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High-capacity electrode materials are indispensable for developing high energy density solid-state batteries. The
lithium metal anode is attractive because of its high capacity and low electrochemical reduction potential, but its
application is hampered by the dendrite issue. The silicon anode is a promising material having high capacity and

g::;er?ec}lamcs invulnerability to undergoing dendrite formation, but is limited to the nanometer regime for the thickness of a Si
Modeling anode. Herein, for the first time, we demonstrate a 1 pm thick solid-state silicon anode (10 times the typical

thickness of Si anodes used in organic electrolyte) as an alternative to Li metal anode for solid-state batteries. This
Si anode forms good contact with the garnet-type solid-state electrolyte and maintains structural integrity during
the Li ion intercalation and extraction. The Si anode with the garnet electrolyte exhibits a high discharge capacity
of 2685 mA h g ! and an excellent initial Coulombic efficiency of 83.2%, higher than that of the Si anodes with an
organic electrolyte (77.1%). Our mechanics modeling reveals that the strong nanomechanical constraints by the
solid garnet electrolyte enables the substantial increase in the critical thickness of the Si anode from just nano-
meters to micrometers, toward high-capacity solid-state batteries.

1. Introduction

Solid-state batteries are promising candidates for the next generation
of safer and higher energy density Li-ion batteries [1-7]. Solid-state
electrolyte (SSE) can provide potential solutions for many of the prob-
lems that have limited the development of liquid Li-ion batteries, such as
flammability, limited voltage, unstable solid-electrolyte interphase for-
mation, poor cycling performance and strength. Among them,
LiyLagZry0q2 (LLZO) [8-12], a garnet-type electrolyte is attractive
because of its high ionic conductivity (~1 mS/cm) [13-15], wide elec-
trochemical window (0-5V), high shear modulus (~55 GPa) [16-18],
and good chemical and thermal stability.

Lithium metal anode is one of the most promising anode materials for
solid-state batteries with a theoretical specific capacity of 3860 mAh g~}
[19-23]. However, the utilization of Li metal anodes in solid-state bat-
teries suffers from many issues including interfacial resistance and
possible dendrite penetration [24,25], which can lead to short-circuits.
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The Li-SSE interface resistance has been mitigated by various ap-
proaches, such as using a Li-Sn alloy [26], modifying the solid-state
electrolyte surface [27-29], using polymer electrolyte as a buffer layer
[30], and cycling the battery at a low current density [31]. However,
these solid-state cells were cycled at relatively small capacities under low
current densities, 50-170 pA em ™2 [11,26,30-32]. The fundamental
challenges associated with Li metal anodes in solid-state batteries have
not been entirely eliminated by these methods, especially at high current
densities and capacities. The dendrite growth along grain boundaries,
especially at high current densities and high capacities, as well as those
associated with the large volume expansion, could largely preclude the
adoption of Li metal in future commercial solid-state batteries [33-35].

Silicon anode features a higher theoretical capacity
(~4200mAhg™!) than Li metal (~3860 mA hg™'), making it a prom-
ising alternative to enable high energy density solid-state batteries
without the issue of catastrophic dendrite formation due to the discharge
voltage of Si [36-39]. However, the main challenge of using Si anodes in

Received 6 December 2018; Received in revised form 10 June 2019; Accepted 14 June 2019

Available online 26 June 2019
2405-8297/© 2019 Elsevier B.V. All rights reserved.


mailto:lit@umd.edu
mailto:binghu@umd.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2019.06.024&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2019.06.024
https://doi.org/10.1016/j.ensm.2019.06.024
https://doi.org/10.1016/j.ensm.2019.06.024

W. Ping et al.

rechargeable batteries is its substantial volume change of up to 400%
during lithiation and delithiation, which causes the electrode to crack
and pulverize, resulting in poor interface with the electrolyte. To combat
this problem, Si anodes in organic electrolyte are typically restricted to
nanoscales (critical thickness ~100nm) [40-44], which significantly
limits the energy density of the battery. The recent development of
solid-state electrolytes has presented potential solutions to many of the
issues associated with liquid electrolyte Li-ion batteries. Moreover, Si
anodes were recently explored with garnet-type SSE in 2018 by Ferraresi
et al. [45] and Chen et al. [46], but the thickness of these Si anodes is still
in nanoscale (50 nm-180 nm), resulting in low energy densities of the
battery.

