In-situ Raman mapping of Si island electrodes and stress modeling
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Abstract

Si is known for cracking and delamination during electrochemical cycling of a battery, due to the large
volume change associated with Li insertion and extraction. However, it has been found experimentally that
patterned Si island electrodes 200 nm thick and less than 7 um wide can deform in a purely elastic manner.
Inspired by this, we performed in-situ Raman stress characterization of model poly-crystalline Si island
electrodes using an electrochemical cell coupled with an immersion objective lens and designed for short
working distance. A 5 pm wide Si island electrode showed a parabolic stress profile during lithiation, while
for a 15 um Si island electrode, a stress plateau in the center of the electrode was observed. A continuum
model with coupled electro-chemo-mechanical physics was established to understand the stress
measurement. A qualitative agreement was reached between modeling and experimental data, and the
critical size effect could be explained by the Li diffusive flux as governed by competition between the Li
concentration and hydrostatic stress gradients. Below the critical size, the stress gradient drives Li towards
the edges, where the electrode volume is free to expand, while above the critical size, the stress plateau
inhibits Li diffusion to the edge and forces destructive stress relief by cracking. This work represents a
promising methodology for in-situ characterization of electro-chemo-mechanical coupling in battery
electrodes, with suggestions provided for further improvement.

Introduction
Si is a promising electrode material for Li ion battery (LIB) as it has high energy density (3600 mAh/g)
and low working potential (~0.1-0.4 V vs Li/Li*).! However, Si electrode is also known for its large volume

change associated with lithium insertion and extraction, which creates many mechanical issues such as
cracking, delamination, and pulverization. As a result, the mechanical degradation of Si electrode destroys
its structural integrity and expedites the capacity fading of LIBs.>* The mechanical challenges limit the
application of Si electrodes in LIBs, and to overcome these issues, various novel Si electrodes, including
nanoparticles, double-walled hollow tubes, core-shell, and yolk-shell structures, have been developed in



the past decade.>'° The nano-sized structures lead to fast Li transport and facile stress relaxation which
enable Si electrodes to maintain the structural integrity over extensive electrochemical cycles. Additionally,
it has been experimentally observed that nano-sized Si electrodes exhibit critical sizes, below which Si
electrodes don’t undergo fracture and pulverization. For Si nanoparticles, an in-situ TEM study has shown
that the critical diameter is around 150 nm,'!
300 nm.'? Similar critical size effects also occur in Si thin film electrodes,'* > and when the Si thin films

are patterned into islands, a critical island size of 7-10 um has been found, below which no delamination
16,17

while for Si nanowires, the critical diameter is around

or cracking occurs.

Various mechanical models have been proposed to account for the critical size effect in nanostructured
Si electrodes,'®2? but the stress fields derived from these models are based only on average strain states
observed in a few experimental studies.!”**"2” In one study, Soni et al. used multi-beam optical sensor to
investigate the stress evolution in amorphous Si thin films.? It was found that the stress stabilized during
lithation and delithiation, attributed to plastic flow in the a-Si thin film. Additionally, the average flow
stress and the volumetric charge storage both increase as the thickness of the a-Si thin film decreases, due
to facile lithiation in the thinner a-Si film. In thicker a-Si thin films, the sluggish diffusion leads to lower
Li concentration towards the current collector relative to the surface, and the associated tensile stress
gradient led to fracture initiation at the Si/current collector interface.* For thinner films, the concentration
disparity is less, which explains why, below a certain thickness, a-Si thin films do not undergo cracking.

In another study, Soni et al. used the same in-situ multi-beam optical sensor technique to investigate
the stress evolution in patterned Si thin film electrodes.'” It was found that for square shape Si islands with
a width of 17 pm, the nominal stress reached a plateau during both lithiation and delithiation steps,
indicating plastic deformation, while for Si islands of 7 um width, no stress plateau was presented,
indicating absence of plastic deformation. A “shear lag” model was proposed to account for the critical size
effect observed in this work, where below the critical size, Si island electrodes can undergo pure elastic
deformation in the lateral plane to accommodate the excessive stress exerted by lithiation and delithiation,
while above the critical size, the stress would increase from the periphery and reach a plateau in the center
of Si island, causing plastic flow and shearing against the current collector.

