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ABSTRACT: From in situ transmission electron microscopy
(TEM) observations, we present direct evidence of lithium-
assisted welding between physically contacted silicon nano-
wires (SiNWs) induced by electrochemical lithiation and
delithiation. This electrochemical weld between two SiNWs
demonstrates facile transport of lithium ions and electrons
across the interface. From our in situ observations, we estimate
the shear strength of the welded region after delithiation to be
approximately 200 MPa, indicating that a strong bond is
formed at the junction of two SiNWs. This welding
phenomenon could help address the issue of capacity fade in
nanostructured silicon battery electrodes, which is typically
caused by fracture and detachment of active materials from the

current collector. The process could provide for more robust battery performance either through self-healing of fractured
components that remain in contact or through the formation of a multiconnected network architecture.
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ilicon is an auspicious candidate to replace today’s widely
utilized graphitic anodes in lithium ion batteries because its
specific energy capacity (3579 mAh/g) is nearly 10 times that
of carbon (372 mAh/g) and because it is an inexpensive and
abundant resource.'~” However, during lithiation and delithia-
tion, Si undergoes a massive volume change (~300%), which
has been reported to cause fracture and pulverization of the
electrode, therebgy leading to capacity degradation and failure of
the battery cell® "> To circumvent the problem, researchers
have developed nanostructured Si electrodes using thin films,"?
nanoparticles,'* nanowires,® and nanotubes.">'® Compared to
bulk forms, nanostructured Si exhibits higher yield strength and
fracture strength and is better capable of accommodating
massive volume strains.'”'® Despite these benefits, capacity
fade during cycling remains a critical issue even for nano-
structured Si electrodes, presenting challenges for their
commercial development.
Cracking and pulverization are known to be mitigated in part
by nanostructured forms of silicon, but several recent studies

indicate that cracking can still occur in nanostructures subject

19722 15 contrast to this detrimental

to a variety of conditions.
effect, we report an opposite effect, which may enable self-
healing nanostructured Si-electrodes. While performing in situ

transmission electron microscopy (TEM), we observe that
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contacted surfaces of otherwise physically distinct silicon
nanowires are fused together after lithiation and delithiation.
To date, there have only been a few post-mortem studies
suggesting the occurrence of bonding and coalescence of
nanomaterials in lithium battery electrodes.>~*” For example,
Li et al.>* report the coalescence of Si nanoparticles from TEM
images of cycled and dismantled composite electrodes.
However, direct evidence and a detailed understanding of the
process are both still lacking. We here report in situ TEM
observations of the welding of physically contacted silicon
nanowires (SiNWs) during electrochemical lithiation and
delithiation. Our data indicates that this welding phenomenon
is predominantly an electrochemically induced process,
occurring at room temperature. Moreover, we demonstrate
that the weld formed between SiNW surfaces is mechanically
robust and exhibits evidence of facile transport of lithium ions,
which are both desirable properties for enhanced battery
performance.

The SiNWs used in this study (typically with (211) growth
direction) are synthesized directly on TEM grids using bottom-
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up chemical vapor deposition (CVD) via the vapor—liquid—
solid (VLS) process (see Supporting Information, Figure S1).
The in situ operation and characterization is employed using a
JEOL JEM-2100 LaBs TEM. We use a specialized piezo-
actuated NanoFactory holder capable of three-dimensional
coarse motion with subangstrom accuracy and simultaneous
ability to image during manipulation (Figure la). The

Figure 1. In situ lithiation and delithiation of silicon nanowires in
TEM. (a) Schematic of experimental setup using lithium metal as a
counter electrode. (b) A pristine nanowire approaching a lithium metal
source. Scale bar of 200 nm. (c) Volume expansion as seen after
lithiation for 30 min with a potential of —4 V applied to silicon
nanowire versus the lithium electrode. (d) Volume contraction of
nanowire after delithiation for 30 min with applied potential +4 V vs
lithium. (e—h) Lithiation propagation front observed as a function of
time in another SiNW. Scale bar of 500 nm.

