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Single Nanostructure Electrochemical Devices for Studying
Electronic Properties and Structural Changes in Lithiated Si

Nanowires

Matthew T. McDowell and Yi Cui*

Nanostructured Si is a promising anode material for the next generation of
Li-ion batteries, but few studies have focused on the electrical properties of
the Li-Si alloy phase, which are important for determining power capabilities
and ensuring sufficient electrical conduction in the electrode structure. Here,
we demonstrate an electrochemical device framework suitable for testing the
electrical properties of single Si nanowires (NWs) at different lithiation states
and correlating these properties with structural changes via transmission
electron microscopy (TEM). We find that single Si NWs usually exhibit Ohmic
I-V response in the lithiated state, with conductivities two to three orders of
magnitude higher than in the delithiated state. After a number of sequential
lithiation/delithiation cycles, the single NWs show similar conductivity after
each lithiation step but show large variations in conductivity in the delithiated
state. Finally, devices with groups of NWs in physical contact were fabricated,
and structural changes in the NWs were observed after lithiation to investi-
gate how the electrical resistance of NW junctions and the NWs themselves
affect the lithiation behavior. The results suggest that electrical resistance of
NW junctions can limit lithiation. Overall, this study shows the importance of
investigating the electronic properties of individual components of a battery
electrode (single nanostructures in this case) along with studying the nature

Despite these advances, an understanding
of the physical and electronic properties
of lithiated Si has lagged behind battery
performance studies. The structure of
lithiated Si has been probed with a variety
of techniques, including X-ray diffrac-
tion,l1®17 nuclear magnetic resonance,?!
and Raman spectroscopy.'®! In addition,
other physical properties relevant to bat-
tery performance, such as mechanical
properties and ionic and electronic con-
ductivity, have also been examined.!'8-21]
Changes in electrical conductivity as Si is
lithiated/delithiated are especially impor-
tant for battery performance and have only
received limited attention. Pollak et al.
tested the conductivity of amorphous Si
thin films during charging/discharging
and found that lithiated Si was ~3.5 orders
of magnitude more electrically conduc-
tive than delithiated Si.l"¥! This is signifi-
cant because the electrical conductivity of
Si plays a major role in determining the

of interactions within a collection of these component structures.

1. Introduction

In recent years, Si-based negative electrodes (anodes) for Li-ion
batteries have been the focus of intense research efforts.!'~”]
This is primarily because the theoretical specific capacity of Si
is among the highest of known anode materials; it is about ten
times that of commercial graphite anodes.”! However, large
volume changes and mechanical pulverization of particles
during Li insertion/extraction have limited the capacity and
cycle life of Si-based anodes.”®11 Nanostructured Si anodes,
especially one-dimensional nanostructures such as nanowires
(NWs) and nanotubes (NT5s), have shown resistance to fracture
and have exhibited improved cycling performance.>3612-15]
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power and energy capabilities of the elec-
trode; in general, high electrical resist-
ance in a battery material can lead to
incomplete reaction and to relatively high
overpotentials that reduce the energy and power density of a
battery.

In this study, we present a robust electrochemical device
platform for probing the electronic transport properties and
structural changes in single Si NW battery electrodes and
NW ensembles at different stages of lithiation. In the field of
nanoscience, single nanostructure electronic devices have been
extremely useful for investigating electronic properties of nano-
materials,??~2°] which are not necessarily the same as those of
the bulk or thin films. However, only a few researchers have
utilized these devices to study the electronic properties of nano-
structured battery materials.[?°28] Recent innovative research
has been devoted to examining structural changes in nano-
structured Li battery materials during electrochemical reac-
tion via in-situ TEM, but this technique is primarily targeted
at investigating structure and not electrical properties.?”) Our
electrochemical device framework is designed to study electrical
properties and structural changes in nanostructured battery
materials. In addition, since studying battery nanostructures in
situations mimicking actual devices is important to learn how
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Figure 1. a) A schematic showing the architecture of a single NW electro-
chemical device. First, Si NWs are dispersed on a substrate and electrical
contact is made through electron beam lithography and metal deposition.
A drop of ionic liquid electrolyte is then placed over the NWs on the sub-
strate, and a strip of Li metal is brought into contact with the electrolyte
from above. In this way, single Si NWs can be lithiated/delithiated by
controlling the voltage of the Si NW with respect to the Li metal counter/
reference electrode. b) Side-view SEM image of a Si NW contacted by
two arrayed Ti pads.

