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ARTICLE INFO ABSTRACT

Keywords: Silicon is a promising candidate for the lithium ion battery (LIB) anode because of the order-of-magnitude im-
Scanning probe microscopy provement in capacity over current state-of-the-art graphite anodes. In systems featuring both C and Si anodes,
Scénning spreading resistance electronic resistivity of the solid-electrolyte interphase (SEI) layer is a critical factor for preventing continuous
Microscopy electrolyte-decomposition reactions at the electrode/electrolyte interface. However, the in-situ measurement of
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SEI electronic resistance has been complicated by ion transport and electronic contributions from other parts of
the battery circuit. Ex-situ measurements of SEI resistivity at microscopic scales are also lacking. We report on
a nanometer-resolution three-dimensional technique that enables ex-situ mapping of electronic resistivity of SEI
formed on a model single-crystalline wafer Si anode. Our novel experimental approach uses scanning spread-
ing-resistance microscopy resistance imaging and mechanical depth profiling. In addition to resistance mapping,
this method also provides an alternative technique for locating buried interfaces, where mechanical or electronic
properties differ sufficiently between layers. Further validation of this method was obtained by resistance map-
ping of a reference sample with a designed o-Si:H layer stack of different doping concentrations. The results show
relatively uniform lateral resistivity distribution of the SEIs but steep decreases in resistivity in the vertical direc-
tion. Resistivity vs. depth profiles are highly dependent on cycling conditions, but they generally show a resistiv-
ity decrease from the most superficial levels of SEI and a thickness increase with continued cycling prior to SEI
stabilization. The most prominent resistivity increase was observed on SEI formed in Gen2 electrolyte (EC:EMC
[3:7 by wt.] + 1.2M LiPFy) with 10 wt% fluoroethylene carbonate additive; this result may partially explain the
significant improvements of sustained electrochemical cycling and coulombic efficiency observed with this elec-
trolyte additive. Our approach provides a novel and unparalleled three-dimensional approach in characterizing
electronic resistivity, which contributes significantly to understanding SEI formation and the intrinsic properties
critical to battery performance.

1. Introduction arising from lithium dendrite formation and lithium plating are yet to be

overcome [1,3]. A desire to build a battery that is safer and has a higher

As the lithium-ion battery (LIB) has been developed toward use in energy density has motivated a search for novel anode materials to im-

electric vehicles and grid storage, a demand has arisen for increasingly plement in the LIB [1-3]. Existing graphite anodes possess a theoretical

higher energy densities and operating voltages [1,2]. Graphite anodes, specific capacity of 372mAh g1, but prospective alloy anode materials
used in LIBs for decades, exhibit a desirable cycle life and low pro- feature an order-of-magnitude improvement in specific capacity [3].

cessing cost. However, in the modern graphite anode, safety challenges
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One of the most promising candidates to replace the current graphite
anode is silicon, which demonstrates an onset voltage potential of 0.4V
above Li/Li* and a theoretical specific capacity of 4200mAhg™! [3]. Si
is naturally abundant, non-toxic, and benefits from existing processing
technology developed in the semiconductor industry [1]. To date, the
greatest challenges to developing a Si anode-based LIB are the dramatic
volume expansion during lithiation, the resulting instability of the solid
electrolyte interphase (SEI), and the relatively low levels of ionic and
electronic conductivity of Si [1-4].

In the LIB system, the SEI has been recognized as an important yet
poorly understood component. Early SEI models recognized its forma-
tion mechanism as a decomposition reaction of the electrolyte at the an-
ode surface, as well as the necessity of ion permeability and resistivity
to electron conduction [5,6]. Therefore, a principal functional require-
ment of a stable SEI is electronic resistance, which passivates the anode
surface and prevents further decomposition of electrolyte [5]. However,
in-situ measurement of SEI electronic resistance is complicated by the
multiple resistances that are serially connected in an operational bat-
tery and by the ionic transport that often dominates impedance spec-
troscopy [7]. As a result, the electronic resistance is often speculated
indirectly from the loss of coulombic efficiency and the intrinsic prop-
erties of known SEI chemical compositions. An ex-situ resistance can
be measured in macroscopic scales by, for example, transmission-line
or four-probe modes [8,9]; however, a high-resolution local resistivity
measurement for SEI has been absent, which is necessary for under-
standing the contributions of local resistivity to the overall electronic
resistance of this nm-scale thin layer with highly inhomogeneous chem-
ical compositions and structures. Moreover, probe techniques utilizing
an AC bias voltage have demonstrated an induced lithium migration in
battery electrodes, invalidating measurements of electronic properties
[10].

