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ABSTRACT: Si thin films obtained by plasma enhanced chemical vapor 3.07
deposition (PECVD) were used to investigate chemical and morphological
modifications induced by lithiation potential and cycling. These modifications
were thoughtfully analyzed by time-of-flight secondary ion mass spectrometry
(ToF-SIMS) depth profiling, which allows to distinguish the surface and bulk
processes related to the formation of the solid electrolyte interphase (SEI)
layer, and Li—Si alloying, respectively. The main results are a volume
expansion/shrinkage and a dynamic behavior of the SEI layer during the single
lithiation/delithiation process and multicycling. Trapping of lithium and other
ions corresponding to products of electrolyte decomposition are the major
reasons of electrode modifications. It is shown that the SEI layer contributes to 0.0
60% of the total volume variation of Si electrodes (100 nm). The apparent
diffusion coefficient of lithium (Dy;) calculated from the Fick’s second law
directly from Li-ion ToF-SIMS profiles is of the order of ~5.9 X 107" cm®s™". This quite low value can be explained by Li
trapping in the bulk of electrode material, at the interfaces, continuous growth of the SEI layer and increase of SiO, quantity.
These modifications can result in limitation the ionic transport of Li.
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1. INTRODUCTION
Very high charge capacity (3579 mAh/g) of Si negative

profiles. ToF-SIMS is a surface sensitive technique allowing for
local ions detection (i.e., lithium ions and species characteristic

electrode in Li-ion batteries is related to the formation of Li-
rich alloys. However, the lithium alloying/dealloying reaction
leads to huge volume variation and high mechanical stresses
that are responsible for electrode cracking and crumbling which
can trigger poor cycling ability."~ It has been reported recently
that a poor cyclability of Si electrodes was associated with
lithium segregation®® and induced stresses® at the electrode/
current collector interface. The volume variations of Si
electrode and resulting electrode cracking entail a continuous
growth of solid electrolyte interphase (SEI) layer on the newly
exposed surface of Si electrode.”® Thus, taking into
consideration these modifications, the formation of the SEI
layer is not only limited to the first lithiation/delithiation cycle
but it continues in the following cycles. It should be also
emphasized that the morphology and composition of the SEI
layer strongly depend on the electrolyte composition” " and
state of lithiation.'®™"°

In this Research Article, the composition of the SEI layer,
and the chemical and the morphological modifications of the Si
(a-Si:H) thin film electrode were studied as a function of
lithiation potential and number of cycles by means of time-of-
flight secondary ion mass spectrometry (ToF-SIMS) depth
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of the products of electrolyte decomposition and analyzed
sample) with a hi%h sensitivity and a very high in-depth
resolution (~1 nm).”® Moreover, changes in the in-depth ions
intensities and modifications in time of sputtering induced
either by lithiation potential or cycling allow an easy
discrimination between SEI layer zone, Si thin film electrode
zone and stainless steel (SS) current collector zone. The
application of the Si model thin film electrode having enlarged
surface-to-volume ratio, provides clear and more comprehen-
sible insight into the electrode/electrolyte interface reactions
without complications from current percolators or binding
agents® that are used in bulk composite electrode materials.
This allows us to study intrinsic electrochemical and interfacial
processes occurring on the surface of electrode materials. ToF-
SIMS depth profile is also used for the direct calculation of the
apparent diffusion coefficient of Li ions (Dy;) in 100 nm Si films
using the semi-infinite integration of Fick’s second law for one-
dimensional diffusion.
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2. EXPERIMENTAL CONDITIONS

Si thin film electrodes (hydrogenated amorphous silicon: a-Si:H) with
two different thicknesses, 30 and 100 nm, were prepared by plasma
assisted chemical vapor deposition (PECVD) on stainless steel (SS)
substrate (AISI321, Goodfellow). Details concerning the sample
preparation by means of PECVD were given in a previous paper.8 For
simplicity, the a-Si:H thin film electrodes will be denoted “Si thin film
electrodes”.

Electrochemical cycling of the Si thin film electrode with
thicknesses of 30 and 100 nm was performed in a two-electrode
half-cell (Teflon Swagelok type) (as described in a previous papers). A
paper filter was used as separator and propylene carbonate (PC, purity
>99.7%, 20 ppm of H,0, Sigma-Aldrich) containing 1 M LiClO,
(purity >99.99%, battery grade, Sigma-Aldrich) was used as electrolyte.
The concentration of water in the electrolyte was lower than 30 ppm,
as controlled by a Karl Fischer coulometer. A lithium foil (99.9%
purity, Alfa Aesar) was used as both counter and reference electrodes.
Cells were assembled in an Ar-filled glovebox (O, ~ 1 ppm; H,0 < 3
ppm). The cells were cycled galvanostatically between 0.125 and 2 V
vs Li/Li" at a charge/discharge rate of C/1 (full charge or discharge in
1 h), corresponding to 25 and 84 pA/cm? for 30 and 100 nm film
thicknesses, respectively, considering material density equal to 2.33 g/
cm?® and a maximum capacity of 3600 mAh/g. Potentiometric curves
were acquired by a VMP3 Biologic multichannel potentiostat/
galvanostat equipped with EC-Lab software for data acquisition.
After cycling, the cells were opened in the glovebox and the cycled Si
films were rinsed with dimethyl carbonate (DMC, > 99% purity,
Sigma-Aldrich) and dried under argon flow before ToF-SIMS analysis.

