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A B S T R A C T   

Maintaining an electrochemically and mechanically stable solid electrolyte interphase (SEI) is of fundamental 
importance to the performance of high capacity anode materials such as silicon. In this study, a novel approach is 
utilized to apply controlled strains to SEI films on patterned Si electrodes. Mechanical failure mechanisms of SEI 
are investigated with integrated in situ AFM, ex situ FIB measurements and finite element modeling. Cross- 
sectional images reveal that the SEI has a bilayer structure, and through-thickness cracks appear inside of the 
outer SEI and arrest at the outer and inner SEI interface. The absence of cracking of the inner SEI layer implies 
that it has a high fracture toughness, and that it is possible to create an inner SEI which exhibits excellent strain 
tolerance compared to the outer layer. Interfacial delamination occurs between the outer and inner SEI layers 
while the inner layer is still well adhered to the underlying Si. The experimental and modeling results indicate 
that the inner SEI layer is sufficient for passivation of the Si surface. More broadly, the present work provides 
important guidelines for producing inner SEI layers that can simultaneously satisfy both electrochemical and 
mechanical criteria for long term passivation of silicon electrode surfaces.   

1. Introduction 

The passivation film formed on the surface of an electrode due to 
electrolyte decomposition, usually referred to as the solid electrolyte 
interphase (SEI), plays an essential role in the performance of Li-ion 
batteries. An ideal SEI layer should be electronically insulating, ioni
cally conducting and mechanically stable. Graphite anodes expand by 
only ~10% when fully-lithiated. However, silicon (Si), one of the most 
prominent high energy density anode materials to replace graphite, 
undergoes colossal volume changes (up to 300%) during cyclic lithiation 
(lithium insertion) and delithiation (lithium extraction). This is believed 
to cause large deformation and mechanical degradation of SEI, and thus 
the SEI stability is widely recognized as a major roadblock for devel
oping Si anodes. Substantial efforts have been devoted to improving SEI 
performance using electrolyte additives [1–3], encapsulation of Si par
ticles [4–6], and artificial surface layers [7–9]. A large variety of 

characterization techniques including X-ray photoelectron spectroscopy 
(XPS) [10–12], X-ray scattering [13], electrochemical impedance spec
troscopy (EIS) [10,14–16], Raman spectroscopy [17], Secondary ion 
mass spectrometry (SIMS) [16,18], atomic force microscopy (AFM) 
[19–22], and cryo–electron microscopy [23–25] have also been 
employed to scrutinize the formation, evolution, and functionality of SEI 
layers. However, most existing studies focus on SEI chemistry and 
structure, while relatively few provide direct information about the 
mechanical integrity of the SEI. 

Many prior studies report that the SEI that forms in carbonate elec
trolytes has a bilayer structure, with an outer layer that consists pri
marily of organic electrolyte decomposition products and an inner layer 
that contains more inorganic components (e.g., Li2CO3, LiF, etc) [16,20, 
21,26–37]. Some work also suggests a mosaic-type SEI structure [38, 
39]. The factors which cause these structures are not well understood, 
however, differences are likely to depend on the electrolyte composition 
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and cycling conditions. In this work we focus on the bilayer SEI struc
tures that have been widely observed. These structures have not been 
carefully considered in the limited analysis of SEI failure mechanisms 
performed to date. For instance, He et al. performed a stress analysis of a 
heterogeneous elastic SEI [40], and Tanaka et al. studied the effect of 
plasticity on the mechanical failure of a homogenous SEI layer using the 
material point method [41]. Our work is based on careful experiments 
which demonstrate that the SEI exhibits behavior which can be viewed 
as a two layer system from a continuum mechanics perspective. This 
follows from our recent in situ AFM imaging which reveals extensive 
cracking of SEI layers in the “shear lag zone” (SLZ) that occurs near the 
edges of patterned Si islands [42]. Subsequent work shows that strain in 
the SEI layer leads to more lithium consumption [43]. While SEI failures 
on silicon particles are of great interest, controlled strains can not be 
directly applied to the SEI that forms inside of practical electrodes. In 
contrast, the patterned Si islands in our studies are an ideal platform to 
investigate the mechanical failure mechanisms of the SEI as they allow 
controlled strains to be applied to the surface layer, while at the same 
time preventing cracking in the underlying silicon by limiting its di
mensions [44,45]. This platform provides a novel opportunity to 
conduct detailed studies of mechanical degradation of SEI and affords 
the type of mechanistic insight that is needed to make progress on un
derstanding failure mechanisms that occur inside of particle-based 
electrodes. The work reported here is designed to shed further light on 
these processes. 

The experimental observations reported here are based on AFM and 
FIB cross-sectional images of both SEI and cycled Si thin film electrodes. 
These provide the basis for a finite element model (FEM) of a bilayer SEI 
on a Si island, which can capture the observed failure behaviors. This 
continuum modeling elucidates the intrinsic mechanisms of the 
cracking, delamination and spallation of the outer SEI layer. This is a 
significant extension to previous work which models the mechanical 
failures of thin film and island electrodes [44,46–54]. These prior 
studies do not address cracking and delamination in SEI, phenomena 
which play a critical role in the capacity retention of silicon electrodes. 
The combined experimental and FEM results demonstrate that SEI films 
with a bilayer structure can be effectively described with a continuum 
mechanics framework. The model also provides a basis for more general 
considerations of failure processes in these structures, which are pre
sented in the final section. 

