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Abstract 

The mechanical degradation of all-solid-state Li-ion batteries (ASSLBs) is expected to be more 

severe than that in traditional Li-ion batteries with liquid electrolytes due to the additional 

mechanical constraints imposed by the solid electrolyte on the deformation of electrodes. Cracks 

and fractures could occur both inside the solid electrolyte (SE) and at the SE/electrode interfaces. 

A coupled electrochemical-mechanical model was developed and solved by the Finite Element 

Method (FEM) to evaluate the stress development in ASSLBs. Two sources of volume change 

were considered, namely the expansion/shrinkage of electrodes due to lithium concentration 

change and the interphase formation at the SE/electrode interface due to the decomposition of SEs. 

The most plausible solid electrolyte decomposition reactions and their associated volume change 

were predicted by density functional theory (DFT) calculations. It was found that the stress 

associated with a volume change due to solid electrolyte decomposition can be much more 

significant than that of electrode volumetric changes associated with Li insertion/extraction. This 

model can be used to design 3D ASSLB architectures to minimize their internal stress generation.  
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1 Introduction 

Most Li-ion battery electrode materials experience volume changes during lithiation and de-

lithiation. The Li compositional inhomogeneity causes stress, which is referred to as the “diffusion-

induced stress” and leads to mechanical failure of electrodes during battery cycling. As the 

mechanical fractures and the structural disintegration result in battery capacity loss, models to 

predict the mechanical degradation of the electrodes were established and developed, either at the 

single-particle level or the electrode composite level, especially in the past decade for traditional 

Li-ion batteries [1-13]. With the increasing interest in all-solid-state Li-ion batteries (ASSLBs) 

[14-18] owing to their improved endurance and safety, their mechanical degradation becomes a 

critical and unsolved issue that impacts the performance and life of ASSLBs [19].  

The mechanical degradation of ASSLBs is expected to be more severe than that of traditional Li-

ion batteries, since the solid electrolyte (SE), unlike the mechanically compliant liquid electrolyte, 

imposes additional mechanical constraints on the deformation of electrodes. Indeed, cracks have 

been observed in the solid electrolytes and at the electrode/electrolyte interfaces in ASSLBs. For 

example, cracks and fractures were found across the Li1+xAlxGe2-x(PO4)3 (LAGP) solid electrolyte 

caused by the growth of the interphase during electrochemical cycling of symmetric Li/LAGP/Li 

coin cells [20]. The LAGP/Li metal interface in a symmetric Li/LAGP/Li coin cell was also found 

to undergo amorphization and volume expansion, which causes fracture of the SE along with a 

massive increase in impedance [21, 22]. Interface delamination of a LiNi1−x−yCoxMnyO2 (NMC) 

electrode from a β-Li3PS4 SE in a composite positive electrode was observed during charging, as 

the interfacial decomposition of the sulfide SE and the contraction of NMC [23] caused a loss of 

interfacial contact and resulted in capacity loss [24, 25]. Despite its importance, a modeling 
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framework to evaluate the coupled electrochemical-mechanical stress generation has not been fully 

established for ASSLBs.   

The mechanical constraints highly depend on ASSLB architecture [26]. It is expected that the 

stress distribution will be different in 2D thin-film batteries that have planar geometries [27], in 

2.5D batteries with one planar and one needle-like structure [28], and 3D batteries with fully 

interdigitated electrodes and SEs [29-31].  

Various sources of chemical strain and the mechanical constraints imposed by the solid-state 

architecture contribute to the stress generation in ASSLBs. Solid electrolytes, especially those 

based on stiff ceramics, form imperfect contacts at the interfaces with the electrodes in ASSLBs, 

causing non-uniform local stress [24]. Chemical strain due to Li concentration-induced volume 

changes on one or both sides of the electrode/SE interface will directly lead to stress generation. 

Several numerical studies have tackled this source of chemical strain and its impact on the crack 

propagation in electrode–SE composite, electrode/SE interface delamination [32, 33], and 

damages to the electrodes [5]. The stress generation in ASSLBs is further complicated by the 

interphase layer that forms due to chemical reactions involving the electrode and solid electrolyte. 

Earlier reports claimed improved electrochemical stability for SEs compared to liquid electrolytes 

based on cyclic voltammetry (CV) measurements [34-36]. However, it was later revealed that 

many promising SEs decompose via reduction/oxidation reactions [37, 38] that form an interphase 

layer at the electrode/SE interface. Such interphase formation is accompanied by a volume change 

at the SE/electrode interface. As we shall show in this paper, this source of chemical strain can 

lead to relatively high stress generation.  

The primary goal of this paper is to develop a general continuum modeling framework to evaluate 

the stress generation caused by (i) the volume changes in electrodes due to electrochemical 
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reactions and (ii) the interphase layer due to the decomposition of solid electrolytes in ASSLBs as 

schematically illustrated in Fig. 1 for the chosen example of an ASSLB with nanoscale architecture 

(Fig. 1a). This specific 2.5D battery geometry [28] was fabricated by sputtering a LiCoO2 positive 

electrode on substrates of conical micro-columns, followed by sputter-coating a Lithium 

Phosphorous Oxynitride (LiPON) electrolyte, and depositing a thin film Si negative electrode. 