We report on a three-dimensional (3D) local resistivity mapping of
SEI formed on a Si anode during initial cycles of lithiation/delithia-
tion reactions, using scanning spreading resistance microscopy (SSRM).
SSRM was originally developed for mapping carrier density in semi-
conductor materials and devices with an in-plane resolution of several
nm [11-14]. Three-dimensional resistivity mapping has been employed
in the past to map carrier concentration in nanoelectronic devices via
abrasive raster scans over the same feature, followed by combining
scans to reconstruct 3D maps of carrier concentration [15]. In this work,
our 3D resistivity mapping of SEI found resistivity to be relatively uni-
form laterally, with fluctuation within one order of magnitude. How-
ever, resistivity of SEI decreases sharply from the surface toward the Si
anode by greater than five orders of magnitude. We also found that SEI
resistivity is highly dependent on the nonaqueous electrolyte used in the
electrochemical cycling.

2. Material and methods
2.1. Sample preparation: SEI on Si

c-Si wafer samples were cycled at a fixed current density
(22 pAcm™) in a coin cell against Li metal. Cells were disassembled af-
ter cycling and rinsed three times for one minute with dimethyl car-
bonate (DMC) to remove residual salts. Samples were then transported
via airless transfer to an Ar glove box for SSRM characterization. Volt-
age vs. time data for each sample are available in the Supplementary
information (Figs. A.5-A.7). While optical microscopy shows highly uni-
form SEI formed on Si wafer with minor localized cracks hundreds of
microns away from each other, in this work we focus on the intrinsic
electronic properties of SEI by mapping the local resistance in areas dis-
tant from the cracks.
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2.2. Reference sample preparation: amorphous Si (a-Si:H) layers on c-Si

a-Si:H was deposited with controlled dopant levels on wafers at
250°C using plasma-enhanced chemical vapor deposition (PECVD).
Three layers were deposited with varied dopant concentrations (P-dop-
ing) using SiH, and PH; precursor gases on a n-type silicon wafer,
with co-deposition carried out on glass to accurately measure thickness
via ellipsometry. Electronic resistance was also measured for individ-
ual component deposition layers by painting coplanar conductive silver
contacts, applying a bias voltage, measuring current, and calculating re-
sistivity.

2.3. Sample preparation: a-Si:H on Cu on c-Si

A high conductivity c-Si wafer (0.008-0.04 Qcm) was cleaned with
a 6:1 buffered oxide etch (BOE) for two minutes to remove native sur-
face oxide. Physical vapor deposition (PVD) was then used on the wafer
frontside to deposit 20-nm Ti, followed by 500-nm Cu, and followed by
50nm Si. Deposition rates for Ti, Cu, and Si were 7, 10 and 3/0\/3, re-
spectively. On the wafer backside, PVD was used to deposit 20-nm Ti
then 500-nm Au to ensure proper contact in electrochemical cells.

2.4. SSRM resistance measurement

The scanning probe microscope (SPM) instrument used in measure-
ments is a Veeco Dimension 5000 system featuring a Bruker SSRM ap-
plication module, installed in an Argon glove box to avoid contamina-
tion of sensitive samples. Bruker DDESP SSRM probes were used for
depth profiling and resistance measurements. These probes feature an-
timony-doped Si cantilevers with a resistivity of 0.01-0.02 Q cm; highly
boron-doped diamond tip coating is known to have higher milling re-
silience than Si [6,12].