these nanostructures behave and interact with each other, our
device allows for the investigation of the lithiation behavior of
groups of nanostructures.

The experimental setup for the single NW electrochemical
devices is shown in Figure 1a. This schematic shows a sub-
strate on which Si NWs have been contacted with metal pads
to allow for current-voltage measurements (the SEM image in
Figure 1b shows a magnified view of a typical NW contacted
with metal pads). A drop of ionic liquid electrolyte is placed on
the substrate, and a strip of Li metal is brought into contact
with the liquid from above without touching the substrate. In
this way, a full electrochemical cell with a working electrode
(the single Si NW), a counter/reference electrode (the strip of
Li metal), and an electrolyte is formed, and the single Si NW
can be reversibly lithiated/delithiated by controlling its poten-
tial with respect to the Li metal. Since this design incorpo-
rates a liquid electrolyte and a macroscopic (~2 mm by ~3 cm)
Li metal counter electrode as the Li source, series resistance
is minimized and lithiation/delithiation of the single Si NW
readily occurs at the appropriate potentials. As a result, our
single NW electrochemical device allows for more reliable elec-
trochemical lithiation/delithiation than in previous devices that
have incorporated microscopic thin-film counter electrodes
and polymer electrolytes.’”] In addition, ex-situ transmission
electron microscopy (TEM) can be used to observe structural
changes since the devices are made on Si substrates etched to
expose ~60 nm thick Si,N windows suitable for electron beam
transmission;*l as such, this is a powerful method for relating
structural changes and electronic properties in a specific indi-
vidual NW.
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Electrochemical lithiation/delithiation was carried out by
sweeping the potential of the Si active electrode to a prescribed
value vs Li/Li* from the open circuit voltage and then holding
at that potential for 0.5-2 hours. Since the current due to the
electrochemical reaction of a single Si NW is too small (~10 pA)
to be monitored above the background current due to side reac-
tions in this cell, holding the potential at a prescribed voltage
ensures that lithiation/delithiation occurs without having to
monitor the current. After the electrochemical treatment, the Li
metal strip was removed and the electrolyte was washed away
with acetonitrile, and then the [~V characteristics of the NWs
were tested when the substrate was dry. For samples that were
tested repeatedly with charge/discharge cycling or at different
lithiation/delithiation potentials, the electrochemical treatment
was repeated by adding another droplet of electrolyte and repo-
sitioning the Li metal strip over the substrate. All electrochem-
ical procedures and -V measurements were conducted inside
an Ar-filled glove box.

