for 

the electric circuit model of the full thin-film SSB. A ~15% decrease in capacity was 

observed as a function of charge/discharge cycles during the first 45 cycles, which 

indicated that charge transfer across the entire SSB modified the nature of the as-

deposited interfaces. In addition, a large volume expansion of silicon, once it gets 

lithiated, was a major contributor to the low capacity of the device. 

Hence, this work demonstrated how important it is to incorporate diagnostics 

of batteries to understand possible fabrication inconsistencies and kinetic behavior 

during their operation. For the particular choice of materials studied in this prototype, 

volume expansion of silicon upon lithiation caused contact loss with the current 

collector and a kinetically unstable Si-LiPON interphase was present during cycling of 

the battery. In the future, different artificial interfaces could be deposited using the 

methodology described here between silicon and LiPON to provide mechanical 

strength while maintaining a reasonable low ionic resistivity for further battery 

operation without loss of capacity. Interfacial stabilization of the cathode-electrolyte 



 

 

67 
 

interphase has also proven to be necessary to improve charge transfer. We believe, 

therefore, that the combination of this novel and robust diagnostics protocol coupled 

with interfacial engineering will enable the implementation of more complex 

architectures for the next generation of SSBs. 
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Chapter 6:  Conclusions and Perspectives 

 

 

 

Figure 7.1. Electric circuit models for diagnostic devices and SSB. 

For the first time ever reported, evolution of interfaces in a thin-film SSB and their 

kinetics were reported using a new device fabrication methodology coupled to electric 

circuit modeling. The protocol involving the simultaneous fabrication of diagnostic test 

devices and complete stacks of thin-film SSBs serves as a multipurpose platform, in 

which the following subjects can be investigated: 

• Compatibility of promising materials for electrochemical systems 

• Extraction of materials properties as a function of charge/discharge, like 

electrical conductivities and relative permittivity 

• Estimation of interfacial properties, like space-charge layer widths and 

electrical conductivity 

• Deconvolution of individual bulk and interfacial parameters 
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• Identification of localized layers that potentially contribute to device 

degradation and capacity fading 

Using a system of materials with well-studied structural and morphological 

properties, an electric circuit model based on physical assumptions validated the 

hypothesis that interfacial kinetics in thin-film SSBs can be studied using a non-

destructive technique. For example, one of the studied interfaces using this new 

approach for data analysis has presented a thermodynamically stable behavior after 

fabrication of the device that evolved to form a kinetically unstable interface upon 

charging and discharging. Another interphase from the same device has proven to be 

kinetically stable at different applied voltages, and the distinction between these 

discrepant interfaces was due to the diagnostic test devices that allowed a 

deconvolution of information acquired from an impedance spectrum. It is expected, 

therefore, that material scientists can make use of this protocol for promotion of 

interfacial engineering in SSBs. 
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Appendix 
 

 Error propagation of derived parameters from electric circuit modeling 
 

Some properties of materials were calculated using geometrical values (active 

surface area and film thickness) and also parameters extracted from the electric circuit 

modeling. Hence, those properties have associated uncertainties that were calculated 

based on error propagation. 

a) Uncertainty of a CPE capacitance (𝝈𝑪!) 

From equation ( 3.11 ), the real part of the capacitance of a CPE has an uncertainty that 

depends on the parameters a and Q: 

𝜎1- = ]𝜎$. Y
𝜕𝐶-

𝜕𝑎 Z
.
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( A.1 ) 

Where sa and sQ are the fitting errors of a and Q parameters. Equation ( A.1 ) can be 

simplified using the value of the imaginary part of the capacitance from equation ( 3.12 

): 
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b) Uncertainty of relative permittivity (𝝈𝜺𝒓! ) 

The relative permittivity (er) of a material depends on its bulk capacitance, CBulk, 

surface area A, and thickness d, according to equation ( 3.14 ). For this error estimation, 

the associated area error was neglected since A could be determined by the design of 

devices and it was easily measured. The uncertainty of CBulk was calculated using 

equation ( A.2 ), and the thickness error was estimated from cross-sectional 

measurements taken by SEM. Hence, only CBulk and d will contribute to the uncertainty 

of the er: 

𝜎B#! = ]𝜎1$%&'!
. B
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+ 𝜎(. Y
𝜕𝜀8-

𝜕𝑑 Z
.

 

( A.3 ) 

Which can be further derived into the following equation: 
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c) Uncertainty of the width of space-charge layer (𝝈𝒅𝑺𝑪𝑳) 

From equation ( 3.16 ), dSCL depends on the relative permittivity of the material, 

its surface area and interfacial capacitance. Using equations ( A.2 ) and ( A.4 ), the 

associated error of dSCL can be calculated as: 

𝜎(+,- = ]𝜎1./01#2341!
. B

𝜕𝑑;1!
𝜕𝐶D*%)8<$#)- C

.

+ 𝜎B#!
. Y
𝜕𝑑;1!
𝜕𝜀8-

Z
.

 

( A.5 ) 



 

 

74 
 

Which is simply calculated as: 

𝜎(+,- = 𝑑;1!]B
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d) Uncertainty of ionic and electronic conductivities of bulk materials and 

interfaces (𝝈𝝈𝒆 , 𝝈𝝈𝒊) 

From equation ( 5.1 ), the associated error of conductivity calculations will 

depend on the resistance (R) and the thickness (d) of the layer. For bulk materials, d 

was measured by cross-sectional SEM images: 
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( A.7 ) 

For interfaces/interphases, d corresponds to the space-charge layer that was calculated 

using equations ( 3.16 ) and ( A.6 ): 
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