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ABSTRACT: Silicon (Si) has been regarded as one of the
most promising anode materials to fulfill the growing demand
of high performance lithium-ion batteries based on its high
specific capacity. However, Si is not yet capable of replacing
the widely used graphite anode due to solid−electrolyte
interphase (SEI) formation and extreme volume expansion
during lithiation. In this work, advanced in situ electrochemical
atomic force microscopy has been applied to track
simultaneously the topographical evolution and mechanical
properties of thin-film polycrystalline Si electrodes during SEI
formation and initial lithiation. At first, a uniform flattening of
the Si surface has been found, attributed to the SEI formation.
This is followed by a nonuniform expansion of the individual
particles upon lithiation. The experimental findings allow defining a detailed model describing the SEI layer formation and
lithiation process on polycrystalline silicon thin-film electrodes. Our results support further research investigations on this
promising material.
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1. INTRODUCTION

Energy storage materials are becoming increasingly important to
utilize renewable energy. Batteries for mobile applications like in
electric vehicles, smartphones, and laptops are in the center of
interests. High energy and power density, thermal stability, long
cycle life, and safety of rechargeable batteries are the most
important requirements for mobile applications.1 To fulfill these
conditions, the most widespread technology is the lithium-ion
batteries (LIB).2,3 The first generation of commercial LIB is
based on graphite as anode material, which has a relatively low
theoretical capacity of 372 mAh g−1.4 In the past decades
scientific interests are focusing on replacing graphite by other
anode materials exhibiting higher capacity.3,5,6 Silicon (Si) is
regarded as one of the most promising anode materials for the
next generation of batteries.7,8 Si has a high theoretical specific
capacity of more than 4000 mAh g−1, which is more than 10
times higher than that of the graphite counterpart.9−11 However,
Si is still facing challenging issues. The high lithium storage
capacity results in an extreme volume expansion up to 300% and
therefore causes significant internal stress, ultimately resulting in
cracks within the Si electrodes.12,13 Reducing the size of Si

electrodes may mitigate the mechanical dilemma, and promising
examples such as Si nanowires,14 nanospheres,15 nano-
particles,16 nanocomposites17 and honeycomb-structured sili-
con18 have been developed. Another promising example is thin-
film Si, in which crack formation can be averted.7

The formation of a solid−electrolyte interphase (SEI) layer is
an additional challenge which befalls Si anodes. In contrast to
the well-studied SEI layer formed on conventional graphite
electrodes, which exhibits a limited maximum thickness, the
protecting SEI layer on Si tends to continuously increase during
cycling.19 During the first lithiation, reduction of lithium salts
and the decomposition of solvents, present in the liquid
electrolyte, induce the formation of a SEI layer at the surface.
The SEI layer is an electric insulator but permeable for lithium
ions during the (de)lithiation. The formation of SEI passivation
layers at the anode materials in LIB is crucial for the proper
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functioning of the device, and hence, careful investigation with
high spatial resolution is of primary importance.9

The mechanism and the behavior of the SEI layer during the
initial lithiation must be understood and clarified under in situ
conditions, the decisive factor for understanding the electrode−
electrolyte interface down to the nanometer level. Electro-
chemical atomic force microscopy (EC-AFM) is an ideal
technique to study the surface morphology of Si electrodes. The
surface-sensitive capabilities of in situ AFM measurements, for
the investigation of Si electrodes in LIB, have already been
reported earlier.20−28 In addition to topographical information,
mechanical properties of the sample are also capable with
AFM26 and being essential to improve the commercialization of
Si anodes. The significance of the investigated conditions has
already been reported by Kuznetsov et al., exhibiting wet AFM-
nanoindentation experiments on thin-film Si electrodes.27 The
Young’s modulus was analyzed ex situ at different lithiation
states, and the authors reported a Young’s modulus for the thin-
film silicon electrode of 0.5−10 MPa after the first lithiation
cycle.27 Currently, some studies have been performed in terms
of using AFM to investigate the SEI formation and volume
expansion of Si-based electrodes.20−28 Some of them are the
result of Si nanoparticles/nanocomposite electrodes.25,28 This
means carbon black, polymer binders, or other additives are
present in these systems, which may influence the surface
morphology and SEI forming behavior, potentially leading to
uncertainties for the interpretation. In the cases of thin film Si,
most of the investigated samples are amorphous deposited by
sputtering and electron-beam evaporation methods.21,23,24,29,30

The deposited amorphous Si films exhibit isotropic properties so
that the particle orientation and grain boundaries impact cannot
be monitored. In this contribution, we present in situ analyses of
the electrode morphology and the evolutions of the Young’s
modulus for the thin-film polycrystalline Si electrodes during
lithiation. The selected polycrystalline Si samples are deviating
most current systems, offering the possibility in in situ visualizing
that the initial SEI formation at different sites and lithiation-
induced anisotropic expansion. Direct correlation between
electrochemical data with structural changes at the surface and
the stiffness of the electrode is demonstrated and discussed in
this study. These findings have been used to develop a detailed
model for the initial SEI formation and anisotropic lithiation on
polycrystalline thin-film Si electrodes.

