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a b s t r a c t

Amorphous silicon (Si) is one of the most prospective high performance anode material for lithium-ion
batteries and thin films of this material are promising for microbattery applications. Undoped, p- and n-
type doped Si thin films were deposited by madgnetron sputtering on a three-dimensional current
collector designed to accommodate the volume expansion of anode upon charge-discharge cycling,
improve the active material adhesion, and to enhance the rate capability of the anode. The designed Si
thin film anodes with and without doping were first investigated in lithium cell using various electro-
chemical techniques confirming the positive effect of doping on their performance. Raman spectroscopy
was performed before and after cycling the electrodes to further elucidate such effects. The trends in
change of an electrolyte during first lithiation/delithiation were observed by in situ Raman technique.
Along with this, the morphology features of a solid electrolyte interphase (SEI) layer formed on the
surface of the electrode and its modifications upon addition of 5% vinyl carbonate (VC) to the electrolyte
were studied. The n-type doping and unique SEI layer formed with poly(VC) polymeric species sup-
pressed the electrode crack formation preventing the capacity loss due to the material disintegration
upon cycling, which resulted in an outstanding cycling performance of Si thin film with the capacity of
1305 mAh g�1 retained over 400 cycles.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Silicon (Si) is the most promising anode material for next gen-
eration lithium-ion batteries (LIBs) due to its high theoretical spe-
cific capacity of 4200mAh g�1, which is 10 times higher than that of
graphite (372 mAh g�1). Si anode has a low working potential
(~0.4 V vs. Li/Liþ); it is abundant, cheap and non-toxic [1e3].

Si anode undergoes large volume changes (more than 300%)
during insertion and extraction of Liþ ions which leads to the
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problems such as rapid material degradation, destruction of solid
electrolyte interphase (SEI), and the electrical contact loss [4]. The
cycling performance of Si anode improves with the decrease of its
thickness, therefore Si in the shape of thin film is very attractive and
promising as the anode for microbatteries [5]. The SEI formed at the
electrode/electrolyte interface due to decomposition of the elec-
trolyte breaks upon the material expansion [6] leading to a
continuous electrolyte decomposition and performance degrada-
tion. The electrolyte composition affects the electrochemical
properties of the electrochemical cell especially by influencing the
SEI properties. Unsaturated compounds can be used as additives to
nonaqueous electrolytes because they can easily undergo poly-
merization in the conditions of the electrochemical loads (reduc-
tion/oxidation). Such additives could enable controlling the
formation of a stable SEI layer on the Si anode. The carbonate ad-
ditives like fluoroethylene carbonate (FEC), vinylene carbonate (VC)
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and propylene carbonate (PC) were proposed for improving the SEI
layer morphology [7e10]. VC is one of the main promising repre-
sentatives of unsaturated additives [11] which can be polymerized
into poly(VC) on the electrode surface during charge/discharge
process, strengthening the SEI layer and resulting in the cycling
performance enhancement of the cell. In the same time incorpo-
ration of dopants into the silicon anode can noticeably affect its
structural and electrical properties [12]. The roughened surface of
the current collector has an ability to enhance the adhesion and
prevent fast delamination and pulverization of the active material
[13e15]. A combination of these approaches could result in a
comprehensive solution of the Si anode problems towards devel-
opment of a high performance Si thin film anode.

In this work we report on the design and study of the amor-
phous undoped, p- and n-type doped Si thin film anodes deposited
on a three-dimensional (3D) substrate using magnetron sputtering.
Raman spectroscopy helped to follow the structural features in Si
thin film after dopants incorporation as well as after lithiation. The
behavior of LPF6-based electrolyte and n-type Si material during
lithiation/delithiation was further observed by in situ Raman
spectroscopy. The effect the VC electrolyte additive on the elec-
trochemical performance and morphological changes of the SEI
layer and Si film anode after galvanostatic cycling were carefully
tested by atomic force microscopy (AFM) and scanning-electron
microscopy (SEM).
2. Experimental part

2.1. Substrate preparation

The 3D surface was obtained on the rough side of a commercial
Cu foil (9 mm, 99,99% MTI Co.) by etching in 5% ammonia solution
for 23 h to produce a Cu(OH)2 layer on the foil followed by the
dehydration and Cu reduction as it was reported earlier [13]. The
substrate preparation procedure is schematically shown in Fig. 1a.