Mechanical studies of Si nanoparticles and nanowires using in-sifu multi-beam optical sensor, Raman,
and XRD were also conducted,? 2" but they are all limited to average stress measurement. As Sethuraman
pointed out, the stress and strain fields are the root cause for any mechanical damage of Si electrodes,”® and
are also the key to explaining the outstanding performance of nanostructured Si electrodes. However, to the
best of the authors’ knowledge, there are no prior experimental studies that directly mapped the strain field
in Si electrodes induced by electrochemical lithiation/delithiation.

Our previous study has demonstrated that micro-Raman spectroscopy is a promising technique to
measure stress and resolve the stress distribution in a crystalline Si electrode.?® Therefore, in this work, we
established an experimental setup for in-situ Raman mapping on patterned polycrystalline Si (poly-c Si)
thin film electrodes to characterize inhomogeneities in the stress field during electrochemical cycling. To
enable in-situ confocal Raman measurement, a novel electrochemical cell along with a water immersion
objective lens was used. The experimental setup showed a spatial resolution of ~500 nm. Model electrode
devices of square poly-c Si islands with widths of 5 um and 15 um were patterned on a W current collector
deposited on a Si wafer. A layer of WOy (x~3) was inadvertently formed by air exposure during transfer
between W deposition and subsequent poly-c Si. The electrochemical conversion reaction of LixWOs3
imposed stress (~0.7 GPa) on the poly-c Si islands, as measured by Raman mapping. By controlling the
potential range in the cyclic voltammetry, we selectively lithiated WO3 in the initial cycle and created a



stretched LixWOj3 substrate for the subsequent lithiation/delithiation of Si island electrodes in the following
cycles.

Different stress distribution profiles were observed in the Si island electrodes with 5 um and 15 um
widths. To analyze the experimental results, a FEA model with coupled electro-chemo-mechanical (ECM)
physics was developed. The modeling results showed a qualitative agreement with experimental data, and
the different stress profiles could be attributed to different stress relaxation modes in Si island electrodes at
different widths. Overall, the stress field development and the understanding of ECM coupling effect
obtained from this study showed a good consistency with prior literature, and the methodology presented
in this work shows an intriguing route for future Raman stress characterization in Si and other battery
electrode materials.

Methods

Sample fabrication

The fabrication process of patterned poly-c Si thin film electrodes consists of five steps: First, 500 nm
of SiO, was grown on 3 in Si wafers through thermal oxidation in a furnace (Tystar, Tytan). Second, 100 nm
of tungsten thin film was deposited through DC magnetron sputtering (AJA, ATC-Orion 8), using a metallic
W target (99.95% purity, 2 in diameter). During sputtering, the substrate temperature was kept at room
temperature and 300 W power was applied to the W target to maintain a bias voltage of ~150 V. Next, Poly-
¢ Si thin film with 200 nm thickness was deposited on the substrate through low pressure chemical vapor
deposition (LPCVD) process at 650 °C in a hot wall CVD reactor (Tystar, Tytan), with gas mixture of
Silane (SiHs) and N,. Then, the poly-c Si thin film was patterned through photolithography using a bright
field mask and positive photoresist (Shipley, 1813). Reactive ion etching (RIE) was performed in an ICP
etcher (Oxford) to remove exposed poly-c Si. During the etching process, a gas mixture of 10 sccm O,
50 sccm Ar, and 50 sccem CF4 flowed into the chamber, and 50 W power was applied to the RF power
supply to maintain a bias voltage of ~150 V. 40 mTorr chamber pressure and 20°C substrate temperature
were maintained during the etching process.

pu-Raman spectroscopy

During Raman measurement, a 60X water immersion objective lens with NA 0.95 was used (Olympus,
LUMPIanFl). 633 nm laser (HeNe) with D1 intensity filter were used, and the incident laser power was
controlled to 1 mW. 400 um hole and 100 pm slit were used for each acquisition, and 8 s exposure was
chosen to maintain a balance between Raman signal intensity and destruction to lithiated poly-c Si
electrode. A derivation of the strain-Raman shift relationship for our poly-c Si thin film can be found in the
Supporting Information.