Such an “egg carton” geometry is anticipated to reduce the Li diffusion length within the cathode 

and anode electrodes while increasing areal energy density, as has been demonstrated by 

experiments and continuum modeling [28]. The in operando stress development has not been 

investigated yet but is expected to be highly inhomogeneous across the 2.5D conical geometry and 

modulated by the presence (or absence) of voids in between the micro-columns. 

In this paper, the continuum model will take inputs from both experiments and first-principles 

calculations. The volume change due to the decomposition of the SE will be obtained by assuming 

the products of the most energetically favorable reaction at Li chemical potential [37, 38]. These 

reaction energetics and volume changes can be calculated based on density functional theory (DFT) 

calculations. The constraints experienced within the 2.5D nanostructured ASSLB will be 

approximated by two limiting boundary conditions. This DFT-informed continuum model can be 

easily adapted for evaluating various electrode/SE materials 3D ASSLB geometries. 

 

2 Computation methods 

Simulations of charge transport and chemically induced stress in the selected battery geometry 

were carried out at the continuum level using the commercially available COMSOL Multiphysics 

software version 5.4 with two added-on modules of Electrochemistry and MEMS for the 
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electrochemical and mechanical simulation, respectively. The input for the simulations can be 

found in the supporting materials. The distribution of the first principal stress in the ASSLB was 

used as a metric to determine the location of possible crack propagation and failures based on the 

maximum stress that can be generated. For the Finite Element Method (FEM), mesh refinement 

was conducted to check the convergence of the maximum first principal stress, as shown in Fig S-

1 in the supporting material. A wide range of mesh parameters was tested (maximum element size, 

minimum element size, maximum growth rate, curvature factor, and the resolution of narrow 

regions), and the corresponding number of mesh elements ranges from 11,000 to 290,000. When 

the total number of mesh elements is over 200,000, the output stress converged within a 0.5% 

variation. 

 

2.1 Battery Architecture 

The hexagonally patterned (egg carton) battery architecture depicted in Figure 1a is approximated 

and represented by an axially symmetric geometry comprising the Si negative electrode, LiCoO2 

(LCO) positive electrode, and LiPON solid electrolyte as shown in Figure 1b. A scanning electron 

microscopy (SEM) characterization [36] revealed voids in between neighboring positive electrode 

humps but did not specifically measure their sizes. Therefore, two boundary conditions were 

adopted to study and bound the effect of the voids, namely a free-side and fixed-side boundary 

condition along the short horizontal and long vertical face on the left side of Figure 1b. All other 

outer boundaries are interfaces between electrodes and the current collector and the continuous 

electrolyte/electrode film. Those boundaries are restricted with respect to normal displacements 

(as indicated in Figure 1b). The internal boundaries of the interphase layers in the LiPON 
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electrolytes have matching nodes at the interface to simulate a well-bonded interface formed by a 

Chemical Vapor Deposition (CVD) process.  

2.2 Volume change induced by Li concentration gradient during charging  

The diffusion-induced stress is caused by the Li compositional inhomogeneity during battery 

cycling. Therefore, the first part of the model is to calculate the Li concentration gradient during 

the battery charging process based on Newman’s model [39, 40], which captures Li-atom diffusion 

in both electrodes, Li-ion migration and diffusion in the solid electrolyte, and the charge transfer 

reactions at the electrode/electrolyte interfaces. The interphase layers were not explicitly modeled 

as their impact on interface impedance is considered insignificant due to their nanometer-scale 

thickness.  

In the positive LCO electrode and the negative Si electrode, the diffusion of Li atoms was 

described by Fick’s law of diffusion [41]: 

𝜕𝐶𝐿𝑖

𝜕𝑡
+  𝛻(−𝐷𝐿𝑖𝛻𝐶𝐿𝑖) = 0     Eq. 1, 

where 𝐶𝐿𝑖 is the local concentration of Li in electrodes and 𝐷𝐿𝑖 is the diffusion coefficient of Li in 

the Si electrode (𝐷𝐿𝑖_𝑆𝑖) and in the LiCoO2 electrode (𝐷𝐿𝑖_𝐿𝐶𝑂
𝑛𝑜𝑟𝑚𝑎𝑙 and 𝐷𝐿𝑖_𝐿𝐶𝑂

𝑙𝑎𝑡𝑒𝑟𝑎𝑙), and these values are 

listed in Table A-1. The diffusion of Li is isotropic in LixSi and anisotropic in LiyCoO2, as reported 

previously [28]. According to a simulation that best fits the observed behavior [36], Li diffuses 

laterally along the LCO surface about three orders of magnitude faster than normal to it. The Li 

diffusion coefficient is assumed to be a constant through the simulation, assuming the 

deformations are too small to perturb the mass-transport.  
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In the LiPON SE, since both concentration and electrostatic potential gradients exist, the transport 

of Li ions was described by the Nernst–Planck equation [42]: 

𝜕𝐶𝑖

𝜕𝑡
+  𝛻 (−𝐷𝑖𝛻𝐶𝑖 − 𝑍𝑖

𝐷𝑖

𝑅𝑇
𝐹𝐶𝑖𝛻𝜑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) = 0   Eq. 2, 

where 𝐶𝑖 is the concentration of species i (either Li-ions or negative charges [24, 43]), 𝐷𝑖 is the 

diffusion coefficient of species i, 𝜑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 is the solution potential, 𝑍𝑖 is the charge of species i, 

R is the gas constant, T is the absolute temperature, and F is the Faraday constant. To maintain 

charge neutrality in the solid electrolyte, the following condition was enforced everywhere in the 

electrolyte:  

∑ 𝑍𝑖𝐶𝑖 = 0       Eq. 3. 