Magnetron sputtering (LAB-18, Kurt J. Lesker Inc.) was chosen to
deposit Si because this method allows obtaining the amorphous
phase of Si (a-Si) easily. Three types of Si targets, undoped
(>1U cm), p-type doped (0.005e0.020U cm) and n-type doped
(<0.1U cm) (99.999%, Kurt Lesker Inc.), were used for the films
deposition. The conditions of sputtering were as follows: the base
pressure ~1 10�8 Torr, power e 80W(rf), working gas e Ar, work
pressure e 5 mTorr, rotation e 5 rpm, deposition time e 60 min.
The mass increment of Si was determined by weighing the samples
before and after sputtering by an ultra-microbalance (MSE2.7S-
000-DM, Sartorius) and constituted within 0.07e0.09 mg. Before
assembling the cells, the materials were annealed in a mixture of
Ar þ H2 (5%) gases at 300 �C in order to remove oxides and
Fig. 1. Schematic illustration of (a) preparation of porous current collector; (b) cell
strengthen the adhesion between the Si film and the substrate [16].

2.2. Characterization

The obtained thin films were characterized by Raman spec-
troscopy (LabRAM HR Evolution, HORIBA) at the laser wavelength
of 633 nm. The crystal structure of the samples were analysed using
X-ray diffraction (SmartLab, Rigaku Co., Cu Ka radiation) over a 2q
range from 10 to 60�.

In situ Raman studies were performed using a modified flat cell
(Hohsen Corp.) with an optically transparent glass window put on a
drilled hole as shown in Fig. 1b. The samples of a liquid electrolyte
and Si with electrolytewere sealed between twomicroscopic slides
in order to obtain the separate spectra.

The electrical properties of a-Si thin films were studied by Hall
effect measurement system (HMS5500/AHT55T5 Ecopia Co.). The
thin films were deposited on a glass (1 cm2) and the properties
were registered at a current of 5mA. The mean number of mea-
surements was around 20 for each type of samples.

Scanning electron microscope (SEM, FеSEM Auriga Crossbeam
540, ZEISS) with a focused ion beam function (FIB) was used for
morphological studies of the film samples surface and cross-section
before and after cycling. The topological studies of SEI layers were
performed by atomic force microscope (AFM, C3M SmartSPM™-
1000, AIST-HT) in a tapping mode.

2.3. Cell assembling and electrochemical tests

Electrochemical experiments were performed using CR2032
coin cells (MTI Corp.) assembled in Ar-filled glovebox (LABmaster
Pro, MBRAUN, <0.1 ppm H2O and O2). Lithium metal chips (99.9%,
MTI Co.) served as both the counter and reference electrodes. A 1M
LiPF6 solution in a mixture of ethylene carbonate, diethyl carbonate
and ethyl methyl carbonate (1:1:1 v/v) was used as an electrolyte
without VC additive. 5 vol% VC was added into the same electrolyte
solution via 3 h stirring in Ar-filled glove box. Porous polypropylene
(Celgard® 2400) was employed as a separator. For in situ Raman
studies, the flat cell was assembled as shown in Fig. 1b. Galvano-
static charge/discharge cycling tests were carried out on an Arbin
BT-2000 battery tester between 0.01 and 1 V at the current density
of ~15 mA cm�2 at ambient temperature. All potentials given in the
paper are referred to the Li/Liþ electrode.

3. Results and discussion

In our previous work it was demonstrated that the porous cur-
rent collector prepared by etching can noticeably delay Si film
detachment and, therefore, prolong the cycle life of the anode [13].
parts and assembled modified flat type cell for optical in situ measurements.



A. Mukanova et al. / Electrochimica Acta 330 (2020) 135179 3
Therefore, here we continued to use the same procedures coupled
with the additional actions to improve a performance of Si thin film
anode. SEMwas used to follow the changes of the Cu surface during
its treatment. As it can be observed from Fig. 2a the morphology of
a commercial Cu foil was changed to a structurewith the shrub-like
outgrowth after etching (Fig. 2b). Consequently after dehydration,
reduction, and cleaning of Cu (Fig. 2c) a well-formed 3D/porous
structure was formed. Fig. 2d and e demonstrates the surface of Cu
substrate with deposited Si, which constitutes of nanoscale
spherical particles forming broccoli-like structure.