2. Results and Discussion

2.1. Electrical Characterization

In order to determine the electrical characteristics of single
NWs, we carried out two-terminal current-voltage measure-
ments on NWs after the first lithiation and subsequent delithia-
tion (Figure 2a). Figure 2c shows TEM images of a NW in a
two-terminal device before (left) and after (right) lithiation at
70 mV, and the electron diffraction patterns (insets) show that
the NW is completely amorphous after this electrochemical
treatment. The linearity of the current trace in the lithiated
state (black line in Figure 2a) indicates Ohmic behavior, and the
conductivity of the lithiated NW (including contact resistance)
is calculated to be 4 S cm™ (see Supporting Information for
details of the calculation). For lithiated NW devices that exhib-
ited a linear I-V response, the conductivity after lithiating to
70 mV vs Li/Li* was usually measured to be between 1 and
10 S cm™; the average value was 3.6 S cm™. This conductivity
is similar to that measured by Pollak et al. on lithiated amor-
phous Si thin films,'¥ and it is higher than that for heavily
N-doped amorphous Si (~107! S cm™).BU Despite its very high
lithium content, the measured conductivity of the Li-Si alloy is
about four orders of magnitude less than that for metallic Li
(~10° S cm™);% this difference might be due to the amorphous
nature of the Li-Si alloy. It was not possible to measure the con-
ductivity of the Si NWs prior to lithiation because the doping
level is too low, which results in low conductivity and high
metal-NW Schottky junction resistance. However, a conductivity
of 4 S cm™ after lithiation represents an increase by several
orders of magnitude over pristine NWs. The NW was delithi-
ated by holding at 1.5 V vs Li/Li*; the gray line in Figure 2a
shows that the I~V curve is no longer linear in the delithiated
state, and the current at 0.2 V decreases by a factor of about
500. The current response in the delithiated state for these
devices was usually non-Ohmic, and the current was typically at
least two to three orders of magnitude less than the current in
the lithiated state. In many cases, the current in the delithiated
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Figure 2. a) Current-voltage trace for a single NW in the lithiated (black)
and delithiated (gray) states. The NW was lithiated by sweeping the
potential from the open circuit voltage and holding at 70 mV vs Li/Li* for
80 min. The inset is a top-down SEM image of an example device (scale
bar, 5 um). b) Current-voltage trace for an amorphous Si thin film strip
bridged between two electrical contacts in the lithiated (black) and del-
ithiated (gray) states. The inset is a top-down optical image of the device
(scale bar, 20 um). c) TEM image of a single NW from a device before
lithiation (left) and after lithiation (right) by sweeping to and holding at
70 mV vs Li/Li*. The SAED patterns in the insets show that the initially
crystalline Si NW becomes completely amorphous after lithiation at this
potential.
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state was convoluted with the background level of the test setup
(a few pA).

In addition to current-voltage tests on NWs, we also meas-
ured the conductivity of patterned thin film strips of amor-
phous silicon. Figure 2b shows the current response of one
of these samples in the lithiated (black) and delithiated (gray)
states. The inset in Figure 2b shows an optical image of the
sample; the film was 50 nm thick, 25 um long, and 5 um
wide. Similarly to the NW sample, this device was lithiated
by holding at 70 mV vs Li/Li*. The device shows a linear -V
response, and the conductivity value calculated from the data
in the lithiated state, 6 S cm™, is very similar to that from the
NW device in Figure 2a. This suggests that the conductivity of
the lithiated amorphous material does not depend on whether
it starts as crystalline or amorphous. The delithiated current for
this sample is about 500 times less than that in the lithiated
state, which is similar to the previously mentioned Si NWs. To
ensure that contact resistance does not significantly affect these
data, we also performed four-terminal measurements on amor-
phous Si thin film strips. Due to their relatively large size, these
films allowed for more reliable four-point measurements than
on NWs. The average conductivity value from nine tested amor-
phous Si strip samples was 15.3 S cm™, which is only slightly
higher than that measured from the NW and thin film two-
terminal devices. This suggests that when the current-voltage
characteristics are Ohmic, a two-terminal measurement gives a
good estimate of the bulk conductivity. These results are shown
in Table S1 in the supporting information.

