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A B S T R A C T

Silicon is a promising anode material for rechargeable Li-ion battery (LIB) due to its high energy density and
relatively low operating voltage. However, silicon based electrodes suffer from rapid capacity degradation during
electrochemical cycling. The capacity decay is predominantly caused by (i) cracking due to large volume varia-
tions during lithium insertion/extraction and (ii) surface degradation due to excessive solid electrolyte interface
(SEI) formation. In this work, we demonstrate that coating of a-Si thin film with a Li-active, nanoporous SiOx layer
can result in exceptional electrochemical performance in Li-ion battery. The SiOx layer provides improved
cracking resistance to the thin film and prevent the active material loss due to excessive SEI formation, benefiting
the electrode cycling stability. Half-cell experiments using this anode material show an initial reversible capacity
of 2173mAh g�1 with an excellent coulombic efficiency of 90.9%. Furthermore, the electrode shows remarkable
capacity retention of ~97% after 100 cycles at C/2 charging rate. The proposed anode architecture is free from Li-
inactive binders and conductive additives and provides mechanical stability during the charge/discharge process.
1. Introduction

There is a tremendous interest in exploring high-capacity electrode
materials for next-generation Li-ion batteries for a diverse range of ap-
plications such as consumer electronics, large-scale stationary power
management, and zero-emission electrical vehicles [1–3]. Silicon is a
promising candidate to replace currently used graphite anodes owing to
its high theoretical capacity (3579mAh g�1) and relatively low operating
voltage (0.4 V vs Li/Liþ) [4,5]. However, the practical use of silicon is
limited due to poor mechanical integrity during charge-discharge pro-
cess. Lithium insertion and extraction of silicon occurs via an
alloying-de-alloying mechanism associated with large volume expansion
(300%). Under confined electrode geometries, it can result in mechanical
stresses and fracture of the electrode, leading to early capacity fade
[6–8]. To overcome these problems, several approaches have been sug-
gested including preparation of nanostructured electrodes, as success-
fully demonstrated with nanowires [9,10], thin films [11,12],
nanoparticle composites [13–15] etc. A considerable improvement of
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cycle life has been achieved owing to the ability of nanostructures to
undergo expansion without fracture [16]. However, the nanostructures
suffer from excessive solid electrolyte interphase (SEI) formation due to
their extra-large surface area compared to the bulk material [17]. SEI is a
passivation layer formed due to oxidation and reduction reactions of
electrolyte on electrode surfaces [18,19]. The large volume expansion in
silicon results in continuous destruction and re-formation of SEI,
consuming excessive lithium and electrolyte and leading to irreversible
capacity loss [19]. Also, the accumulation of SEI debris on the active
material surface may lead to poor charge transfer characteristics, pro-
moting capacity degradation.

One way to stabilize the electrode/electrolyte interface is to isolate
the active material surface from electrolyte. Various polymers [20],
metals [21], carbonaceous materials [15], and lithium compounds [22]
have been used as coatings for active silicon particles, and improved
cycling stability has been achieved. However, lithium-inactive coatings
such as polymers lead to a reduction of absolute capacities. Also,
carbonaceous materials often result in irreversible lithium consumption,
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especially during first few cycles [23]. Alternatively, surface passivation
of silicon electrodes with oxides is attracting increasing attention. For
example, silicon nanotubes with native oxide layer showed a remarkable
cycling stability to 6000 cycles with little capacity fade [24]. In addition
to isolating the active materials from the electrolyte, such oxides can
improve the adhesion with conductive binder [25] and suppress the
volume expansion of active materials [26]. On the other hand, adverse
effects of surface oxides include poor charge transfer due to their elec-
trically insulating nature [25]. Some studies indicate that a thin oxide
layer may be ineffective for long-term cycling stability. For example,
Zhang et al. [27] prepared silicon nanowires with amorphous oxide shell
of 10 nm. A reversible capacity over 3000mAh g�1 was initially achieved
but the capacity loss after 100 cycles was as high as 50%. Therefore,
further work is much required to elucidate the role of surface oxides in
stabilizing the electrodes. In addition, mechanical stability of the elec-
trode is another critical requirement for structural integrity and
long-term performance. Gao et al. [28] sandwiched a silicon thin film
between a Ni foam and a graphite layer to enhance its structure dura-
bility. Graphene [29–31] and metallic materials such as Ti [21], Cu [32,
33], Mn [34] and Ni [35] have also been used to strengthen silicon an-
odes and mitigate the volume expansion. One drawback with these
Li-inactive materials is the reduction of overall energy density of the
battery.