2. EXPERIMENTAL SECTION
Thin-film Si samples of 50 nm thickness were deposited by means of
plasma-enhanced chemical vapor deposition. The deposited system is
nitrogen-doped Si exhibiting a high electronic conductivity. The mass
loading of Si is 1.2 × 10−2 mg cm−2. The Si anodes were deposited on
titanium nitride (TiN, 70 nm) covered Si substrates (500 μm), where
TiN is functioning as both current collector and inert barrier layer
against lithium insertion.7 Experiments were performed at room
temperature in an argon-filled glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm,
MBraun, Stratham, USA) in an electrochemical AFM cell as shown in
Figure 1. The electrochemical cell was connected to a potentiostat
(Biologic, SP300) for electrochemical control. For galvanostatic
measurements, the Si working electrodes were assembled with two
lithium foils, acting as reference and counter electrode. The cells were
filled with 0.1 M LiClO4 in propylene carbonate (Soulbrain MI, USA).
The constant current experiments were performed at a rate of 0.2 C (10
μA discharge current), with geometric surface areas of 1.2 cm2. To
determine the state of lithiation, we calculate the theoretical capacity of
our system, being ∼50 μAh. Given a C-rate of 0.2 C, we reach a fully
lithiated state of our sample after 5 h. Lithiation is performed by
applying a current density of 8.34 μA cm−2 and a cutoff voltage of 50

mV. The open circuit potential (OCP) was 2.2 V vs Li/Li+ before the
lithiation of the electrode started.

An AFM setup (Dimension Icon, Bruker, Santa Barbara, CA) is used
for the in situ topography measurements of the samples as well as the
mechanical properties (Young’s modulus) by employing the Peak
Force QNM (Quantitative Nano-Mechanical-Bruker Application Note
#128) mode. An advantage of this mode is the limitation of extended
contact of the tip with the surface. The overall amount of time the tip is
in contact with the surface and could potentially been lithiated is
minimized in this way. Fixed areas of 1 μm2 were analyzed. Tapping
mode cantilevers (NCHR, NanoSensors), made of n-doped Si with a
nominal spring constant of 36 N m−1, are used as a force transducer.
Every tip has been calibrated by three samples with different elasticity
properties and additionally on the Si sample itself. The cantilevers
which were used for the experiments have to be calibrated carefully
according to receive realistic Young’s modulus values. Therefore, the
deflection sensitivity, the spring constant, and the set point have to be
determined. This procedure is performed on samples with different
elasticity values before the actual experiment is started. The Young’s
modulus values of these samples are known. A polystyrene film (2.7
GPa), highly oriented pyrolytic graphite (18 GPa), and a fused silica
sample (73 GPa) of the Bruker test kit were used to determine the right
conditions for the experiment.

All images were captured with a tip force of 20 nN, and the deflection
sensitivity of the cantilever was 104.8 nm V−1 on the silica sample. The
tip radius is the crucial factor for the determination of the Young’s
modulus and has been identified by scanning electron microscopy to be
25 nm.

The experimental scan rates were 4 μm s−1, and the images have been
analyzed by using the NanoScope analysis program (Bruker). In this
study, the term of discharging implies the electrode potential is
decreasing, including the process of forming SEI and the lithiation of Si.

3. RESULTS
The sample topographies were recorded during galvanostatic
discharging in the homemade half-cell setup. EC-AFM images of
the process are shown in Figure 2. The colors of the graphs mark
single images (Figures 2a−d) in the AFM scans. Figure 2a
displays the topography of the pristine surface under OCP (2.2
V vs Li/Li+) conditions. A typical structure of a polycrystalline Si
thin-film sample is obtained, exhibiting individual particles with
a height in the range 4−10 nm (Figure 2a). An abrupt potential
drop with applying the discharge current is observed in the
voltage curve, indicating the start of the discharging process. The
AFM image shown in Figure 2b has been taken during this initial
voltage drop. The surface topography of Figure 2b resembles
that of the pristine surface in Figure 2a during OCP. At around
600 mV, a short plateau appears in the voltage curve,
corresponding to the SEI formation, marked as blue dashed
line in Figure 2b. The distinct particles observed at OCP in
Figure 2a become less visible after 440 s of discharge. Though,
these particles can still be clearly recognized in Figure 2b. The