Note that there are no free electrons in the solid electrolyte. According to previous studies [43, 44], 

only the Li-ions are  the mobile ions (transfer number = 1) in LiPON. It has been shown that the 

LiPON framework can accommodate uncompensated negative charges, but these charges are 

localized and nonmobile. 

The charge transfer reactions at SE/electrode interfaces were described by Butler–Volmer kinetics 

[44], as the current density ielectrode (unit: A/m2) is driven by the overpotential η at the SE/electrode 

interface.  

𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
0 [𝑒−𝛼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝐹

𝑅𝑇
𝜂 −  𝑒(1−𝛼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)

𝐹

𝑅𝑇
𝜂]   Eq. 4, 

where 𝛼 is the charge transfer coefficient and  𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
0  is the exchange current density at the 

electrochemical equilibrium.  𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
0  is further defined [45] as: 
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𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
0 = 𝐹𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 [

(𝐶𝐿𝑖_𝑚𝑎𝑥− 𝐶𝐿𝑖 )𝐶
𝐿𝑖+

(𝐶𝐿𝑖_𝑚𝑎𝑥− 𝐶𝐿𝑖_𝑚𝑖𝑛)𝐶
𝐿𝑖+
0 ]

𝛼

× [
𝐶𝐿𝑖

𝐶𝐿𝑖_𝑚𝑎𝑥
]

1−𝛼

         Eq. 5, 

where 𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  is a kinetic constant, 𝐶𝐿𝑖_𝑚𝑎𝑥  and 𝐶𝐿𝑖_𝑚𝑖𝑛  are the maximum and minimum Li 

concentration in the electrode, 𝐶𝐿𝑖+  is the Li ion concentration in the SE, and 𝐶𝐿𝑖+
0 is the initial 

concentration of mobile Li ions in the SE.  𝜂 is the overpotential at the SE/electrode interface and 

described as: 

𝜂 =  𝜑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 − 𝜑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 − 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒    Eq. 6, 

where 𝜑 is the electric potential and 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 is the equilibrium potential of the electrode. Thus, 

the battery voltage is calculated from 𝜑𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒_𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 −  𝜑𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒_𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 .The equilibrium 

potentials Eelectrode at the negative and positive electrodes were inputs obtained from previously 

fitted numerical functions [45]. The impact of the mechanical stress on the Eelectrode is considered 

to be negligible in the current model.   φelectrolyte at the negative electrode was set to zero. All 

variables with subscript “electrode” have different values for the positive (LCO) and negative (Si) 

electrode, as listed in Table A-1 in the Appendix.  

A galvanostatic (constant current) charge/discharge process requires that the total current Itotal (unit: 

A) passing through the negative electrode/electrolyte interface and the positive 

electrode/electrolyte interface (as labeled in Figure 1) are equal:  

 𝐼𝑡𝑜𝑡𝑎𝑙 =  ∫ inegativeArea(negative_electrode/electrolyte)
=  ∫ ipositive 

Area(positive_electrode/electrolyte)
 Eq 7. 

Note that this boundary condition does not preclude the reaction rate and Li concentration to be 

non-uniform over the electrode surfaces. Boundary conditions of zero flux were adopted on all 

other surfaces. Through the charging process, a constant current density, 𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  (A/m2), is 
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applied. For 3D and 2.5D ASSLB, the area refers to the projected area, thus the cross-section area 

of the Si electrode on top of the LiCoO2/LiPON (listed in Table A-1) was used to obtain the 

𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒.  

This simulation first solved the time-dependent Li concentration profile in the ASSLB during the 

charging process. The voltage vs. capacity curves at different charging rates were calibrated with 

experiments to ensure reasonable Li concertation profiles were obtained.  The charging process is 

terminated when the voltage reaches a specified cutoff voltage (4.2 volt in the charging process) 

or the Li concentration at any point in the electrodes reaches a concentration limit of either x = 

3.75 in LixSi or y = 0.5 in LiyCoO2. These constraints imply no phase change nor diffusion 

coefficient change during the charge cycling simulation.  

Snapshots of Li concentration profiles served as inputs for time-independent (static equilibrium) 

stress simulations to obtain the mechanical stress caused by the local Li concentration variation 

∆CLi in the electrodes. This assumption comes from the references [46, 47], in which the process 

of lithium diffusion in solids was found to be much slower than elastic deformation, so the 

mechanical equilibrium is established much faster than the diffusion process. Therefore, 

mechanical equilibrium can be modeled as a static equilibrium. 