manipulation tip carries a piece of lithium metal, which acts
simultaneously as a Li source, a reference electrode, and a
counter electrode, while a thin layer of native Li,O due to the
residual vacuum of the microscope serves as a solid electrolyte,
allowing the diffusion of Li" between the electrodes under
potential bias.”****° Figure 1b shows a pristine crystalline
SiNW of diameter 212 nm adjacent to the approaching Li,O-
coated Li source. Figure lc shows that partial lithiation occurs
when a potential of —4 V is applied to the SINW with respect
to lithium metal. Upon lithiation, the increase in diameter of
the nanowire is observed to be 50% (318 nm). Upon
delithiation, with an applied bias of +4 V versus lithium
metal, the nanowire shrinks to a diameter of 278 nm (Figure
1d). Because of large volume and structural changes during
lithiation and delithiation, the reaction front can be readily
identified from in situ TEM images as it traverses along the
length of a NW (Figure le—h). Therefore, relative Li transport
rates within various sections of a SINW during lithiation and
delithiation can be estimated from the speed of the reaction
front, as determined by a series of TEM images captured during
lithiation and delithiation.

To investigate Li transport across contacted SiNWs, two
separate nanowires are brought into contact with each other by
bending one of them with the manipulator probe at 0 V bias, as
shown in Figure 2. One nanowire with a diameter of 143 nm is
contacted by the lithium source while the other with diameter
of 98 nm remains isolated (Figure 2a,d), contacted only
indirectly, via the larger nanowire. Both nanowires are
connected at the base to the silicon growth substrate. When
a potential of —3 V with respect to lithium metal is applied to
the silicon substrate, lithiation proceeds in the nanowire
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Figure 2. Lithiation and delithiation observed in crossed silicon
nanowires. (a) Pristine nanowires. (b) Swelling of both nanowires
after lithiation. (c) With delithiation, both nanowires contract,
however, and fail to reach the original volume. (d—f) Blown up
images focusing on crossed part of nanowire representing panels a—c,
respectively. The measured D, and D, diameters for d—f are (143, 98)
nm, (167,148) nm, and (161,125) nm respectively. (g) Changes in
diameter in the D; and D, section of the crossed SINWs (Figure 2d)
plotted with respect to duration of experiment. Also observed results
are plotted for another set of crossed SiNWs (Figure S2, Supporting
Information) denoted as D,’ and D,

directly contacting the Li,O, propagating in both the radial
and axial directions (Figure 2b,e). At the same time, we also
observe lithiation advancing in the crossed nanowire, which is
not itself contacting the lithium source. To test Li transport
across the resulting interface of the two SINWs, the diameter
changes were subsequently monitored during delithiation by
supplying the Si substrate with a bias of +3 V versus the lithium
metal source (Figure 2cf). As delithiation progresses, both
nanowires are observed to decrease in diameter. We controlled
the lithiation and delithiation times to make sure that the
reaction front in the primary SINW proceeded past the contact
point of the two nanowires but did not reach to the Si
substrate. Adjacent nanowires that are not in contact with the
lithiated nanowires show no lithiation behavior, also confirming
that the lithium transport is indeed through the SINW—SiNW
contact and not, for example, mediated via the Si substrate.
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To test for any possible delay due to diffusion across the
welded interface, we quantify the relative diameter changes of
directly contacted and indirectly contacted nanowires during
lithiation and delithiation, as shown in Figure 2g. These
experiments were conducted by applying the bias voltages and
observing the nanowire evolution at video rates for
approximately 1S5 s, periodically every five minutes during
lithiation. At times between observations, the illuminating
electron beam is blanked in order to avoid possible beam effects
on the sample. We define the variable diameters of the directly
contacted and indirectly contacted nanowires in the vicinity of
the junction as D, and D,, respectively, as shown in Figure 2d.
We also define a corresponding pair of diameters, D," and D,
for a second pair of nanowires shown in Supporting
Information Figure S2. Table 1 shows the diameters D;, D,,

Table 1. Diameters of Two Sets of Crossed SiNWs in the
Vicinity of the Crossing in Their Pristine, Lithiated, and
Delithiated States

pristine lithiated delithiated
SiNW diameter (Dp, nm) (Dy, nm) (Dp, nm)
D, 143 173 159
D, 98 153 118
D/ 108 154 139
D,’ 142 205 171