2. Methods 

2.1. Experimental section 

The patterned Si island samples for AFM investigations were pre
pared on 500 μm thick quartz glass wafers (double-side polished, 
40 mm � 40 mm in size). A bonding layer of 20 nm thick Ti and a 200 nm 
thick Cu current collector were deposited by electron beam evaporation, 
at a rate of 1 Å s 1 for both metals. The Si patterned electrodes were 
fabricated by a standard lithographic process. The S1813 (Shipley Co.) 
photo resist was spin coated on the as-prepared Ti/Cu multilayer elec
trode and prebaked at 115 �C for 2 min. The exposure process was car
ried out by an ultraviolet mask aligner system (Karl Suss MA6, 
Germany). The samples were then developed in 1:1 mixture of MF312 
and DI water for 1 min. Amorphous Si thin films were deposited by e- 
beam evaporation of pure Si pieces (P-type, 99.999%) at a rate of 
1.5 Å s 1. After deposition the remaining photoresist was removed by 
dipping the samples in acetone using slow agitation ultrasonication. 

The in situ measurements were conducted with a Dimension ICON 
Electrochemical AFM setup inside an argon-filled glovebox (Nano Sur
faces Division, Bruker), where both H2O and O2 were below 1 ppm. The 
unique PeakForce tapping mode was used with MLCT tips (Bruker AFM 
Probes), composed of a silicon nitride cantilever with a sharp silicon 
nitride tip (spring constant: 0.6 N m 1, nominal tip radius: 20 nm). The 
electrolyte consisted of a mixture of ethylene carbonate (EC) and 

dimethyl carbonate (DMC) (1:1 vol. ratio with 1 M LiPF6). The samples 
were cycled against Li metal foil in an in-house electrochemical AFM cell 
designed for lithium-ion battery materials that is sealed during AFM 
operation. These in situ cells contain significantly more electrolyte than 
a coin cell, and the current does not always provide an accurate measure 
of the state of charge [20]. For this reason, cycling was conducted with a 
sequence of potentiostatic holds. The cell was held at each potential 
until the current reached an asymptotic value that was less than 10% of 
the value at the start of the hold. SEI formation occurred primarily in the 
first cycle, during holds at 0.6, 0.3, 0.1, and 0.05 V that took a total time 
of approximately 4 h [42]. Previous work (with a different carbonate 
electrolyte) shows that variations in the duration of the first cycle pro
duce significant differences in the SEI thickness and properties [20,21]. 
The SEI in the current study is relatively thick, but within the range of 
values reported in other work [55–57]. 

The cycled samples were also examined via post-mortem trans
mission electron microscopy (TEM, JEOL 2100F). A focused ion-beam 
(FIB, FEI HELIOS 600) was used to prepare these specimens using a 
lift-out technique, to create a cross-section of the cycled films. 

2.2. Modeling Section 

A finite element method (FEM) analysis was conducted using ABA
QUS (Dassault Systemes Simulia Corp., Providence, RI). A plane strain 
model (see Fig. S1a in the Supplementary material) was adopted to 
simulate a cross-section parallel to the side faces of the island, which 
consists of a bilayer SEI structure, a Si island electrode, a Cu current 
collector and a cohesive layer embedded between the Si and Cu. Taking 
advantage of the symmetry of the problem, only half of the island is 
considered. In situ AFM observations demonstrate that most of the SEI 
layer was formed prior to the Li-induced expansion of Si. Thus, the 
bilayer SEI is assumed to pre-exist with constant thickness and further 
SEI growth during cycling is neglected in the FEM model. Additionally, 
the SEI formed on the side of the island is not included. 

The lithiated Si, Cu, and outer and inner SEI are assumed to be 
isotropic, elastic-perfectly plastic, and initially stress-free. The Young’s 
modulus of the outer SEI is 2.3 GPa according to the AFM measurements 
(Fig. S2, Supplementary material), which is also consistent with previ
ous reports [58]. We estimate that the Young’s modulus of the inner SEI 
takes on a value in the range of 3–10 GPa, which is consistent with the 
reported range, including recent calculations via molecular dynamics 
(MD) simulations [59]. Very few previous studies have reported the 
stress-strain behaviors and yield stresses of SEI. Recently, Yoon et al. 
found that an SEI-like film formed from lithium-electrolyte reactions 
exhibits elastic-perfectly plastic behavior with a yielding stress of 
approximately 10 MPa [60]. In this work, we assume that the yield 
stresses of the outer and inner SEI are both near 1% of their Young’s 
moduli. Thus, the outer SEI yields at 23 MPa, and the stiffer inner SEI 
yields at a higher stress. 

The cohesive layers adopted in our FEM models follow a triangular 
softening law (Fig. S1b, Supplementary material), which is defined by an 
initial elastic stiffness K, the peak traction t0, and the area of the triangle 
representing fracture toughness Γ. In the modeling, the initial elastic 
stiffness is constant and much larger than the stiffnesses of the adjacent 
materials to avoid artificial compliance from introduction of the cohe
sive layer. The separation at complete failure δf is equal to four times the 
separation at the initiation of degradation δ0. The cohesive properties 
are assumed to be identical under tension and shear, and we ignore the 
effect of mode mixity. A cohesive layer is embedded to simulate inter
facial delamination between the Si and Cu. In this case, the peak traction 
and fracture toughness of the cohesive law are calibrated based on the 
experimental observation that the length of the delaminated Si is 
approximately 1 μm after 5 cycles. The properties of cohesive layers 
embedded in the SEI layer are not available in the literature due to the 
difficulties of measuring SEI toughness. Therefore, we tune the fracture 
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toughness Γ in a reasonable range and assume that the triangular shape 
for the cohesive law is always self-similar. That is, for a given fracture 
toughness, the peak traction can be calculated by using this relationship: 
t0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
ΓK=2

p
. 