SSRM measurements included in this work were conducted with
a DC bias voltage of V; =-1V applied to the sample. Negative bias
was selected to avoid lithium plating to the probe during SEI charac-
terization. To maximize reproducibility and data quality for resistance
vs. depth profiles, it is preferable to perform measurements with the
same probe on multiple samples using the same raster scan parameters.
Changes to parameters (e.g., contact force, V,, specific probe geometry)
may influence quantitative resistance measurements. To monitor data
reproducibility and probe condition, a reference sample was periodi-
cally measured before and between measurement of multiple samples.

2.5. Scanning transmission electron microscopy (STEM)

STEM cross-section samples were prepared in an FEI Nova 200 fo-
cused ion beam (FIB) work station by a conventional FIB lift-out method
using Ga*t ions with the final milling performed at an ion-beam en-
ergy of 5kV to reduce ion-beam damage. The thin samples were then
examined in an FEI Tecnai F20 UltraTwin field-emitting gun (FEG)
STEM operated at 200kV. Electron energy-loss spectroscopy (EELS) and
elemental mapping was performed in the Tecnai F20 STEM using a
Gatan Model 977 Enfinium ER EELS spectrometer and DigitalMicro-
graph software. Air- and moisture-free sample-transfer systems were
used throughout the sample preparation and STEM process.

2.6. Secondary ion mass spectrometry (SIMS)
SIMS profiles were carried out using a Cameca IMS-7f instrument

with Cs and O primary beams. Primary beam impact energies for mea-
surements were 15keV for Cs and 2keV for O.
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3. Theory
3.1. SSRM instrumentation

SSRM is a two-probe resistance measurement technique (Fig. 1a)
[11-13,17]. Based on the application of atomic force microscopy (AFM)
in contact mode, the resistance is measured by applying a DC bias volt-
age between the probe and sample (V,) and measuring the current flow
through the probe R = V/I, which involves all the resistances serially
connected along the current route. The principal contributors to this
overall resistance are the probe/sample contact resistance R, the resis-
tance through the sample and back contact Ry, and the spreading re-
sistance Rg,, located beneath the probe and dominated by the nm-scale
sampling volume. The local resistivity of a sample with lateral spa-
tial resolutions comparable to the probe size (~30nm) is given by
p = 4Ry, [17], with r being the radius of the contact area. The resis-
tance Ry, is generally much smaller than Ry, because the electronic con-
duction channel increases rapidly as it spreads out from a quasi-point
contact and the voltage drop is bound by the sample volume just be-
neath the probe (Fig. 1a). Therefore, for Ry, to dominate the overall R,
R, is the main factor to be reduced to a level sufficiently less than Rg,;
this was achieved by adequate probe contact forces (1-100 uN) and ap-
plying an adequately large V, (0.5-10V) [17]. A change of R with con-
tact force is shown in appendix Figs A.1 and A.2; a decrease in R with
increasing force results from the decrease in R, because other contrib-
utors to resistance in the current route should not change. While SSRM
and conductive AFM (c-AFM) share the principles of two-probe resis-
tance measurement, SSRM is equipped with a logarithmic current-volt-
age converter, which allows a wider measurement range of current from
milli-ampere (1072 A) to femto-ampere (107!° A) but with less sen-
sitivity than C-AFM, which features a current range from micro-am-
pere (107 A) to pico-ampere (1072 A). The wide detection range of
SSRM is necessary for measuring the dramatic change in SEI local resis-

4
D_;
2

-
L=
o

10°

—_
L=
(X}

SSRM-Calculated
Resistivity (Q-cm)
CEEX

o

| I I I |

iy
(=]

T T T T T1T°1
0 10 20 30 40 50 60

Depth (nm)

Height Scale (nm)

+15
0 ‘ h
-15

Nano Energy xxx (2018) xxx-xxx

tivity. We acknowledge that although current-voltage (I-V) or resis-
tance-voltage (R-V) curves at specified locations may be expected to im-
prove data integrity, I-V curves are not stable or reliable in our mea-
surement, likely due to the large probe-sample contact force and large
V, needed for measurement on SEL

4. Results and discussion

SSRM 3D resistivity mapping on SEI formed on Si anodes will first
be described then compared to additional high-resolution microscopic
techniques. The methodology will then be validated through results ob-
tained from a designed reference sample of an amorphous-Si (a-Si) layer
stack with various doping concentrations. Lastly, resistivity mapping re-
sults on SEIs formed from different cycling and distinct electrolyte mix-
tures is presented.