D/, and D,’ of each respective SINW in their pristine, lithiated,
and delithiated states. We calculate fractional diameter changes
during the lithiation phase according to the ratio (D — Dyp)/
(D, — Dp), and during the delithiation phase according to (D —
Dp)/(Dy, — Dp), where in both expressions, Dy, Dy, and Dy
correspond to the diameter of each SINW in its pristine,
lithiated, and delithiated state, respectively, and D represents
the measured diameter as it varies with time. Using these
expressions, we report the relative change in diameter of
contacted nanowires as a function of time during lithiation and
delithiation in Figure 2g. These measurements were obtained
from experiments, during which we lithiated each crossed-
SiNW system for 30 min, and subsequently delithiated for 30
min. Using the incremental diameter changes of each nanowire,
we qualitatively compare the lithium propagation rates among
SiNWs. With the exception of a delayed contraction briefly
exhibited by D, upon delithiation, we observe that the rates of
Li propagation in the indirectly contacted SiNWs are identical
to those in the directly contacted SINWs. Here, we note that
SINW system D,'—D,’ lithiates faster and with less time-delay
than SINW system D,—D,. This difference in electrochemical
behavior may be attributed to variable response of the Li,O
electrolyte to the applied potential between separate experi-
ments.>® We may also attribute the delayed contraction of D, to
variant behavior of Li,O or, alternatively, to different
mechanical behavior of the larger nanowire (D), e.g., increased
stress and cracking) as compared to the smaller nanowire (D,).
Despite these experimental variations, the curves of Figure 2g
provide evidence for identical rates of Li propagation in
indirectly contacted SiNWs to those in SiNWs directly
contacting the Li source. Therefore, we conclude that there is
no additional barrier to Li diffusion between physically
contacted SINW surfaces at the charging rates used for these
studies (approximately 2C, a rate which corresponds to
charging or discharging in 0.5 hours).
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We investigate the strength of the weld formed between two
SiNWs using an experimental procedure shown in Figure 3.
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Figure 3. Determination of welding strength at the interface of crossed
SiNWs after lithiation/delithiation. (a) As seen crossed nanowires.
Same scale bar of 500 nm from (a—c). (b) Nanowires that are pulled
apart to demonstrate they are grown independently. (c) Bend
contours seen in both nanowires suggest they are in contact with
each other. (d) Crossed nanowires after lithiation and delithiation.
Same scale bar of 500 nm from (d—f). (ef) Stress applied on
nanowires in order to separate them. (g) The free-body-diagram (top),
which depicts the total deflection of the SINW in (f), illustrates the
two predominant forces that generate the total deflection of the
nanowire; F, is the transverse force applied by nanomanipulator, and
Fyear is the shear force exerted by the weld. The total deflection is a
linear superposition of two distinct deflections: §,, generated by F, (a
component of the unknown, total applied force F,) and &,, generated
by Fyeq To calculate F;, we model the system as a simple cantilever.
To calculate F,,, we model the system as a beam fixed at one end
and pinned at the tip. Fy,,q is the transverse component of Fy,, a is
the distance from the free end of the NW to Fg,,, and L is the total
length of the NW.

Figure 3a shows two pristine crystalline SiNWs, which appear
to cross each other as viewed through the TEM. We note that
the nanowire closest to the lithium source exhibits kinking,
which is believed to be due to twinning along the growth
direction. This is commonly observed among bottom-up grown
SiNWs (approximately 40% of the total SiNWs),*"** but has
no contribution or observed effect on the lithiation processes in
this study. In order to confirm that the crossed nanowires are
not the branches of the same parent nanowire, but instead,
physically distinct nanostructures, we separated one of the
nanowires from the other using the nanomanipulator (Figure
3b). Because they are easily separated from one another, both
nanowires are observed to be separate entities rather than a
single, branched, or defective nanostructure. Next, the nano-
wires are brought back into physical contact with each other
using the piezo-controlled STM probe. Single-crystal nanowires
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that are bent exhibit a strong diffraction contrast in the form of
Bragg-condition bend contours. These bend contours appear to
move along the length of the nanowire as it is being strained.*
The observed motion of the bend contours in both SiNWs
unambiguously confirms that they contact one another (Figure
3c). Next, the SINWs are lithiated and delithiated (Figure 3d)
using similar parameters to those used for the experiment
shown in Figure 2.