Scanning electron microscopy (SEM) and X-ray diffraction (XRD)

SEM was performed on a dual-beam field emission SEM system (Tescan, GAIA3) with 10 kV
acceleration voltage. As-fabricated samples without patterning were characterized by XRD. Diffraction
patterns were measured using Cu Ka radiation in Bragg—Brentano geometry. Bruker D8 Advance powder
diffractometer (Karlsruhe, Germany) equipped with theta-2theta goniometer and LynxEye position
sensitive detector was used. Data were collected from 10 to 65° 20 with step size of 0.015° and counting
time of 2 s per step. The ICDD powder diffraction database was used for XRD spectra matching.



Finite element analysis (FEA)

FEA modeling was performed using COMSOL Multiphysics with the general form PDE module. In
this study, a 2D model with plane strain condition was considered. In addition, linear elastic deformation
of materials and Li induced deformation, without plasticity, were included in the model. A detailed
formulation of the model’s constitutive equations for ECM coupling, as well as material parameters, is
provided in the Supporting Information.

Results and discussion

Sample characterization and confocal Raman setup

Model devices with poly-c Si thin film island electrodes and tungsten current collectors were fabricated
through a process illustrated in Figure la, and details of the fabrication process were elaborated in the
method section. W was selected as current collector here due to its high thermal stability (melting point at
3422 °C*%) and chemical inertness against silane at elevated temperature (Tungsten silicide formation at
~750 °C3"). The as-fabricated model devices were examined by SEM. As shown in Figure 1b, the patterned
Si island electrodes were separated from each other by 75 um to avoid mechanical interaction between
neighboring islands. The plane view SEM image of each individual Si island, as shown in Figure Ic,
indicates that the patterned geometry exhibits a high resolution. Thickness of layers in the model devices
was examined by cross-sectional SEM, and it is shown in Figure 1d that W and poly-c Si layers have
thicknesses of ~80 nm and 200 nm, respectively.

To enable confocal Raman measurement, a water immersion objective lens, along with a custom-made
electrochemical cell, were used. The components of this cell are shown in Figure 2a, and the cell body (i.e.
lower and upper cell chamber) is made of high-density polyethylene (HDPE) due to its chemical inertness.
In this cell, the Li counter electrode is placed in the lower cell chamber, while Si working electrode is placed
in the upper chamber, to accommodate the short working distance of the water immersion objective lens
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Figure 1: (a) Schematic of fabrication process of Si thin film electrodes. Top view SEM images of as-fabricated Si
thin film electrodes in (b) low magnification, and (c) high magnification (image area corresponds to red dashed
square in (b)). (d) Cross-sectional SEM image of as-fabricated Si electrodes.
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Figure 2: Schematic of (a) Homemade electrochemical cell, and (b) cross section of battery half-cell for
in-situ Raman experiment setup. (c) Picture of in-sifu Raman experiment.

(W.D. =2 mm). The configuration of assembled half-cell and in-situ Raman experiment setup is shown in
Figure 2b. Raman laser travels through water (n=1.33), borosilicate glass (n=1.48%?), and liquid electrolyte
(1 M LiClOs in propylene carbonate, n=1.44%) to reach the surface of Si working electrode. In this case,
the refractive index of medium between Si electrode and objective lens is closely matched, and a confocal
Raman measurement with reduced optical aberration is enabled.

To test the spatial resolution of the in-situ Raman experiment setup, a line scan was performed on a
model device with 5 um wide poly-c Si island electrode. The microscope image of the Si electrode is shown
in Figure 3a. Raman line scans with 0.5 um step size (limited by the focusing resolution of the microscope,
~370 nm) were performed in the direction indicated by the dashed arrow, and the collected Raman spectra
are shown in Figure 3b. Based on the scanning results, the spatial resolution of this in-situ Raman setup is
~500 nm, as determined by the substantial drop in Si peak intensity as the laser scan reached outside the Si
electrode region.