Figure 1. Setup for the in situ EC-AFM measurements.
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initial SEI layer is originating to cover the grains between the
individual particles during the initial voltage drop.
The subsequent topographical image in Figure 2c is obtained

while continuously discharging the sample at the voltage plateau
of 120mV. The bottom part of the image between 440 and 690 s
reveals a rather smooth surface with less high particles. Within
Figure 2c the expansion of the individual particles becomes
pronounced after ∼690 s from the onset discharging time. This
corresponds to a lithiation ratio of about 4% and can be
recognized by the particle expansion in height and width. In the
subsequent AFM image shown in Figure 2d, this effect becomes

even more dominant. The morphology shown in Figure 2d has
drastically changed after 1440 s measurement time in
comparison to the initial surface at OCP (Figure 2a).
For a better understanding of the SEI formation processes of

the samples, the root-mean-squared roughness (RMS) is
analyzed during the initial stages of discharging. Figure 3
illustrates RMS maps of a pristine Si electrode under OCP
condition (a) and during initial discharging (b). Some specific
features clearly indicate identical regions of different stages, in
the initial discharging period. The white lines in Figure 3b mark
the initial potential drop to 600 mV (region I), from 600 to 120

Figure 2. In situ EC-AFM topographical measurements during the initial stages of discharging: (a) AFM image during OCP; (b) start of SEI formation
and lithiation; (c) lithiation; (d) particle expansion due to lithiation. Arrows indicate the scan directions. The inset middle figure shows the voltage
curve during initial discharging.

Figure 3. Roughness calculation for comparable areas during (a) OCP and (b) initial discharging while SEI formation on the same fixed area with the
RMS values next to the images, corresponding to each region. White lines mark the start of the (I) initial voltage drop to 600 mV, (II) from 600 to 120
mV, namely, the SEI formation, and (III) start of the lithiation processes.
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mV, i.e., SEI formation (region II) and the start of the lithiation
(region III), as indicated by the discharging curve in the inset of
Figure 2.
Identical roughness values of 1.53 nm are obtained in region I

at OCP conditions (Figure 3a-I) and start of discharging (Figure
3b-I). In region II, the RMS value at OCP conditions (Figure 3a-
II) is 1.74 nm, and thus higher than in the same area at initial
discharging, corresponding to the onset of SEI formation
(Figure 3b-II) exhibiting 1.61 nm. The roughness in area III
(Figure 3b) is lower in comparison to the pristine sample
surface. The initial value in area in Figure 3a-III is 1.84 nm and is
decreased to 1.53 nm (Figure 3b). Within this initial voltage
drop, the grain boundaries are not clearly visualized in Figure 3b-
II and -III. Higher particles can still be distinguished.
Figure 4 illustrates the dependence of the surface RMS

roughness as a function of lithiation (discharging) time. Each

value represents the averaged roughness of an entire AFM image
(1 μm2) at different lithiation stages. In this experiment the
pristine surface exhibits a roughness of 1.68 nm under OCP
conditions. The roughness then decreases to a minimal value of
1.60 nm as a result of SEI formation. The surface becomes
rougher as lithiation continues. The roughness values increases

rapidly to about 4.5 nm at ∼5000 s, corresponding to an ∼25%
lithiation ratio. Afterward, the roughness of the sample stabilizes
until the sample becomes fully lithiated.
The volumetric expansion has been investigated in situ for

selected particle clusters as a function of lithiation, after the SEI
layer has been formed. Interestingly, it is observed that the
lithiation-induced volume expansion is not uniform in all surface
particles and certain particles are favorably lithiated, while other
particles remain rather unchanged. Figure 5a depicts the Si
topography already covered with the SEI layer after 1440 s of
discharging. Two representative clusters, which are monitored
continuously during discharging the sample, are marked in green
and blue. Figure 5b displays the identical area of the sample after
5730 s (∼31% lithiation). Both selected clusters have been
expanded, due to the higher lithiation state. The particles
marked by the blue circle in Figure 5b are approaching each
other and are forming a butterfly-shaped cluster. Figure 5c
recorded the same spot at the surface in the fully lithiated state.
The volume expansion of both clusters has been calculated. After
fully discharging, the blue-encircled butterfly shaped cluster
volume has increased by about 250% and the green marked
cluster by about 200%. This is in good agreement with a volume
expansion of 200−300% for Si nanopillars as reported by Becker
et al.21 and up to 300% for thin-film Si electrodes.18,31