In order to determine the effects of repeated cycling on the
electrical characteristics of single NWs, we performed -V
measurements after each lithiation/delithiation step during
electrochemical charge and discharge cycling. Figure 3a shows
I-V curves from a single NW after each of four sequential lithi-
ation steps (holding at 80 mV vs Li/Li*), and Figure 3b shows
I-V curves after the corresponding delithiation steps (holding
at 1.0 V vs Li/Li*). In the lithiated state (Figure 3a), the device
exhibits linear -V curves at low bias. Although there are some
small variations in the I-V curves, they are mostly similar, with
the calculated conductivity ranging between ~0.3 and 0.8 S/cm.
In the delithiated state, the current is quite different after each
cycle, as displayed in Figure 3b. After the first and second del-
ithiation, the resistance of the device approaches the sensitivity
limit of the experimental setup (~10°-10'° Q), so it is difficult to
specify the actual resistance. After the third and fourth delithia-
tion steps, the current is about an order of magnitude higher
(0.2-1 nA at 0.2 V). Large variations in the delithiated I-V char-
acteristics were common in these experiments, and they could
be due to differences in the degree of delithiation of the single
NW or changes in the nature of the contact resistance in the
delithiated state. It is possible that residual Li atoms remain
in the NW as dopants after delithiation, and slight variations
in their concentration would result in differences in electronic
conductivity.3!]

To probe how the electronic conductivity changes with lithia-
tion voltage, two-terminal amorphous Si thin film devices like
the one shown in the inset in Figure 2b were held at a series
of sequentially lower lithiation potentials for at least 50 minutes
each, and the [-V characteristics were measured after each lithi-
ation step. Data from three different samples (squares, circles,
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Figure 3. a) -V characteristics of a single NW in the lithiated state after
four successive charge/discharge cycles. The NW was lithiated by holding
at 80 mV vs Li/Li*. The current through the device is similar after each
lithiation step. b) |-V characteristics of the same single NW in the del-
ithiated state after four successive charge/discharge cycles. The NW was
delithiated by holding at 1.0 V vs Li/Li*. The current at 0.2 V after the first
and second delithiation cycles is much lower than that after the third
and fourth delithiation cycles. c¢) Conductivity from two-terminal meas-
urements for three different amorphous Si thin film strip devices held
at various potentials. Each sample was held at the specified lithiation
potential for at least 50 minutes, and then the device was disassembled
and the -V characteristics were tested. These steps were then repeated
for successively lower lithiation potentials. The three different symbols
(square, circle, and triangle) represent the three different samples.
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and triangles) are shown in Figure 3c. Based on cyclic voltam-
metry of much larger (~0.5 cm?) amorphous Si thin film samples
in conventional pouch-type electrochemical cells, formation of
the Li-Si alloy phase occurs between ~350 and 0 mV (see Figure S1
in the supporting information).'®33 Significant changes in
electrical conductivity were measured below ~250 mV vs. Li/
Li*; the conductivity changes by about three orders of magni-
tude between 250 mV and 40 mV. These data are in close agree-
ment with in-situ conductivity experiments conducted by Pollak
et al.l'8 Since the concentration of Li in Si generally increases as
the potential is decreased, this substantial rise in conductivity
below ~250 mV corresponds to the addition of more and more
Li into the Li-Si alloy. The maximum conductivity value occurs
between ~130 and 160 mV, with a slight decrease below ~100 mV.
This decrease has been attributed to the formation of a less
conductive alloy at low potentials.'¥l These measurements
show that compositional and structural changes during the ini-
tial stages of lithiation of amorphous Si are most important in
determining the conductivity. As a note, crystalline Si is lithiated
at lower potentials than amorphous Si (<~160 mV vs Li/Li*), so
the changes in conductivity in crystalline NWs would occur at
different potentials compared to amorphous Si.[4l

2.2. TEM Characterization of NW Ensemble Devices

The aforementioned experiments have been aimed at probing
the changes in electronic properties of single nanostructures.
However, in a real battery electrode, both the properties of
single nanostructures and the interactions among them deter-
mine the properties of the ensemble. Thus, it is also necessary
to study the properties of collections of nanostructures. An
important interaction between NWs in a battery electrode is
electrical conduction across NW junctions. To probe this inter-
action, we studied the lithiation of a collection of Si NWs using
ex-situ TEM in which individual NWs in the ensemble can be
clearly resolved. Electrochemical devices were fabricated on
TEM window substrates, and electrical connection was made
to a single NW that was in physical contact with a group of
other NWs. Lithiation was accomplished by sweeping the
voltage of the contacting electrode from open circuit (~2.5 V)
to 40 mV vs. Li/Li* and holding for 2.2 hours. TEM obser-
vation before and after the lithiation process reveals which
NWs in the group amorphize due to lithiation.3¥ Although
amorphization does not necessarily signify full lithiation to
the maximum alloy concentration, it does indicate that a NW
has reacted with a significant amount of Li. Since the elec-
trochemical lithiation reaction requires the transport of both
electrons and Li* ions, this information is useful for deducing
whether the reaction of a group of NWs is controlled by the
transport properties of NWs themselves or by electronic resist-
ance at junctions.