Although low ionic and electronic conductivity can hinder the cycling
and rate performance of thick electrodes [47], it is well known that
doping can significantly improve the electronic conductivity and lith-
iation improves the electronic and ionic conductivities of Si anodes [48].
However, a very limited number of studies seek to understand the
interfacial and nanomechanical evolution of Si anodes in solid-state
batteries, which is the critical obstacle to the practical implementation
of solid-state Si anodes. In this work, by application of garnet-type SSE
LLZAO (LiyLagZry015 with 3 wt% Al03), we demonstrated a thick yet
high-capacity Si anode, with critical thickness increasing from nanoscale
to microscale regime. A solid-state Si anode of thickness 1 ym was suc-
cessfully fabricated, which measures 10 times the thickness of Si anodes
in organic electrolytes. We systematically investigated the morphology
changes of the Si anodes with different thickness (1 pm, 2 pm, and 3 pm)
in solid-state batteries and compared the results, with corresponding Si
anodes in liquid Li-ion batteries to gain an insight into the interface re-
action properties of the solid-state Si anodes.

2. Results and discussion

As shown in the schematic (Fig. 1a), during the lithiation process, Li
ions transport across the garnet electrolyte from the Li metal and react
with the Si anode to form Li,Si. Our study shows that the 1 pm thick Si
anode deposited via plasma-enhanced chemical vapor deposition
(PECVD) shows amorphous structure (Figure S1) and mainly expands in
the dimension normal to the garnet electrolyte without obvious crack
formation either in the Si anode itself or at the Si/garnet interface. The
garnet exhibits the cubic crystal structure and dense grain distribution
with a high ionic conductivity of 4 x 1074Scem™ (Figure S2, S3, and S4).
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T T T T T T
0 500 1000 1500 2000 2500 3000

Discharge capacity (mA+h g)

Fig. 1. Morphology change of the Li/garnet/Si cell under discharging and the
corresponding discharge curve. The thickness of Si anode is 1 pm, ten times the
critical thickness of Si anode in organic electrolyte. A layer of carbon nanotubes
(CNTs) was cast on the Si anode as a current collector. (a) Schematic of the Li
plating process. Cross-sectional SEM images of the 1 ym Si anode (b) deposited
on garnet by PECVD and (c) after discharging to 0.001 V. (d) Discharge profile of
the solid-state Si anode.
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As shown in Fig. 1b, the deposited 1 pm Si anode is uniform and adheres
to the garnet electrolyte. After the Li ions slowly diffuse through the
garnet electrolyte and alloy with the Si anode, the Si anode expands,
resulting in an increase in its thickness but no obvious cracks or pul-
verization after discharge (Fig. 1c). The solid-state Si anode displays a
high capacity of 2685mAhg~! (Fig. 1d). Mechanics modeling also
confirmed the advantage of the solid-state Si anode with the LLZAO
electrolyte, which mitigates the structural damage of the Si anode by
providing robust mechanical constraints that enable the Si anode to
maintain its structural integrity during the lithiation/delithiation pro-
cess. In this manner, we are able to achieve a thick 1 pm Si anode, ten
times thicker than the Si anodes in organic electrolytes (100 nm).

We observed the morphology of the 1 pm thick Si film deposited on
the solid-state LLZAO electrolyte using scanning electron microscopy
(SEM) as shown in Fig. 2a with a digital image of the anode displayed in
the inset. A copper mask was employed during PECVD to control the
deposition area to a 6 mm circular area and prevent deposition of Si on
the LLZAO edges. The weight difference was measured to determine the
mass of Si deposited. Mass loading is calculated by dividing the mass by
the area. During the deposition, the Si vapor deposited on the substrate
uniformly with a grain size of about 500 nm (Fig. 2a). Fig. 2b exhibits the
cross-sectional image of the Si anode on the garnet, demonstrating the
continuous and dense Si film across the garnet pellet. High magnification
cross-sectional SEM imaging and energy dispersive X-ray (EDX) spec-
troscopy mapping demonstrate that the Si film is uniformly coated on the
garnet, with a dense and continuous structure and good interface contact
(Fig. 2c and d), which are vital for preventing the Si film from cracking
during the volume change upon lithiation.