We perform two tests to determine if strong bonds are
formed between two SiNWs after a single lithiation/delithiation
cycle. First, we attempt to bring two SiNWs into and out of
contact by applying positive and negative forces, normal to the
plane of the SINW junction (see Figure S4 in Supporting
Information). Prior to lithiation, the negative normal force
overcomes any van der Waals bonding that occurs when the
two nanowires touch. After lithiation and delithiation,
application of a negative normal force no longer separates the
nanowires, suggesting the presence of a strong bond. Our
second test, as demonstrated in Figure 3d—f and described in
detail as follows, allows us to assign a value to the mechanical
strength of the weld. Although the strength of the weld cannot
be precisely determined using our experimental data, we can
estimate a lower limit to its mechanical strength by the
observation that it was able to withstand the loading depicted in
Figure 3f, just prior to failure of the weld. To estimate this
lower bound, we modeled the primary SINW as a suspended
cantilever, as shown in the free-body diagram of Figure 3g. This
SiNW is fixed at one end at the silicon growth substrate and is
fully suspended in vacuum at all other points along its axis. The
deformed shape of this SiNW, as shown in Figure 3f, results
from two concentrated forces, a transverse force at its free end
exerted by the moving Li source (F, in Figure 3f,g), and a shear
force from the weld with the secondary SINW (Fy,,, in Figure
3fg). The combined effect of these two forces on the
deformation of the suspended SiNW is equivalent to the
superposition of two decoupled configurations as illustrated in
Figure 3g. In one configuration, the suspended SiNW is subject
to a transverse force (labeled as F,) at its free end. In another
configuration, the displacement of the free end of the SINW is
fixed by a pin and the SINW is subject to the concentrated force
Fgear The resulting deflection of the SINW in these two
configurations can be solved analytically (as detailed in Section
III of Supporting Information) from which F,,, and the shear
strength can be estimated. From this analysis, we estimate the
shear strength to be at least 200 MPa. Thus, our analytical
model suggests that the strength of the fused Si region is
comparable to that of stainless steel (205 MPa)>* and ceramic
silicon carbide (~200 MPa),*® thus demonstrating that a strong
bond has been formed by the electrochemical cycling. To
further verify the calculated strength, we also perform three-
dimensional nonlinear finite-element analysis (FEA) (as
detailed in Section IV of Supporting Information). This
analysis addresses any nonlinear effects arising from large
deformations as depicted in Figure 3e,f, and it leads to an
estimated shear stress at the welded region of about 308 MPa,
confirming the robust strength of the weld. Similar mechanical
studies were carried out on a total of five separate nanowire
junctions with qualitatively similar results, confirming that the
strong bonding is a reproducible feature.