To simplify the model, the non-linear relation between relative volume change and Li 

concentration [4] is approximated by a proportionality  

∆𝑉𝐿𝑖 = 𝑎𝑣∆𝐶𝐿𝑖       Eq. 8 

The volume change in LiyCoO2 is relatively small and can be non-monotonic. The DFT predicted 

volume change LiyCoO2 exhibited different trends due to different DFT methods used. [3, 48-50] 

Here we adopted volume increases 2% when LiyCoO2 is fully lithiated [3], a trend that agrees with 
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the more advanced DFT method with meta-GGA.[50] According to the previous study [3], Si 

expands by 263% when its composition changes from Si to Li3.75Si. LiCoO2 shows a 2% volume 

increase when its Li ratio changes from 0.5 to 1, so the volume expansion coefficient 𝑎𝑣 can be 

determined. Although some research has considered the volume change in the solid-electrolyte 

due to Li concentration change, in this study, any volume change of the LiPON electrolyte is 

neglected, given its small overall change in Li concentration.  Considering the maximum amount 

of mobile Li-ions is around 20% of the total Li in LiPON SE [43] and, as will be shown later, the 

Li-ion concentration changes by only less than 5% of the total Li in LiPON SE during the charging 

process. 

2.3  Volume change induced by the decomposition of the solid electrolyte  

The volume change due to the formation of two interphase layers was calculated based on the 

decomposition products that were the stable phases at the Li chemical potential at different state 

of charge. During the charging process, the Si electrode becomes more lithiated, and the 

equilibrium potential of Li (with respect to metallic Li) in LixSi (x = 0 to 4) decreases from 0.6 to 

0.1.  Similarly, the equilibrium potential of Li in LiyCoO2 (y = 1 to 0.5) increases (in the range of 

2.5 to 4.2 V) with decreasing y in LiyCoO2. In this study, we selected Li2PO2N to represent LiPON, 

since it has been reported that the thin-film LiPON synthesized through Atomic Layer Deposition 

(ALD) is characterized as Li2PO2N [51, 52]. The equilibrium phases were obtained from the grand 

potential phase diagram introduced in [37, 38]. The corresponding decomposition reactions were 

obtained from the DFT-computed database in Material Project [53] queried through its Application 

Programming Interface (API) [54].  Different reaction routes and products of Li2PO2N correspond 

to different Li chemical potentials, as shown in Table 1. The unit volume of each solid compound 
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was obtained from the Material Project database. The relative volume change for the 

decomposition reaction is defined as  

∆𝑉𝑑  =  
𝑉2−𝑉1

𝑉1
        Eq. 9, 

where 𝑉1 and 𝑉2 are the total volume of all reactants and products in the decomposition reaction, 

respectively. 

The interphase can form during deposition or during cycling. To simulate the impact of growing 

interphase layers, two interphase layer thicknesses of 10 nm and 50 nm were chosen for this model, 

based on the typical thickness of Solid Electrolyte Interphase (SEI) in the range of 10–100 nm [55, 

56], and an experimental study that suggested the thickness of LiPON/Si and Li/LiCoO2 interfaces 

are both around 50 nm before cycling. [57] The stress due to the decomposition of LiPON 

electrolyte is calculated separately from the simulations of diffusion-induced-stress since the 

decomposition is summed to occur before the electrochemical reaction, such as during the film 

deposition process. [38] Therefore, the formation of the interphases is assumed as at time t=0 in 

this simulation.  

2.4 Stress induced by the volume change from different sources 

Assuming the volume change is isotropic, the chemical strain, 𝛆c, caused by the lithiation/de-

lithiation of electrodes or the decomposition of the solid electrolyte is  

𝜀𝒄,𝑖𝑗 = (√1 + ∆𝑉 
3

− 1)𝛿𝑖𝑗     Eq. 10, 

with ∆V being the volume change, ∆Vc or ∆Vd, computed from Eq. 1 or Eq. 9, respectively. The 

induced stress is calculated based on static stress equilibrium and assuming linear isotropic 

elasticity: 
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𝛻 ∙ 𝝈 = 0         Eq. 11, 

𝝈 = 𝑪 ∶  𝜺𝒆𝒍 = 𝑪 ∶ (𝜺 −  𝜺𝒄)       Eq. 12, 

𝜺 =  
1

2
[𝜵𝒖 + (𝜵𝒖)𝑻]       Eq. 13, 

where  𝝈  is the stress tensor, 𝜺 is the total strain tensor, 𝜺𝒆𝒍 is the elastic strain tensor, 𝒖 is the 

displacement vector, and 𝑪 is the fourth-order elasticity tensor that is a function of Young’s 

modulus and Poisson’s ratio.  

The mechanical properties of different materials and the parameters used in this model are listed 

in Table A-1.  

 

3 Results and discussion 

3.1 Stress due to Li composition gradient during charging  

To obtain the spatio-temporal lithium concentration evolution, the charging process of the 2.5D 

nanostructured ASSLB was simulated under three different current densities in accordance with 

corresponding experiments [28] (Figure 2). The resulting voltage evolution (𝜑𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒_𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 −

 𝜑𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒_𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 , from Eq. 6.) and terminal capacities of 0.038, 0.092, and 0.22 Ah/m2 

(evaluated at 4V) are in satisfactory agreement with the experimental results [28] as is the 

discharge curve (not shown), validating the parameters used in this model and giving credence to 

the predicted Li concentration profiles. Since the highest chemical stresses are expected to result 

from the largest Li concentration gradients, which in turn are occurring for faster charging rates, 

i.e. large current densities, only the highest simulated current density of 0.28 A/m2 was considered 
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in the following diffusion-induced-stress evaluations, this current density equals to 1.2 C-rate in 

this battery based on the projected electrode area according to the previous experimental study 

[28]. 