To overcome the solid-state Li ion transportation barrier, especially at
the Si/garnet interface, a small current (2.5 mA g’l, 7 x10"*mAcm3?)
activation process was utilized to slightly and smoothly intercalate Li
ions into the solid-state Si anode. As shown in Fig. 2e, after the activation
process, the 1 pm thick Si anode exhibited high electrochemical activity.
The Si anode delivers a discharge capacity of 2685 mAh g~ ! (including a
small irreversible capacity of ~90mAhg™! contributed by the CNTs,
Figure S5) and a charge capacity of 2159 mA h g%, resulting in an initial
Coulombic efficiency (ICE) of 83.2%. As a control experiment, we also
studied the Si anode in liquid Li-ion batteries (Figure S6) with a con-
ventional organic electrolyte, 1.0 M LiPFg in ethylene carbonate (EC) and
diethyl carbonate (DEC), of which the electrochemical performance is
also plotted in Fig. 2e. The ICE of the Si anode in the liquid electrolyte
was only 77.1%, indicating the reduced irreversible reactions at the in-
terfaces of the solid-state Si anode. The electrochemical properties of the
solid-state Si anode suggest the garnet and CNTs on the Si film provide a
constraining effect that may help control the Si film volume change
during battery cycling.

To get a more comprehensive and deep understanding of the Si/
garnet interfaces during lithiation, we discharged solid-state Li/garnet/Si
batteries to different states and then extracted the anodes to observe
changes to the morphology. Control Si anodes on Cu substrates in liquid
Li-ion batteries were also analyzed after discharge. As indicated in the
discharge/charge voltage profiles in Fig. 2e, the morphology evolution of
the Si anode in the solid and liquid batteries were observed (i) before cell
cycling and after the cells had been discharged to (ii) 0.2V, (iii) 0.1V,
and (iv) 0.001 V. As shown in Fig. 2f-i and Figure S7a, as the Li ions
intercalated into the Si anode through the garnet SSE, the thickness of the
Si anode increased from 1 pm (pristine, Figure 2f) to 1.2 pm (discharge to
0.2V, Figs. 2g), 1.55 pm (discharge to 0.1V, Figure S7a), and finally
2.9 um (discharge to 0.001V, Fig. 2h and i). Despite the thickness
expansion, the Si anode remains strongly adhered to the garnet SSE
without interface detachment or wrinkles, as shown in the large-scale
SEM image of the cross section of the Li,Si after discharging to 0.001 V
(Fig. 2i).

It is known that during the lithiation of amorphous Si and the for-
mation of crystalline Li,Si alloy, the Si anode undergoes crystallization
and volume expansion [49]. During delithiation, the crystal Li,Si
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Fig. 2. Morphology characterization and voltage
profile of the 1 pm Si anode in solid-state and liquid
Li-ion battery configurations. (a) Surface morphology
(the inset image is the digital picture) and (b, c, f)
cross-sectional SEM images of the 1pm Si film
deposited on garnet by PECVD at different magnifi-
cations, which indicates a conformal interface be-
tween the Si anode and garnet. (d) EDX mapping of
the 1 pm Si film. (e) Voltage profile of the 1 pm Si
anode in solid-state and liquid Li-ion batteries. Cross-

(e) 247 — SSBs ICE = 83.2% RT sectional SEM images of the 1pm Si anode dis-
5‘ o = 5 charging to (g) 0.2V and (h, i) 0.001 V in solid-state
%’ 1.6 LLBs ICE=77.1% configuration. Surface morphology of the 1pum Si
b= 08 anode after discharging to 0.001 V for the (j, k) solid-
o U . state and (I, m) liquid batteries at different
ncz 0.0 e magnifications.
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becomes amorphous Si as the Si anode volume shrinks back. The high
stress associated with continuous volumetric expansion-shrinkage pro-
cess initiates cracking and pulverization of the anode, which is attributed
to be the main reason for capacity decay [50,51]. However, with the
garnet SSE in this work, the volume change of the Si on the garnet
electrolyte was effectively constrained without obvious cracking and
pulverization (Fig. 2g-k and Figure S8c). SEM images (Fig. 2j and k) of
the discharge products (Li,Si discharged to 0.001 V) from the surface of
the anode also display a crack-free morphology. The volume expansion of
the Si anode leads to Si particle growth, from ~500 nm for the pristine Si
on garnet (Figure 2a) to 1.41 pum for the Li,Si discharge product (Fig. 2j),
but no cracking was observed in the Si anode after the 1st discharge
(Fig. 2h—j) or 2 cycles (Figure S8c and S8d).

In contrast, for Si anodes used in liquid batteries, the volume dilation
associated with Li-Si alloying caused intense mechanical stress that led to
the pulverization of the Si particles. When the cell Li/EC-DEC/Si/Cu was
discharged to 0.001V, the surface of the anode appeared rough and
uneven, with many cracks and holes (indicated by white circles in
Fig. 21). Inside the holes, obvious cracks in the Si anode are ubiquitous
(indicated by circles in Fig. 2m), which deteriorate the solid-electrolyte
interface stability and Li ion transference, leading to a capacity decay.