An IONTOF ToF-SIMS S spectrometer (time-of-flight secondary
ion mass spectrometry) to which the glovebox is directly coupled, was
used in the dual beam analysis mode to collect negative-ion depth
profiles for pristine and cycled Si films. For sputtering a 2 keV Cs*
beam with a 100 nA current was rastered on a 300 X 300 ym?® area,
while for analysis a 25 keV Bi* beam with a 1.2 pA current in a 100 X
100 um? area centered at the bottom of the crater was used. Both
beams hit the target at an angle of 45°. The spectrometer was run at an
operating pressure of 10~° mbar. Data acquisition and processing were
done using the Ion-Spec software.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Properties. 3.1.1. Galvanostatic
Lithiation—Delithiation Process of Si Thin Film Electrode.
Figure la shows the first cycle of lithiation/delithiation
performed on a 100 nm Si film at a current density of 84
uA/cm?* (ie, C/1). In the first few hundreds of seconds, a
steady decrease in the potential (marked as zone a, in Figure
1a), is attributed to SiO, reduction and SEI layer formation
onto the Si surface. The second zone (marked as b, in Figure
1a) can be defined as a lithiation plateau, and the third zone
(marked as c, in Figure 1a) as a delithiation one.

The galvanostatic measurement was stopped at different
states of lithiation and delithiation (marked from 1 to S) and at
each of them, the cell was left to relax until reaching a stable
open circuit potential (OCP) with a variation less than 1 mV/
h: at 200 mV before silicon lithiation plateau (point 1), at
silicon half-lithiation plateau (point 2), at the end of lithiation
at 125 mV (point 3), in the middle of delithiation at 500 mV
(point 4), and in the end of delithiation at 800 mV (point S).

The evolution of the OCP during the cell relaxation (at each
point from 1 to S) is marked by dashed red lines in Figure la.

At the first point of relaxation (point 1), a huge potential
increase from 200 mV (lithiation cutoff potential E_.g) up to
~900 mV (Eqcp) versus Li/Li* can be observed, which may
indicate a poor and unstable modification of Si bulk, mainly
limited to the outermost part of the thin film electrode. The
amount of lithium ions introduced into the bulk of the Si film
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Figure 1. (a) Galvanostatic curve of the first cycle for 100 nm Si thin
film (blue solid line). Red dashed lines show the Eqcp curves collected
at 200 mV (point 1), 200 mV half lithiation plateau (point 2), 125
(point 3), S00 (point 4), and 800 mV (point S). (b) Eqcp variation
with time for lithiation and delithiation processes.

was gradually increased by decreasing the cutoff potential
(point 2 and 3, Figure 1a). For these two points (2 and 3), a
smaller potential increase (Epcp) was observed in comparison
with the first point: from 200 mV up to 450 mV and from 125
mV up to 265 mV, respectively (see red dashed lines in Figure
1a). Figure 1b shows the difference between the cutoff lithiation
potential (E.yq) and the final OCP (Eqcp) as a function of
time of lithiation. This difference between the lithiation
potential (E.yg), and the final OCP (Egcp) is diminished
with the increase in the lithium content inside the Si bulk,
showing an exponential dependence. A smaller deviation of the
Eocp from the E .4 can indicate more significant and stable
modifications of the Si thin-film electrode related to formation
of a stable Si—Li phase. Whereas, the surface processes
occurring at the first lithiation potential (i.e, point 1) do not
involve the bulk modifications like formation of stable Si—Li
phases. The surface process might be a nonsteady-state process,
with deposition of products related to reduction of electrolyte
and formation of passive layer on the electrode surface. Thus,
the weakly bonded to surface products of electrolyte
decomposition containing lithium can be much easier detached
from the surface and transferred back to the bulk electrolyte
than the lithjum forming the stable Si—Li phases.

Then, the a-Li,Si:H film was progressively delithiated by
applying a positive current and by controlling the cutoff
oxidation potential (points 4 and S in Figure 1a). Similarly to
lithiation process, at each point (4 and S) the cell was relaxed
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and the OCP was measured. In this case, a decrease in the Eqcp
from S00 to 450 mV (point 4) and from 800 down to 710 mV
(point S) can be observed during delithiation (Figure Ia).
Figure 1b shows a less significant difference between the final
Eqcp and E ¢ delithiation potential (red markers, points 4 and
5) than between the final Egcp and the E_4 lithiation potential
(blue markers, points 1—3). From the plot given in Figure 1b, it
can be deduced that the difference between the cutoff potential
(Eeuor) (under current control) and the final Eqcp measured at
each relaxation point is mainly due to the incomplete lithiation
of the silicon matrix. As long as there are nonlithiated regions in
the silicon matrix, lithium ions tend to diffuse toward lower
concentration regions to reach an equilibrium state with a
homogeneous distribution of lithium ions in the bulk of the
electrode material. The schemes given in Figure 1a (zone b and
c) illustrate lithium diffusion from rich (a-Li,Si:H) to poor
lithiated (a-Si:H) regions. It can also be observed that
differences are less pronounced in the delithiation process.
These results indicate that the distribution of lithium in the
bulk electrode is more homogeneous during delithiation than
during lithiation. The differences in lithium distribution can be
also related to morphological modifications like expansion and
contraction phenomena observed during lithiation and
delithiation reactions, respectively. Diffusion concentration of
lithium ions, ions related to products of electrolyte decom-
position, and products of alloying reaction on the electrode
surface and in the bulk electrode material as a function of
lithiation potential and number of cycles were analyzed by ToF-
SIMS in-depth profiling. The data will be presented in the
following sections.