Figure 3 presents the respective Li concentration profile and flow directions early, intermediate, 

and late in the fastest charging process of Figure 2. Charging terminates due to the LiyCoO2 

electrode reaching the y = 0.5 limit at 480 s. The final concentration change is confined to a 

relatively thin boundary layer close to the interfaces of the electrodes and the solid electrolyte. 

This corresponds to only a small fraction of the available Li being transported from the LiyCoO2 

to the LixSi electrode, which is lithiated from x=1.68 to 2. Due to the selected termination criteria 

in the simulation, the egg carton geometry with a short distance between the top of the LCO 

electrode and the Si electrode results in low battery capacity since the limiting Li concentration is 

quickly reached at the top of the LCO electrode. 

Figure 3 also shows the variation of Li-ion concentration in LiPON electrolyte is around ±5x103 

mol/m3, which is about 5% of the total Li-ion concentration (1x105 mol/m3), confirming the 

negligible chemical strain in LiPON, as discussed in Section 2.2.  

Based on the Li concentration profile at different times, the stress induced by the 

expansion/shrinking of electrodes was calculated for the two limiting boundary conditions and the 

results are shown in Figure 4. Consistent with the observed thin layers of de-lithiation in the LCO 

electrode, the thin layer of delithiated LCO electrode is under tensile stress, while the surrounding 

area is under compression. The area under compression (blue) in LCO increases with the charging 

time. Although there is no Li concentration induced strain in LiPON, the mechanical stress in 

LiPON electrolyte is mostly close to zero or slightly compressive. In comparison, the stress 

generated in the Si electrode is larger, since the volume change (or chemical strain) of Si electrode 
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is more significant (~23% increase from 1.68 to 2 of Li ratio in LixSi) than that of LCO (-2% for 

Li decreasing from 1 to 0.5 in LiyCoO2). The thin lithiated Si layer is under compressive stress 

(blue), and the side regions (Si/LiPON) are under tensile stress (red). Since only a thin surface 

layer of Si is lithiated intensively, the rest of the Si is under slightly compressive stress due to a 

small amount of Li inserted. No substantial differences between the fixed (void-free battery) and 

free boundary conditions are observed except two small differences. The free boundary conditions 

allow a relaxation of the compressive (blue) stress induced in the volume above the top of the 

positive (LCO) electrode in the void-containing case. To accommodate the volume expansion of 

the lithiated Si, the LiPON near the Si developed higher tensile stress at the edges; this tensile 

stress is higher in free-side boundary conditions since the moving boundary facilitates tensile stress. 

At the end of charging, the largest tensile stress occurs in LiPON electrolyte instead of the Si 

electrode, which is due to the confined surfaces around Si, so the neighboring LiPON region is 

under more tensile stress. 

 

3.2 Strain due to the Solid Electrolyte Decomposition  

Table 1 lists the thermodynamically favored LiPON decomposition reactions and the 

corresponding molar volume change based on the DFT computed data collected in the Materials 

Project database, following the procedure listed in 2.3. Note that these are full reactions from the 

oxidation/reduction of the electrodes and electrolyte. These DFT predicted thermodynamically 

favored reactions may occur during the formation of the interface, during the cycling of the battery, 

or be limited by kinetics. Nevertheless, some reactions are indeed observed in experiments and 

they do provide the driving forces for interphase layer formation and suggest the electrochemical 

stability of the SE/electrode interface. The new phase formed due to the reactions are considered 
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within a layer at the SE/electrode interface. The interphase layer can grow in thickness. But ideal 

solid electrolyte interphase will eventually stop growing as their electronic insulating nature will 

kinetically block the SE decomposition.  

At the Li2PO2N/LixSi interface, as Si becomes lithiated, the Li voltage drops with increasing x in 

LixSi. So Li2PO2N decomposition reaction varies with respect to the lithium voltage with respect 

to metallic Li, as Si becomes LiSi, Li12Si7, Li7Si3, Li13Si4, and Li21Si5 [58, 59]. For all these 

Li2PO2N reduction reactions at the LixSi interface, as listed in Table 1, the volume shrinks.  In this 

study, we focused on the “worst” cases within the range of Li ratio variation, as it is associated 

with the most significant volume changes of -27% at the Li2PO2N/LixSi interface, which occurs 

at the potential of Li12Si7. Based on the simulation of the charging process, the Li ratio varies from 

Li1.68Si to Li2Si, suggesting this worst case will be reached experimentally.   

At the Li2PO2N/LiyCoO2 interface, Li2PO2N is oxidized by LiyCoO2 and gas generation was 

predicted. In fact, bubbles (O2 or N2) formation has been found in the LiPON SE after applying a 

higher voltage in experiments [36]. In the present study, the volume of N2 was excluded in the 

molar volume change, as gas may diffuse out. At the voltage above 3.63V, the most significant 

volume change is -8% at the Li2PO2N/Li0.5CoO2 interfaces, as listed in Table 1.  