To understand the effect of the thickness on the Si anode in the solid-
state battery, we also investigated the morphology evolution of the ma-
terial at greater thicknesses of 2 pm and 3 pm during lithiation. Similar to
the 1um Si anode, the initial Si films were uniform and featured
conformal contact with the garnet. After discharging to 0.2V, no frac-
tured layer can be seen in the 2 pm Si film and 3 pm film, and the Si/
garnet interface remains intact, though the Si anode thicknesses increases
slightly from 2 pm to 4 pm and 3 pm to5.8 pm respectively.

However, when further discharging to 0.1 V, while the 2 pm Si anode
remained tight contact with the garnet electrolyte (Figure S7b), the 3 pm
Si anode became detached (Figure S7c). When fully lithiated (discharged
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to 0.001 V), the 2 pm Si anode exfoliates from the garnet without obvious
cracks between the Si film and electrolyte, while the 3pm Si anode
separates from the garnet completely (Fig. 3c and h). Under this condi-
tion, the surface of the 2 pm Si anode partially maintained its initial
structure (Fig. 3d) while the 3pm Si anode became pulverized
completely (Fig. 3i). Fig. 3j summarizes the thickness evolution of the
1pm, 2pm, and 3 pm Si anode at different discharge states. The 1 pm
thick Si film demonstrates a smooth thickness increase during Li alloying,
indicating moderate volume expansion of the Si anode. However, for the
thicker Si anodes (2 pm and 3 pm), the boost in thickness during the
initial discharge (to 0.2 V) could already lead to the anode exfoliation or
pulverization. Therefore, the 1 pm Si anode delivers the highest capacity
(2685 mA h g~ 1), while the 2 um Si anode exhibits a discharge capacity of
1713.8mAhg~!, and the 3pm thick anode has only a capacity of
831.7mAh g~ ! (Figure $9). This could explain why the previous studies
on solid-state Si anode were only based on thin Si films.

We further analyzed the electrochemical performance of the Si anode
in the garnet-based all-solid-state battery using 1 pm thick Si, CNT cur-
rent collector, and Li metal counter electrode. Fig. 4a shows the first and
second discharge/charge cycles at room temperature. The solid-state Si
anode was first activated at low current of 2.5rr1Ag’1 (7 x10~*mA
cm), and then cycled at the rate of 7.5 mA g1 (2 x 10~ mA cm'2). After
the first cycle, the Coulombic efficiency further increases to 97.4%. The
high Coulombic efficiency of the solid-state Si anode provides the all-
solid-state battery with high reversibility. To further investigate the Si/
garnet interface stability, we performed cell impedance tests before
cycling, after discharging, after charging, and after 2 discharge/charge
cycles at room temperature (Fig. 4b). After discharging, the impedance of
the cell decreases from 475 Q cm? to 323 Q cm?, suggesting that the ionic
conductivity of the solid-state Si anode increases after Li insertion. In the
subsequent delithiation and lithiation processes, the interface resistance
featured only a slight change (374 Qcm? after Li was extracted and
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Fig. 3. Cross-sectional SEM images of the (a) 2 pm and (f) 3 pm Si anodes deposited on garnet discharged to (b, g) 0.2V and (c, h) 0.001 V. Surface morphology of the
(d) 2 pm and (i) 3 pm Si anode after discharging to 0.001 V. (j) Thickness evolution profiles of the 1 pm, 2 pm, and 3 pm Si anode discharge to different states.
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367 Qcm? after the second lithiation), indicating the stable Si/garnet
interface during electrochemical cycling.

Electrochemical impedance spectroscopy (EIS) of the solid-state Si
anode was conducted at different temperature (from 20 °C to 80 °C) to
understand the interface impedance and energy barrier (Fig. 4c). We
observed two semicircles at the high and medium frequency regions,
which are associated with the total resistance from the garnet (R;) and
the interface between the Li and garnet (Ry), respectively. A nearly flat
tail in the low-frequency region corresponds to the interface between the
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Si and garnet (R3). The resistance of the garnet, Li/garnet, and Si/garnet
interfaces decreased with increasing temperature. From the resistance-
temperature dependence, we calculated the activation energies of the
garnet and energy barriers at different interfaces according to the
Arrhenius equation, which are plotted in Fig. 4d. An activation energy of
0.39eV was observed for garnet bulk, which is consistent with the
literature [28]. It is intriguing that Li-ion transport energy barrier in the
lithiated solid-state Si anode is only 0.24 eV, lower than that of the
Li/garnet interface [28,52]. The lower energy barrier of Si suggests that it
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is easier for Li ions to migrate to the Si anode through the garnet
compared with the Li metal anode, suggesting the Si is a feasible material
for a solid-state battery anode.