3.1.2. Capacity Retention of Si Thin Film Electrode. The
cycling of the 30 nm-thick Si electrode shows a rather stable
capacity in the range of 2500—2000 mAh/g (Figure 2a). The
low columbic efficiency (Figure 2 a) during the first cycles can
be related to the formation of SEI layer due to the reductive
decomposition of electrolytes as discussed already in our
previous paper.® During the first 20 cycles, an increase in the
Columbic efficiency can be observed up to around 95%, which
is stabilized in further cycles from 20 to 80, with a stable
decrease observed during the last 20 cycles.

Figure 2b presents a capacity loss as a function of the cycle
number for 30 and 100 nm Si film electrodes. A very high
capacity loss can be observed for both thin film electrodes
during the first few cycles. However, thinner films suffer from
higher capacity loss during the first 25 cycles as shown in Figure
2b. Partly, this higher capacity loss for 30 nm thick silicon
electrode can be related to the surface reactions occurring not
only on the surface of Si-electrode but also on the stainless steel
substrate (current collector), related to electrolyte reduction
and/or to the conversion reactions of lithium with iron and
chromium oxides from the stainless steel substrate.””*' The
conversion reactions related to the formation of lithium oxide
and metallic iron/chromium occur at a potential very close to
that of electrolyte reduction.”’™>* The three times higher
amount of electroactive material in the 100 nm-thick electrode
with respect to the 30 nm-thick one, indicates, that all surface-
like reactions which could occur on the thicker Si electrode are
hidden by bulk reactions related to formation of a-Li,Si:H
alloys.

3.2. Chemical Modifications of Si Thin Film Electrodes
Studied by ToF-SIMS Depth Profiling. 3.2.1. Influence of
Lithiation State. Tof-SIMS depth profiles (negative ions) were
collected at different stages of lithiation and delithiation
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Figure 2. (a) Lithiation and delithiation capacity as a function of the
number of cycles for 30 nm Si thin film electrode cycled in the
potential range from 125 mV to 2 V vs Li/Li". (b) Capacity loss as a
function of the number of cycles for the two Si film thickness (30 and
100 nm).

(analysis points from 0 to S are indicated in Figure la) of Si
thin film electrode to investigate the following points: (1)
volume and chemical changes produced at different lithiation
states by collecting Si”, SiH™, and SiO,” ions, (2) formation of
the SEI layer by acquiring ClI, CO;7, and Li~ ions, (3)
formation of Li—Si alloys by registering LiSi~ ions, and (4)
presence and formation of pinholes into Si film by collecting
signal characteristic of stainless steel current collector (SS
substrate), as CrO~ ion.

Figures 3a-d shows ToF-SIMS depth profiles of pristine 100
nm Si film (corresponding to point 0 in Figure 1a) and after
different lithiation stages (corresponding to point 1, 2, and 3 in
Figure la). The different zones: SEI layer zone, Si thin film
electrode zone (Si film) and current collector zone (SS
substrate) with their interfaces are specified by horizontal
arrows and the limits of these zones are marked by vertical
dashed black lines in Figures 3 and 4. The first obvious
phenomenon observed from ToF-SIM in-depth ion profiles is
an increase in lithium content inside the Si thin film electrode,
evidenced by a visible increase in the Li ion signal intensity as a
function of the lithiation stage. This higher Li concentration is
related to accumulation of Li-containing species in the near
surface area because of SEI layer formation and also due to
formation of Si—Li alloy compounds in the electrode bulk. The
second evident phenomenon is an increase in sputtering time
(necessary to reach the SS substrate interface) with propagation
of lithiation reaction. This significantly higher sputtering time
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Figure 4. ToF-SIMS profiles of 100 nm Si thin film electrode as a function of delithiation stage: (a) 500 (point 4) and (b) 800 mV (point S).

observed at each step of lithiation is directly related to a larger
global volume of the Si film electrode. The width of the Si thin
film electrode was determined from the interception point
between SiO,” and CrO~ signals and it includes the Si
electrode/SS substrate interfacial region (Figure 3). Volume
modifications can be also evidenced by the increase in
interfacial zones (longer sputtering time of SEI/Si electrode
and Si electrode/SS substrate interface) and much less resolved
in-depth ion profile shapes. The huge volume expansion/
contraction can lead to a roughness increase in the thin film
electrodes which is evidenced by enlarged interfacial zones.
These types of modifications were already observed on other
kinds of thin film electrodes.*'™** In consequence, the
roughness increase can lead to the exposure of a new
uncovered Si electrode surface to the electrolyte. The other
phenomena are related to the modification of surface
composition (formation of the SEI layer) and lithiation process
(formation of Li—Si alloys). The exact chemical composition of
the surface layer was presented in details in our previous