Table 1 lists the geometrical parameters and material properties used 
in the model. The bottom surface of the Cu is fixed. The 4-node bilinear 
plane strain quadrilateral hybrid elements (CPE4H) and 4-node two- 
dimensional cohesive elements (COH2D4) are assigned to the bulk 
materials and cohesive layers, respectively. For the relatively thin Si and 
the low cycling rates used in the experiments, prior work indicates that 
the Si fully lithiates with a relatively uniform concentration profile (i.e., 
Li diffusion is fast) [42,43]. Thus, the state of charge (SOC) is assumed to 
be uniform in the Si. It is difficult to precisely determine the Li content of 
the Si during the AFM experiments. At 0.05 V, the SOC is believed to be 
between 0.6 and 0.9 (the lower estimate is based on the measured height 
increase in the middle of the island and the upper bound is roughly equal 
to the equilibrium SOC at this potential). For the simulations reported 
here, using the lower bound SOC along with a standard literature value 
for the partial molar volume of Li [22] gives results which match the 
volume expansion observed in the experiments. If the SOC at 0.05 V is 
higher, then the observed volume expansion implies that the Li partial 
molar volume must be lower to match the experiments. Running simu
lations with these alternative parameters gives nearly identical results. 

3. Experimental results 

We previously reported in situ and operando AFM imaging of 
patterned Si islands where extensive SEI cracking occurred in the SLZ 
near the island edges [42]. The experiments reported here build on this 
earlier study and investigate the SEI layer under repeated expansion and 
contraction of the underlying Si. The cycled samples were also analyzed 
using ex situ FIB cross-sections to understand key characteristics of the 
SEI failure modes. These observations provide the basis for detailed 
models of SEI failure modes that are presented in section 4. 

To obtain a more accurate understanding of SEI delamination due to 
repeated expansion and contraction of the underlying Si, the patterned 
islands were subjected to multiple cycles. During the first three cycles, 
SEI cracking in the SLZ was observed in AFM images (see more details in 
the Supplementary material). Fig. 1 shows 2D AFM surface topographs 
of patterned Si islands during the 4th and 5th cycles. The first point to 
note in Fig. 1(a) (start of 0.05 V hold) is that parts of the SEI layer from 
the corners of the island have already delaminated from the surface due 
to repeated expansion and contraction of the underlying Si. 

With more Li-insertion the underlying Si expands further laterally, 
and Fig. 1(b–e) shows that other regions of the SEI in the SLZ also 

undergo delamination. The spallation observed here occurred in less 
than ~20% of the islands during the fourth cycle. To further clarify this 
behavior, the scan size was reduced to 5 μm � 5 μm to obtain higher 
resolution images of SEI cracking and delamination from the top right 
corner of the island. Fig. 2(a–c) shows consecutive scans before, during 
and after the SEI delamination occurring in the 0.05 V hold. Fig. 2(d) 
shows the DMT modulus map that corresponds to Fig. 2(a) (beginning of 
0.05 V hold). This is obtained from the measured force-displacement 
relationships [58], and here this indicates that part of the SEI layer in 
the top right corner is very soft compared to the other regions. The low 
stiffness in the dark region appears to be caused by loose attachment of 
the SEI layer, which is consistent with the subsequent scans which show 
that this soft region delaminates from the surface. This suggests that the 
repeated expansion and contraction of the Si causes interfacial (LixSi/
SEI) instabilities which result in loosely attached SEI. 

Fig. 2(e) shows the evolution of the height profiles in the region 
where SEI delamination occurs (marked by white dotted lines in Fig. 2 
(a–c)). After this piece of the layer is removed the thickness difference 
between the surfaces is ~500 nm. The key observation here is that after 
the SEI delaminates, there is no measured height change in the region 
where the spallation occurred. This indicates that there is no detectable 
regrowth of the SEI after the delaminated layer is removed, which im
plies that the electrode surface is still passivated. A logical interpretation 
here is that spallation only removes the outer portion of the SEI, and that 
an inner layer protecting the Si is still intact on this area of the electrode 
surface. This indicates that delamination occurs at the interface between 
the outer and inner layers. It also indicates that the remaining inner SEI 
layer passivates the Si surface (i.e., because the SEI thickness does not 
increase here during subsequent cycling). 

The bilayer SEI structure used to explain these observations has been 
widely discussed in previous work. Some researchers have suggested 
that the outer and inner layers are comprised of organic and inorganic 
decomposition products, respectively [16,26–37]. We previously pro
posed that both the outer and inner layers are nanocomposites that can 
contain both organic (e.g., Li ethylene dicarbonate, etc) and inorganic 
phases (e.g, Li2CO3, LiF, etc), where the inorganic constituents that are 
necessary for passivation are more prevalent in the inner region [20,21, 
42,43]. This stems from the knowledge that initial electrolyte decom
position produces organic material at higher potentials [16], such that 
the formation of inorganic constituents at lower potentials inside of this 
matrix is then likely to produce a nanocomposite inner layer [20]. This is 
consistent with the observations in Fig. 2, where the inner region in the 
SLZ withstands large strains (>10%) while still providing good passiv
ation. In contrast a dense inner layer consisting of only the ceramic (i.e., 
inorganic) phases should not survive the large strains that are applied to 
the SEI by volume changes in the underlying silicon electrode. 

To verify our interpretation of the AFM surface topographs and 
height profiles, cycled islands after 5 full cycles (different from the is
land shown in Fig. 1) were also examined ex situ with FIB cross-sections. 
Fig. 3 shows images from cuts that were made diagonally across the 
cycled islands. The quartz glass wafer, Cu current collector layer, Si, 
inner and outer SEI were all identified with energy-dispersive X-ray 
spectroscopy (EDS) line scans (below the Pt top layer that was deposited 
to provide protection from the Gaþ ions). It is important to note that 
during lihiation, through-thickness cracking in the underlying Si should 
not occur because it is in compression; in contrast to the tensile stresses 
in the SEI. Tensile stresses that develop in the Si during delithiation can 
result in through thickness cracks, however, this was not observed. The 
FIB cross-sections in Fig. 3 reveal that the through thickness cracks here 
are limited to the SEI. The images also show that the SEI layer in the 
center of island is well adhered to the Si surface, without any evidence of 
cracking. The cracks through the SEI in the SLZ are also consistent with 
the top view AFM images in our previous report [42]. 