In this work, a lithium-active, nanoporous SiOx surface layer was
adopted to stabilize the electrochemical process of amorphous Si thin
film electrodes in Li-ion battery. It was found that the nanoporous SiOx

layer has dual-function, i.e., stabilizing the electrode/electrolyte inter-
face as well as improving the fracture toughness of the electrodes. The
overall fabrication process is simple and inexpensive, thereby having
great potentials for applications in high-capacity electrodes with excel-
lent cycling stability.

2. Materials and methods

2.1. Thin film deposition

The thin films were deposited on 12mm diameter polished stainless
steel disks, which were first ground using 1200 grit silicon carbide paper,
followed by a 1-μm polish on a Nap polishing cloth. The mirror-polished
stainless disks were thoroughly cleaned by sonicating in ethanol to
remove polishing debris. Thin films were deposited using a multi-source
RF/DC magnetron sputtering system (Kurt J. Lesker PVD75). Prior to
sputtering the chamber was evacuated to a high vacuum (<10�6 Torr) to
achieve high purity of the thin films. A pre-sputtering process of 5min
was performed to remove surface contamination from the source target
and increase the sputtering stability. Firstly, a ~60 nm Ti layer (which is
used as the current collector) was deposited using DC sputtering with a
high purity Ti target (99.995% pure) at 100W and 10 mTorr. Next, a
130 nm thick amorphous Si (a-Si) layer was deposited by RF magnetron
sputtering from undoped silicon target (99.995% pure) at 60W and 4
mTorr. To prevent undesirable oxidation at the Si–Ti interface the
deposition of the Si layer was completed without breaking the vacuum.
Finally, a SiOx layer was deposited on the Si layer by reactive sputtering
of the same silicon target at 100W, 10 mTorr and deposition rate of
~2 nm/min. Surface SiOx layers with different thicknesses (0, 30, 50, 70
and 90 nm) were prepared by changing the sputtering time at constant
oxygen to argon ratio of 20:80 (% vol). During the whole sputtering
process, the substrate was rotated at 20 rpm to keep the uniformity of the
films. The deposition process was carried out at room temperature.

2.2. Characterization

The surface morphology of the films was observed using Scanning
Electron Microscope (SEM) at a 5 kV acceleration voltage. To study the
interface of the thin films, FIB/SEM (FEI Scios) was used to prepare a sub
100 nm thick lamella samples. The area of interest was first covered by a
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platinum layer of 2.2 μm total thickness via successive electron-beam and
ion beam platinum deposition. This is carried out to prevent any surface
alteration of the sample by the ion beam in the subsequent preparation
steps. 30 kV and 5 nA ion beam current were used to cut the cross-
sections and the lamella lifted out onto a copper Omniprobe grid. The
thinning was performed in two steps, the coarse thinning (30 kV, 0.5 nA)
followed by fine thinning (30 kV, 0.1 nA). The lamella was polished at
5 kV with 16 pA and subsequently with 2 kV and 8.9 pA. In-situ Scanning
Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray
Spectroscopy (EDX) were used to examine the prepared lamella samples.
30 kV and 25 pA electron beam current were used in the STEM mea-
surements. The EDX line scan with 500 points across the multilayer was
recorded with 2 million counts in total, under 30 kV and 0.8 nA electron
beam current.

To evaluate chemical composition of surface SiOx layer, X-ray
Photoelectron Spectroscopy (XPS) measurements were performed using
Omicron multiprobe system equipped with DAR 400 X-ray lamp and
iSphera 7-channel energy analyzer. The X-ray source was Mg k-alpha
anode, operating at 300W. A low-resolution (survey) scan was per-
formed (1 point per eV, 0.1 s dwell time at 100 eV pass energy) followed
by high resolution scan for each element (0.1 points per eV, 0.1 s dwell
time at 20 eV pass energy). Raman measurements were carried out by
exposing the multilayer electrode surface to a Renishaw Raman micro-
probe equipped with 633 nm laser source. For conductivity measure-
ments, thin films deposited on 1 cm� 1 cm glass slides were used.
Conductivity measurements were performed using four-point probe
system with probe spacing of 1.6mm, connected to a Keithley voltmeter
constant current system. Multiple readings of current-voltage were
recorded to obtain an average value of sheet resistance. Mechanical
properties of thin films were investigated by nanoindentation (TI950
triboindenter, Hysitron inc.) A diamond cube corner indenter was used,
with a 10mN maximum normal load.