13026

works.”® These surface and bulk modifications can be easily
identified on the basis of Si~ profiles. The time required to
reach the plateau of Si~ signal increases with lithiation potential
from almost O s for the pristine sample to around 250 s of
sputtering for the lithiated sample (point 3) which indicates,
first, the formation and, then, the uptake of SEI layer. The
length of the Si plateau (the end of the Si~ plateau marked by a
vertical dashed gray line in Figures 3 and 4) also increases with
increasing the lithiation from 180 to 320 s for the pristine and
completely lithiated samples, respectively, which is directly
related to Li—Si alloying process responsible for film expansion
(as presented in Figure 3d). Moreover, changes observed in Si~
profiles are also accompanied by different shapes of SiH™ and
SiO,” profiles which are characteristic of Si film. A slight
increase in the global SiH™ signal intensity can be observed
after the first lithiation state (point 1, Figure 3b). The increase
in SiH™ intensity close to the surface can be also noticed for the
second lithiation point (point 2, Figure 3c). The shape of the
SiO,” signal, characteristic of SiO, present on the Si film

dx.doi.org/10.1021/am502913q | ACS Appl. Mater. Interfaces 2014, 6, 13023—13033
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surface (Figure 3a), is greatly influenced by lithium diffusion
into Si bulk. In the first seconds of sputtering, there is a
progressive enlargement (i.e., increase sputtering time) of the
SiO,” signal for the first stage of lithiation (point 1, Figure 3b)
and, then, during the next stage of lithiation the signal
enlargement is accompanied by a decrease in the SiO,” signal
intensity (Figure 3c and d). In the bulk Si-thin film electrode
the intensity increase of the SiO,” signal can be observed,
especially for the next stages of lithiation (Figure 3c and d).
The electrolyte (PC/LiClO,) and products of electrolyte
decomposition can be a new source of oxygen species and lead
to Si chemical oxidation. At the moment, this phenomenon is
not completely understood and more studies need to be
performed regarding the presence of SiO, species. However,
the presence of silicon oxide (high intensity SiO,” profile) at
the Si/SS substrate interface in the pristine sample originates
from process of surface treatment by hydrogen before the thin
film deposition by PECVD. Surface pretreatment with
hydrogen should remove the native oxide layer from SS
substrate, but ToF-SIMS profile shows formation of silicon
oxide in the first stages of deposition in this Si/SS interfacial
region.

Concerning the other ion profiles, in the first stages of
reduction process (point 1, Figure 1a), before silicon lithiation
plateau, new and intense signals, like CI7, CO;~, and Li~ appear
(Figure 3b). They are characteristic of the SEI layer formation
at the Si electrode surface. Before the silicon lithiation plateau
(before point 1 Figure 1), the intensity of the LiSi™ signal is low
indicating that at this point no Li—Si alloys are formed
confirming the occurrence of surface reactions. As the lithiation
potential decreases, a progressive increase in the sputtering
time can be observed for CI7, CO;™ and Li~ signals (as shown
in Figure 3c and 3d), which confirms the growth of the SEI
layer. Moreover, ToF-SIMS profiles show 2 plateau domains in
the SEI layer region (particularly visible in Figures 3c and d).
This was first reported for amorphous Si thin film electrode
cycled in PC/LiClO,® The first plateau region (marked as
region 1 in Figure 3d) is characterized by very high Li~, CI7,
and CO;™ and low Si”, SiH™, and SiO,~ intensity signals. This
indicates the formation of a distinct phase constituted of salt
and carbonate reduction species characteristic of the SEI layer.
Next, there is a transition region (between regions 1 and 2),
which is characterized by a sudden decrease in the intensity of
the CI” and CO;™ signals and a simultaneous slight increase in
the Li~ signal and a huge increase in the Si~, SiH™, and SiO,~
signals intensities. A second plateau region with stable intensity
values for C1™ and CO; signals is observed (region 2 in Figure
3d). This second region is also characterized by a continuous
increase in the intensity of the Si~, SiH™, and SiO,~ signals,
characteristic of the Si film. The second region (marked as an
interfacial region of the SEI/Si region 2 in Figure 3d) is poorly
defined, since the signals corresponding to the SEI layer and
the Si electrode are both detected. This second region is most
probably due to expansion and increased roughness of the thin
film silicon electrode during lithium alloying where signals
attributed to both the Si electrode and the SEI layer can be
collected. This kind of two-stage plateau was also characteristic
for other types of thin film electrodes® and identified as the
formation of duplex-like structure of the SEI layer.

The next region (marked as Si film) can be characterized by a
stable intensity of Si~ and SiH™ signals, where a sharp decrease
in the CI” and COj;™ signals is visible. Moreover, an intense and
rather stable LiSi~ signal is collected in the bulk region of the Si

film. This confirms the formation of Li—Si alloys in the Si film,
which is in agreement with the galvanostatic test showing that
the lithiation plateau region was reached (point 3 in Figure 1a).