Cracking of the SEI layer occurs during lithiation where the SEI is in 
tension (see Figs. S3b and d in the Supplementary material). These 
cracks remain open with further lithiation and are not healed by 

Table 1 
Geometrical parameters and material properties adopted in the FEM model.  

Island half length 7.5 μm This work 
Si thickness (before cycling) 225 nm This work 
Outer SEI thickness 460 nm This work 
Inner SEI thickness 110 nm This work 
Cu thickness 200 nm This work 
Maximum SOC in LixSi 0.6 This work 
LixSi Young’s modulus 90 GPa (SOC ¼ 0) ~ 42 GPa 

(SOC ¼ 0.6) 
[69] 

LixSi Poisson’s ratio 0.26 [69] 
LixSi yield stress 1.75 GPa [70] 
Outer SEI Young’s modulus 2.3 GPa This work 
Inner SEI Young’s modulus 3–10 GPa Estimated 
SEI elastic strain at yield point 1% Estimated 
SEI Poisson’s ratio 0.3 Estimated 
Cu Young’s modulus 128 GPa [71] 
Cu Poisson’s ratio 0.36 [71] 
Cu yield stress 876 MPa [72] 
Si/Cu interfacial peak traction 1 GPa Calibrated 
Si/Cu interfacial fracture 

toughness 
40 J m 2 Calibrated  
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additional SEI formation suggesting that either the cracks do not reach 
the Si/SEI interface or that the newly formed SEI here is thin and 
passivating. With further cycling these cracks penetrate further into the 
SEI layer and result in partial delamination of the outer layer. Therefore, 
delamination can be driven by both lithiation and delithiation induced 
stresses in the SEI layer. A careful examination of Fig. 3 shows that a thin 
SEI layer is still present on top of the underlying Si surface, after the 

outer layer has delaminated. There is limited image contrast between 
the different layers, but an inner and outer layer are seen above the 
silicon in Fig. 3(a). The delamination crack on the right side of this 
image runs between these inner and outer layers. These observations 
support the assertion that SEI delamination occurs along the interface 
between the outer and inner SEI layers rather than between the inner SEI 
and underlying Si. Another important observation is that this inner layer 

Fig. 1. 2D AFM surface topographs of patterned a-Si 
electrode (a) during the 4th lithiation cycle at the 
beginning of the 0.05 V hold; (b) scan at 0.05 V after 
5 h and 26 min; (c) upper part shows end of 0.05 V 
hold (fully lithiated) and lower part shows initial 
scan at 1.5 V (during delithiation); (d) scan at the 
end of 1.5 V hold, (e) during 5th lithiation cycle at 
the end of the 0.05 V hold. The arrows indicate areas 
where the SEI undergoes delamination. These images 
show that there is a clear height difference after 
delamination of the SEI. The dotted yellow box in
dicates the original size of the island and is useful in 
visualizing the lateral expansion and contraction of 
the islands during cycling.   

Fig. 2. 2D AFM surface topographs of top right corner of the patterned island in Fig. 1, during the 4th lithiation cycle at 0.05 V: (a) scan #1, (b) scan #3, and (c) scan 
#4. After scan #1, part of the SEI from the corner region delaminates, as indicated by white arrows in (b) and (c). Image (d) is the DMT modulus map for image (a), 
which clearly shows that the part of the SEI layer which delaminates is loosely attached (i.e. it is much softer compared to other areas). Image (e) shows the height 
evolution of the line section (white dotted line in (a)–(c)). There is no new SEI growth on the exposed surface after spallation. 
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is thinner than the outer layer. The inner layer that remains on top of the 
Si after delamination of the outer layer is also consistent with Fig. 2(e), 
which shows that SEI does not regrow after spallation (i.e., if the Si 
surface were re-exposed to the electrolyte at 0.05 V, then SEI regrowth 
would cause an increase in thickness). Based on these observations, the 
thin inner layer is sufficient for passivation of Si surfaces and exhibits 
much more strain tolerance compared to the outer layer. 

The bilayer SEI structure described above is consistent with all of the 
experimental observations. As outlined above, the images in Fig. 3 
indicate that the inner layer adheres to the underlying Si surface, while 
the outer layer delaminates during repeated cycling. Ex situ trans
mission electron micrsocopy (TEM) was performed to confirm this film 
structure. The cross-sectional image of the center region from a cycled 
island in Fig. 4(a) shows clear contrast difference between the inner and 
outer layers (note that the layer thicknesses here are similar to those 
seen in Fig. 3(a)). The first point to note from the TEM images is that the 
SEI thickness is similar in the center and in the SLZ. This is consistent 
with the interpretation that the strain in the SLZ enhances the formation 
of SEI constituents inside of the mesoporous structure as hypothesized in 
our previous work [43]. As noted, above the interface between the outer 
and inner SEI is also consistent with the explanation of Fig. 2. Selected 
area electron diffraction patterns (Fig. 4(c)) show that fine-grained LiF is 
present in both the inner and outer SEI layers (based on the diffraction 
ring spacings). EDS did not provide a meaningful comparison between 
the composition of the inner and outer layers. This is not suprising, since 
the SEI is primarily composed of light elements which are difficult to 
detect with this technique. 