4.1. 3D resistivity mapping on SEI

Fig. 1c shows a resistance map taken on the SEI formed on a sin-
gle-crystalline Si (001) wafer in Gen2 (EC:EMC [3:7 by wt.] + 1.2M
LiPFy) electrolyte after one cycle of lithiation and delithiation at a fixed
current density of 22pAcm™2 for 5h per half cycle. The resistance
map—captured with a probe force of 15 uN—shows a decrease in re-
sistivity as the probe reaches deeper depths within the SEI (Fig. le),
reflecting the changing chemical composition and structure moving in-
ward from the SEI surface. Due to the relatively large contact forces
employed in SSRM imaging, the probe also mills away SEI material,
creating a crater representative of the depth of the resistance measure-
ment. Fig. 1d shows a contact-mode height image using a small force of
0.5 uN after completion of SSRM scanning, exhibiting the extent of ma-
terial removal and residual debris left at the edges of the milled trench.
The amount of material milled away can be controlled by the contact
force, approximately from sub-nm to hundreds of nm by either repeated
raster scans over the same area or by varying the contact force from
1 to 100 uN. The amount of material removed also depends on probe
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Fig. 1. An example of 3D resistance mapping of SEIL (a) SSRM schematic, where spreading resistance (Ry,) > > sample and back contact resistance (Ry,). By utilizing appropriately large
probe forces, the contribution of the contact resistance (R,,) is reduced to a stable level. Curved arcs around the probe represent potential contour arcs, indicating the sampling volume, in
a semi-infinite uniform material. (b) Conceptual diagram depicting measurement technique. A resistance map is captured at intermediate probe forces, resulting in uniform milling of the
surface material to a defined depth. A larger scan is then taken over the measurement area to determine the depth of the resistance map. (c¢) 0.5 x 0.5 pm resistance map captured with a
probe forces of 15 uN on SEI on Si with SSRM, measuring resistance of SEI at a depth of 9 nm. (d) 1.0 x 1.0 um height channel image (left) captured at a low contact force (< 1 uN) over
the location of the previously described resistance mapping raster scan, indicating the depth of the resistance map shown in (c). Resistance channel image (right) captured in the same scan
shows relative contrast in the electronic properties between the superficial and deeper structures of SEIL Slightly higher resistivities are measured at the milled area when compared to (c)
due to the contribution of contact resistance when scanning with low contact forces. (e) Example resistivity vs. depth profile obtained from resistance and depth measurements shown in
(c) and (d), respectively. The datapoint obtained from resistivity and height data presented in (c) and (d) is indicated on the profile with an arrow.

3
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.



C. Stetson et al.

size, sharpness and the sample's mechanical properties. For structures
in which lateral distribution of the resistance is relatively uniform, an
average of the resistance map (excluding the edge areas) represents the
resistance at the measured depth; for nonuniform milling, a correlation
can be generated regionally between the height and resistance datasets.
The resistance channel image (Fig. 1d) validates the relative contrast be-
tween SEI at different depths, but shows a slightly higher resistivity at
the milling site due to the low contact force employed (and resulting in-
crease in contact resistance, R.,). We found that the resistance decreases
steeply (up to 10 orders of magnitude) with depth, from the top sur-
face toward the Si electrode (Fig. 1e). The profile should qualitatively
or semi-quantitatively reflect the resistivity change due to the different
material compositions deposited by the electrochemical reaction at dif-
ferent stages or voltages. This resistivity profile also changes with SEI
cycling conditions and electrolyte chemical composition, illustrating the
material dependence of local 3D resistivity.