A typical Raman spectrum of poly-c Si thin electrode in the electrochemical cell is shown in Figure
3¢, where three peaks were deconvoluted using Lorentzian peak fitting. The peak at ~450 cm! is attributed
to ClOy4™ ion in polycarbonate solution,** as this peak was also observed outside the Si electrode region. The
peak at ~500 cm™ is attributed to undercoordinated Si atoms near the surface of poly-c Si thin film,** while
the peak at ~520 cm! is attributed to bulk ¢-Si. During actual analysis of Si peak position, wavenumber
below 470 cm™! was truncated, then a linear background subtraction was performed, and two Lorentzian
peaks were used to fit the Raman spectra.**® The fitted bulk c-Si peak at ~520 cm™! showed full width half
maximum (FWHM) of 8 cm™!, which is larger than the FWHM of Raman peak of single crystalline Si
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Figure 3: (a) Microscope image of Si square island with 5 pm width. (b) Raman spectra obtained from
line scan (spectra colored in red correspond to poly-c Si area). (¢) Raman spectrum of poly-c Si (solid
black line) in the electrochemical cell, fitted by three Lorentzian peaks, and the dashed line shows the
overall fitting.



(~3 em™) and is attributed to the phonon confinement effect in the poly-c thin film.* Overall, the fitted
spectra showed adjusted R? higher than 0.98, indicating a good fit.

Tungsten oxide pre-lithiation with Silicon as stress reporter

In the model electrode devices, a thin layer of tungsten oxide formed between poly-c Si and W
depositions. This is evident in XRD measurement, as shown in Figure 4a (see also Figure S1 in the SI).
First, the sample with only sputtered tungsten thin film was examined. This sample showed a strong
diffraction peak at 20 =~ 40°, corresponding to the (110) plane of a-W, while a minor peak at 26 =~ 35°
was also present, attributed to the beta phase of tungsten.*’ Then, the sample with both tungsten and poly-
¢ Si thin films showed an additional diffraction peak at 26 ~ 24°, which is attributed to the oxygen deficient
phase W17047. (Phase identification from a single peak such as this is difficult, and so we refer to this phase
as WOs in this paper for simplicity.)

The presence of WO; was also confirmed by electrochemical testing. In a cyclic voltammetry (CV)
experiment, as shown in Figure 4b, redox peaks of tungsten oxide appeared in the potential range between
0.8 V and 1.1 V. Tungsten oxide lithiation at this potential range goes through conversion reaction,*'**
which is typically associated with large volume change and can impose a mechanical stress on the poly-c
Si overlay during electrochemical cycling. Thus, to exclude the influence of LixWOj3 in the following stress
study of Si island electrode, a pre-lithiation step that puts LixWO3 into a stable mechanical state had to be
performed.

Fortunately, as seen in Figure 4b, the potential range of redox reactions is different for tungsten oxide
(0.8-1.1 V) and Si (0.05-0.6 V). Thus, we selectively lithiated the tungsten oxide layer in the initial cycle,
by running a linear sweep voltammetry with controlled potential between 0.3 V and 0.8 V. In this process,
we first swept the potential to 0.3 V and then, held the potential for 2 hours to equilibrate lithium
distribution in tungsten oxide. Subsequently, the potential was swept back to 0.8 V to finish the substrate
conditioning.

The I-V curve of the pre-lithiation cycle is shown in Figure 5a, and Raman mapping at a few different
potentials (Figure 5b-e) was conducted to characterize the stress response (i.e. counter stress) of the poly-c
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Figure 4: (a) XRD pattern of uncoated W thin film and poly-c Si/W on Si wafer substrates. (b) CV curve
of poly-c Si device at potential range between 10 mV and 1.4 V annotated with electrochemical reactions
for Si and WO:;.