The combined experimental observations reported here demonstrate 
that SEI failure modes are potentially complex. As already noted, there 
are a number of other reports which support the idea of bilayer struc
tures. The results in Fig. 2(e) provide strong evidence for the stability of 
an inner passivation layer, where SEI growth does not occur after 

spallation of the outer layer. The sequence of events leading to this are 
clarified with the other observations in Figs. 1–4. With these types of 
bilayer structures, there are also other fracture and delamination pro
cesses that may occur under other conditions. This range of possibilities 
provides a strong motivation for developing a mechanics-based frame
work to evaluate SEI failure mechanisms in more detail. The modeling in 
the next section is first designed to provide an accurate assessment of the 
observations in our experiments. This is then employed to provide a 
broader assessment of SEI failure mechanisms in section 4.5. 

4. Analysis 

4.1. Stress and strain distribution in the SEI layer 

To interpret the observed through-thickness cracking of the outer SEI 
layer, FEM simulations were performed to estimate the distribution of 
in-plane stress and strain in the SEI layer, as shown in Fig. 5 (more de
tails of the FEM model are discussed in the Modeling Section). No in- 
plane deformation occurs in the island center, but in the SLZ, the Si is
land can undergo lateral expansion during lithiation, which stretches the 
SEI layer. At the beginning of lithiation (i.e., the state of charge, 
SOC ¼ 0.1), the outer SEI is subjected to elastic deformation, Fig. 5(a) 
shows that the maximum in-plane stress in the outer SEI is located at its 
top surface with a distance of approximately 1 μm from the island edge, 
which agrees with where the surface cracking was observed in the AFM 
images (Fig. S3). The in-plane stress and strain profiles along the top 
surface of the outer SEI are plotted in Fig. 5(b) and (c), respectively. As 
lithiation proceeds, extensive plastic deformation occurs in the transi
tion region between the island center and the SLZ, where the in-plane 
stress is limited by the yield stress of the outer SEI (Fig. 5(b)). After 
the 1st lithiation cycle (SOC ¼ 0.6), the in-plane strain reaches a 
maximum value of ~13% (Fig. 5(c)) at the same position where the 

Fig. 3. (a–d) Diagonal FIB cross-section of different patterned islands after 5 full cycles, showing SEI cracking and delamination behavior. SEI is also observed on the 
sides of the islands (these surfaces are also passivated). The cross-sections also show partial delamination of Si from the Cu current collector in the SLZ. It is not 
known if this occurs during post-cycling sample preparation (i.e., FIB cutting). 
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maximum in-plane stress is located at SOC ¼ 0.1. The simulation results 
suggest that cracking is likely initiated at the SEI surface with a certain 
distance from the island edge. The intrinsic surface cracking mecha
nisms in the SEI are still an open question that require a separate study. 

4.2. Fracture resistance of the inner SEI layer 

Close examination of the FIB cross-sections in Fig. 3 shows that 
through-thickness cracks do not reach the Si surface. Within the reso
lution limits of these images, it appears that crack arrest occurs at or 
close to the interface between the outer and inner SEI layers. The FEM 
results in Fig. 5(a) also show that the stiffer inner SEI experiences higher 
in-plane stress than the outer SEI. To interpret the experimental obser
vations, the FEM is slightly modified as schematically shown in Fig. 6(a). 
A through-thickness crack that penetrates the outer SEI is located where 
the maximum surface tensile stress is predicted in Fig. 5(a), and a 
through-thickness cohesive layer is embedded in the inner SEI right 
underneath the crack tip to simulate potential cracking of the inner SEI 
layer. 

To investigate whether a through-thickness crack penetrates into the 
inner SEI within 5 cycles, a series of FEM simulations were performed 
with different values for Young’s modulus and fracture toughness of the 
inner SEI. This analysis focuses on the point where fracture events first 
occur, and does address post-fracture changes in the underlying elec
trode. For example enhanced Li ion conduction in the vicinity of the 
crack is likely to perturb the electrode/SEI interface near the crack. 
These more complex coupling effects between Li conduction and SEI 
fractures are not considered here and will be left for future study. 

Selected properties are correlated in this analysis. The yield stress of 
the inner SEI is taken to be proportional to its modulus. We also assume 

that the adopted triangular cohesive law is self-similar when tuning the 
fracture toughness of the inner SEI, i.e., the peak traction is proportional 
to the square root of the fracture toughness. The findings are summa
rized in a failure map in Fig. 6(b), which shows a linear boundary be
tween the “penetration” and “no penetration” regimes. The observation 
that through-thickness cracks are arrested at the outer and inner SEI 
interface suggests that the inner SEI has a sufficiently high fracture 
toughness which lies in the “no penetration” regime. 

4.3. Delamination of the SEI layer 

Another observation from the FIB cross-sections (Fig. 3) is that the 
outer and inner SEI interface (IntOI) delaminates while the interface 
between the inner SEI and Si (IntIS) remains well bonded. The FEM was 
modified to account for delamination of the outer or inner SEI layers, as 
schematically shown in Fig. 7(a). Two horizontal cohesive layers are 
embedded along IntOI and IntIS. Similar to the model discussed in the 
previous section, a through-thickness crack is arrested at IntOI, but the 
inner SEI is considered to be sufficiently tough and thus no through- 
thickness cohesive layer is included. 