The recorded topography (Figure 6a,d,g), Young’s modulus
mapping images (Figure 6b,e,h), and corresponding stiffness
histograms (Figure 6c,f,i) before lithiation and at different state-
of-charge (SoC) are depicted in Figure 6. The pristine Si surface
shown in Figure 6a has been recorded without the electrolyte.
The related Young’s modulus map is depicted in Figure 6b. It is
observed that individual particles comprise different stiffness
values. The histogram is representing the distribution of the
stiffness values throughout the Young’s modulus map. The
pristine Si surface exhibits a Young’s modulus up to 78.5 GPa,
but a lower Young’s modulus can be measured on the surface as
well, which is reflected in the stiffness histogram shown in the
inset of Figure 6c.
The image in Figure 6d was recorded directly after the SEI

layer was formed at the surface and the image in Figure 6g was
obtained at the identical area after fully lithiation. The Young’s
modulus maps illustrate the simultaneously recorded stiffness of
the surface. The three topographical images (Figure 6a,d,g) are
clearly displaying the change in height distribution of the
individual particles as already illustrated in Figure 2. The
morphological changes and expansions of the particles at the
surface also become apparent in the Young’s modulus images
(Figure 6e,h). During lithiation the stiffness values in the
histograms are varying between 10 and 80 GPa (Figure 6f,i) but

Figure 4. Roughness of the surface during a discharging experiment.
Initially, a decrease in roughness is observed as marked with an arrow;
dashed lines mark the point where the RMS values more or less
stabilize, above a lithiation ratio of 25%.

Figure 5. Volume expansion of individual particles clusters tracked at (a) initial lithiation after SEI formation (1440 s), (b) 31% of discharging (5730
s), and (c) fully discharged sample (18400 s).
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differ distinctly in their percentage distribution. The distribution
of the stiffness in the lithiated sample is shifted toward higher
values in comparison to the initial SEI layer. The increased
stiffness values during lithiation are in good agreement with a
previously reported study.26

4. DISCUSSION

The SEI layer, which is formed at the surface during the first
discharging, changes the surface morphology and has a
mechanically different character than the pristine Si surface.
Within the first discharging of Si two different processes occur:
first the appearance of an SEI layer is flattening the surface by
covering the interparticle areas of the polycrystalline Si, and
second is the nonuniform expansion of the Si particles during
lithiation. The results of the EC-AFM measurements lead to
develop a detailed model which is schematically depicted in
Figure 7. In Figure 7a, the pristine Si surface is presented by a
polycrystalline structure, displayed in green by a corrugated
structure. After the initial voltage drop (Figure 7b), the
smoothing of the original surface is attributed to the formation
of the SEI layer. In accordance with earlier results by ex situAFM
experiments on amorphous silicon anodes, the SEI layer is not
homogeneously formed over the entire surface.32 Interestingly,

it is observed that the SEI layers seem to originate preferably in
the interparticle areas of the Si electrode.

Figure 6. Overview of the topographical and mechanical changes before and during the first discharging process. Topographical image of the
corresponding stiffness values of the (a) pristine Si surface, (d) SEI-covered surface, and (g) fully lithiated surface. Corresponding Young’s modulus
map for the (b) pristine surface, (e) SEI-covered surface, and (h) fully lithiated surface. Stiffness histogram obtained in Young’s modulus maps for (c)
pristine surface, (f) SEI-covered surface, and (i) fully lithiated surface, in which the red dashed linesmark the comparable histogram of the surfaces with
SEI (f) and the fully lithiated sample (i).

Figure 7. Schematic representation of the initial SEI formation and the
inhomogeneous lithiation of the Si electrode. The pristine surface of a
thin film Si electrode (a) before the SEI (yellow) is covering the
boundaries (b). Afterward, the SEI is covering the whole sample surface
(c), and the sample expands during lithiation (d).
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This initial SEI formation is captured in Figure 2b and further
analyzed in Figure 3. Consequently, the surface topography is
flattened, and the differences in height between the individual
particles become less distinguished. The calculation of the RMS
values at the pristine surface and at the surface covered by the
initial SEI layer also demonstrates the surface smoothening
during the initial SEI formation. A possible explanation for the
inhomogeneous SEI formation between the particles is that
these sites exhibit a higher surface activity. The activation energy
for SEI nucleation is therefore lower at the boundaries. This is
supported by the SEI formation on carbon-based electrode,
where Seidl et al.33 proposed that the edges of graphitic
electrodes are also highly active as nucleation sites for the SEI
formation and mainly composed of inorganic species. This
assumption may also hold for the polycrystalline Si. It can then
also be expected that the SEI, which is initially formed in
interparticle areas, contains a higher amount of inorganic
ingredients. Additionally, the anisotropic surface orientation
within the polycrystalline Si sample might affect the initial SEI
formation.
An alternative explanation for SEI growth originating between