Experimentally, we have successfully fabricated 1 pm Si anodes with
excellent electrochemical performance that are much thicker than many
studies have used (~100nm) [40,41] for liquid Li-ion batteries with
organic electrolyte. Despite its thickness, the 1 ym Si anode kept its
structural integrity and a tight contact to garnet electrolyte during Li
plating/stripping process. We believe the high stiffness of the garnet is
the main reason that the volume change of Si anode was effectively
constrained during cycling to prevent mechanical degradation. To reveal
the robust nanomechanical constraints of the garnet, we conducted finite
element modeling based on the general Li ion concentration, stress dis-
tribution, and defective part in the 1 pm Si anode (see details in the
Supporting Information). The modeling results clearly show that both the
Li ion concentration and stress distribution of the Si anode in the
solid-state battery are relatively uniform along the Si film anode thick-
ness direction during lithiation/delithiation, due to the slow charge rate
and single-phase reaction of the Si anode film [53] (Figure S10 and S11).
This uniform stress distribution and stable stress evolution effectively
guarantee the overall structural stability of the Si anode. On the other
hand, the in-plane stress of the Si anode periodically changes from
compression to tension during charging/discharging, which is particu-
larly severe at the Si anode surface (Figure S12), inducing fatigue fracture
and crack propagation at relatively weak defective parts of the Si anode.

Furthermore, we revealed the nanomechanical advantage of the
garnet by modeling the defective part of the Si anode (Fig. 5). The
simulation clearly captures the evolution of crack propagation in the Si
anode with and without garnet (in solid-state and liquid Li-ion batteries)
during the delithiation stage (Fig. 5a and c, Figure S13 and Supplemen-
tary movies 1 and 2). The large volume shrinkage leads to in-plane tensile
stress in the Si anode. Once the tensile stress exceeds a critical limit, the
crack initiates and propagates along the thickness direction. Constrained
by the garnet electrolyte, the maximum crack opening displacement in
the solid-state Li-ion batteries is much smaller than that in the liquid
battery configuration at the full delithiation state (Fig. 5b), indicating the
nanomechanical advantage of the solid-state electrolyte at mitigating
structural damage to the Si anode. Moreover, the state of charge (SOC)
when the crack initiates also decreases from 36% to 20%. The under-
pinning mechanism of the crack inhibition is also demonstrated by the
crack dissipation energy in the Si anode. During the entire delithiation
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process, the smaller driving force for cracking is a crucial piece of evi-
dence of the higher fracture resistance of Si anode with garnet (Fig. 5d).
Most critically, the strong Si/garnet interface effectively protects the Si
anode by restraining adverse volume changes during lithiation and
delithiation. Meanwhile, we theoretically analyzed the effect of the Si
anode thickness on the electrochemical performance. The tunnel crack is
considered as the major failure mode in Si anode during discharging/
charging (Figure S14). The steady-state energy release rate for the tunnel
crack increased linearly with the Si anode, which means that thicker Si
anodes are more likely to crack during the delithiation stage
(Figure S15). Comparing the mechanical state of the Si anode with and
without garnet, the nanomechanical constraint of the garnet solid elec-
trolyte clearly provides a remarkable enhancement of the electrode
structural durability.

Supplementary video related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.06.024.

3. Conclusion

For the first time, we have demonstrated a thick yet high capacity Si
anode, with the thickness increasing from nanoscale to micro regime.
The 1 pm thick Si anode was successfully fabricated in a garnet-type
solid-state battery, and 10 times larger than the thickest amorphous
nanoscale Si film (~100 nm) used for organic electrolytes. After an initial
activation, the 1 pm Si anode in the solid-state battery shows a discharge
capacity of 2685 mA h g ! and high Coulombic efficiency of 83.2% at the
first cycle, while the corresponding anode demonstrated only 77.1% ICE
in organic electrolyte. We systematically investigated the interface and
mechanical properties of the Si anode and garnet electrolyte during
lithiation and delithiation. The interface between the Si anode and garnet
maintains solid contact during this process, without creating any cracks
or becoming pulverized. Based on our experimental and modeling re-
sults, we find that the strong nanomechanical constraint of the garnet
leads to a substantially reduced volume expansion of the Si anode during
lithiation. The garnet can also limit the Si film shrinkage during deli-
thiation, preventing the anode from becoming damaged. Further work to
improve ionic and electronic conductivities of the Si anode by doping or
nano-engineering can be combined with the interface improvement to
achieve better cycling and rate performances. We believe the present
study on the interface and mechanics of the solid-state Si anode will
trigger more interest in Si anode materials for high-energy density and
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durable solid-state batteries.
4. Experimental section