To analyze the presence of defects (i.e., pinholes) in the Si
thin film electrode, the CrO™ signal characteristic of stainless
steel substrate was reported. A very low intensity of the CrO™
signal in the first seconds of acquisition reflects a defect-free Si
thin film electrode. Formation of the SEI layer at the first state
of lithiation (point 1, Figure 3b) leads to a slight increase in the
CrO™ signal intensity in the first 10—20 s of sputtering, which
indicates the formation of defects pinholes or cracks in the Si
thin film electrode. This confirms (as mentioned above) the
participation of the current collector (SS substrate) in surface
reactions such as formation of the SEI layer. However, film
expansion because of the formation of Li—Si alloy and growth
of the SEI layer (points 2 and 3) leads to a drop of the CrO~
signal to a value near or lower than the one collected in pristine
films (Figure 3c and d). This can be indicative of the formation
of compact SEI layer on the electrode surface which results in
good pinholes sealing.

From ToF-SIMS profiles, given in Figure 3a—d, one can infer
a volume expansion and a continuous growth in the SEI layer
with the increase in the lithiation potential. The volume
expansion of the electrode reveals new parts of the Si thin film
electrode where the electrolyte can be reduced. Electrolyte
diffusion can be also facilitated by the formation of a rough and
at the same time a more porous SEI layer structure or a high
electronic conduction within the SEI layer.

Figure 4 shows ToF-SIMS depth profiles of Si films
delithiated at 500 and 800 mV (point 4 and S, respectively in
Figure la) after cell relaxation to a stable OCP value. A
decrease in the sputtering time for CI~, CO;~, and Li~ signals
(corresponding to the components of the SEI layer) with an
increase in the cutoff voltage can be observed (comparison of
Figure 4a with b). This indicates that the SEI layer is unstable
during the anodic process of delithiation and tends to dissolve.
This confirms some recent FTIR results.** The same dynamic
behavior of the SEI layer has been already observed on other
types of negative electrodes.”> At the same time, a decrease in
the LiSi~ signal intensity corresponds to the delithiation of a-
Li,Si:H. However, at 800 mV (point 5) some of the Li ions are
still present in the silicon structure as Li,Si alloy, which can be
deduced from the high intensity of the LiSi~ signal (Figure 4b).
This means that the irreversible capacity value observed in the
first cycle is not only due to the SEI layer formation but also to
an incomplete delithiation of a-Li,Si. The delithiation process
leads also to a decrease in the sputtering time associated with
shorter Si~ (to 210 s at delithiation state, point S, in
comparison to 320 s for lithiated sample, point 3) and SiH~
signal plateaus, which is in agreement with Si film contraction.

The Si volume variation can be calculated from the difference
between Si final and Si initial volume at different points of
lithiation or delithiation. More precisely, the volume changes in
the Si electrode produced during the lithiation/delithiation
process may be indirectly inferred from sputtering times of Si
and SEI regions. Sputtering time variations of the Si + SEI
(Atg,spr), Si (Atg;), and SEI layer (Atgg) were calculated using
the following equations, respectively:

tSimeasured ~ tSipristine

X 100%

At =
Si+SEL
tSipristine ( 1)
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(tSimeasured - tSEI) - tSipristine

Aty = X 100%

tSipristine 2)

Atgy = Atgyge — Al (3)

The Atg,spp, Atg;, and Atgg; values were plotted as a function
of the applied potential (200, 125, 500, 800 mV, corresponding
to points 2, 3, 4, S, respectively), as shown in Figure S. As

250

m Atgge
Aty
200 m At
150
=
-
< 100
| ia
200 mV 125 mV 500 mV 800 mV
Point 2 Point 3 Point 4 Point 5

Figure S. Sputtering time variation At (s) of Si + SEI (ie., Si/SS
interface position), Si, and SEI layer as a function of lithiation (point 2,
3) and delithiation (point 4, S) stage.

already discussed above, these values increase with lithiation
(point 2 and 3) and decrease with delithiation (point 4 and 5)
processes. To evaluate silicon and SEI layer contribution to the
total volume variation (given by the Afg, ¢p values), the Afg
and Afgg; values were compared with Afg;, gg; value. Histograms
in Figure S show that Afg represents only 1/3 of the total
volume variation, while Afg; contributes to 2/3 of the total
volume variation. It can be then concluded from these results
that the SEI layer contributes significantly to the volume
modifications observed onto Si thin film electrodes. To our
knowledge, these results evidencing the important contribution
of electrolyte decomposition products (SEI layer) in the
volume expansion of Si electrode derived from ToF-SIMS
depth profiling data are shown here for the first time. Surface
chemistry related to the electrolyte reactivity with the active
electrode material seems to be an essential factor influencing
both chemical and morphological modifications and, con-
sequently, the electrochemical performance of Si electrodes.
3.2.2. Li Trapping as a Function of Electrode Film
Thickness. In the aforementioned discussion, it was already
concluded that Li accumulation can be easily observed in the
near-surface zone corresponding to the SEI layer and in the Si
film/SS substrate interface. This lithium interfacial trapping,
particularly significant at the first point of lithiation (Figure 3
b), may explain OCP instability during the sample relaxation, as
discussed above (and present in Figure 1). To investigate more
carefully the phenomenon of lithium-ion trapping in Si
electrode, the Li~ ion profiles were compared and analyzed
for two different electrode thicknesses (30 and 100 nm) after
full cycle of lithiation-delithiation at potential cutoff ~2 V
(Figure 6). As the sputtering time depends on electrode
thickness, and to be able to compare the intensities of Li~
profiles for these two films, the signals were normalized by
multiplying the sputtering time of 30 nm Si film by