2.3. Electrochemical measurements

Electrochemical characterization was carried out using coin cells (CR
2032) assembled in an argon-filled glove box, using high-purity lithium
foil as the counter electrode and sputter-deposited multilayer thin film as
the working electrode. 1.0M LiPF6 in EC/DEC¼ 50/50 (v/v) (Sigma
Aldrich) was used as the electrolyte, and a microporous polypropylene
film soaked with electrolyte was used as the separator. The Galvanostatic
charge/discharge cycling of the cells was performed using a LAND-
CT2001A battery tester, in the voltage range of 0.01–1.0 V vs Li/Liþ.
Electrochemical impedance spectroscopy (EIS) of the electrode was
recorded with an amplitude of 5mV in the frequency range of
0.01 Hz–100 kHz.

3. Results and discussion

3.1. Characterization of the thin films

In this work, we mainly investigate the electrochemical and me-
chanical degradation of a-Si thin films, and demonstrate the concept of
stabilizing the electrode using a nanoporous, oxygen-deficient SiOx sur-
face layer. For this purpose, we use a model system of 50 nm SiOx coating
on a-Si thin film of ~130 nm and Ti under-layer of ~60 nm. Fig. 1a shows
the STEM bright field image of the Ti/a-Si/SiOx multilayer thin film on
the stainless steel substrate. In this model system, Ti layer is electro-
chemically inactive and provides good adhesion of a-Si into steel sub-
strate [21], and also functions as the current collector. The
cross-sectional image shown in Fig. 1a confirms that a uniform multi-
layer film with desired thicknesses is successfully prepared.

The SEM images of the as-deposited amorphous silicon (a-Si) and SiOx
surfaces are shown in Fig. 1b and c, respectively. The a-Si layer (Fig. 1b)
presents a relatively smooth and continuous surface while the SiOx layer
(Fig. 1c) presents a porous structure. The purpose of having a porous



Fig. 1. Characterization of a-Si/SiOx thin films: (a) STEM bright field image of the cross section of as-deposited Ti/a-Si/SiOx multilayer thin film (b) SEM micrograph
showing the surface morphology of a-Si layer (b) SEM micrograph showing the surface morphology of SiOx layer (d) EDX linescan analysis of multilayer film and (e)
Raman Spectrum of as-deposited Ti/Si/SiOx film.
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structure is to allow the electrolyte penetrate into the active a-Si elec-
trode and providemore efficient Li ion transport. The nanoporous growth
structure of the surface SiOx layer was achieved by controlling the
sputtering parameters such as power, pressure, time and oxygen to argon
ratio during the reactive sputtering process. At higher working pressures
(e.g 10 mTorr in our case), atoms go through more collisions which
enhance the oblique component in the deposition flux, leading to depo-
sition of films with increased porosity [36,37].

Furthermore, the chemical composition and crystallinity of the
multilayer film was characterized using several microscopic and spec-
troscopic techniques. Firstly, an EDX line scan across the cross-section
(from bottom to top) is carried out as shown in Fig. 1d. The Fe, Ti and
Fig. 2. (a) Si2p spectrum and (b) O1s spectrum of the X-r
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Si signals are clearly visible at respective layers, and the Oxygen signal
shows a slight increase towards the SiOx layer at the surface. Raman
spectra of the thin film shown in Fig. 1e confirms that the silicon layer is
amorphous, as the Raman peaks assigned to a-Si vibration modes are
clearly visible at 155 cm�1 (transverse acoustic – TA), 310 cm�1 (longi-
tudinal acoustic – LA), 400 cm�1 (longitudinal optic – LO), 475 cm�1

(transverse optic – TO) and 630 cm�1 (2LA second-order phonon and
TO þ TA overtone) [38].