3.1. The doping effect on Si thin film anode cycling performance

In order to understand the doping effect on the cyclability and
further improve the developed Si thin films, three types of Si films,
undoped, and p- and n-type doped, were sputtered on the prepared
substrate and studied as anodes in lithium half-cell using galva-
nostatic charge-discharge cycling. The structural and morpholog-
ical characterization was made to identify the material properties
as described further. Fig. 3 shows the results of the cycling tests at a
current density of ~15 mA cm�2 in a voltage range of 0.01e1 V.
Generally, from Fig. 3a, the potential profiles for the prepared thin
film are typical for Si anode material. However, some differences in
their cycling can be observed. The discharge and charge capacities
of undoped Si anode gradually decrease up to 1402 mAh g�1 and
1356mAh g�1 in the 50th cycle, respectively. The doped samples, p-
type and n-type Si, exhibited similar discharge capacity of 1510
mAh g�1 and retained a slightly different charge capacities of 1482
mAh g�1 and 1486 mAh g�1 in the 50th cycle, respectively (Fig. 3a).
In other words, although the initial capacities were almost the same
for undoped and doped samples the capacity retention behavior
was affected by doping. The influence of doping can be seen from
the differential dQ/dV plots (Fig. 3b) demonstrating that the dif-
ferential capacity of the undoped sample significantly reduced at
the 250th cycle. It indicates that the reactionwas of a low efficiency
and a very low concentration of LixSiy alloys phase was formed. For
the p-type doped Si, the reaction still occurs at the 250th cycle
while the n-type doped Si thin film demonstrated the highest
ability for the phase transition. The 1st cycle in the differential
capacity plots (dQ/dV) were equivalent for all Si samples.

Fig. 3c shows the cycling performance of the samples upon
delithiation (charge capacity). It can be seen that the capacity
retention is better for the n-type Si as a consequence of the
observed cycling features described above. The n-type doped Si
anode exhibited a stable capacity with no decay up to 170th cycle,
with further gradual fading similarly to undoped and p-type
samples.

The coulombic efficiency trends (CE, charge to discharge
Fig. 2. SEM images of (a) rough Cu foil, (b) Cu after etching, (c) Cu after annealing, and
(d,e) Si deposited on porous Cu.
capacity ratio) for each sample can be seen in Fig. 3d. The CE is more
stable for the n-type sample, which also found to be the highest up
to the 200th cycle. The CE of p-type Si is similar to that of n-type
with slightly lower values around 98.3%, whereas CE of the undo-
ped sample had the lowest value of around 97.3%. During the rapid
capacity fading between 130 and 200 cycles, all three types of
material experienced significant fluctuations in CEs. Upon further
cycling after the 200th cycle, when each cell experienced capacity
fade, all the anodes exhibited an increasing in CE up to the final
400th cycle. The increase of CE is usually related to the completed
formation of SEI layer, which prevents further parasitic reactions
[19,20]. Therefore, it is suggested that an extensive material
degradation and pulverization happened in the undoped Si led to
the active material loss. Subsequently, in the considered cases, a
sudden apparent increase of CE for the Si thin film anodes, indi-
cating the enhanced reversibility of the Liþ ions charge/discharge
processes, can correspond to the material degradation followed by
attenuation of the electrochemical reactions.

Fig. 4 demonstrates the SEM images of n-type doped Si thin film
anodes after cycling for 400 cycles. The doping type did not affect
the morphological features of Si anodes after cycling. For all Si
samples, the post-mortem SEM images looked similar (not shown
here for undoped and p-type doped). From Fig. 4a, the extensive
cracking can be observed on the anode surface. From the close view
(Fig. 4b), it can be noticed that Si film contains the particles with the
irregular morphology and significant porosity, i.e. the initial
spherical shape of the particles (Fig. 2d) was changed dramatically.
In order to investigate the cross-sectional morphology of Si thin
film before and after cycling, FIB/SEM imaging was used.
Comparing the images of as-deposited Si film (Fig. 4c) with that of
the cycled Si anode (Fig. 4d), it can be clearly seen that the thickness
of Si increased more than three times. The cross-section demon-
strates the transverse cracks as well the film-substrate interface
separation, i.e. Si detached from the Cu foil upon cycling.