The resistance profile for this SEI shows the resistance change
roughly in three stages: 0-6 nm, 6-20 nm, and 20-55nm beneath the
surface. It begins with a steep reduction in resistivity, followed by a
layer of stable resistivity, and finally, a further decrease in resistiv-
ity as the probe approaches the Si substrate. The resistivity at 55-nm
depth (< 1Qcm) is consistent with that of the Si wafer. With further
milling away of material, mechanical resistance to milling increases due
to the intrinsic properties of Si, and resistance does not change signif-
icantly. The sample underwent lithiation and delithiation and should
contain an o-Si layer with thickness in the hundreds of nanometers be-
tween the SEI and crystalline Si substrate due to amorphization of the
Si during electrochemical cycling, as estimated by the charging current
and time [18,19]. However, the difference between «-Si and c-Si can-
not be distinguished by the SSRM resistance profiling because amor-
phized Si demonstrates a similar resistivity to c-Si [20]. It is important
to note that the resistivity of «-Si is much smaller than that of hydro-
genated amorphous (a-Si:H) layers grown with chemical vapor deposi-
tion (CVD), where hydrogen passivation of the dangling bonds can in-
crease the resistivity by orders of magnitude [21]. Due to the intrin-
sic electronic properties of Si anodes, SSRM depth profiling can read-
ily measure total SEI thickness (55 nm in this example) by mechanically
milling away the SEI until the Si interface is exposed. The sample intro-
duced in this result is shown in greater detail with chemical composition
in Fig. 2.

4.2. STEM chemical and structural characterization

Scanning transmission electron microscopy (STEM) high-angle, an-
nular, dark-field (HAADF) imaging of a cross-sectional sample, prepared
using standard focused ion beam (FIB) liftour techniques, was used to
verify SEI thickness measurements carried out via SSRM resistivity vs.
depth profiling. STEM was also employed to capture electron energy
loss spectroscopy (EELS) areal density maps to correlate SEI composi-
tion with the steep decrease in resistivity observed with SSRM.

Fig. 2a presents the resistivity vs. depth profile obtained on SEI
formed on a single-crystalline Si (001) wafer with a native oxide in
Gen2 electrolyte after a single cycle of lithiation and delithiation at a
fixed current density of 22 uA cm=2 for 5h per half cycle. Resistivity
of SEI is highest at the surface and then falls steeply over the subse-
quent 8 nm of SEI, followed by a plateau of measured resistivity from
8 to 20 nm, with a final decrease approaching the Si interface located
at a depth of 55nm. Fig. 2b shows a STEM HAADF image and EELS
areal density maps of C, O, F, and Si for a cross-sectional sample pre-
pared from the same SEI characterized with SSRM. The HAADF image
of the sample shows agreement with the total measured thickness of
SEI obtained with SSRM resistance mapping (55 nm). EELS areal density
maps show high levels of C at the interface with Pt (deposited during
STEM sample preparation), followed by moderate levels of C and F. Fi-
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Fig. 2. Comparison of SSRM resistivity vs. depth profile with STEM results. (a) SSRM re-
sistivity vs. depth profile on SEIL (b) STEM HAADF image and EELS areal density maps of
the same SEI. HAADF image is shown at left, followed by EELS areal density maps of C K
edge, O K edge, F K edge, and Si L edge.

nally, a thin oxide layer remains at the SEI/Si interface. The high elec-
tronic resistivity measured at surface of SEI is likely due to the instrin-
sic electronically insulating properties of oxygen-free organic species
(C-rich). Lower electronic resistivity measured near the interface with Si
is due to the higher proportional content of inorganic species, likely LiF
and Li,O. A resistivity vs. depth profile was also carried out on pristine
native oxide on Si wafer, shown in Appendix Fig. A.3, depicting the drop
in measured resistivity once the native oxide has been milled away.