6 — Li/Li,, ratio

smooth line

Li, /Li,
ko

%9 "100 200 300 400 500 600 700 800
Normalized sputtering time (s)

Figure 6. Lizy/Lij ratio as a function of sputtering time in 30 and 100
nm Si thin film electrodes after a full cycle of lithiation/delithiation
analyzed at a delithiated stage at potential cutoff ~2 V.

approximately 100/30 ratio, that is, the value of 3.33(3).
Matrix effects on the sputtering rate for both films can be
neglected. The ratio of lithium profiles for both electrodes (30
and 100 nm) Liyo/Lio plotted against sputtering time shows
two very intense Li~ “peak signals” (peaks 1 and 2 in Figure 6).
The first peak, present between 0 and 50 s of sputtering,
corresponds to lithium and species containing lithium ions
accumulated in the SEI layer formed on the surface of the Si
electrode. The second peak, present between 200 and 300 s of
sputtering, corresponds to an accumulation of lithium at the Si
electrode/SS substrate interface. Very low lithium signal can be
observed in the bulk of both electrodes (between ~100—170 s
of sputtering given in normalized plot of Figure 6). This result
shows that Li trapping occurs mainly at the interfaces,
regardless of the Si film thickness. However, a higher absolute
intensity of Li~ signal (Liyp/Lijgy > 1) indicates an easier
trapping of Li ions in thinner films, which confirms the
conclusions presented above concerning the high reactivity at
the Si electrode/SS substrate interface. These findings are
consistent with the higher capacity loss observed in the thinner
Si films as observed by the electrochemical results (Figure 2b).
On the basis of these results, it can be concluded that by
decreasing Si dimensions (i.e., thickness of thin film electrode
or dimensions of nanostructured architectures), lithium
trapping becomes a critical parameter. Lithium trapping,
described in the literature as lithium segregation in Si and at
interfaces®'”**™>” can significantly influence electrochemical
performances of the Si electrode. These results show that
electrode architecture is also one of the primordial parameters,
which should be taken into account for improving electro-
chemical performances of Si electrodes and thus the LIB cells.

3.2.3. Effect of Cycling on Chemical and Morphological
Modifications. Figure 7a shows ToF-SIMS depth profiles of 30
nm Si pristine and cycled films (52 and 100 cycles) performed
in PC/LiClO,, between 125 mV and 2 V vs Li/Li*. A significant
evolution of the Li~, Si~, and CrO~ signals characteristic of the
SEI layer, Si film and SS current collector, respectively, can be
observed as a function of cycling. The first evident evolution is
an increase in the sputtering time for all the signals and the loss
of sharpness of interfaces between the SEI layer/Si film and
also the Si film/SS substrate. This is particularly illustrated by
the lack of definition of the interfaces for the Si~ signal with
increasing number of cycles (Figure 7a after 100 cycles). These
modifications are related to strong changes of the chemistry
and morphology (volume expansion and roughness increase) of
the Si film electrode. As discussed above, the SEI layer is
unstable during the lithiation/delithiation process (see Figures
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Figure 7. (a) ToF-SIMS depth profiles of 30 nm Si pristine and cycled
films (52 and 100 cycles) performed in PC/LiClO,, between 125 mV
and 2 V vs Li/Li*; (b) Li/Si ratio evolution of Si films with cycling.

3a—d and 4a and b). A thick SEI layer is formed during
lithiation and undergoes dissolution during delithiation process.
Here, the instability of the SEI layer and its continuous uptake
as a function of cycling can be confirmed by a longer time
necessary to attain the maximum intensity of the Si~ profile
(280 s for 52 cycles and 600 s for 100 cycles). A similar
dynamic behavior of the SEI layer upon cycling on negative
electrodes has been previously described.”” For graphite
electrodes Edstrom et al.*® suggested a microporous structure
of the SEI layer, while Tasaki” emphasized that a dynamic
behavior of the SEI layer means the modification of the SEI
chemical composition induced by the electrolyte composition.
Formation of a rough and microporous-like structure of the SEI
layer on the Si electrodes cannot be excluded. This could be
explained by less resolved depth profile shapes.

Retention or trapping of some products of electrolyte
decomposition, formed during reduction, can explain the
irreversible volume expansion observed in Si film after 100
cycles, which can be deduced from high sputtering times
(Figure 7a). Despite huge and irreversible chemical and
morphological changes in Si films, a relatively good capacity
retention can be observed (as shown and discussed above, see
Figure 2a) and mobility of lithium ions remains possible in
deeply deteriorated material. This can be due to higher porosity
of the material with cycling and/or to the SEI layer conducting
properties. Figure 7b shows Li/Si ratio evolution of Si films
with cycling. As the number of cycles increases the quantity of
Li retained in the Si increases, confirming once more the
phenomenon of lithium trapping.

3.3. Chemical Diffusion Coefficient of Li lons in Si Thin
Film Electrode. ToF-SIMS allows direct measurements of

lithium concentration and has been recently applied to study
transport in the SEI layer’®*! and a partially delithiated olivine-
type LiFePO, cathode.”