In order to study the structural features of the Si anode after
cycling, the Raman spectroscopy measurements were performed
before (Fig. 5a and b) and after cycling (Fig. 5c and d). From Fig. 5a,
the characteristic peaks of the pristine (not cycled) thin films are
typical for the amorphous Si: the longitudinal optical (LO) mode of
~310 cm�1, the longitudinal acoustic (LA) mode of ~400 cm�1, the
transverse optical (TO) mode at ~480 cm�1, the overtone of the
longitudinal and transverse phonons (2LA) at around ~630 cm�1

[21]. However, some differences were noticed for differently doped
pristine Si thin films. The Gaussian fitting was applied (Fig. 5b) to
investigate almost identical bands. One can see that the most
scattering alterations in doped samples occurred at the LA, LO and
2LA bands. From the inset in Fig. 5b, it can be seen that there is a
shift in the position of TO band of scattering for the n-type doped Si
to the higher wavenumbers, while for the p-type Si, it has been
shifted to the opposite direction. The LO and LA bands of the n-type
Si also shifted to the right side according to the fitting results. This
can be explained by the presence of phosphorus (P) impurity which
causes the most intensive signal usually observed between 360 and
520 cm�1 [22]. For p-type doped Si film, 2LA peak had a wide left
spreading with the position at 634 cm�1 which is presumably due
to the influence of another impurity, boron (B), incorporated into
the Si structure. The boron local vibrational peaks occur at a region
of 550e680 cm�1 [23]. Similar features were earlier observed for
the B- and P-doped crystalline Si nanowires [24].

Fig. 5c and d shows the spectra for the Si thin films in the
lithiated state which were distracted from the cells after the third
full lithiation (with a short exposure to the air). Fig. 5c demon-
strates the alteration of the general spectra of Si thin films after
cycling, where it can be noticed that the intensities of the curves in
the regions of LA and LO bands of undoped and p-type Si have



Fig. 3. Electrochemical performance of variously doped Si thin film anodes: (a) potential profiles, (b) differential capacity plots, (c) cycling performance, and (d) CE plot.

Fig. 4. Post-mortem analysis of n-type Si thin film (a,b) top view SEM after 400 cycles;
FIB/SEM cross-sectional images of Si (c) pristine and (d) after 400 cycles.
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increased significantly. From Fig. 5d, it can be noticed that fitted TO,
LO and LA vibrations modes shifted, for all the samples, to the high
wavenumbers and an intensity of the LO and LA peaks increased in
contrast with the TO peak. More likely, this fact is due to the for-
mation of LixSiy in the material and Li2O on the film surface, the
signs of which are usually seen at higher shifts [25e27]. The 2LA
peak position, in contrast, wasmoved in the back direction that also
can be caused by the formation of lithium silicates around 610 cm�2

[25]. In order to prove the formation of LixSiy alloys, the ex situ XRD
measurements of lithiated samples has been performed. From
Fig. 5e, it can be seen that the small peaks can be noticed on XRD
spectrum at 20.5, 23.5, 29,38.5, 41.5 and 46 that are related to
Li15Si4 alloy in an accord with literature data [28e31].

Table 1 summarizes the parameters, which were extracted from
the fitting curves of variously doped Si film anodes before and after
cycling. It can be seen that in the cycled samples the positions of
peaks were changed significantly. The main TO peak increased for
cycled samples; the highest climb was registered for the p-type
sample. The shift of LO peaks happened for each type. However, it
was higher for the p-type Si, while for the n-type sample it was the
lowest increase. Considering LA peak, a big shift after cycling was
observed for both undoped and p-type samples. The 2LA band
decreased for the undoped and p-type, however, slightly increased
for the n-type sample.

The second part of Table 1 represents the values of full width at
half maximum (FWHM) for pristine and cycled samples. For the n-
type Si film anodes, the FWHM of TO and LO scattering peaks have
lower values, while the FWHM of LA is much higher. FWHM of 2LA
for p-type is significantly wider than that of the two others. These
were caused by the same reasons described for the positions of the
peaks, i.e. the influence of the frequencies of B and P scattering
photons which distorts the near-located LA, LO, and 2LA peaks. The
general behavior of FWHM value for all bands of cycled samples
was a decrease, except LA and 2LA bands, the FWHM values of
which were found to decrease for all cycled Si samples.