4.3. Resistance mapping on reference sample a-Si:H layer stack

Resistance vs. depth profiles measured on SEI generally show a steep
decrease toward the Si anode, so a critical question arises as to whether
the resistance decrease is a true SEI property (at least qualitatively) or is
it a result of inadequate SSRM spatial resolution along the depth direc-
tion due to the significantly lower resistivity of Si compared to SEI. To
address this issue, we designed a reference sample with constituent lay-
ers of differentially doped amorphous silicon. Specifically, it was critical
to feature a more highly resistive layer beneath a more conductive layer
to establish both the validity of the dominance of local resistivity in the
two-probe system and the overall instrumental resolution.

CVD is a process occurring at elevated temperatures, so a non-triv-
ial amount of dopant diffusion is expected, which would change the re-
sistivity vs. depth profile. Moreover, it was necessary to measure ho-
mogeneity of the dopant species in the deposited o-Si:H to compare to
SSRM results. To study this, we performed dynamic secondary ion mass
spectrometry (SIMS) on the sample to investigate dopant concentration
according to depth (Fig. 3a). In these measurements, we measured phos-
phorus concentration with Cs and O sputtering sources at varied im-
pact energies. SIMS-derived P-concentration for this sample provides
a high-resolution measure of electronic conductivity, which is the in-
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Fig. 3. SIMS and SSRM data for doped «-Si:H on c-Si reference sample. (a) Dynamic SIMS P-concentrations measured with cesium and oxygen sputtering at 15 keV and 2 keV, respectively.
(b) Inverse P-concentration, normalized to highest bulk resistivity, measured on “sister* codeposition on glass. Sample schematic with thicknesses is shown in inset. (c¢) Line scans across
overview height images captured during various stages of incremental SSRM profiling, showing three distinct depths within the structure. (d) 2 x 2 pm height (left) and resistivity (right)
overview images at three stages of incremental SSRM profiling, demonstrating contrast in electronic resistivities at different depths within the structure. e) SSRM resistivity vs. depth
profile for the sample. Box-smoothing of normalized inverse P-concentration data shows close agreement with SSRM data after smoothing to include 10 nm of previous points (to account
for probe tip penetration) and 40 nm of subsequent points (to account for the sampling volume of the spreading resistance).

verse of electronic resistivity. Assuming that the carrier mobility in the
layer stacks deposited on Si is the same as in the “sister” films, we can
estimate the local resistivity of the reference sample by plotting the
resistivities and thicknesses measured on the “sister” co-deposition on
glass (dashed lines in Fig. 3b), then normalizing the inverse P-concen-
tration to a bulk resistivity (plotted in Fig. 3b). These results differ sig-
nificantly from the SSRM resistance depth profile (Fig. 3e), which may
result from the resolution in the vertical direction determined by the
probe sampling volume.

SSRM resistance is dominated by the sample volume surrounding
the probe in the nm-scale. The probe itself penetrates several nanome-
ters into the material during raster scan measurement at probe contact
forces in the pN range. To account for probe penetration and sampling
volume, the resistivity converted from the SIMS result (Fig. 3b) was av-
eraged by box-smoothing (even average of involving data point); we
found that smoothing that includes 40 nm of material beneath the probe
and 10 nm of previous material provides the best fit to the SSRM result
for this particular set of data with this rough approximation of smooth-
ing. This average approximately accounts for a 40-nm sensing depth
beneath the probe and a 10-nm penetration depth of the probe—thus
a total sampling volume of 50nm in this semi-conductive material.
However, it is important to note that the sampling volume or verti-
cal resolution depends on sample resistivity and its gradient/distribu-
tion. If a sample features a distinct buried interface with sufficient elec-
tronic contrast between layers, the resolution is on the order of a few
nanometers, as shown in the identification of the c-Si substrate at a
depth of 120 nm. The lateral resolution is not necessarily larger than

5

the probe size [17] because the contact area of the probe with the sam-
ple can be smaller than the probe apex (r ~ 30 nm) when the penetra-
tion depth is ~ 10 nm. The quantitatively consistent results of SIMS and
SSRM data (Fig. 3e) on the reference sample justify the steep decrease
of resistance measured in SEI, at least semi-quantitatively. However,
it should be noted that the probe is cone-shaped and penetrates into
the material during milling. The contribution of material surrounding
the probe to the measured resistance is not uniform and should depend
on the location of material relative to the probe. Quantitative under-
standing would require numerical element modeling to account for the
probe size and shape, sample material and its gradient, probe penetra-
tion depth and contact area with the sample.