Therefore, on both the positive electrode side (LiyCoO2) and the negative electrode side (LixSi), 

the interphase layer formation entails a volume shrinkage. So, the corresponding chemical strain 

due to the decomposition of Li2PO2N at the negative and positive electrode side is -8.3% and -2%, 

respectively, based on Eq. 10.  
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3.3 Stress due to the Solid Electrolyte Decomposition  

Figure 5 shows the first principal stress generated due to the formation of a 10 nm and 50 nm thick 

interphase layer, which was formed by the decomposition of the solid electrolyte at the 

electrode/SE interfaces. Table 2 collects the maximum first principal stress in different domains 

and under both boundary conditions.  

From the results shown in Figure 5, the volume shrinkage due to the interphase formation causes 

tensile stress in the most part of the ASSLB. The magnitude of the stress and the region with high 

stress (higher than 3 GPa) increases with the thickness of the interphase layer. For an interphase 

layer of 10 nm, the stresses are minimal outside of the interphase layer. When the interphase layer 

thickness increases to 50 nm, most regions are under significantly higher tensile stresses. The LCO 

interphase generates stress of magnitude around ~3 GPa similarly under the two boundary 

conditions. The Si and LiPON experience higher stress levels with the fixed side than the free side 

conditions. The large stress level above 3 GPa corresponds to 3%, 1.5% and 3.8% of elastic strain 

in Si, Li2CO3, and LiPON, respectively. This stress level is beyond the elastic limit and can lead 

to fractures in these materials, especially in LiPON.  

The voids seen in the 2.5D nanostructured ASSLB had an impact on stress development and 

affected the maximum stress in the electrolyte. The maximum stress generated by the same 50 nm 

interphase layer formation but under different boundary conditions, fixed and free void side, is 

compared in Table 2. A similar level of stress distribution and peak stress on the top region of the 

LCO electrode are observed for both cases. The continuous Si and LiPON top film in the 2.5D 

nanostructured ASSLB has a bridge region on top of the void. The center of the bridge is at the 

two sides of the Si and top LiPON phases in the model. The peak stress in Si and LiPON is 

developed in this region.  Inside the Si, the maximum first principal stress does not change much 
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with the boundary condition, while larger regions with tensile stress higher than 3GPa can be found 

under fixed side boundary conditions. The highest stress in the solid electrolyte drops significantly 

from 26.8 under the fixed side condition to 12.1 GPa under free side condition. These values will 

be sensitive to the details of the ASSLB structure and boundary conditions. 

The simulated stress induced by the interphase layer formation reveals the importance of the 

thickness of interphase layers. The thickness of the interphase layer determines how large the 

region is affected by the decomposition: with 10 nm decomposition layer showing not much of an 

influence, while the regions with stresses higher than 3GPa is much larger for a 50 nm thick 

interphase layer. In this specific case (Si-LiPON-LiCoO2), most of the stress occurred on the top 

of the battery because the volume change of the decomposition of LiPON electrolyte (-27%) is 

much more significant than that of LCO side (-8%). This decomposition-induced stress could be 

different when using different material combinations and applied potential and depends on the 

equilibrium interphases on both electrode/electrolyte interfaces.  

4 Discussion 

Other than the stress distribution, it is also informative to compare the maximum first principal 

tensile stresses in different domains and conditions, as shown in Figure 6. The decomposition-

induced stress was considered to be generated at the beginning of the cycling, and the charging-

induced stress increased with charging time. The comparison shows that the decomposition-

induced stress would be more significant than the charging-induced stress if there are no voids in 

this battery, especially in the LiPON electrolyte. One interesting result with the charging-induced 

stress, it seems like irrespective of whether the side surfaces are fixed or not, the maximum stress 

all domains are very similar. These results show that the decomposition of electrolyte could cause 
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more damage than the cycling of the batteries in terms of the mechanical failure in this specific 

battery geometry and material combinations. In either case, the LiPON electrolyte is the one that 

is most likely to have crack propagation since it is where the maximum first principal stress is 

generated. With some cracks, the battery can still function if the conductive pathways for Li ion 

and electrons are still available. However, the impedance becomes higher as  more cracks/damages 

are generated, as shown in recent experiments by Lee et al. [2]. They also show the cracks are 

generated from the electrode/solid-electrolyte interface, consistent with our modeling results.  

This mechanical failure depends on the material combinations in all-solid-state batteries and the 

architecture design. For systems that likely to have the decomposition of solid electrolytes, 

coatings can be applied to stabilize the electrode/solid-electrolyte interface and reduce solid 

electrolyte decomposition.[60-62]  To release the mechanical constraints in ASSLB, softer 

materials such as polymer solid-electrolyte or polymer-based composite electrolyte can mitigate 

the stress generation.[63-65] In addition, the ASSLB architecture optimization, such as conformal 

architectures or internal voids intentionally, will be necessary to minimize the stress generation in 

order to mitigate mechanical failures.[66-68] 

 

Conclusion 

Although mechanical failures and cracks are potentially more detrimental in ASSLB compared to 

traditional liquid electrolyte based Li-ion batteries, the related studies are limited. To evaluate the 

induced-stress in ASSLB, we developed a 3D continuum model with Finite Element Analysis and 

incorporated two different sources of induced-stress in a 2.5D ASSLB: volume change from the 

decomposition of LiPON electrolyte and electrode expansion/contraction due to Li 
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insertion/extraction. The decomposition of LiPON and the formation of 50 nm interphase layers 

caused -27% and -8% reduction in volume at the Si electrode and LCO electrode interfaces, 

respectively, and generated tensile stress higher than 3 GPa in most of the regions in the ASSLB. 