The chemical form and extent of oxidation of the SiOx layer was
analyzed by X-ray photoelectron spectroscopy. Fig. 2a and Fig. 2b shows
Si2p and O1s spectra of the as-deposited SiOx film respectively. The
electron binding energy of silicon and oxygen elements is 103.3 eV and
ay photoelectron spectra of as-deposited SiOx layer.



Fig. 4. Reversible (delithiation) capacity of SiOx coated a-Si thin films with
different SiOx coating thickness. The electrodes were cycled between 0.01V
and 1.5 V.
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532.7 eV, respectively, confirming the existence of oxidized silicon. In
addition, quantitative XPS analysis showed that the atomic ratios of sil-
icon and oxygen are approximately 1:1.2 in the SiOx layer. Multiple
measurements at several places and several depths were undertaken,
which confirmed that the SiOx layer has a uniform composition. There-
fore it can be confirmed that a uniform Ti/a-Si/SiOx (x¼ 1.2) multilay-
ered structure is successfully prepared.

3.2. Electrochemical characterization

Next, electrochemical characterization of the prepared structures
were carried out. Fig. 3 shows the cycling performance of a-Si thin film
coated with 50 nm SiOx layer, in comparison with uncoated a-Si thin
film. The specific capacities of both films are measured with respect to
the weight of amorphous silicon layer. For the SiOx coated film, the initial
reversible capacity of 2173mAhg�1 is recorded, with the first cycle
coulombic efficiency of 90.9%. Importantly, very insignificant capacity
loss is observed during first 100 cycles. The capacity becomes stable
around 2100mAhg�1 from the fifth cycle. At the end of 100 cycles, the
reversible capacity is about 2116mAh g�1, which is a remarkable 97%
capacity retention compared to the initial reversible capacity. Also, the
coulombic efficiency reaches 97% after 5 cycles and increases to 99%
after 15th cycle (Fig. 3). On the other hand, the uncoated a-Si thin film
shows a rapid capacity degradation especially during the first 20 cycles
and with only 24% capacity retention recorded after 100 cycles. As the
film thickness are far below the cracking threshold, the capacity degra-
dation can be mainly attributed to the irreversible lithiation due to SEI
formation, and active material loss at electrode/electrolyte interface due
to breakdown of SEI. Therefore, the excellent cycling stability of SiOx
coated film can be attributed to the (i) improved cracking resistance of
the thin film, (ii) stabilization of the SEI and (iii) improved electron/ion
transport into the electrode.

To further evaluate the effect of SiOx surface layer, thin films with
different SiOx thicknesses are prepared (30 nm, 50 nm, 70 nm and
90 nm). Fig. 4 shows reversible capacities of these films for the first 100
cycles. As evident from Fig. 4, the film with 30 nm SiOx coating show
gradual capacity degradation, indicating that 30 nm thickness may not
enough to stabilize the electrode/electrolyte interface. With further in-
crease of SiOx thickness, the reversible capacity of the electrode becomes
more stable. However, thicker SiOx layers (70 nm and 90 nm) results in a
reduction of the capacity, especially in the first few cycles. Gradual ca-
pacity reduction is observed during the first ~20 cycles, and capacity
gain is observed beyond 20 cycles. This can be expressed as late activa-
tion of active a-Si deep down in the thin film, which is not initially
Fig. 3. Electrochemical characterization of SiOx coated a-Si film (Circular
symbols) and uncoated a-Si film (square symbols), cycled between 0.01V and
1.5 V. Top two curves show coulombic efficiency of two films, while bottom
curves show specific capacity values for first 50 cycles. For the capacity curves,
closed symbols show discharge capacity while open symbols show
charge capacity.
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participated in lithiation reaction due to limited ionic conductivity
through thicker SiOx layer. As cycling progresses, the mobility of lithium
ions in a-Si is gradually increased allowing the lithium ions to insert into
the exposed portions of the electrode [39]. Therefore, among the tested
thin films, the SiOx thickness of 50 nm gives the best surface stabilization.