Figure 4 presents a low-magnification TEM image of an
entire device (Figure 4a) and a series of magnified images
of individual NWs (Figure 4b-i) after lithiation. The Ti pad for
electrical connection contacts the primary NW at the bottom
left of Figure 4a, and the primary NW is shown magnified
along with a selected-area electron diffraction (SAED) pattern in
Figure 4b. Figure 4c—i show magnified images of other NWs that
are electrically connected to the primary NW through physical
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contact; these NWs are variously within one and eight junctions
removed from the primary NW. The white dotted line in Figure 4a
traces an example electrical current path from the electrical
contact at the primary NW to the NW that is furthest removed
from the electrical contact. From Figure 4D, it is clear that the
primary NW is completely amorphous, which indicates it has
reacted with a substantial amount of Li. In addition, many of
the secondary NWs are also fully amorphous, such as the NWs
in the magnified TEM images in Figure 4c, d. Other secondary
NWs, such as those in Figure 4e, f, g, and i, are partially lithiated
with a crystalline Si core and an amorphous lithiated shell. A

b

www.advenergymat.de

few NWs, such as that in Figure 2h, remain entirely crystalline.
In all cases, completely amorphous NWs are connected back to
the primary NW by other completely amorphous NWs. These
details were consistent over all tested samples.

These observations give important insight into the nature
of the interaction between NWs during lithiation. The main
conclusion that can be drawn is that the electronic resistance
at NW junctions is the primary factor that prevents more com-
plete lithiation on this time scale. As shown by an example
lithiated NW from a bulk electrode in the Supporting Infor-
mation (Figure S2), lithiation of NWs by holding at potentials

Figure 4. a) Low-magnification TEM image of a group of Si NWs in physical contact with each other. Electrical connection is made to the primary NW
by the Ti pad at the bottom left of the device. The device has undergone electrochemical reaction by holding at 40 mV vs Li/Li*, a potential at which
crystalline Si is expected to fully amorphize due to reaction with Li. The white dotted line shows an example current path from the electrical contact
through the NW array. b) Magnified TEM image and SAED pattern of the primary NW that is contacted by the Ti pad. This NW has been lithiated and
is fully amorphous. ¢,d) Magnified TEM images of two more NWs that are also fully amorphous and are further separated from the primary NW by
junctions between the NWs. e—i) Magnified TEM images of NWSs that are partially lithiated and unlithiated. The partially lithiated NWs (e, f, g, and
i) feature a crystalline Si core and an amorphous shell, while the unlithiated NW (h) is completely crystalline. These partially/fully crystalline NWs are
dispersed throughout the device and the crystalline region is of constant thickness in each NW, which suggests that junction resistance between NWs
is the limiting factor that prevents more complete lithiation.