The fracture toughness values of IntOI and IntIS were tuned to 
evaluate whether interfacial delamination occurs in 5 cycles. The 
triangular cohesive law for each interface is still self-similar, but with 
varying fracture toughness. Fig. 7(b) shows a delamination map with the 
Young’s modulus of the inner SEI fixed at 5 GPa. Towards the top right 
corner the interfacial toughness is high and neither of the two interfaces 
of interest are delaminated. When one interface is weak and the other is 
tough, delamination occurs at the weak interface. If IntIS is the weaker 
interface, its delamination initiates from the island edge due to extensive 
shearing between the SEI and expanding Si. Towards the bottom left 

Fig. 4. TEM images showing the cross-section of a cycled patterned island (a) at center and (b) in the shear lag zone (corner). Near this edge, SEI is also observed 
between the Si and Cu (the soft nature of this SEI layer may lower the sliding resistance in the SLZ); (c) electron diffraction pattern from the inner SEI layer. 
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corner of the map, when both interfaces are weak, a boundary (red 
dashed line) occurs that divides the outer/inner SEI and SEI/Si delam
ination regimes. If one interface delaminates first, the other interface 
remains bonded because the energy stored in the inner SEI has been 
released. However, it is still possible that delamination of both interfaces 
occurs, as shown in the bottom left corner of the map. Based on the 
results of the FIB cross-sections and this delamination map, it appears 
that the toughness of IntIS is much higher than that of IntOI. 

Another interesting finding is that the outer/inner SEI delamination 
regime has two sub-regimes divided by a vertical boundary (orange 
dotted line), which represents a critical IntOI toughness. If this tough
ness exceeds the critical value, the delamination between the outer and 
inner SEI initiates from the island edge, but if it is less than the critical 
toughness, the through-thickness crack deflects to propagate along 
IntOI, resulting in delamination. Due to the complex stress state in the 
island, it is difficult to address questions about why this bifurcation 
occurs and which parameters control the critical toughness. However, 
FIB cross-sections of different samples (see Figs. 3 and S4 in the Sup
plementary material) show that both of these two delamination modes 
can occur. 

A delamination map with the Young’s modulus of the inner SEI taken 
as 10 GPa is shown in Fig. S5 in the Supplementary material. Compar
ison of Figs. 7b and S5 reveals that reducing the modulus of the inner SEI 
layer increases the “no delamination” regime due to the lower strain 
energy released by interfacial delamination. 

4.4. Spallation of the outer SEI layer 

In certain FIB cross-sections (e.g., Fig. 3(b)), it is difficult to deter
mine whether delamination of the outer SEI initiates from a through- 
thickness crack or from the island edge. However, the image in Fig. S4 
clearly shows that in this sample the outer and inner SEI delamination 

initiates from the tip of a through-thickness crack. To account for this 
behavior, we use a model with a cohesive layer embedded at IntOI while 
IntIS and the inner SEI itself are considered to be tough. The Young’s 
modulus of the inner SEI is taken as 5 GPa and the toughness of IntOI is 
0.012 J m 2. Fig. 8 shows sequential screenshots from the FEM simula
tion that depict the evolution of the interfacial delamination and spall
ation of the outer SEI. 

During the 1st lithiation cycle (Fig. 8(b)), the SLZ of the Si island 
expands in both the lateral and thickness directions, while the center of 
the island can expand only along the thickness direction. Thus, the 
center of the island becomes thicker than the SLZ, and in the transition 
region between them, the IntOI is curved, which induces tensile stress 
normal to the interface and in turn results in delamination towards the 
center of the island (red arrow in Fig. 8(b)). 

The crack closes but does not heal after the 1st delithiation cycle 
(Fig. 8(c)). Additionally, the edge of the Si buckles and delaminates from 
the underlying Cu substrate. The delaminated Si, no longer constrained 
by the Cu, shrinks more profoundly during delithiation than its lateral 
expansion during lithiation. Therefore, the two pieces of the outer SEI, 
divided by the through-thickness crack, are in contact during the end of 
delithiation. In this period, the outer SEI near the center pushes the outer 
SEI in the SLZ, inducing interfacial shearing between the outer and inner 
SEI layers. The friction coefficient between free surfaces of the fractured 
SEI is assumed to be 0.1. 

During the 2nd cycle, the interfacial delamination initiated from the 
crack tip towards the island edge follows a two-step process (indicated 
by two orange arrows in Fig. 8(d,e)). Fig. 8(d) shows that during lith
iation, the curvature of IntOI induces tensile stress in the SLZ, leading to 
delamination. During the 2nd delithiation cycle, the outer SEI in the SLZ 
is pushed by the outer SEI near the center again (Fig. 8(e)), shearing the 
remaining bonded area between the outer and inner SEI near the edge, 
and eventually leading to spallation of the outer SEI (Fig. 8(f)). 

Fig. 5. (a) Contour plot of in-plane stress (MPa) during the 1st lithiation cycle at SOC ¼ 0.1; (b) In-plane stress and (c) in-plane strain profiles along the top surface of 
the SEI layer during the 1st lithiation cycle. The Young’s modulus of the inner SEI is 5 GPa. 
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The simulation results provide a possible explanation for the accu
mulative spallation that was observed in Fig. 1. After the 1st cycle, the 
delaminated Si is nearly free-standing, and the portion of the Si adjacent 
to it becomes new SLZ. Thus, additional Si delaminates from the Cu 
during the 2nd delithiation cycle, and the size of the delaminated Si in 
Fig. 8(e) is larger than that in Fig. 8(c). This delamination of Si is stable 
(i.e., not a drastic failure) due to the energy dissipation of plastic 
shearing of the top layer of the Cu. The incremental delamination be
tween the Si and Cu causes the SLZ to move toward the center of the 
island, and as a result, the outer SEI incrementally delaminates from the 
inner SEI each cycle. Such accumulative failure can be related to the so- 
called ratcheting phenomenon which occurs in a variety of systems 
under cyclic thermal/mechanical loadings. 