The behavior of electrolyte and n-type Si electrode during lith-
iation/delithiation was observed by in situ Raman studies. Fig. 5f
shows the Raman spectra of all components, Si, Cu, the electrolyte
(1M LPF6 in EC:DEC:EMC), and binary system of Si with electrolyte.
The main Si peak can be clearly seen at around 480 cm�1; the
scattering from the electrolyte is reflected by several peaks at
around 741 cm�1 for LiPF4, 940e980 cm�1 for EC and DEC compo-
nents [32], 1110 cm�1 for Li2CO3 [33] and peak originated at
~570 cm�1, which is more likely related to Li2O [34]. The same
peaks were observed in the spectra obtained from the in situ cell in
Fig. 5g. Due to several components contribution to the spectra, the
structural modification of Si could be hardly seen; however, the
general behavior of Si-electrolyte system can be retrieved. From
Fig. 5g, according to the trends of the Si peak at 480 cm�1 during
lithiation/delithiation, there is an obvious decrease in the intensity
upon the lithiation process. This can be explained by the beginning
of alloying reaction and/or other irreversible reactions taking place
at the first cycle.

Upon the lithiation process, the peak of Si becomes equal in
height with the unchanged near-located peak at ~580 cm�1. During



Fig. 5. Raman spectra of undoped, p-type and n-type Si thin films (a) before and (c) after cycling; and the fitting results (b) before and (d) after cycling. (e) XRD spectrum of the
lithiated samples; (f) the separate spectra of the cell components, (g) in situ Raman spectra of the Si thin film anode during first cycle (CV at 0.3mV s�1 in a potential range
0.01e1.2 V).
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the delithiation, especially considering the last several spectra at
0.6e1.2 V, it can be noticed that the intensity of the Si peak is
increasing again. The EC and DEC electrolyte components peaks
positioned at around 980 cm�1, disappear during the lithiation at
the potentials below 1 V, and appear again at the same potential at
the end of delithiation. This can be an indication of the reversibility
of the EC and DEC participation in ongoing electrochemical
processes, in particular, in the SEI formation.
Before electrochemical characterization, the investigation of

electronic properties of Si thin film was performed. From the ob-
tained results summarized in Table 2, it can be seen that the bulk
and sheet carrier concentration is higher for doped samples, while
the value for p-type Si is higher than that for n-type. It can be
explained by the fact that the initial p-type target was doped up to



Table 1
The positions of the peaks on Raman spectra of variously doped pristine and lithi-
ated Si thin film samples.

Peaks\Si type undoped p-type n-type doped

pristine cycled pristine cycled pristine cycled

peaks positions, cm�1

TO 477.8 480.3 477 487.9 479.7 481.2
LO 404 415.9 394.9 433.8 410.9 414.1
LA 306.8 332.3 299.4 325.6 309.8 312.5
2LA 625.2 618.7 634 615.7 620 619.6
full width at half maximum (FWHM)
FWHM(TO) 76.7 66.6 78 57.9 74.5 72.8
FWHM(LO) 117 76.2 121 103.2 113 112.3
FWHM(LA) 73.2 111.7 70 113.1 77.7 99.6
FWHM(2LA) 54.3 54 89 46 58.4 51.6

Fig. 6. The Si-electrolyte interface before and after equilibration (a) for n-type semi-
conductor and (b) for p-type semiconductor [40].
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higher levels (0.005e0.020U cm) than n-type Si (<0.1U cm). The
results for resistivity, conductivity and mobility turned against the
expectations. The resistivity was higher for the doped samples,
while conductivity and mobility decreased. At low doping, the
carrier concentration rises directly with doping concentration
while the mobility reduces with doping hence the conductivity
increases with the doping. At heavy doping levels, an increased
fraction of the dopants does not experience ionization remaining
inactive [35]. If the impurity content exceeds some limit, the dop-
ants create the clusters in the material and the electron concen-
tration does not increase further. These clusters do not behave as
dopants (do not provide free electrons or holes) but as defects. This
causes the additional scattering of electrons leading to a lower
mobility [36e38]. The obtained values of the conductivity in the Si
thin film can be compared with those existing in the literature [39].

In order to clarify the obtained results and to estimate the
charge/discharge characteristics of doped Si negative electrodes,
the electronic energy band diagram of the anode-electrolyte
interface was considered (region between conduction (ECB) and
(EVB) valence bands). At the first immersion of semiconductor into
the electrolyte, the potential (Fermi level) is not equal between two
different phases. In order to equilibrate this interface, the charge
from one phase moves to another causing the “band bending” in
the semiconductor phase [40]. Fig. 6 represents the energy levels at
a semiconductor-electrolyte interface before and after contact for
n-type and p-type doped semiconductors, respectively. After con-
tact, the net result of equilibration is that Fermi level (EF) in
semiconductor becomes equal to that of electrolyte (EF,redox) and a
‘‘built-in’’ voltage, VSC, forms in Si.