Si layer during cycling of WOs. As the WOs3 expands during lithiation, elastic strain is applied to the Si thin
film above, resulting in a shift of the vibrational modes for Raman spectroscopy. The Raman shift is thus
related to the stress state of the Si via the Young’s modulus (here, the modulus of unlithiated Si, though
later the modulus of lithiated Si should be used).

The diffraction peaks at 26 =~ 28° and 47° correspond to the (111) and (220) plane of c-Si,
respectively. In the model electrode devices, since the majority of poly-c Si was oriented in the [110]
direction, this was assumed to be the only orientation present when the Raman stress calculation was
performed (see the Supporting Information for more details). The Raman shift-stress relationship is thus
expressed as*

Aw = —2.3 X (%)

d (oxtog
2

Where Aw is the Raman peak shift against the stress-free state, in units of cm™!, an ) is the biaxial

stress in poly-c Si with units of GPa. The reference wavenumber for stress-free Si is taken as 520.7 cm™!,
and shifts to higher wave number conventionally produce compressive stress (negative) and vice versa.

At open circuit potential (Figure S5b, ~2.7 V vs Li/Li"), a stress field with small gradient was observed.
The tensile stress distributed on the edge of Si electrode is attributed to the thermal expansion mismatch
between WO; and Si layer during the deposition process. As the cell potential reached 0.4 V vs Li/Li", the
stress gradient dramatically increased, with lithiation induced tensile stress distributed near the edge and
corners of Si electrode, and the compressive stress concentrated at the center of Si electrode. The
compressive stress in the center is attributed to non-uniform distribution of lithium: Li insertion into
tungsten oxide proceeds through the edge beneath the Si island area, which causes volume expansion in the
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lithiated tungsten oxide near the edge and induces compressive stress in unlithiated tungsten oxide near the
center. This is reflected in the Raman stress measurement of the Si island in Figure Sc.

As lithiation proceeded to 0.3 V vs Li/Li", the stress distribution evolved to become substantially more
uniform, as shown in Figure 5d, presumably due to the lithium distribution in the tungsten oxide substrate
becoming more uniform. As the lithiation state of the WO3 becomes more homogeneous, it now creates a
homogeneous volume expansion, which places the majority of the Si island in tensile stress. In the following
delithiation process, the cell potential was swept back to 0.8 V vs Li/Li".

No oxidation peaks were observed in this potential range in earlier CV measurements (Figure 4b),
indicating the absence of electrochemical reactions, and only a broad, pseudocapacitive hump is found in
Figure 5a. Consequently, the stress distribution pattern (Figure 5e) showed a very close similarity to the
stress pattern at 0.3 V vs Li/Li*, except the tensile stress at corners was slightly eased. At this stage, the
tungsten oxide substrate remained stretched, providing a stable platform, and cycling in the Si potential
range could begin.

Although the Raman stress mapping in the first cycle is notably affected by the unwanted reaction of
WO;, the good spatial resolution in the Raman mapping indicates that poly-c Si thin film could serve as a
good stress reporter. Future experiments could use poly-c Si thin film as a substrate for Raman stress
measurement of other electrode materials that have different operation potential range than Si.

Stress condition during Si lithiation/delithiation

After substrate conditioning in the first cycle, the Si island electrode was selectively
lithiated/delithiated in the following cycle: a Li/Si half-cell was cycled between 0.15 V and 0.8 V with
0.5 mV/s rate to lithiate/delithiate the poly-c Si electrode. The corresponding I-V curve is shown in Figure
6a. The lower cut-off voltage of 0.15 V was chosen as the lowest potential for CV cycling and Raman
measurement because at this potential the poly-c Si was not fully lithiated, so some crystallinity remained
to produce a reasonable Raman intensity. Typically, beyond this voltage, a Si electrode becomes
amorphous, though volume expansion continues. Raman spectroscopy is thus able to determine stress states
only until the entire electrode becomes amorphous, and the Raman signal drops below the noise. During in
situ measurement, any remnant crystalline Si grains are thus placed under stress from the expanding
amorphous domains, and it is this stress state that we observe.