4.5. Failure progression in bilayer SEI 

The experiments and analyses in the previous sections highlight key 
aspects of the failure processes that affect bilayer SEI structures. The 
validity of this continuum mechanics modeling is established by its 
ability to describe the phenomena observed in the specific experiments 
reported in section 3. The complex behaviors that occur here also imply 
that a range of failure sequences are possible in bilayer SEI films. These 
are summarized schematically in Fig. 9(a–g). A surface crack that pen
etrates the outer layer (mode a) can stop at the interface between the 
outer and inner layers if the fracture resistances for this interface and for 
the inner layer are both sufficiently high. If the crack is not fully arrested 
at this interface, one possibility is that the crack continues to run 
through the inner layer if its fracture resistance is low (mode b) and can 
then lead to delamination of the bilayer SEI from the electrode (mode c). 
Another possibility is that the surface crack deviates and causes 
delamination (mode d) and spallation (mode e) of the outer layer if the 
interface between the outer and inner layers is weak. After this 

spallation, surface cracking (mode f) and delamination (mode g) of the 
remaining inner layer may still occur upon further lithiation of the 
electrode. 

Among the failure processes shown in Fig. 9, those leading to 
delamination at the electrode surface (modes c and g) are the most 
crucial phenomena to avoid. Both of these permit additional SEI for
mation on freshly exposed electrode surfaces, which leads to capacity 
fading. Similarly, modes b and f are also potentially problematic, how
ever, this fracture of the inner SEI can be tolerated if crack arrest occurs 
at the electrode interface. 

To determine how these modes complete with each other (mode b vs. 
mode d, etc), failure criteria for the different modes were evaluated. We 
consider a bilayer SEI on a semi-infinite electrode which closely re
sembles the experimental configuration. The bilayer SEI and electrode 
undergo only elastic deformation, which is overly simplistic compared 
to the FEM simulations where plasticity is considered. However, this 
makes it possible to capture a broader general picture of failure criteria 
based on existing results from linear elastic fracture mechanics (LEFM), 
where through-thickness and interfacial cracking problems in thin film/ 
substrate systems have been well studied in the past three decades 
[61–68]. To further simplify this treatment, the outer and inner SEI 
layers are assumed to have the same Young’s modulus Ef and Poisson’s 
ratio νf . The key difference between the layers is then the fracture 
toughness values. The interface between the layers then plays an 
important role, particularly in the analysis of crack channeling pre
sented below. The semi-analytical solution of energy release rate of a 
plane strain through-thickness crack in a single-layer thin film on a 
semi-infinite substrate is given by [65]: 

g¼
σ2

f hf

Ef
~g
�

Ef

Es
; νf ; νs; ~af

�

; (1)  

where hf is the total SEI thickness, Ef ¼ Ef =ð1 ν2
f Þ the plane strain 

modulus of the SEI, ~af the crack length normalized by hf , and Es and νs 

are the Young’s modulus and Poisson’s ratio of the electrode, respec
tively. The mismatch stress in the SEI, σf , is primarily caused by volume 
changes in the electrode during cycling, along with additional contri
butions from the formation of SEI constituents inside of the layers. The 
basic treatment presented here uses the results in Ye et al. [65] with Ef =

Es ¼ 1=9; ​ νf ¼ νs ¼ 1=3. Other modulus ratios can also be evaluated, 
but this case is sufficient for the treatment presented here. Here the 
normalized energy release rate ~g is only a function of ~af , which is given 
by: 

~g
 
~af
�
¼ 3:951~af

 
1 ~af

�0:3 1 0:0784~af
�2

: (2) 

Once the energy release rate of a plane strain crack given by Equation 
(1) exceeds the fracture toughness of the outer layer, isolated and sta
bilized surface cracks occur [62]. However, the through-thickness 
cracking in modes a, b and f are likely to occur by crack channeling, 
which is unstable and thus more detrimental. This occurs once the SEI 
fracture toughness is less than the energy release rate of a steady-state 
channeling crack, which can be calculated by integrating the energy 
release rate of a plane strain crack as follows [62], 

G¼
1
h

Z h

0
gðaÞ da: (3) 

For mode a, the energy release rate of a steady-state channeling crack 
in an outer layer of thickness ho is expressed as, 

Ga¼
σ2

f hf

Ef

R ξo
0 ~g

 
~af
�

d~af

ξo
; (4)  

where ξo ¼ ho=hf is the thickness fraction of the outer layer. 
For mode b, a channeling crack propagates in the inner layer under an 

existing channel in the outer layer. Here the energy release rate at 

Fig. 6. (a) Schematic adopted for the FEM. (b) Failure map of crack penetration 
in the inner SEI (x- and y-axes correspond to the Young’s modulus and fracture 
toughness of the inner SEI, respectively). Green dots denote no degradation in 
the cohesive layer embedded in the inner SEI, and red dots indicate that the 
cohesive layer is fully degraded (i.e., the through-thickness crack penetrates 
into the inner SEI). 
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Fig. 7. (a) Schematic of the FEM. (b) Delamination map with Young’s modulus of the inner SEI equal to 5 GPa (x- and y-axes correspond to the interfacial fracture 
toughness of IntOI and IntIS, respectively). 

Fig. 8. Screenshots from the FEM simulation: (a) before cycling (green arrow indicates the through-thickness crack arrested at IntOI); (b) after the 1st lithiation 
cycle; (c) after the 1st delithiation cycle; (d) after the 2nd lithiation cycle; (e–f) during the 2nd delithiation cycle. 
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steady-state is given by, 

Gb¼
σ2

f hf

Ef

R 1
ξo

~g
 
~af
�

d~af

1 ξo
: (5) 

For mode f, the energy release rate of a steady-state channeling crack 
in the inner layer after the spallation of the outer layer can be calculated 
as, 

Gf ¼
σ2

f hf

Ef
ð1 ξoÞ

Z 1

0
~gð~aiÞ d~ai; (6)  

where ~ai is the plane strain crack length normalized by the thickness of 
the inner layer. 