Fabrication of the garnet solid-state electrolyte: Cubic garnet electrolyte
composed of LiyLa3ZryO1, was fabricated via conventional solid-sate
sintering. Stoichiometric amounts of LiOH (Alfa Aesar, 98.0%), LayO3
(Alfa Aesar, 99%), and ZrO, (Alfa Aesar, 99.9%) were weighed and
thoroughly mixed with 3 wt% Al,O3 (Alfa Aesar, 99.0%) by ball milling
for 24 h in polyethylene jars with isopropanol as media. 10 wt% Li was
added to compensate for Li loss during the sintering process. After drying,
the mixture was calcined at 1100 °C for 12 h. The as-calcined powder was
broken down and pressed into disks 10 mm in diameter and 0.5 mm in
thickness under a uniaxial pressure of 4.5 MPa. The pellets were then
sintered in air at 1200 °C for 20 h. The pellets were polished on both sides
prior to assembling into solid-state cells.

Si/CNT Anode fabrication and Soldering of Li: An amorphous Si film
(~1 pm) was deposited by PECVD (Oxford Plasma Lab System 100) at
200 °C with the deposition rate of 25 nm/min and the power RF of
13.56 MHz. A gas composition of silane (SiH4, 5%) and N> (95%) was
used to do the deposition. Before deposition, the garnet was carefully
polished by 1500 assorted grit sandpaper with isopropanol (IPA). Single
wall carbon nanotubes (CNT) were dispersed into N-methyl-2-pyrroli-
done (NMP) solvent under ultrasonic for 4h, with the concentration of
5 mg/mL. Then 10 pL CNT solution was dropped on the side of Si film by
pipettes as the current collector. After drying on a 150 °C hot plate, the
combine structure Si/CNT anode was achieved. To make the Li/garnet/Si
cells for electrochemical measurements, Li foil was used as the counter/
reference electrode by coating the Li-Sn alloy (30-50 wt% of Sn) on a hot
plate at ~250 °C in an argon-filled glovebox.

Material Characterization: The morphology and particle size of Si
before lithiation and delithiation and elemental mapping were observed
by SEM (Hitachi SU-70) coupled with an EDX detector.

Electrochemical Measurement: Galvanostatic Si plating/stripping tests
were performed on Bio-Logic MPG-2 battery cycler at room temperature.
Electrochemical impedance spectra of the cells were tested on a Solartron
electrochemical system in the frequency range of 1 MHz to 1 Hz and
temperature range of 20 °C-80 °C.

Finite element modeling: The lithiation/delithiation process and me-
chanical behavior of the Si anode was modeled through a fully coupled
diffusion-displacement analysis in ABAQUS 6.13 (see details in Sup-
porting Information). In the simulation, the bottom of the current col-
lector was fixed, while the top and bottom surface of the Si film was tied
to the current collector and LLZAO electrolyte, respectively. The
displacement in the x direction was zero on the left and right side of the
model. A nominal constant Li flux (0.0188 C) was given at the top surface
of the Si anode according to the galvanostatic charging/discharging
experimental results. The concentration dependent diffusivity was
adopted in the model. Cohesive zone elements were implemented
straight along the direction of the thickness of the anode to model the
most likely crack penetration in the Si anode. The LLZAO/a-Si interface
was also simulated by a cohesive zone model with strong interfacial
toughness between them.
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Figure S1. XRD characterization of 1 um Si film deposited on an amorphous substrate. The

XRD profile shows that the Si film deposited by PECVD is amorphous.
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Figure S2. XRD of garnet (Li7La3;Zr>O12). The XRD shows that the garnet Al-doped

LisLa3Zr>O12 exhibit the cubic crystal structure without other second phase.
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Figure S3. SEM of garnet (Li7La3Zr,012). The garnet grains are uniformly distributed and in

tight contact with each with low porosity.
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Figure S4. Impedance spectrum of garnet (Li7LasZr2012). The impedance of garnet is low,

exhibiting a high ionic conductivity of 4 x10"* S/cm.
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Figure SS5. (a) Electrochemical performance of the CNT anode. (b) Voltage profile of the Si anode
in the solid-state battery.