Adv. Energy Mater. 2011, XX, 1-7 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

6  wileyonlinelibrary.com

ADVANCED
ENERGY
MATERIALS

<ol
Mk

www.advenergymat.de

ranging from ~110 mV to ~150 mV vs Li/Li* until equilibrium
is approached results in a partially lithiated structure consisting
of an amorphous shell surrounding a crystalline Si core. This
partially lithiated structure results because these potentials are
higher than necessary for full lithiation. Since partially crystal-
line core/shell NWs are observed in Figure 4 along with fully
amorphous NWs, it seems that the partially lithiated NWs expe-
rience a different electrochemical potential than that of the
applied voltage. The primary NW is held at 40 mV vs Li/Li*,
which is a potential at which full amorphization is expected
to occur. However, the electrical resistance due to both the
NWs themselves and junctions between NWs could dynami-
cally alter the electrochemical potential of parts of the device
during lithiation. After lithiation, most NWs are fully amor-
phous, which indicates that electronic and ionic transport in
these NWs is sufficient for reaction on this time and length
scale. However, partially and fully crystalline NWs are observed
with 1) non-tapering crystalline core thickness and 2) varying
degrees of separation from the primary NW. This suggests that
the electrical resistance of the NWs themselves is not limiting
on this time scale, but that the electrical resistance at NW
junctions could alter the electrochemical potential of some of
the NWs and therefore limit the reaction. If the electrical resist-
ance of the NWs themselves was to limit the reaction on this
time scale, one would expect to observe either tapering crys-
talline core thicknesses with thinner crystalline regions closer
to the primary NW or incompletely lithiated NWs distributed
only further from the primary NW. This is contradicted by
the NW shown in Figure 4i, which is partially crystalline but
directly contacts the primary NW, while other NWs further
removed from the primary NW are completely amorphous.
Since the degree of lithiation (thickness of the crystalline core)
varies among different partially lithiated NWs, it seems that
the junction resistance also varies from junction to junction,
with presumably lower resistance and better electronic con-
tact between NWs that are amorphous. Taken together, these
observations indicate the importance of developing methods to
ensure good electrical connections between nanostructures in
real electrodes.

3. Conclusions

In conclusion, we have developed an electrochemical device
framework that allows for the lithiation and delithiation of
single nanostructures along with the ability to test I-V char-
acteristics and characterize structural changes at different
lithiation states. It was found that the electrical conductivity
of individual Si NWs changes dramatically after the first
lithiation and between lithiated/delithiated states. Measure-
ments on Si thin films corroborated these data. In addition,
I-V characteristics of single NWs were tested after a sequence
of charge/discharge cycles; this demonstrates the robust-
ness and stability of these devices. Finally, TEM was used to
image NW junction devices, and it was concluded that junc-
tion resistance is an important factor that causes partial lithia-
tion of some NWs. The electronic transport characteristics of
lithiated Si directly impact many battery performance metrics,
such as power density, so the understanding developed herein

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the electronic properties of single lithiated Si NWs and how
these NWs electrically interact in a configuration mimicking
that of an actual battery electrode is critical. Since the elec-
trical conductivity of Si is relatively low early in the lithiation
process, it seems that electronic transport could play a role in
limiting the kinetics of the lithiation reaction before signifi-
cant alloying takes place, but that junction resistance could
limit the extent of lithiation later in the lithiation process. To
build on this work, it would be interesting to study the -V
characteristics of N- and P-doped single NWs as a function of
Li content to determine whether doping modifies the trans-
port behavior or junction resistance in any way. In addition,
electrical tests to determine the junction resistance between
lithiated Si NWs are important. Finally, the electrochemical
devices described here could be used to correlate changes in
electrical properties and structure in other nanostructured
battery electrode materials.