For the n-type Si (Fig. 6a), the electronic charge consumed for
Fermi level equilibration in the semiconductor comes from the
donor impurities. The Si’s Fermi level in the n-type Si decreases up
to the same level as in electrolyte, while for the p-type Si, the Fermi
level has to increase (Fig. 6b).

During the Liþ insertion, an electron has to move to an unoc-
cupied state in the host band structure. In n-type Si, the electron
has to occupy a conduction band, whereas, for p-type Si, low energy
valence band which is available [41]. This, in turn, can cause a delay
of the charge flow in the n-type Si due to the higher potential
barrier [42]. From the other hand, it was reported that the
Table 2
Electrical properties of variously doped Si thin film.

Si type Bulk concentration (cm�3) Sheet concentration (cm�2)

undoped 3.5�1018 9.1�1013

p-type 6.5�1018 2.8E�1014

n-type 4.9E�1018 1.5�1014
incorporation of B and P dopants may reduce the lattice spacing of
crystalline Si that resulted in the rise of the Liþ ions insertion en-
ergy [41,43]. It can be speculated that the dopants can affect the
distance berween Si atoms in the amorphous state the same way.
Taking into account the above considerations, Liþ ions insertion
into the n-type doped Si is energetically less preferably comparing
with the p-type and undoped Si.

In our research, the Si thin films of the amorphous phase were
prepared. Due to the high concentration of inactive impurities, the
incorporation of dopants led to the decrease in conductivity and
mobility in the p- and n-type Si films. As a subsequence, it was
complicated to detect by structural investigation the decrease of
SieSi interatomic distances due to the incorporation of the dopants.
However, considering the results of Raman spectroscopy of the
variously doped lithiated Si, it was observed that n-type Si expe-
rienced less shift comparing to undoped and p-type Si. In fact, such
suppression of the structural degradation can partially explain the
longer cycle life of the n-type Si by the low energy increase of Liþ

ions insertion.

3.2. Effect of the electrolyte additive on the cycling performance of
designed n-type Si anodes

The mechanism of VC interaction with the electrode materials
was investigated previously [44e47]. The general process of VC
anodic decomposition is proposed as follows: VC is reduced and a
radical anion forms, which is followed by loss of CO2 and formation
of the vinyloxy radical anion, which initiates the polymerization of
VC to generate poly(VC) via a radical polymerization reaction [48].
The residual vinyl group from the vinyloxy radical can polymerize
via a mechanism of radical polymerization to produce the cross-
linked polymer [46e48].

In this part we aimed to check to what extent VC can improve
the performance of the prepared n-type Si thin film anode, which
exhibited the best cycling performance in the first part of this work.
Fig. 7 illustrates the results of the electrochemical tests of the n-
type Si thin film anodes cycled with the VC-containing electrolyte
(5 vol%). The VC-containing cell with n-type doped Si anode
exhibited exactly the same capacity, cycling features and potential
Resistivity (U cm) Conductivity (U cm) �1 Mobility (cm2V�1s�1)

0.02 56.9 114.9
0.03 35.2 50.38
0.05 23.2 35.51
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profile as it was shown for Si cycled without VC in Fig. 3a. From
Fig. 7a, it can be observed that the differential capacity of Si thin
film did not decrease during 250 cycles.

Fig. 7b shows the rate capability of the n-type Si thin film on
porous Cu foil in the presence of VC in the electrolyte. Four initial
cycles were obtained at the same current density of 15 mA cm�2 that
was used in the above described electrochemical results. From the
5th cycle, the cycling current density was decreased up to
7 mA cm�2 which resulted in the capacity increase up to ~1901 mAh
g�1. Further the cell was cycled at a current density of 60 mA cm�2

delivering a capacity of 734 mAh g�1, while at 120 mA cm�2 the cell
capacity decreased to 245 mAh g�1. However, when the current
density of 15 mA cm�2 was applied again at the final stage of the
experiment, the cell could regain the initial performance without
significant capacity decay. The poor rate capability of the designed
n-type Si anode can be resulted from the reduced electrical con-
ductivity discussed in the first part of this section (Table 2).