The cell Li/garnet/Si contributed an irreversible capacity of ~ 90 mA h g''. The discharge areal
capacity of the 1 um Si anode was ~ 0.66 mA h cm™. The charge areal capacity of the 1 um Si

anode was ~ 0.53 mA h cm™.
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Figure S6. Morphology of the 1 um Si anode on Cu foil.

The Si anode appears dense and uniformly deposited on Cu foil by PECVD.

Figure S7. Cross-sectional SEM images of (a) 1 um, (b) 2 um and (¢) 3 um Si anodes discharged
to 0.1 V.

The 1 pm Si anode remains tight contact with the garnet electrolyte after discharging to 0.1 V.
Even though there was no obvious crack between the 2 um Si anode and garnet interface, the 2 pm
Si anode began to show some damage inside. In comparison, the 3 pm Si anode separated from

the garnet after discharging to 0.1 V.



(a)
1 pm Si after discharging to 0.001 W

Figure S8. Magnified cross-sectional SEM of (a) 1 um Si anode discharging to 0.001 V, (b, d)
mapping images, and (c) after 2 discharge/charge cycles.
The 1 pum Si anode maintains good contact with the garnet after discharging to 0.001 V and even

after two discharge/charge cycles.
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Figure S9. Voltage profile of the 2 um and 3 um Si anodes in the solid-state battery configuration.
The Li/garnet/Si cell featuring the 2 um Si anode exhibited a discharge capacity of 1713.8 mA h

g’!, much higher than that of the 3 pm Si anode, which was 831.7 mA h g\
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Figure S10. The Li concentration and stress distribution of the Si anode under lithiation in the

solid-state battery. Snapshots of the distribution of the (a) normalized Li ion concentration and (c)
in-plane stress component of the Si anode during lithiation. (b) The Li ion concentration and (d)
in-plane stress component versus the location along the film thickness. The discharge rate in the

simulation was 0.0188 C.
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Figure S11. The Li concentration and stress distribution of the Si anode under delithiation in the
solid-state battery. Snapshots of the distribution of (a) normalized Li ion concentration and (¢) in-
plane stress component of the Si anode during delithiation. (b) The Li ion concentration and (d)
in-plane stress component versus location along the film thickness. The charge rate in the
simulation was 0.0188 C.

Based on our simulation, the thickness of the Si anode increases/decreases by approximately 3
folds during lithiation and delithiation, respectively, which is in accordance with the experimental
observations. The Li concentration and stress distribution are uniform in both the lithiation and

delithiation state due to the slow charge rate.
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Figure S12. The normal in-plane stress distribution at the surface of the Si anode during

lithiation and delithiation under slow (black) and fast (red) charge rates of 0.0188 C and 1 C,

respectively.
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Figure S13. The morphology evolution of the defective part in the Si anode (a) without garnet and

Si anode

(b) with garnet during delithiation. The color contours denote the in-plane stress (c11) level.
At different SOC (30%, 15%, 0%), the crack opening displacement in the Si anode with garnet

electrolyte is much smaller than the displacement in the Si anode without garnet, showing the



robust mechanical constraint provided by the solid garnet to maintain the battery’s structural
integrity.
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Figure S14. (a) Theoretical model of the steady advance of a tunnel crack in Si anode embedded
between garnet-type solid electrolyte and the current collector at the delithiation state. (b) The y-z
cross-section at the tunnel crack front; d(z) is the crack opening profile for the plane strain through-

crack.
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Figure S15. The linear relation between the steady-state energy release rate Gss and Si anode
thickness /s;i. F'is a dimensionless function of the moduli ratios and thickness ratios of garnet and
current collector layers, which is a constant for a given structure of the garnet and current collector

layers in solid state battery.



The thicker Si anode provides much higher energy release rate, making the defective part of the Si
anode much easier to crack during delithiation.

Table S1. Parameters used in mechanics modeling

Parameters Values

Esi(c), Young’s Modulus of a-Si 130-40 GPa
Esip, Plastic modulus of a-Si 1.8 GPa
Poisson ratio 0.3

ey, yielding strain of a-Si 0.2%

E1L1z0, Young’s Modulus of LLZO!!! 147 GPa

Cmax Maximum Li concentration 3.667e-7 mol m™
Dy, Diffusivity 104 ms!