At this potential, the formation of a solid-electrolyte interface (SEI) layer from electrochemical
breakdown was found to be thin enough not to block the Raman laser, i.e. 250 counts after 8 s of exposure
at 0.09 mW.” Additionally, due to the symmetric nature of square islands, Raman line scans were performed
(instead of 2D mapping) to measure stress distribution across Si islands at various potentials. The line scan
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results for Si island electrodes with widths of 5 um and 15 um are shown in Figure 6b and c. The
relationship between Raman shift and stress in Si is derived in the Supplemental Information.

For Si islands with 5 um width (Figure 6b), after substrate conditioning the poly-c Si layer first
underwent a transition from a stress neutral state (“Pristine state”) to a tensile stress state, i.e. at 0.8 V vs
Li/Li" at the end of 1 cycle. The tensile stress induced by the expansion of the LixWOj5 layer was ~0.7 GPa.
In the 2™ cycle, as the half-cell potential swept from 0.8 V vs Li/Li* towards lower potential, a strong
reduction peak corresponding to the alloying reaction of Si occurred at ~0.2 V, and the Raman stress
measurement was thus conducted at 0.2V and 0.15V vs Li/Li". At 0.2V vs Li/Li*, lithium insertion
induced volume expansion and compressive stress in the top layer of the Si island, which partially balanced
the tensile stress imposed by the preconditioned LixWOj substrate, and moved the overall tensile stress state
to lower magnitude.

At 0.15 V vs Li/Li", the tensile stress continued to be relieved, while the center region of the Si island
relaxed more than the edge, leading to a parabolic shape in the stress distribution profile, which was most
pronounced at 0.15 V. In the subsequent delithiation step, the potential was swept back from 0.15 V to
0.8 V vs Li/Li", and the stress state of the Si island at 0.6 V and 0.8 V were measured. In this step, the stress
moved back to tensile state, and the stress profile at 0.8 V at the end of 2™ cycle returned to the state at the
beginning of 2™ cycle.

For the Si island electrode with 15 pm width (Figure 6c), a similar trend occurred during lithiation in
which the overall stress was relaxed, although in this case a substantially steeper stress gradient developed
~3 um away from the edge, and a prominent stress plateau formed at 0.2 V and persisted until passing 0.6 V
vs Li/Li*. The initial stress state of the Si island after prelithiation of the WO; current collector (0.8 V, red
curve) already exhibits a small plateau ranging from 0.7-0.9 GPa. The initial stress plateau is likely caused
by residual non-uniformities in the lithiation of the WOs3, possibly due to the increased diffusion lengths
under the larger islands since no similar stress profile is seen at the beginning of the 5 um Si island data
(Figure 6b). During delithiation of the Si island the overall stress state moved back close to the original
tensile condition, similar to the case for 5 pm Si island. This illustrates an elastic deformation mechanism,
which was also observed in previous studies in this voltage range.!” Other studies have measured plastic
deformation for Si islands of this size, shown by the stress state reaching a continuous value when more
deeply lithiated.?!?*

ECM modeling and critical size effect in Si island electrode

Previously, the stress plateau and critical size of lithiated patterned Si electrode were evaluated by a
shear lag model,'”?>?3 where below the critical size, the stress distribution along the lateral direction in Si
electrode is a function of length and expressed as

1 L
0x=Ef T;dx 2)
0

where h is the height and L is half the width of the Si island electrode, and t; is the shearing strength of the
Si/current collector interface. The stress profile predicted by the shear lag model agrees with the Raman
stress measurement shown in Figure 6b. Additionally, the shear lag model predicts that the maximum stress
occurs at the center of Si island, and when the width of the island goes beyond a critical value, a stress
plateau arises in the center region of the island with value given as

L .
Omax = %Ti 3)
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Figure 7: (a) Boundary condition and model scheme applied in FEA modeling. (b) Deformed Si electrode
with 5 um width after lithiation (black solid arrow indicates the proportional Li flux. (c) Biaxial stress
profile comparison between experiment (5 pm width Si island) and modeling, and (d) comparison
between 15 um wide Si island and modeling. (¢) Hydrostatic stress distribution and the associated Li
concentration profile in Si electrode along x-direction.