To further understand the mechanisms underpinning the excellent
cycling stability and of a-Si/SiOx(50nm) structure, electrochemical
Fig. 5. (a) Electrochemical impedance spectroscopy (EIS) analysis of the a-Si
thin film coated with 50 nm SiOx layer at different number of cycles. (b) Rate
capability of the a-Si thin film coated with 50 nm SiOx layer.
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impedance spectroscopy (EIS) measurements were carried out. The EIS
spectra provide information on charge transfer and ion diffusion kinetics
of the electrode. Fig. 5a shows the EIS spectra of the electrode at deli-
thiated state after 1, 10, 50, and 100 cycles. All the spectra exhibit a
semicircle in the high frequency (HF) region and a straight line in the
low-frequency region. The diameter of HF semicircle is associated with
the charge transfer resistance at the electrode/electrolyte interface. The
loss of electrical contact due to excessive SEI formation usually result in
an increase of cell impedance, which must be reflected by enlargement of
the HF semicircle [21]. Conversely, in Fig. 5a, no increase of the diameter
of HF semicircle is observed as cycle number increases, indicating limited
SEI growth over multiple electrochemical cycles.

Rate capability of the electrodes was also investigated using charge-
discharge tests with a stepwise variation of the current rate, as shown
in Fig. 5b. At the lower charging rate of 0.1 C, the electrode exhibits much
higher reversible capacity, which is around 3500mAh g�1. Even though
the increased charge-discharge rate is associated with a slight drop of
capacity at the beginning of each step, the electrode keeps excellent
cycling stability at each charge-discharge rate. Most importantly, an
excellent reversible capacity of 1200mAh g�1 is observed at the highest
charge-discharge rate of 5 C. Also, when the rate is set back to 0.5 C at the
last step of measurement, the reversible capacity can be recovered with a
similar value observed in initial 0.5 C step.
3.3. Mechanical behavior of Si/SiOx thin films

Apart of the surface stabilization, a robust mechanical behavior of the
Si-based electrodes is also important to withstand the large stresses
induced during the electrochemical charge-discharge process. In this
work, we evaluate the fracture properties of SiOx coated films in com-
parison with uncoated films. We employed nanoindentation-based test
Fig. 6. (a) Top view of fracture area obtained from Scanning Electron Microscopy
surement of Ti/a-Si/SiOx film and (c) Ti/a-Si film.
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procedure proposed by Li et al. [40] for measurement of fracture
behavior in ultra-thin films. In this method, a sharp indenter (eg: cube
corner indenter) is driven to the thin film to induce fracture. During the
indentation process, fracture progresses via three different stages.
Initially, first ring-like through-thickness cracking occurs around the
indenter. Following that, delamination and buckling at the film/substrate
interface take place around the cracked region due to large lateral
pressure. Finally, second ring-like through thickness cracking and occurs
due to high bending stresses. As this step is associated with the formation
of a large ring-like crack in the thin film (Fig. 6a), a significant amount of
energy is released. Fig. 6b and c shows the indentation load-displacement
responses of two films during fracture test, where a sudden step is
observed during the formation of the large ring-like crack. The energy
release (ΔU) during second ring-like through-thickness crack is estimated
from the step observed in the indentation load-displacement curve. If the
second through-thickness cracking does not occur, the load is expected to
be continued to increase as shown in dashed line. Thus, the area between
the extended loading curve (dashed line) and the true loading curve
during the step is considered as the energy release associated with the
crack (as shown in Fig. 6b). The strain energy release rate (G) per crack
area of the thin film for the thin film is defined by,

G ¼
�

1
2πCR2

��
ΔU
t

�
(1)

Where 2πCR2 is the total crack length of second through-thickness
crack, ΔU is the strain energy release associated with the second
through-thickness cracking, and t is the crack width along the load axis
(equal to film thickness).

The procedure explained above was employed to compare the frac-
ture behavior of the two films, one with a 50 nm SiOx layer and one
without SiOx layer. For each film, indentation test was carried out in
for Ti/a-Si thin film (b) Indentation load-displacement curve for fracture mea-



Table 1
Summary of indentation fracture test results.