To investigate the knock-on effect of cesium sputtering at 15-keV
impact energy in the SIMS measurement, we also carried out oxygen
sputtering at 2-keV impact energy to ensure that the tails in P-concen-
tration were a true effect of concentration and not a result of dopant
atoms being driven further into the structure by the collision cascade
(Fig. 3a) [22]. While low impact energy measurements with an oxygen
primary ion-beam verified the signature at higher P concentrations, the
instrument detection limit was encountered at a higher threshold than
the cesium primary ion-beam high impact energy measurements.

We have also verified our approach on another model system of
a-Si:H film (40 nm) deposited on a Cu film on c-Si. The resistance pro-
filing and thickness determination are consistent with the o-Si:H film
doping and structural information obtained from a sample cross-section
with scanning electron microscopy (SEM) (Supplemental Fig. A.4).
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4.4. Resistivity of SEI with various formation conditions

The proposed work introduces the capability of mapping electronic
resistance in three dimensions in battery electrode materials with nm
resolution. Chemical characterization of SEI using time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) and X-ray photoelectron
spectroscopy (XPS) indicates that there is a trend of chemical compo-
sition in the SEI: organic-rich species at the superficial extent of SEI
and inorganic-rich species near the interface with the anode [23,24].
For such SEIs, SSRM-derived resistance depth profiles can provide data
for investigating battery performance from the perspective of the func-
tional requirement of SEI resistivity. The resistance decrease observed
from the surface of SEI toward the Si electrode is consistent with the
general trend of chemical composition. An inorganic polycrystalline in-
sulating compound with nm-scale grain size usually has a more limited
electronic resistivity due to dense grain boundaries and intra-grain de-
fects [25]. Electronic conduction can be significant, with charge carri-
ers hopping through electronic states generated by the disordered grain
boundaries and structural defects. However, polymers and other organic
species constructed mostly from light elements (C, O, H) with simpler
valence electronic structures do not have similar defect electronic lev-
els; thus they are typically much more electronically insulating than the
inorganic species [26].

SSRM depth profiling is also useful in quickly determining total SEI
thickness via detecting the sharp contrast in electronic properties be-
tween Si and SEI. CVD «-Si:H often shows high electronic resistivity
due to hydrogen passivation; however, Si that has been amorphized
through lithiation and delithiation preserves the low electronic resistiv-
ities of c-Si similar to the doped Si wafer [20,21]. Thus, the detection
of a low-resistivity layer of material beneath resistive SEI indicates that
the SEI/Si interface has been located with the probe. Moreover, differ-
ing intrinsic mechanical properties also allow for intermediate probe
forces (1-20 uN) to be employed to selectively remove softer SEI mate-
rials from a harder substrate.

We investigated resistance vs. depth profiles at early stages of SEI
formation with different lithiation/delithiation cycles and with different
electrolytes. Characterization of SEI on Si with Gen2 electrolyte with
varied numbers (3, 6, 10) of electrochemical cycles showed interest-
ing trends for SEI evolution (Fig. 4). More cycling had the effect of
reducing the superficial SEI resistivity, suggesting that continued ex-
pansion and contraction during cycling has the effect of reducing seg-
regation of different chemical components, thus creating more mixed
SEI phases. Similarly, the decrease in resistance when approaching the
SEI/Si interface becomes more gradual through continued cycling (Fig.
4), suggesting that the expansion and contraction of Si during cycling
creates a more mixed phase at the SEI/Si interface. Alternatively, this
change could represent a compositional change at the interface, as re-
ported in the decomposition of lithium ethylene dicarbonate (LEDC) to
lithium carbonate (Li,COs3) through initial electrochemical cycles on sil-
icon nanoparticles [27]. SEI total thickness is identified as the depth
at which successive milling does not result in significant change in re-
sistance measurements, which indicates that the continuous Si anode
material has been located. Significant increases in total SEI thickness
(80-120 nm) were observed in the early stage of SEI formation (Fig. 4).
Studies of SEI formed on both graphite and Si show that continued cy-
cling results in SEI growth and a corresponding increase in total SEI
thickness [28,29]. It is worth noting that SSRM measures the local resis-
tivity at both lateral and vertical directions. The increase of SEI thick-
ness and decrease of local resistivity in the near-surface region of the
10-cycle SEI compared to the 3-cycle SEI (Fig. 4) should have oppo-
site contributions to the overall series electronic resistance throughout
SEL. While the thickness and electronic resistivity change with contin-
ued cycling in the early stage formation of SEI on Si, further measure-
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Fig. 4. Resistivity vs. depth profiles of SEI on Si with varied number of electrochemical
cycles. Inset shows surface resistivity and total SEI thickness obtained from resistivity vs.
depth profiles representing changes to SEI from 3, 6, to 10 cycles.