The apparent diffusion coefficient of lithium (Dy;) in the Si
film electrode can be directly obtained from Li-ion in-depth
profile obtained by ToF-SIMS measurement (presented in
Figure 8a) and then calculated from the semi-infinite
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Figure 8. (2) Li ion ToF-SIMS depth profile at 200 mV (half-plateau
lithiation). (b) Plot of C,/C, as a function of Si film depth (x).

integration of Fick’s second law for one-dimensional
oL 3334
diffusion:

ac 0 oC 9*C
- = < |\Yu5 )T DLi—z
ot Ox Ox Ox 4)

where C is the concentration of lithium in the bulk electrode at
depth x and after time t. The following assumptions have been
taken into account: (a) lithium concentration in the electrolyte
is high enough to supply Li-ion during the whole lithiation
process (alloying); (b) a constant field force is applied in the
plateau region (stable potential around 200 mV); and (c) the
SEI layer region (around the first 60 s of sputtering) is excluded
(see Figure 8a).

The solution of eq 4 is a concentration profile as a function
of time C(x,t). Hence, Fick’s second law describes lithium ion
accumulation in the material with time, that is, changes in
concentration profile and concentration gradient with time.
Lithium ion diffusion coefficient (D;;) is considered to be
independent of x and C. The analytical solution of Fick’s
second law, for short times, is given by Gaussian error function:

S yex %)
erf(y) = ﬁfo p(—y°)-dy )

by setting boundary conditions.
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If we consider eq 4, D as a constant and we use the function y

= f(x,t) defined by

x
Y= b (6)
The partial derivatives of eq 6 are
o o
> _ 1 and 2 = - %

ox 2Dt

By definition

o 4pP (62)

o _och _ x o

o  dyot 4Dt® Oy (6b)
and

ﬁ,iﬂgyﬁuz

ox? oy| oy \ ox 4Dt dy2 (6¢c)

When substituting eqs 6b and 6¢c into eq 4, we obtain
o __JDioc

o x )
Combining eqs 6 and 7, we obtain the following equation:
aC 1 0°C
» yo ®
Now if z = (0C)/(dy) the eq (8) is simplified to
1 dz
T yy (52

It then can be rearranged into

—2fy0y=/% (8b)

By integration
—y*=Inz—-InB (8¢c)

where B is an integration constant.
Rearranging eq 8c gives

z = B exp(—y?) )

And
/dCzB/eXp(—)’z)d}’ (10)

To solve this integral, a set of boundary conditions are
necessary, as given below

C,=C, for y=0att> 0andx = 0, where C,

is surface [Li ion] concentration
C —
C,=C, for y=ooatt=0andx > 0, where C,

is bulk [Li ion] concentration

Cy _ 0 2
/é dC—B‘/0 exp(—y~) dy (1)

T
Co— G =B (112

B=-2(C,-C)

NE (11b)
When bulk concentration (C, = C, at x = 00) becomes greater
than surface concentration (C, = C, at x = 0) the solution of
Fick’s second law (eq 4) for concentration polarization (C, >
C,) becomes

G y 0
f dc=B8 / exp(—y*) dy = -B / exp(—y*) dy
Co © y

(12)
C,—C=- i(CO - Cs)ﬂerfc(y)
NZ3 2 (12a)
C.—C
R erf(L) for Cy > C,
C -G, 2+/Dt (12b)

This equation can be presented as

C, -G,

X

=1 — erf(z) withz =

X
C, - C, 2/Dt (12¢)

For Cy = 0 equation can be simplified to

C
= =1 - erf(z)
C, (12d)

Figure 8a displays the Li ion ToF-SIMS profile (on a linear
scale) collected at point 2 (at half lithiation plateau, Figure 1a).
The decay of Li ion concentration as a function of sputtering
time shows that Si film has been only partially lithiated (Figure
8a). The linear decrease of the lithium concentration as a
function of sputtering time (thickness of Si thin film electrode)
can be explained by the fact that this ToF-SIMS profile was
performed on the sample lithiated with fast cycling rate. C; and
C, values displayed in Figure 8a correspond to lithium
concentration at the SEI/Si interface and up to Si/SS substrate
interface (i.e, [Li] in the Si bulk), respectively. Then, the data
were normalized with respect to background (corresponding to
C, value) and to C, value. The sputtering time was converted to
Si film thickness, knowing that the sputtering rate is of ~0.6
nm/s. For simplicity, the modification of electrode matrix after
lithiation (ie., related to Li trapping), was neglected and the
sputtering rate was obtained from ToF-SIMS depth profiles
performed for different thicknesses of pristine Si thin film
electrodes. Data were replotted again as C,/C; vs Si film’s depth
(x) (Figure 8b). From this curve, we were able to obtain erf(z)
and, thereafter, to determine z value by iteration method from
error function tables. Dy; value was estimated to be ~5.9 X
107" cm? s™! in Si film after 1250 s of Si lithiation (Table 1). In
Table 2, this measured value for Dy; is compared with data
reported by other authors.>>~* This low value shows that the
ionic transport can be limited by trapping of Li ions in the SEI
layer and in the bulk of electrode (most probably in the SiO,/Si
interface zones), as evidenced by ToF-SIMS results presented
above. Yoshimura et al.*' reported that Dy; value increased from
107 to 1071 cm? s7! as Si film thickness increased. However,
Dy; should be independent of the thickness for Fick’s second
law to be applicable. This behavior was attributed to a surface
limiting reaction process, since as the film thickness, increases
surface reactions become less important. In our case,
continuous growth of the SEI layer in the silicon lithiation
domain (~200 mV) can explain rather low values of lithium
diftusion in silicon. The ionic transport can be also hindered by
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Table 1. C,/C,, erf(z), z, 2% and x Values and Lithium Ion
Diffusion Coeficient (D;;) Calculated from Dy; = (x*)/(42%t)
for t = 1250 s (Corresponding to Half-Plateau Lithiation
Time Taken from Figure 1a)