Sample Indent ΔU (nNm) Crack length (μm) Film thickness (nm) Energy Release Rate (G) (Jm�2)

a-Si/SiOx(50 nm) I 0.101 15.93 230 27.43
II 0.131 18.42 230 30.98
III 0.175 26.68 230 28.47

a-Si (uncoated) I 0.044 13.54 180 18.30
II 0.035 11.14 180 17.63
III 0.028 8.71 180 18.31
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three different locations at least 100 μm apart from each other. Table 1
gives a summary of fracture measurements for the two films. As shown in
Table 1, the energy release rate (G) for theuncoated a-Sifilm is 17.63 Jm-2,
18.30 Jm-2 and 18.31 Jm-2 for three indentation measurements. On the
other hand, the SiOx coatedfilm shows a significantly higher strain energy
release rate per crack area, i.e., 27.43 Jm-2, 28.47 Jm-2 and 30.98 Jm-2.
Firstly, it can be observed that the measurement of G is quite consistent
over three measurements. It is clear that the film with surface SiOx layer
show large energy release per crack area, hence improved fracture
toughness. Obviously, the measured energy release values are the com-
bined effect of the multilayer. However, the increase of strain energy
release rate with surface SiOx coating is quite remarkable. According to
the indentation imprints of the two films given in Fig. 7, the fracture
surfaces of the uncoated a-Si film are sharper in comparison with the
rugged fracture surfaces of SiOx coated film. We believe that the porous
structure of SiOx layer that can release stress concentration and divert the
direction of crack propagation, hence absorbing a large amount of energy
during fracture [41]. Thus, the surface SiOx coating provides increased
resistance to crack propagation, making the thin film mechanically stable
during charge/discharge process.

As demonstrated in this work, the a-Si thin film with a 50 nm SiOx
Fig. 7. (a) SEM images of indentation imprint

Fig. 8. Mechanism of electrode stabilizati
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layer shows a remarkable electrochemical performance with an initial
reversible capacity of 2173mAh g�1 and coulombic efficiency of 90.9%.
Furthermore, the electrode shows the capacity retention of ~97% after
100 cycles at C/2 charging rate. In comparison, the a-Si thin film without
SiOx layer shows only 24% capacity retention after 100 cycles. This
exceptional electrochemical performance of the SiOx coated thin films is
attributed to the tailored morphology and composition of the surface
SiOx layer. A schematic representation of the mechanism of electrode
stabilization is presented in Fig. 8. Firstly, the stable SEI formation on
SiOx layer prevents the degradation of the active a-Si layer. The voided
structure of surface SiOx layer allows penetration of electrolyte and
provides shorter Li-ion diffusion paths into the active a-Si layer. As the
fracture experiments confirm, the SiOx coated film exhibits improved
fracture resistance. It confirms that the presented thin film architecture is
mechanically robust, which is a critical feature for stability in Li-ion
battery. Most importantly, the presented electrode architecture shows a
first cycle coulombic efficiency (CE) of 90.9%, followed by an average of
~99% CE for the first 100 cycles. This is much advantageous as the
lithium ion supply from the existing cathode materials is quite limited
[42]. Also, the much higher specific capacity which is over 2000mAh g�1

can be attributed to binder-free electrode architecture. Finally, the thin
on Ti/a-Si/SiOx film and (b) Ti/a-Si film.

on by nanoporous SiOx surface layer.
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film deposition techniques allow development of excellent quality films
with controlled properties, which holds a great potential for the com-
mercial Li-ion battery anodes.

4. Conclusions

In this work, we demonstrate that introduction of a SiOx (x¼ 1.2)
surface layer with a tailored thickness is an effective way to enhance
cycling performance of a-Si electrodes in rechargeable Li-ion batteries.
Best performance is achieved with a SiOx layer of 50 nm, based on
effective stabilization of electrode/electrolyte interface and efficient
electron/ion transport into the electrode. The half-cell experiments re-
cord an initial reversible capacity of 2173mAh g�1 with a remarkable
coulombic efficiency of 90.9% at C/2 charge-discharge rate. Also, the
electrode shows a reversible capacity of ~2100mAh g�1 after 100 cycles
with 99% coulombic efficiency. The exceptional electrochemical per-
formance is attributed to several reasons. Firstly, the SiOx layer prevents
the surface degradation of a-Si caused by unstable SEI formation. Also,
the porous structure of SiOx surface layer is beneficial for faster Li-ion
transport and acts as a buffer for extensive volume change of a-Si. The
nanoindentation fracture experiments indicate that the coating with a
50 nm SiOx layer can significantly improve the fracture resistance of the
thin film. It is concluded that the combined effect of these characteristics
provides excellent surface passivation and mechanical stability for the a-
Si thin film during electrochemical cycling.
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