In terms of the interface modes c, d and g, unstable delamination 
occurs if the energy release rate of a steady-state interface crack G ex
ceeds the interfacial toughness. For mode c, 

Gc¼
1
2

σ2
f hf

Ef
: (7) 

For mode d, 

Gd ¼
ξo

2
σ2

f hf

Ef
: (8) 

For mode g, 

Gg¼
1 ξo

2
σ2

f hf

Ef
: (9) 

Equations (4)–(9) summarizes the steady-state energy release rates 
for modes a-d, f and g. For a given value of ξo it can be observed that these 
energy release rates are all proportional to the SEI thickness as well as 
the square of the mismatch stress in the SEI and are inversely propor
tional to the SEI modulus. 

All of the mechanisms scale with the strain energy density in the SEI 
layer, which leads to the following normalized energy release rate: 

~GðξoÞ¼
GðξoÞ

σ2
f hf

.
Ef

(10) 

This form provides a convenient basis for comparing the different 
modes. The common scaling here indicates that thinner SEI is more 
resistant to all of these failure processes. Assessing the impact of the 
relative layer thicknesses requires evaluation of the different mecha
nisms. This can be considered by examining changes in the fraction of 
the outer layer ξo while fixing all of the other properties including the 
total SEI thickness. Variations of the normalized energy release rate with 
ξo are plotted in Fig. 9(h,i) for different failure modes. These results 
provide a basis for additional assessments of different mechanisms. Key 
examples of this are discussed further below. Comparison of ~G for mode a 
and b shows that cracking in the inner layer has a higher energy release 
rate than cracking in the outer layer unless the inner layer is much 
thinner (ξo > 90%). If we consider a stiffer inner layer with additional 
inorganic components formed, the energy release rate for mode b is even 
higher. However, fracture of the inner layer was not observed in the 
experiments reported here. This solidifies our hypothesis that the inner 
layer has a higher fracture toughness than the outer layer. 

Fig. 9(h,i) shows that ~G for mode b and mode c are higher than those 
for mode f and mode g, respectively, indicating that spallation of the 
outer layer makes cracking and delamination of the inner layer less 
likely. The spallation of the outer layer was observed and analyzed in 
detail in previous sections. Based on the analysis in Fig. 9(h) and (i), it is 
likely that spallation of the outer layer promotes an inner SEI layer that 
remains intact and well adhered to the Si island. 

The evaluation of the failure progressions in Fig. 9 inspires a new 
understanding of strategies that can be employed to build strain tolerant 
SEI layers. Based on the SEI formation process discussed previously [21], 
the outer SEI layer which forms first at higher voltages facilitates the 
formation of a tough and passivating nanocomposite inner layer. Once 
this structure is created the spallation of the outer layer is not necessarily 
problematic and can instead be advantageous both mechanically (by 
enhancing mechanical stability of the inner layer) and electrochemically 

Fig. 9. Schematics of possible failure progression sequences in a bilayer SEI: (a) through-thickness cracking of the outer layer, (b) through-thickness cracking of the 
inner layer, (c) delamination between the inner layer and electrode, (d) delamination between the outer and inner layers, (e) spallation of the outer layer, (f) through- 
thickness cracking of the inner layer after spallation, (g) delamination between the inner layer and electrode after spallation. Normalized steady-state energy release 
rate for (h) crack channeling and (i) interfacial delamination as a function of the thickness fraction of the outer SEI layer. 
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(by reducing impedance). Comparison of ~G for mode b and mode d shows 
that letting ξo approach 1 (i.e., making the inner layer as thin as 
possible) can suppress inner layer cracking and facilitate delamination 
and spallation of the outer layer. The minimum inner layer thickness 
will be largely dictated by its ability to passivate the surface against 
further SEI formation, which requires blocking electron conduction. 

The preliminary analyses in this section demonstrate that the bilayer 
structure significantly affects the mechanical degradation mechanisms 
of the SEI layer. More accurate modeling requires further experimental 
information about mechanical properties of SEI layers (particularly 
plasticity) and consideration of intrinsic cracking mechanisms of SEI at 
the atomistic level. These are expected to be fruitful areas for future 
study. 

5. Conclusions 

In situ AFM, ex situ FIB measurements and finite element modeling 
were integrated to investigate the impact of lateral strains on SEI for
mation and degradation. A bilayer structure of the SEI on Si anodes was 
observed, and tensile stresses in the SEI layer resulted in through- 
thickness cracks that appear inside of the outer SEI and are arrested at 
the outer and inner SEI interface. The absence of cracking of the inner 
SEI layer implies its high fracture toughness. During cyclic lithiation and 
delithiation, interfacial delamination between the outer and inner SEI 
layers occurs while the inner layer is still well adhered to the underlying 
Si, which indicates that the interfacial toughness between the inner SEI 
and Si is much higher than that between the outer and inner SEI layers 
based on FEM calculations. The incremental delamination of the outer 
SEI layer with increasing cycle number, which is akin to plastic ratch
eting, eventually leads to its spallation. The observation that the inner 
layer does not undergo substantial additional growth after spallation 
indicates that this thin inner layer can provide good passivation, even 
when large strains are applied during subsequent cycling. Detailed 
analysis of the bilayer system also reveals guidelines for producing an 
inner SEI layer that can simultaneously satisfy the electrochemical and 
mechanical criteria for stable passivation of silicon electrode surfaces. A 
more detailed understanding of the mechanical behavior of this inner 
SEI layer is expected to pave the way toward design of strain-tolerant 
SEIs. 
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