4. Experimental Section

Device Fabrication: Silicon wafers with 60 nm Si,N were used as
substrates for all electrochemical devices. Electron beam lithography
(EBL) or photolithography was used to pattern large electrical pads as
shown in the schematic in Figure 1a, and 50 nm Ni (which is inert
to Li reaction at low potentials) was thermally evaporated to form
the pads. For the NW devices, NWs were grown via the vapor-liquid-
solid mechanism on separate Si substrates using 50 or 100 nm Au
nanoparticles (Ted Pella) as the catalyst.’ The substrates were
heated to 490 °C in a tube furnace, and then SiH, gas was flowed in at
50 sccm and 40 Torr for 12 minutes. For the TEM devices with groups
of NWs, the NWs were grown on Si or steel substrates using a
30 nm evaporated Au film as the catalyst. After growth, the NWs were
suspended in ethanol by sonication and spin-cast onto the device
substrates. Using SEM (Philips XL30 SFEG), the positions of the NWs
were determined with respect to the large Ni pads, and then EBL was
used to write patterns for smaller Li-inert Ti pads to contact the NWs.
The substrates were immersed in 2.5% HF for 30 sec to remove the
oxide layer at the surface of the NW where it was to be contacted,
180-220 nm of Ti was e-beam evaporated onto the sample, and then
the metal was lifted off to form the contact pads. For the amorphous
Si thin film strip samples, EBL was used to pattern channels
~5-20 um wide and 50-100 um long that were directly on top of the
large Ni pads at two or four locations. 50 or 60 nm thick amorphous Si
was deposited by e-beam evaporation with subsequent lift-off to form
the thin film strips.

At this point, each individual substrate sample was glued onto a glass
slide, and external electrical connection was made by wirebonding the
Ni pads to larger peripheral Au pads with Al wire bonds. The sample was
then inserted into an Ar glove box kept below 3 ppm O, (MBraun). As
described in the main text, a drop of ionic liquid electrolyte was placed
on top of the NW device substrate, and then a strip of Li metal was
bridged over the top of the substrate and gently pushed into contact with
the electrolyte. The surface tension of the ionic liquid caused the drop to
remain in contact with both the device substrate and the Li metal strip.
The ionic liquid electrolyte employed was 1-ethyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)imide (EMI-TFSI) with 0.8 M lithium
bis (trifluoromethane-sulfonyl)imide (LiTFSI) salt. The ionic liquid
electrolyte was employed to avoid the evaporation that would occur if
traditional organic electrolytes were used.

Devices for TEM analysis were fabricated in the same manner, but Si
substrates were used that had been etched from the back to form ~60 nm
thick SiyN windows on which the devices were made.% Briefly, double-
side polished wafers were coated with ~60 nm low-stress Si,N with low-
pressure chemical vapor deposition. Using photolithography, the back
of the wafer was patterned with squares, and the Si,N was etching away
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from these squares using plasma etching. With the patterned SiyN on
the back of the wafer as an etch mask, anisotropic KOH etching was
then employed to etch through the wafer to create ~100 um wide
Si,N-covered windows on the front of the wafer.

Electrochemical Reaction and Electrical Tests: Inside the glove box,
electrical connection was made to the Li metal and to the wirebonded
metal pads contacting the Si active material, and these leads were
connected to a battery tester outside of the glove box via a coaxial
cable adapter in the glove box wall. In this way, the Si active material
was at the working electrode and the Li metal was the counter/reference
electrode. Either a Biologic VMP30 or an Autolab PGSTAT100 was used
for potentiostatic control of the electrochemical process. Electrochemical
lithiation/delithiation was carried out by sweeping the potential of the Si
active electrode to a prescribed voltage vs Li/Li* from the open circuit
voltage at a sweep rate of 3 mV/s, and then holding at that voltage for
0.5-2 hours. The Li strip was then removed and the electrolyte was
washed away with acetonitrile. The |-V characteristics were tested in the
glove box when the sample was dry. An Agilent B1500A Semiconductor
Device Analyzer was used for electrical tests. Two-terminal measurements
were conducted by sweeping the voltage between two contact pads on a
NW or thin film strip from —0.5 V to +0.5 V and monitoring the current.
Four terminal measurements were conducted by driving an increasing
current through two outside contact pads and monitoring the voltage
between two inner contact pads.

For NW junction TEM devices, only one NW in the group of NWs
was electrically contacted. After lithiation by sweeping to and holding at
40 mV vs Li/Li* for 2.2 hours, the substrates were washed and brought
to a TEM (FEI Tecnai F20) in sealed glass vials. They were then placed in
the sample holder and inserted into the TEM within ~20 sec to minimize
air exposure.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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