R, Gas constant 8.314 JK 'mol™!
T, Room Temperature 300K

L, Expansion coefficient 0.44

Detailed finite element modeling (FEM) method

To understand the Li ion concentration and stress distribution of the Si anode in solid-state
battery, we modeled the lithiation/delithiation (discharging/charging) process and corresponding
mechanical state of the Si anode through a fully coupled diffusion-displacement analysis using the
commercial finite element code ABAQUS 6.13. The model was considered at the plain strain
condition. The thickness of the Si film and current collector was 1 um, respectively. The
electrochemical and mechanical parameters used in the simulation are given in Table S1. For
capturing the single-phase reaction property in the amorphous Si anode, the concentration-
dependent diffusivity was set in the model as D=Do(1+c/(1-c)), in which Dy is a diffusivity
constant, and c is the normalized Li ion concentration. The nominal constant Li flux J (0.0188 C)
is given at the top surface of the Si anode, according to the experimental galvanostatic result. The

state of charge (SOC) is defined as the current lithiation capacity divided by the maximum



lithiation capacity observed in the experiment. SOC ranges from 0 to 1 during charge/discharge
cycles. The Si anode was assumed to be a bilinear elastic-plastic material. The elastic module is
linearly Li ion concentration dependent, which changed from 130 GPa (a-Si, c=0) to 40 GPa
(lithiated a-Si, c=1). For modeling the defective part of the amorphous Si anode, cohesive zone
elements were implemented straight along the direction of the Si anode thickness to model the
most probable penetrate crack in the Si anode. The toughness of the lithiated a-Si and cohesion
strength!?l were set to 15 J/m? and 2.5 GPa. Viscosity stabilization of the cohesive zone elements
was employed to improve FEM numerical convergence. The garnet/a-Si interface is also simulated
by a cohesive zone model, in which the interfacial toughness of the garnet/a-Si interface was
assumed to be 20 J/m? to ensure the strong bonding between them.
Impact of the amorphous Si anode thickness on the electrochemical performance
degradation

To qualitatively understand the impact of the different Si thicknesses on the degradation of the
anode’s electrochemical performance, we simplified the anode as a linear elastic material during
delithiation. The mechanistic understanding of the failure behaviors in the Si anode during
delithiation is still valid. As shown in Figure S14a, due to the constraint of the current collector
and garnet, the tunnel crack at the Si anode is considered as the major failure mode during
discharging/charging. A tensile stress o exists in the Si anode during delithiation process, which is
nearly a constant along the Si anode thickness according to the modeling results in Figure S11d.

In steady-state, the energy releases for an entire tunnel front advancing a unit equals to strain
energy difference between the slice of unit thickness far ahead of the front and far behind of the
front’]. Meanwhile, this strain energy difference AU equals the work done by the stress through

the crack opening (Figure S14b), which is given by,



1 5i /2
AUzzar% 5(z)dz (1)

)
in which o is the uniform tensile stress on the prospective crack plane prior to cracking; /s;is the
thickness of the Si anode, d(z) is the crack opening profile for the plane strain through-crack.
On the other hand, the steady-state energy release rate for the through-crack is,
Gy =AU / hg (2)

Combining the Equation 1 and 2 gives,
1 hs; 2
G, T j_hSi/25(z)dz 3)

In steady-state tunnel crack, the above equation can be integrated as follows],

2
_I—VSi 2

GSS —E—O' hSiFﬂ (4)

Si
where vsi, Esi, and ks are the Poisson ratio, Young’s Modulus and thickness of the Si anode,
respectively; o is the uniform tensile stress in Si anode; F'is a dimensionless function of the moduli
ratios and thickness ratios of garnet and current collector layers. It should be noted that F is a
constant for a given structure of garnet and current collector layers in solid state battery.
Consequently, the steady-state energy release rate has a linear correlation with the thickness of Si
anode.

Experiments have suggested that the lithiated a-Si anode yields! at around ~ 1 GPa, when the
lithiated a-Si anode has Young’s Modulus Esi ~ 40 GPa, Poisson ratio vsi ~ 0.3. The relation
between steady-state energy release rate and the thickness of Si anode is quantitatively shown in
Figure S15. The steady-state energy release rate increases linearly as the Si anode becomes thicker
from 1 um to 3 um, which means thicker anodes crack more easily during the delithiation stage,

causing the electrochemical performance to degrade.
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