The observation of strong bonding in the welded region and
facile lithium transport through the SINW interface during
lithiation and delithiation can be explained as follows.
Generally, as Li intercalates into the SINW, the energy barrier
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for breaking the strongly covalent Si—Si bonds is significantly
reduced. Initially, the Si—Si bonding energy is very high (2.72
eV) but, according to a model put forth by Zhao et al,,>* when a
single Si—Si bond is surrounded by four Li atoms the energy
barrier for breaking the bond is reduced to a mere 0.08 eV.
Consequently, Si—Si bonds readily break, as they also tend to
stretch, during Li intercalation. As Si—Si bonds are broken, the
dangling bonds are saturated by neighboring Li atoms in order
to lower the system’s free energy. This model may be extended
to our specific study of Li-assisted welding at the interface of
two SiNWSs. We observe that Li—Si bond formation occurs first
at the high-energy nanowire surface before the lithiation
reaction propagates inward toward the nanowire core. When
the surfaces of two nanowires are directly in contact, Li atoms
can bond simultaneously with the surface atoms on both the
primary and secondary nanowires. Our results indicate that
there is no additional energy barrier to diffusing to the surface
of the second nanowire along this interfacial contact and
reacting with this secondary surface as well. As a result, during
intercalation, the surface energy of the crossed-SINW system is
reduced by forming metastable Li—Si bonds, which bridge the
two nanowires at the interface. However, during Li extraction
this Si—Li—Si bridge is broken and there is a kinetic driving
force for neighboring Si atoms at the interface to bond to one
another. Thus, the decrease of surface energy is the kinetic
driving force for welding SiNWs. Moreover, the reconstructing
of surface Si—Si bonds by Li transport across connected SINWs
makes the welding phenomenon possible at room temperature.
Finally, we note that the SINWs used in our experiments were
all encompassed by a ~2 nm layer of native SiO,, but, this SiO,,
layer apparently does not complicate the Si—Si bonding
process. One possible explanation for this is that the SiO,
may be reduced into Si, Li,O and Li-containing silicates upon
Li" insertion, of which the latter two may also be serving to
enhance the strength of the welded junction.’’ > A second
possibility is that the volume expansion of the SINW during
lithium insertion may also break the SiO, layer, thereby
enabling direct contact between the interfacial host
atoms.”**** This explains the Li—Si bonding and correspond-
ing phase changes at the interface of the crossed SINW system.

To summarize, we have directly observed electrochemical
welding of cross-contacted SiNWs at ambient temperatures
during lithiation and delithiation by in situ TEM studies. By
comparing the incremental expansion and contraction of the
SiNWs that are in direct contact with the Li source to those
that are not, we have demonstrated that there is facile Li
transport between two SINW interfaces. We also estimate the
minimum mechanical shear strength of the interfacial weld
between two SiNWs to be ~200 MPa, indicating that this
welding process generates strong interfacial bonds. The
inherently high capacity of silicon, combined with facile Li
diffusion between surface-contacted Si nanostructures, may
enable the self-assembly of an interconnected network for Si
nanowires in anodes, leading to high energy density lithium ion
batteries with improved cycling stability. We suggest that this
welding phenomenon may also serve as a self-healing
mechanism in Li-ion battery electrodes. It is well-known that
during cycling SiNWs may lose electrical contact with the
electrode support, but our experimental results indicate that
such detached nanowires may still actively participate in Li
storage if they remain part of a robust contacted network,
formed during the first lithiation cycle.*' Furthermore, the
welding and self-healing processes that we have observed in
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SiNWs may equally apply to other alloy-based anode materials,
such as germanium and tin.

B ASSOCIATED CONTENT
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Sample preparation technique (Figure S1), lithiation and
delithiation behavior in another set of physically contacted
crossed SiNWs (Figure S2), and detailed description of the
simplified analytical model and nonlinear finite element analysis
for shear strength at its welded interface. This material is
available free of charge via the Internet at http://pubs.acs.org.
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I. Sample Preparation

The silicon nanowires (SiNWSs) used in this study were grown from the (111) Si surface at the edge of a
window in a silicon nitride (SiN) TEM membrane (SPI supplies) using the bottom-up vapor-liquid-solid
(VLS) technique. The dimensions of the TEM-grid window are 500 pm x 500 um with a 100 nm thick
silicon nitride membrane. In order to break the membrane, the TEM grid was sonicated for 5 seconds in
isopropanol. Gold colloids (100 nm diameter) were then dispersed around the edge of the TEM window.
The samples were loaded in a low-pressure CVD reactor, and the temperature was set to 490°C in order
for the gold colloids to form a eutectic mixture with Si. Silane (50% SiH, in H,) and phosphine (100 ppm
PHsin H,) were introduced into the chamber simultaneously with the flow rate of 250 sccm and

100 sccm respectively with a chamber pressure of 3 Torr. The growth time was 10 minutes with the

resulting nanowires ~10 um in length, 100-150 nm in diameter, and moderately n-doped.

Il. Supporting Figures

Figure S1: SEM of SiNWs grown on the edges of a silicon
nitride TEM window. The inset shows a single nanowire Si substrate

atop the beveled (111) Si substrate.