This also agrees with the Raman stress measurement result shown in Figure 6¢. In the current study,
h=200 nm, and L..;; ® 5 um, and based on the Raman stress measurement shown in Figure 6¢, 0,4, =
0.6 GPa. This leads to an assessment of the Si/W interface strength of 7; 5,y = 15 MPa, compared with
a measurement of ~75 MPa from prior literature.**

However, the shear lag model is a pure mechanical model which describes uniaxial stress distribution
in a Si island induced by external force, while in Raman measurement, an internal biaxial stress induced by
lithiation in Si was measured. To model the stress profile from a physics-based model and explore the
correlation between the distribution of mechanical stress and Li ion concentration, we established a 2D
FEA model with coupled electrochemistry and mechanics. In this model, a plane strain condition was
considered, and linear elastic deformation of the material, without plasticity, was considered under the
scope of this study. The model scheme and boundary conditions are shown in Figure 7a, where a potential
sweep with rate of 0.5 mV/s was applied to the top surface of Si electrode. In this way, the current density
can vary across the surface of Si depending on the local state of charge and stress.

The modeled Si island electrode at 0.15V vs Li/Li* is shown in Figure 7b, where a Li concentration
gradient along the x axis is clearly shown, and edge expansion of Si electrode occurred to accommodate
the mechanical stress induced by lithiation. The average amount of Li in Si predicted by the model is ~0.8
Li per Si, which is slightly lower than the calculated value, Li/Si=0.91, obtained from the CV result in
Figure 6a. The difference can be explained by extra Li consumption by SEI formation in the real system.

The calculated biaxial stress, i.e. (o, + d,)/2, in the Si islands with different widths are shown in
Figure 7c¢ and d, which showed similar patterns to the Raman stress measurement: when the width of Si
electrode is below the critical size, the biaxial stress distribution forms a parabolic profile, similar to the
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experimental measurement, but as the width goes beyond the critical size, the biaxial stress reaches a plateau
in the center of the geometry.

To understand the difference in the stress distribution profile associated with the width in the Si island
electrode, we assessed the Li concentration and hydrostatic stress in the model in a lithiated Si electrode
with size larger than the critical value, a typical distribution profile for which is shown Figure 7e. It’s clear
that in the center region of the Si electrode, both hydrostatic stress and Li concentration reached a plateau,
while outside this region, hydrostatic stress drops, and Li concentration increases. This effect can be
understood by investigating the expression for Li flux in the ECM model*+#¢

h. = —p(ve, —
Li=— CLi — ﬁvo—h “4)

Where c;; is the Li concentration, () is molar volume of Li in Si matrix, g, is hydrostatic stress, and RT is
the thermal energy. During lithiation, mechanical stress associated with Li insertion leads to a stress
gradient in the lateral direction, as mechanical constraint in the center of Si is stronger than the edge. This
stress gradient then drives Li to move laterally to the edge, leading to higher Li concentration at the edge
than the center region.

The gradients of Li concentration and hydrostatic stress eventually reach a balanced state, forming a
region in the center of Si island where stress cannot be relaxed by redistributing Li. Thus, maximum stress
arises in this region, and mechanical issues such as shearing against the substrate or plastic flow in Si can
occur, while outside this region, edge expansion can accommodate the excessive stress and avoid
mechanical degradation in Si. Note in Figures 7c and d, the transition of stress from the center to the edges
occurs over 2.5 um in both island sizes. The stress gradient at the edge determines the size of the central
plateau and is governed by the mechanical properties of the electrode, the Li diffusion coefficient and molar
volume, the thickness of the island, and the boundary constraints between the electrode and the substrate.
Thus, the stress plateau must be seen as a phenomenon governed by ECM coupling.