the particles might be the closer vicinity of the grain boundaries
toward the current collector, enabling a faster charge-transfer
reaction. However, we assume that this effect is much weaker
than the aforementioned explanation due to the high
conductivity of the doped silicon. Within the progress of SEI
formation, the continuously formed SEI is fully covering the Si
electrode surface.
The different chemical compositions of the SEI layer have

been analyzed by the Young’s modulus values of the thin-film Si
during discharging. The Young’s modulus values have been
significantly altered from the pristine Si (Figure 6c), after SEI
formation on the surface (Figure 6f), and the following lithiation
(Figure 6i). The lithium load in the SEI layer causes the variation
of the lithium source in the surface and changes the SEI
characteristic toward higher stiffness values.26 Such chemical
variation of SEI has been reflected in Figure 6f,i, illustrating the
histograms of the stiffness for fixed sample areas. The wide
distribution of the observed Young’s modulus mapping depicted
in Figure 6f,i indicates multiple components at the surface. The
distribution of the stiffness is increased toward higher stiffness
during the experiment, most likely due to the formation of
inorganic species, causing the alteration in the stiffness values as
the consequence of the lithiation process.34

Figure 7c represents the ongoing lithiation of the Si electrode.
After the initial SEI has been formed, the whole Si electrode is
covered with a thin SEI layer and the lithiation of surface follows
until the sample is fully lithiated, schematically displayed in
Figure 7d. It is important to note that the formation of the initial
SEI layer strongly defines where the lithiation of polycrystalline
Si takes place. The lithiation continues after the SEI layer
formation and not all particles are equally lithiated, schemati-
cally depicted in Figure 7c. During this period, lithiation plays
the main role in altering the morphology of the surface. This
anisotropic expansion of the particles becomes apparent in the
topography maps in Figure 2c,d as well as in the clusters
illustrated in Figure 5. Particularly remarkable is that distinct
particles appear when lithiation start, depicted schematically in
Figure 7c. This effect is explained by the different orientations of
polycrystalline Si. The inhomogeneous expansion is also
indicated by the RMS values in Figure 4 over the lithiation
time. The abrupt increase of RMS values is attributed to the
inhomogeneous lithiation-induced particle growth up to 5000 s,

recorded in Figure 4. This behavior can be explained by the
multiple particle crystal orientations of the electrode surface. It
has been reported that the crystallographic orientation affects
the lithiation behavior of single-crystal Si electrodes.35 In the
present case, the polycrystalline Si film contains various
orientations of Si grains and can lead to inhomogeneous
lithiation for certain grains, which can be obtained in the
topography in Figure 2c,d. The different crystal orientations can
also be depicted in the Young’s modulus map of the pristine Si
surface in Figure 6a−c. The polycrystalline Si electrode contains
Si ⟨100⟩, ⟨110⟩, and ⟨111⟩ crystal orientations, providing
different Young’s modulus values for each orientation.36,37 The
different orientations of the polycrystalline Si surface result in
stiffness variation, displayed in Figure 6a−c, where it is recorded
that higher particles comprise lower Young’s modulus values, in
comparison to the interparticle areas. After the initial lithiation
and the nonuniform expansion of the preferred particles, the
lithiation continues mainly homogeneously, which can be
indicated from the RMS values in Figure 4 after 5000 s lithiation
time.

5. CONCLUSIONS
Detailed in situ EC-AFM measurements on the initial lithiation
of Si thin-film electrodes have been presented. Two processes
have been visualized: It is observed that initial SEI formation
preferably originate between the particles, which reduces the
roughness of the samples surface. Besides this process the
followed anisotropic lithiation of the electrode particles causes a
dramatic increase of surface roughness, which is assigned to
different orientations in the polycrystallinematerial. However, at
this stage it is challenging to separate the influence of the
expansion of particles due to lithiation and the contribution to
roughness by the ongoing SEI growth. Nevertheless, the most
dramatic changes in surface morphology occur between a
lithiation ratio of 4% and about 25%. Below, no apparent effect
of particle expansion is found, whereas above the roughness
increase is observed to level off. The variation of the components
in the SEI layer by the stiffness evolution during lithiation has
been discussed. The presented nanometer-scale analyses of the
thin-film Si electrodes might open up new prospects on further
development of the thin-film Si anodes, one of the most
promising anode materials in LIB.
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