Si nanowires

20 um



Figure S2 A: Lithiation and delithiation of a second set of physically-contacted SiNWs. a) Pristine SiNWs
brought in contact. b) Swelling of SINWs observed after lithiation. A bias of -3V vs. lithium metal is

applied. c) Contraction of SiNWs after delithiation. A bias of +3V vs. lithium metal is applied.

Figure S3 »: Mechanical separation of welded pair of
SiNWs from Figure S2. a) SiNWs after one lithiation and
delithiation. b) SiNWs pulled away with a transverse
force. c) SINW broken off from the substrate as a result of
an applied force is seen supported only by the welded

support.




Figure S4: Mechanical testing of a third set of physically-contacted SiNWs before and after lithiation and
delithiation. a), b), and c) show schematic 3D representations of mechanical tests. In a), the bottom
wire of the two contacting crossed SiNWs can be bent downward, providing a negative load to the
bonded interface. In b), the negative force separates the SiNWs, revealing a weak Van der Waals bond,
prior to the welding. This can be confirmed by lateral bending of the lower SiNW, which has no
influence on the mechanical state of the upper SiNW, when they are not in contact. In c), the negative
force produces a downward deflection of the upper SiINW, revealing that a strong bond has been formed
by the welding process. The strength of the weld can be further confirmed by lateral bending of the
lower SiNW, which reveals the weld junction as an anchor point. d) A TEM image of a pair of pristine
as-grown SiNWs, which are not in contact. Scale bar of 500 nm. The SiNWs can reversibly be brought
into contact (Van der Waals bond), as shown in e), and separated, as shown in f). Same scale bar of

500 nm (e-i). The contacted, lithiated, and delithiated pair of wires is shown in g), after the welding has
been formed. As depicted in schematic c), the strength of the weld can be confirmed by negative
loading of the welded junction and subsequent lateral loading of the contacting SiINW, as shown in h)

and i), respectively.
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from FEA simulation

Figure S5: The undeformed and deformed shapes of SINW from the best-fit FEA simulation are plotted
over the in situ TEM image of the deformed SiNW (same as Figure 3f). The color shades represent

von Mises stress levels in the SINW.

lll. A simplified analytical model for calculation of shear strength at the welded interface of the

crossed SiNWs

The total deflection of the SINW shown in Figure 3g in the transverse direction is a superposition of the
two deflections caused by F; and Fghear- FOr Fehear, ONly its component along the transverse direction,
labeled as Fyeng, contributes to the deflection of the SINW. To determine the shear strength at the
welded interface, we first estimate Fyeng. The equations that follow are derived using the double

a’yx) _ M
dx?2 EI’

integration method on the governing equation for the deformation of an elastic beam:
where y(x) is the deflection of the beam as a function of location x, M is the bending moment of the
beam with respect to its neutral axis, | is the area moment of inertia of the beam (= 2.9 x 102 m*, using
SiNW radius of 78 nm and assuming a circular cross-section), and E is the elastic modulus of the beam

(taken to be 68.6 GPa, representative for amorphous Si [S1-S3]). In all calculations, the origin is taken to



be the tip of the SINW. The unknown value of F, is a superposition of two forces: a reaction force from
the pin in the bottom right of Figure 3g and F4, the force that would be required to produce deflection &,

in the absence of F,.ng. We compute F, according to the following equation,

3EI8,

Fl = L3

= 7.7« 107°N. (1)

Here, L is the length of the SINW (5780 nm) and &; = 2480 nm is the transverse displacement from the
neutral axis of the undeflected SiINW (Figure 3a) to the neutral axis of the fully deflected SINW

(Figure 3f). From this estimate of F;, we calculate the deflection near the intersection of two welded
SiNW (labeled by x. from the origin) as it should be, if F; were the only force acting on the SiNW,

Scalc = %(2]} - 3L2XC + XC3) = 580 nm. (2)

However, Fyong from the secondary SiNW causes the observed deflection at x. to deviate from the above-
calculated value by an amount, &, = 430 nm, which is directly measured from microscope images near
the welded intersection (see Figure 3). Thus, 6, is the additional deflection induced by Fpenq at X, as
illustrated in the bottom right configuration in Figure 3g. The force F,e.ng can be calculated from 6,
according to the following equation,