2

x (1077 (19(6)‘14 Dy; (1071
C,/C, cm?) erf(z) z 2 cm?) cm?® s7Y)
0.8010 9.49 0.1990 0.1892 0.0358 90.1 5.0335
0.7095 149 0.2905 0.2635 0.0694 222 6.3976
0.4975 26.8 0.5025 0.4800 0.2304 718 6.2326
0.3920 344 0.6098 0.6077 0.3693 1183 6.4067
0.3196 39.7 0.6804 0.7039 0.4955 1576 5.9576
0.2004 49.5 0.7996 0.9056 0.8201 2450 5.9748
0.1000 63.5 0.9000 1.1657 1.3588 4032 5.9346
0.0509 73.3 0.9491 1.3826 19116 5372 5.6204

Table 2. Comparison of the Measured Lithium Ion Diffusion
Coefficient (Dy;) with Data Reported in the Literature for
Silicon

silicon technique Dy; (em? s7Y) ref
a-Si:H (PECVD) Tof-SIMS depth 6 x 1071% this
profiling work
nano-Si CV, PITT, GITT, 10712 35
and EIS
a-Si:H (CVD) cv 107" 36, 37
a-Si:H (CVD) EIS 10713 38
a-Si (RF magnetron PITT and EIS 1072—107"1 39
sputtering)
Si vacuum-deposited films EIS, PITT 1071-10718 40, 41
a-Si pulsed laser Ccv 1078 42
deposition (PLD)
a-Si vacuum-deposited bipolar cells 10°° 43
film
c-Si plate (180 ym) bipolar cells 107" 43

4Dy, increases from 1073 to 107'° cm? s7! as film thickness increases.
Potential has a very low impact on Dy; values.

other phenomena like formation of SiO, species due to contact
of silicon with electrolyte. The SiO, species tend to increase in
the bulk of the silicon electrode with cycling. In this case
lithium could be trapped in the surface of Si particles probably
as Li,SiO,"” and also limit Li* diffusion.

This simple approach of evaluation of Li diffusion by
application of ToF-SIMS depth profiling has few drawbacks and
much attention should be paid in order to obtain reliable
information. These weak points are related to (a) Li ion profile,
which can provide information on lithium distribution at the
same time in the SEI layer, LiSi alloys and Li,Si,0; (b)
morphological modifications (material expansion, roughness
increase) of thin film electrode material at lithiated state
(corresponding to half-plateau potential) for which the ToF-
SIMS depth profiles show poor defined interfaces (where a
discrimination of different zones like SEI layer contribution can
be difficult); film expansion during lithiation leads to
continuous change in Li" travel depths and thereafter Li*
concentration; and (c) interfacial lithium trapping which can
change Li* conduction mechanisms by blocking preferential
paths and then influence Li concentration in Si film leading to
different Dy; values. In this way, Li trapping and Si expansion
contribute most probably to both Li concentration profile
change and Dy; variation with depths of lithiation.

At the same time, the Li-ion in-depth profile obtained by
ToF-SIMS which is a direct measurement method of the

apparent diffusion coefficient, gives a thorough insight on
lithium distribution into the electrode material and this
methodology can be applied to any type of electrode material.
It must be emphasized that this method is the first approach of
ToF-SIMS application in the studies of kinetics concerning the
lithium transport in thin film electrode materials.

4. CONCLUSIONS

This work studies has shown that the electrochemical reaction
of lithium within Si thin film negative electrode materials
induced significant chemical and morphological modifications.
The in-depth profiles measured by ToF-SIMS is a unique tool,
which has revealed these modifications at different stages of
lithiation/delithiation and number of cycles. The major findings
are the following: (1) Instability of the SEI layer during the first
cycle and SEI layer uptake during lithiation and dissolution
during delithiation, (2) significant SEI layer growth upon
cycling, (3) irreversible Si thin film electrode swelling/
deswelling process during the lithiation/delithiation, (4)
continuous expansion and or pulverisation of the Si electrode
with cycling, (5) an important contribution, as far as 60%, of
the SEI layer in the total volume variation of Si electrode, (6)
lithium and other ions (related to products of electrolyte
decomposition) trapping and segregation at interfaces with
increasing number of cycles, and (7) relatively low apparent Li
ion diffusion coeflicient value obtained from ToF-SIMS Li-ion
depth profiling, of order of ~5.9 X 107" ¢m? s7tin Si thin film
electrode, which can be entailed by Li trapped in the bulk of
electrode material (most probably at Si/SiO, interfaces) or the
SEI layer.

The electrode modifications listed above are detrimental to
the cycling stability of silicon electrodes. This application of
ToF-SIMS Li-ion depth profiling applied for calculation of Li
diffusion in Si thin film electrode material is the first approach
and even of some drawbacks of this method, it gives a thorough
insight on lithium distribution into the electrode material and
can be applied to any type of electrode material.
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