Fig. 7c presents the cycling data for the cells with n-type Si thin
film with/without VC additive (red/green). Obviously, the cycling
performance of Si cycled with VC is significantly improved,
Fig. 7. Electrochemical test results for Si thin film anode in the presence of VC additive (a) di
anode (e) without VC and (f) with VC.
retaining the capacity of 1305 mAh g�1 after 400 cycles against 709
mAh g�1 of the cell without VC. In fact, the obtained result is one of
the top results in terms of capacity and number of stable cycles
compared with other published data [49]. Fig. 7d shows the CE plot
of two types of cells. One can see that CE for VC-containing cell is
99.3% in the first 100 cycles which further increases up to 99.7%
upon the following cycles, which is higher than that of the cells
without VC additive in the electrolyte. Besides, no data fluctuation
was observed for the Si with the modified electrolyte reflecting
prevention of the anode degradation and loss upon cycling.

EIS was used to investigate the effect of the VC additive on the
electrochemical impedance of the Si film anode, and a consequent
influence on its performance. Fig. 7e and f demonstrates the
Nyquist plots for both, VC-free and VC-added electrolyte, respec-
tively. The semicircle in the high-frequency region corresponds to a
resistance of Liþ ions diffusion through the formed SEI layer; the
medium-frequency region part relates to a charge transfer resis-
tance at the SEI and Si interface, while the low-frequency region is
usually assigned to a Warburg diffusion impedance of Liþ ions in Si
and insertion capacitance accumulation of Liþ ions into its bulk
fferential capacity plot, (b) rate capability, (c) cycling performance, (d) CE plot; EIS of Si
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[50]. From the graphs, it can be observed that the cells without and
with VC demonstrate similar EIS trends upon cycling: EIS was
almost identical for both cells after the first cycle, decreased after
the 10th cycle and then again increased after the 50th cycle.
However, for the cells with VC, the total impedance values over all
cycles were higher than that of without VC. Chen et al. [50] reported
on the stability of EIS for the initial 5 cycles for 1% VC-containing
cells. In our work, we did not observe such stabilization and the
impedance differed even from the 1st to 10th cycles. Our obtained
data can be compared with another work where similar EIS trends
were observed with 3% VC added into electrolyte [51]. It can be
suggested that the increased concentrations of VC additive tend to
slightly deteriorate the ionic conductivity of the Si anode that is
more likely due to the higher amount of organic components in the
composition of the SEI layer [47,52].

The morphology of the anode cycled in the presence and
absence of VC additive was observed by SEM. Fig. 8a and b dem-
onstrates the FIB/SEM images of the Si samples without/with VC
additive after the 1st cycle. Si thin film cycled in the VC-free elec-
trolyte (Fig. 8a) has the diverse morphology than another sample
cycled in the VC-containing electrolyte (Fig. 8b). The top of the film
expanded much more than the bottom part, besides the cracks can
be seen in the bottom part of Si part adjacent to the substrate. From
the cross-sectional image of Si film cycled with VC (Fig. 8b), one can
see that Si is still uniform in thickness with some cracks between,
and the SEI layer can be easily observed on the material surface.
Fig. 8cef shows the SEM images of the surface of post-mortem n-
type doped Si thin film anodes which were cycled for 1 and 50
cycles without/with VC. It can be seen from Fig. 8c that after the
Fig. 8. Post-mortem studies. SEM analysis of SEI on Si thin film cycled in the cells after 1st an
Si thin film anodes cycled (i,j) without VC and (k,l) with VC for 1 and 50 cycles. (m,n) morp
additive for 400 cycles.
initial cycle the SEI layer on Si cycled in VC-free electrolyte already
has the cracks in contrast with a smooth SEI layer formed in the
presence of VC (Fig. 8d). After 50 cycles, the cracks are more
frequent in the VC-free SEI layer (Fig. 8e and g) than in the VC-
containing system (Fig. 8f and h). In general, the SEI layer formed
upon the decomposition of VC-containing electrolyte looked much
stronger and more elastic. In fact, the VC additive favors the pol-
y(VC) species generation during the electrolyte decomposition
instead of lithium ethylene dicarbonate (CH2OCO2Li)2, which is the
major component in the SEI of common commercial electrolytes
[53].