However, if voids exist on the sides in between the battery units, the maximum first principal stress 

in the solid electrolyte could be effectively reduced. On the other hand, the induced-stress from 

the expansion of the Si electrode and the contraction of the LCO electrode while charging is 

smaller, and only affected the surface layer of LCO, and inside LiPON near the Si. The maximum 

stress from charging is similar no matter the voids exist or not. These results suggest the chemical-

stress from the decomposition of solid electrolytes could cause more damage to the ASSLB than 

the electrochemical cycling. Both will depend largely on the electrode/electrolyte materials used 

in ASSLB. Furthermore, this continuum model can be used for evaluating the induced stresses for 

different material combinations and different architecture of ASSLB to develop reliable, high 

energy density ASSLBs. 
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Tables  

 

Table 1.Grand potential equilibrium phases of Li2PO2N 

 voltage Corresponding reaction 
Volume 

change 

 

Against 

LixSi 

0–0.01  21 Li2PO2N + 8 Li21Si5 → 42 Li2O + 21 Li3N + 21 Li3P + 40 Si -19% 

0.01–

0.53  

52 Li2PO2N + 24 Li13Si4 → 104 Li2O + 13 Li7PN4 + 39 Li3P + 96Si -24% 

28 Li2PO2N + 24 Li7Si3 → 56 Li2O + 7 Li7PN4 + 21 Li3P + 72 Si -23% 

4 Li2PO2N + 2 Li12Si7 → 8 Li2O + Li7PN4 + 3 Li3P + 14 Si -27% 

4 Li2PO2N + 24 LiSi → 8 Li2O + Li7PN4 + 3 Li3P + 24 Si -29% 

0.53–

0.65  
6 Li2PO2N + 32 LiSi3 → Li14P2(N2O)3+ 9 Li2O + 4 Li3P + 96 Si -22% 

Against 

LiyCoO

2 

2.64–

3.04  
7 Li2PO2N + 24 Li0.75CoO2 → 2 Li4P2O7 + P3N5 + N2 + 24 LiCoO2 -2% 

> 3.63  3 Li2PO2N + 12 Li0.5CoO2 → P2O5 + PNO +  N2 + 12 LiCoO2 -8% 

 

 

Table 2. The maximum first principal stress in different domains and boundary conditions 

Maximum first principal stress (GPa) 
Interphase layer thickness 

50 nm 10 nm 

Fixed side 

Si electrode 14.7 12.6 

LCO electrode 3.64 1.8 

LiPON electrolyte 26.8 9.90 

Free side 
Si electrode 14.5 12.5 

LCO electrode 3.34 1.68 

LiPON electrolyte 12.1 9.89 
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Figures  

 

 

Figure 1. (a) Focused ion beam cut cross-section of a hexagonally patterned 2.5D ASSLB; (b) its 

axially symmetric geometric simplification and computational mesh with boundary conditions for 

mechanical constraints, with “circle + triangle” symbols representing boundaries that are allowed 

to displace laterally but not normally to the boundaries; (c) reactions considered in the chemo-

mechanical simulations that cause chemical strain due to Li transport and (d) due to interphase 

formation as a result of SE decomposition (d).  
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Figure 2. Simulated charging results for different charging rates (3.7, 14, 28 μA/cm2
, which equals 

to 0.16C, 0.6C, and 1.2C based on the projected electrode area according to the previous 

experimental study [28]) in comparison to experimental results.  
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Figure 3. Li concentration profile at different times during charging at 0.28 A/m2
 (1.2C). The 

middle picture refers to the concentration profile at 240s, and the zoom-in sections show the change 

of Li concentration at different charging time. The arrows in the LiPON electrolyte represent the 

transport direction of Li-ions during charging.  
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Figure 4. The first principal stress induced by the concentration change (see Figure 3) during the 

charging process. De-lithiation of LCO results in thin tensile (red) layer while lithiation of Si 

causes compressive (blue) stress for the two different situations, fixed side and free side (with 

voids) considered.  
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Figure 5. First principal stress induced from the decomposition of LiPON electrolyte for different 

boundary conditions and interphase thicknesses at t = 0s (red: tension). Mesh representation is for 

this simulation that includes two interphase layers (pink). 
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Figure 6. Comparison of maximum first principal stress from different sources and in different 

domains at different times during charging process at 28 μA/cm2. The data of 50 nm interphase 

layer is used in this plot. Decomposition-induced stress occurs before charging the battery. The 

lines refer to the induced-stress during charging process, and the circle markers represent the stress 

from the decomposition of LiPON electrolyte.  
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Appendix A 

Table A-1. Parameters used in this simulation. Most of the values were obtained either by fitting 

to experiments [28] or by DFT predictions [3]  

Control variables Description Value 

𝐶𝐿𝑖+
0  

Initial concentration of Li-ion in 

Li2PO2N electrolyte 
2x104 [mol/m3] [28] 

𝐶𝐿𝑖_𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
0  

Initial concentration of Li in LixSi 

negative electrode 
1.4x105 [mol/m3] [28] 

𝐶𝐿𝑖_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
0  

Initial concentration of Li in LiyCoO2 

positive electrode 
4.9x104 [mol/m3] [28] 

av,Si 
Volume change coefficient of Si 

electrode (within Si and Li3.75Si) 