F _ 12EIL38,
bend ™ 5y )2[3L(a2-L2)+(L—xc)(3L2—a2)]

~ 6.6 x 107N, (3)

where a is the distance from the pinned end of the SINW to the point where Fyenqg is applied [S4]. Using
the included angle between Fyeng and Fqhear (24°), the value of Fyhear can then be estimated. The shear
strength at the welded junction (the stress prior to failure) can be then calculated by dividing Fgcar by
the cross-sectional area of the welded junction. To estimate an upper bound of the welded area, we can
use the total cross-section of the nanowires as it appears in projection in a TEM image, yielding a lower
bound on the shear strength of 140 MPa. However, two cylindrical nanowires would be unlikely to form
a weld with such a large cross-sectional area. To improve the estimate, we can use a geometrical model,
incorporating space-filling during the lithiation expansion followed by uniform contraction, to obtain a
more accurate estimate of the cross-sectional area. From this more realistic geometrical model, we
obtain a shear strength of approximately 200 MPa. We note that the analytical model used here
assumes no deflections parallel to the direction of the imaging electron beam, since all 2D images are
obtained in projection. However, the manipulation piezo causing the deflections is actuated purely in

the plane of the image, and thus any out-of-plane deflections are expected to introduce only minimal



correction factors. We note that the above analysis assumes no bending moment is introduced due to
the torsional loading of the weld itself. If such a load were included, then the inhomogeneous stress
within the weld would result in an increased estimate of the strength of the weld material. We further
note that the geometry of the lithiated nanowires can be anisotropic, as described in previous studies
[S5-S7]. However, we neglect this effect because the degree of anisotropy is dependent upon the
degree of lithiation. The welded SiNWs used in our study are not highly anisotropic because the SiINWs

are not fully lithiated, and thus the above model is expected to be a good approximation.

IV. Estimation of shear strength at the welded interface via nonlinear finite element analysis of the

large deformation of SINW

The simplified analytical model delineated in Section Il guarantees a good estimate of the shear
strength at the welded interface of the crossed SiNWs only when the deflection of the SINW is not
significantly large. To further quantify the effect of the large deflection of the SiINW in our in situ
experiment as shown in Figure 3, we next carry out a three-dimensional finite element analysis (FEA)
accounting for the nonlinear geometric effect of the large deformation of the SiNW, using the software
package, ABAQUS v6.10. The FEA model considers a similar suspended cantilever SiINW as illustrated in
Figure 3g. The free end of the SINW is subject to a displacement § with two components of §,=2150nm
and 8,=3020nm, which are measured by direct comparison of the in situ TEM images of the un-
deformed and deformed SiINW. The effect of the secondary SiNW on the deformation of the suspended
cantilever SINW is introduced by a shear force Fq.e. acting at the welded intersection along the axial
direction of the secondary SiNW. In our FEA simulation model, the SiNW is 5780 nm long and its cross-
section is assumed to be circular with a radius of r=78nm. The SiINW is modeled as linear elastic material
with Young’s Modulus and Poisson’s ratio to be 68.6GPa and 0.3, respectively. The SINW is meshed with
three-dimensional-stress eight-node linear brick elements (C3D8R) with sizes about 0.2r. Nonlinear
geometry option is turned on in the simulations to account for the large deformation of the SiINW. The
value of Fg.e, is varied in simulations until the deformed shape of the SINW reaches the best fit to the
deformed SiNW as observed in the TEM image. Figure S5 plots the undeformed and deformed SiNW
from the best-fit FEA simulation overlapping the TEM image of the deformed SiNW (same as Figure 3f).
The best-fit FEA simulation gives Fghear = 2.5 % 10°N. Using the same method to estimate the cross-
sectional area of the welded junction as described in Section Ill, the shear strength is estimated to be
308MPa, somewhat larger than that estimated by the simplified analytical model. The difference

between these two estimates may be attributed to nonlinear geometric effects of the large deformation



of the SINW. However, to be conservative, the value of 200 MPa estimated by the analytical model may

be taken to be the conclusion of our studies.
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