The understanding of the critical size effect here is obtained from a physics-based point of view,
different from the mechanical model used in prior works.!”?2>?3 The prior understanding was based solely
on the mechanical properties of Si and the cohesion with the substrate, which provided an excellent
foundation for the boundary conditions of the problem. In extending prior work, the model here introduces
a two-way interaction between those mechanical conditions and the diffusion of Li, as in equation 4, which
produces an atomistic view of the problem and doesn’t rely on the specifics of the island geometry. Thus,
this understanding can be applied to other dimensional systems, i.e. 1D and 3D.

Conclusion

In this work, we demonstrated an in-situ Raman study for stress characterization in patterned poly-c
Si thin film electrodes. The experimental setup showed a high scanning resolution (~500 nm), which
enabled a detailed stress study in patterned Si electrode. Tungsten oxide formation between the Si electrode
and tungsten current collector caused undesired electrochemical reaction in our experiment, but this could
be managed by appropriate selective cycling protocol so that significant capabilities of the technique for
stress mapping under dynamic conditions have been demonstrated. By controlling the potential range of
CV, we pre-lithiated the tungsten oxide layer in the initial cycle, to obtain a stably stretched substrate for
later stress measurement on poly-c Si electrode. In the following CV cycles, we measured the dynamic
stress change in Si at different potentials. Patterned poly-c Si electrodes with two different sizes, 5 pm and
15 um, were studied, and the distinct stress distribution profile of those electrodes indicated different stress
relaxation modes.
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The experimentally measured stress plateau in the 15 pm islands (absent in the 5 um islands) validates
prior hypothesis from other groups, who inferred the stress profile based on indirect evidence. By using
FEA modeling, we were able to understand the origin of different stress profiles in patterned Si electrodes
and the critical size effect from a physics point of view. The model we used strongly couples Li diffusion
and elastic stress, and explains the critical island size by considering that the stress plateau (caused by
extrinsic boundary conditions on the free expansion of the electrode) reduces lateral Li flux, and therefore
increases stress near the center of the electrode compared to islands with a smaller width. The choice of
material parameters strongly affects quantitative agreement with this experiment, as does the choice of
proper boundary conditions.

Our results serve to support the design of Si electrodes in fast charging battery applications. The
governing equations used here that couple the Li diffusion and stress are critical to improving the modeling
of Si electrode batteries using either thin film Si, Si nanoparticle additives, or porous thick film Si
electrodes. While these equations have been in use for some time, experimental validation of such highly
local phenomena is still lacking in the literature. Through the use of this Raman stress mapping platform,
and characteristic devices such as Si island electrodes, the equations and material parameters can be
confirmed. Thus, the modeling of complex, realistic systems can proceed with greater confidence.

The experimental method presented in this work shows the promise of Raman mapping in the
mechanical properties study of high energy density electrodes, but much care needs to be taken to best
utilize the method and interpret the results from in-situ Raman stress measurement. In our work, the choice
of current collector, air exposure between W and Si deposition steps, and use of electrolytes that are
chemically stable at the reduction potential of Si, all posed challenges. Furthermore, a small working
distance for the Raman microscope and compatibility between the objective lens and electrochemical cell
are critical to minimize scattering and aberrations in the Raman laser path.

We propose that crystalline Si (bulk or thin film) can be used as a promising stress reporter for Raman
stress measurement of other electrode materials. While Raman stress mapping may be applied directly to
other electrode materials of interest, the appropriate derivation of the Raman polarizability tensors for each
crystal must be done, and relevant material properties such as the Young’s modulus as a function of Li
content need to be found. To date, most of this work has focused on Si electrodes, which provides a wealth
of existing literature to draw from. Thus, as was done in the microelectronics industry,*’ observation of the
Raman shifts in Si can be used to infer the strain states of over- or underlying layers, which can greatly
expand the stress study of LIBs.

Supporting Information. EDS elemental mapping of WOj; formation; development of finite element
modeling using in this work and relevant material properties used; derivation of the relationship between
Raman shift and stress for these samples.
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