The topology of the SEI layer formed in both types of the cells
was assessed using AFM. The surface of the VC-free SEI layer
(Fig. 8i) looks rough after the 1st cycle and becomes smoother upon
cycling, considering the images after 50 cycle (Fig. 8j). The rough-
ness, in the beginning, could be originated from formation of the LiF
crystals that are usually observed as separate particles in the SEI
layer grown up with time [50,54]. After 50 cycles, the roughness
disappeared that can be due to continuous growing of SEI layer
which covers those crystal particles. The narrow prolonged cracks
can be noticed on the sample. For the poly(VC)-containing SEI layer
(Fig. 8k and l), the opposite trends of the topology changes were
revealed: the SEI layer, being well formed and smooth in the
beginning, acquired greater roughness with each subsequent cycle.
More likely such different behavior can indicate the difference of
the SEI layer formationmechanisms for these two types of samples.
In the early reports [53], it was shown that VC exhibited a reductive
current at a potential of ~1.25 V vs. Li/Liþ that is much higher than
for commercial electrolytes. It means that VC reacts first to form the
d 50th cycles: (a,c,e,g) without and (b,d,f,h) with VC. AFM analysis of the surface of the
hology of anode with and without SEI; (o) cross-section of the Si anode cycled with VC
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SEI layer; therefore poly(VC) species will dominate in the SEI con-
tent as it has been revealed in another work [55]. Considering the
insets on SEM image in Fig. 8f and AFM topology of VC-containing
SEI in Fig. 8l, it seems that some particles are lying on the surface of
SEI. Similar observations were reported previously for VC-
containing SEI, where the particles were referred to LiF crystal-
lites and/or oxides [56]. In fact, although it was reported that pol-
y(VC) species inhibit the formation of LiF crystals, the latter anyway
forms in the noticeable amounts that was revealed by XPS mea-
surements [5,25,26]. Taking into account that VC-based SEI layer
has already formed, it can be supposed that LiF crystals, usually
formed at the lower potentials, can deposit on the SEI layer creating
the surface roughness. However, from the closer view of the par-
ticles in Fig. 8f, it can be observed that the particles are not just
lying on the surface but sometimes incorporated into SEI and even
under it.

Fig. 8meo illustrates the morphology and cross-section of the Si
anode cycled with VC additive for 400 cycles. Comparing to the
post-mortem images of the Si samples cycled in VC-free electrolyte
(Fig. 4), one can notice a significant reduction of the material
degradation. Fig. 8m shows the Si thin film cycled with the formed
SEI, which is still in good condition with only a few cracks. When
SEI was removed from the sample (Fig. 8n), the Si surface cracking
can be observed. However, the distance between the cracks is not
large and the morphology of the material was not critically
damaged comparing with the data for the VC-free sample in Fig. 4a
and b and no signs of material loss were observed. Fig. 8o shows the
cross-section of the Si thin filmwhich expanded noticeably but the
delamination from the substrate was not observed. In general, from
Fig. 8meo, it can be seen that the surface of the sample became
very rough with cycling. That is caused not only by the particles on
the top of SEI (Fig. 8f) but also by the fact that the reorganization of
the Si nanoparticles could happen under a strong SEI. We believe
that the VC-containing SEI strongly restrained the Si during
expansion and mitigated the materials pulverization upon cycling.
Tightly holding Si thin film under it, a polymeric SEI layer does not
allow releasing the stress during material expansion via extensive
cracking/pulverization of the film. Instead, the build-up stress
pushes the material to a rearrangement within itself. Thus, Si be-
gins to fill the existing cracks, pores, and cavities in its own struc-
ture. These finding can be very important for the further
development and preparation of stable Si-based anodes for the
next generation Li-ion batteries.

4. Conclusion

In this work, the amorphous Si thin film anodes on the porous
substrate were successfully designed and prepared. The study of
the doping effect on the cycling performance clearly revealed that
n-type Si works longer than undoped and p-doped samples. The ex
situ Raman studies provided new data on the structural features of
the pristine variously doped Si thin films as well as their structural
changes in the lithiated state. In situ Raman studies demonstrated
the reversibility of the EC and DEC components of the electrolyte
upon discharge/charge processes.

The VC additive (5vol%) into LPF6 based electrolyte was found to
improve the Si thin film anode performance in terms of its me-
chanical stability and integrity according to the SEM studies results.
It was suggested that the poly(VC)-containing SEI layer acted as a
deterrent coating which helped to restrict the expansion of Si thin
film as well as pushed the Si thin film to release the internal stress
occurring during lithiation via morphological rearrangement in the
film. This, in turn, prevented extensive pulverization and delami-
nation of the active material. Thus, the designed n-type doped
amorphous Si thin film could retain the capacity of 1305 mAh g�1
after 400 cycles.
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