ments on the electronic resistivity, thickness, and chemical compositions
are needed to understand late-stage SEI evolution.

SEI formation in the presence of fluoroethylene carbonate (FEC) ad-
ditive has been a highly studied topic in recent years because of its
effect of enhanced cyclability of Si anode materials [30-32]. Resistiv-
ity vs. depth profiles on four SEIs (Fig. 5) formed from four differ-
ent electrolyte mixtures were studied: Gen2, Gen2 + 10 wt% FEC, EC/
EMC + 1.2M LiTFSI, and Gen2 + 0.7 wt% LiBF,, with identical elec-
trochemical cycling parameters (22 uA cm~2 fixed current density with
2h per half cycle and three full cycles). All electrolytes are based on
the identical organic solvent of EC:EMC [3:7 by wt.], with varied salts
or additives. The SEIs formed in Gen2, EC/EMC + 1.2M LiTFSI and
Gen2 + 0.7 wt% LiBF, electrolytes show a general similarity (Fig. 5),
but the SEI formed from Gen2 + 10 wt% FEC presents a dramatically
different resistance profile. The SEI formed with FEC additive showed
much higher resistivity throughout the entire SEI thickness; resistivity
at the superficial layer is approximately 5 orders of magnitude greater
(1.410° Qcm vs. 4.810° Qcm) than that measured for SEI formed
from Gen2 electrolyte absent FEC. This may be a key explanation for
the improvement in sustained cycling with this electrolyte additive.
An adequately large electronic resistance of SEI—and thus, a negligi-
ble electronic current—is necessary to prevent continuous electrochem-
ical reaction on the SEI/electrolyte interface and to stabilize the lithi-
ation/delithiation processes. Although SSRM is unable to directly iden-
tify chemical species, the greater resistivity associated with this SEI is
consistent with the increased presence of oxygen-free polymeric organic
species shown to form in the presence of FEC additive [31,33].

5. Conclusions

This work presents three-dimensional mapping of SEI electronic re-
sistivity with nm resolution. This approach also provides an alternative
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Fig. 5. Resistivity vs. depth profiles on SEI formed from varied electrolyte solutions. SEI
formed from the electrolyte mixture featuring FEC additive shows a much higher elec-
tronic resistivity throughout than SEI formed from the other three electrolyte mixtures.

technique for locating buried interfaces, where mechanical or electronic
properties sufficiently differ between layers. We further validated the
method through resistance mapping on a reference sample of an o-Si:H
layer stack with different doping concentrations. The SEIs characterized
in this work show relatively uniform lateral distribution of resistivity
but steep decreases in the vertical direction moving toward the SEI/Si
interface. Resistivity vs. depth profiles on SEI are highly variable de-
pending on SEI formation conditions. The most prominent increase in
resistivity was observed on the SEI formed from Gen2 electrolyte with
10% FEC additive, which may explain the significant improvements of
sustained electrochemical cycling and battery performance with this ad-
ditive. The results were discussed in terms of SEI chemical compositions
as reported in the literature.
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