8.45x10-4 [%/(mol·m-3)] 

[3] 

a𝑣,𝐿𝑖𝐶𝑜𝑂2
 

Volume change coefficient of LCO 

electrode (within Li0.5CoO2 and LiCoO2) 
8x10-5 [%/(mol·m-3)] [3] 

𝐷𝐿𝑖_𝑆𝑖  
diffusion coefficient of Li in LixSi 

negative electrode 
1x10-18 [m2/s] [28] 

𝐷𝐿𝑖_𝐿𝐶𝑂
𝑛𝑜𝑟𝑚𝑎𝑙 

Normal diffusion coefficient of Li in 

LiyCoO2 positive electrode 
2.5x10-18 [m2/s] [28] 

𝐷𝐿𝑖_𝐿𝐶𝑂
𝑙𝑎𝑡𝑒𝑟𝑎𝑙 

Lateral diffusion coefficient of Li in 

LiyCoO2 positive electrode 
1x10-21 [m2/s] [28] 

𝐷𝐿𝑖+ 
Diffusion coefficient of Li-ion in 

Li2PO2N electrolyte 
5x10-17 [m2/s] [28] 

𝐷𝑛 
Diffusion coefficient of negative charge 

in Li2PO2N electrolyte 
5x10-17 [m2/s] [28] 

𝛼𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 
Charge transfer coefficient at 

LixSi negative electrode 
0.5 [28] 

𝛼𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 
Charge transfer coefficient at 

LiyCoO2 positive electrode 
0.5 [28] 

𝐶𝐿𝑖_𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒_𝑚𝑎𝑥 
Maximum concentration of Li-ion in 

LixSi negative electrode 
3.11x105 [mol/m3] [28] 

𝐶𝐿𝑖_𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒_𝑚𝑖𝑛 
Minimum concentration of Li-ion in 

LixSi negative electrode 
0 [mol/m3] [28] 

𝐶𝐿𝑖_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒_𝑚𝑎𝑥 
Maximum concentration of Li-ion in 

LiyCoO2 positive electrode 
5x104 [mol/m3] [28] 

𝐶𝐿𝑖_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒_𝑚𝑖𝑛 
Minimum concentration of Li-ion in 

LiyCoO2 positive electrode 
2.5x104 [mol/m3] [28] 
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𝑘𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 
Kinetic constant at the negative 

electrode/electrolyte surface 
1x10-2 [mol/(m2·s)] [28] 

𝑘𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 
Kinetic constant at the positive 

electrode/electrolyte surface 
1x10-4 [mol/(m2·s)] [28] 

𝑍𝐿𝑖+ Charge on Li-ion in Li2PO2N electrolyte +1 [28] 

𝑍𝑛 
Charge on negative charge in Li2PO2N 

electrolyte 
-1 [28] 

𝐸𝑆𝑖 Young’s modulus of Si electrode 96 [GPa] [3] 

𝜈𝑆𝑖 Poisson’s ratio of Si electrode 0.29 [3] 

𝜌𝑆𝑖 Density of Si electrode 2209 [kg/m3] [69] 

𝐸𝐿𝑖𝐶𝑜𝑂2
 Young’s modulus of LiCoO2 electrode 191 [GPa] [70] 

𝜈𝐿𝑖𝐶𝑜𝑂2
 Poisson’s ratio of LiCoO2 electrode 0.24 [70] 

𝜌𝐿𝑖𝐶𝑜𝑂2
 Density of LiCoO2 electrode 4790 [kg/m3] [70] 

𝐸𝐿𝑖𝑃𝑂𝑁 Young’s modulus of LiPON electrolyte 77 [GPa] [71] 

𝜈𝐿𝑖𝑃𝑂𝑁 Poisson’s ratio of LiPON electrode 0.25 [71] 

𝜌𝐿𝑖𝑃𝑂𝑁 Density of LiPON electrode 2300 [kg/m3] [72] 

A Cross-section area of the Si electrode  1.02x10-11 [m2] [28] 

 

𝐸𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒(𝑎) =  −4.76 ∙ 𝑎6 +  9.34 ∙ 𝑎5 − 1.8 ∙ 𝑎4 − 7.13 ∙ 𝑎3 + 5.8 ∙ 𝑎2 − 1.94 ∙ 𝑎 + 0.62  

Eq. 14, 

𝐸𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒(𝑏)

=  
207.168 ∙ 𝑏10 − 467.807 ∙ 𝑏8 + 354.911 ∙ 𝑏6 − 198.242 ∙ 𝑏4 + 322.003 ∙ 𝑏2 − 219.027

80.310 ∙ 𝑏10 − 182.567 ∙ 𝑏8 + 113.081 ∙ 𝑏6 − 3.43 ∙ 𝑏4 + 35.463 ∙ 𝑏2 − 44.337
 

Eq. 15, 

where a and b is the Li ratio in the negative electrode and positive electrode as 𝑎 =

 
𝐶𝐿𝑖_𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝐶𝐿𝑖_𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒_𝑚𝑎𝑥
 (0 − 3.75) and 𝑏 =  

𝐶𝐿𝑖_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝐶𝐿𝑖_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒_𝑚𝑎𝑥
 (0.5 – 1).  
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