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In order to utilize silicon (Si) as anode material for thin film lithium-ion batteries, the
magnetron sputtering technology is used to deposit copper doped tin oxide (SnCu,O,) and
lithium phosphorous oxynitride (LiPON) on Si substrates to obtain composite films. The

material characterizations indicate that the SnCu,O,/LiPON film is homogeneously deposited

www.rsc.org/

with nanoscale pores and particles, and it can activate Si substrate largely, alleviate the

volumetric expansion effectively and facilitate an excellent electrochemical performance. This

paper provides guidance to achieve activity and stability in developing high performance Si

anode materials for advanced secondary batteries.

Introduction

With the rapid development of Micro Electro Mechanical System
(MEMS) and microelectronic technologies in military, medicine,
aerospace and other fields, searching suitable micro power devices
for supplying energy to micro/nano devices and systems is of great
importance for realizing miniaturization and integration of a whole
system." Thin film lithium-ion batteries (LIBs)* are talent showing
themselves as micro power sources for the flexible size, safety, high
energy density and ability to be integrated on one chip. However, the
most critical drawback of lithium metal as anode’ is the extremely
active chemical property, and the commonly used graphite has a low
capacity,® both of which significantly affect and limit the wide
application of thin film LIBs. As a result, lithium free anode
materials (such as Sn, Si and Ge) with high capacities attract wide
attentions,” but further research is still required to address the severe
volumetric ~ expansion/contraction during lithiation/delithiation.
Many improved methods are reported to settle the problem, e.g.
doping metal,’® synthesizing composite,” designing microstructure® or
nanostructure’ and using structural/physical buffer.'® Nevertheless,
to the best of our knowledge, almost all anode materials are
deposited or synthesized on copper,'! nickel,'? titanium'® or gold-
coated silicon.'* Few works consider using a lithium-ion (Li")
conductive film as the key layer to activate Si substrate and fabricate
high performance composite films. Thus, the volumetric change may
be greatly reduced and composite films can be used to store Li'.
Generally, Si based materials serve as the substrates for
microelectronic and MEMS devices. Therefore, the Si bulk materials
combined with Li* conductive films as high performance anodes are
extremely attractive for thin film LIBs.

Since SnO, is first suggested as anode material for LIBs,'> many
groups begin to research SnO, as anode electrode.'® It is believed
that SnO; is irreversibly reduced to Sn in the initial discharge,17 and
further researches prove that the reaction mechanism in SnO, is by
alloying and de-alloying.'® Tin based thin films deposited by using
magnetron sputtering are uniform and easily doped with other metals
(Cu, Ag, Fe, etc.), exhibiting a high capacity and good cycle
performance.’ On the other hand, lithium phosphorous oxynitride
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(LiPON) generally obtained by sputtering Li;PO,4 in a N, atmosphere
is widely used as solid state electrolyte?, can transport Li" and has
a wide electrochemical window ( > 5.5 V). Besides, LiPON has been
used as a protective film for LiCoO,, LiMn,0,, Li-Mn-Ni-O, etc. B
However, no one makes full use of porous LiPON as a transition
layer to activate and protect Si. Si materials, especially particles,?®
powders®’ or polycrystals™, are extensively studied as anodes and
reported to have a low discharge potential of less than 0.5 V with an
ultrahigh theoretical capacity of 4200 mAh g'. But Si has few
practical applications for LIBs due to its big volumetric expansion
up to 420% during the repeated Li" insertion and extraction.”

In our study, we turn to a new idea that is to utilize composite
thin films as anode materials, i.e. combination of copper doped tin
oxide (SnCu,O,), LiPON and Si, expecting that they can possess
reliable properties, such as a high capacity, good cycle performance
and acceptable conductivity. In this work, various samples of SnO,,
SnCu,0O,, SnCu,0,/Si and SnCu,O,/LiPON/Si (excluding the current
collector) are fabricated by magnetron sputtering and compared as
anode materials for thin film LIBs. The results show that the
SnCu,O,/LiPON/Si film exhibits the highest capacity (441 pAh em™
after 100 cycles) and the best cycle performance. Furthermore, a
porous composite film SnCu,O,/LiPON is obtained and the slagking
structure is found favourable for alleviating volumetric change.* **
This study indicates that the composite films can significantly
optimize the transition interface, protect Si anodes and act as high
performance anode materials for thin film LIBs.

Experimental section
1 Fabrication of nanocomposite films

All films were fabricated by using radio frequency (RF) magnetron
sputtering technology (JC500-3/D magnetron sputtering system). In
this study, N-type 4-in (100) Si wafers were used and the thickness
was 500 um. The fabrication process is schematically illustrated in
Fig. 1. After the standard cleaning and surface activation, Ti/Au with
a thickness of 20/200 nm were consecutively sputtered on the Si
substrates. Here Ti was used as the coherent layer and Au as the
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current collector for LIBs. Afterwards, a LiPON film (~100 nm) was
deposited on the other side of the Si substrates with a 6-in Li;PO,
target (purity, 99.99%) in a N, atmosphere. During the process, the
chamber pressure was kept at 1.3 Pa and the sputtering power was
100 W. Then a SnCu,O,, film (~200 nm) was deposited by using co-
sputtering technology, where three pieces of copper were put on a 6-
in Sn target (purity, 99.99%). The chamber pressure was kept at 1.33
Pa with an Ar: O, ratio of 1: 2 and the sputtering power was 120 W.

(a)

In the end, a composite film of SnCu,0,/LiPON/Si/Collector was
obtained and defined as sample A. Here, the “Collector” represents
the Ti/Au films. In order to make comparisons, sample B, C and D
were also fabricated as shown in Fig. 1. In sample B, SnCu,O,, was
sputtered on Au layer, and described as SnCu,O,/Collector/Si. In
sample C, SnCu,O,, was sputtered on Si as SnCu,O,/Si/Collector. In
sample D, SnO, was sputtered on Au layer as SnO,/Collector/Si.

> =>

Collector
Collector
o

Collector

Collector

@.
Si

Fig. 1 (a, b, ¢) Fabrication process and structures of sample A, B, C and D.

2 Material characterizations

Small pieces in a same size of 10 mm x 10 mm were cut from the
prepared samples. The X-ray diffraction (XRD) equipment (Rigaku
Ultima V) with Cu Ko radiation was used to identify the crystal
structures. The morphology and composition of the samples were
investigated using a ZEISS Sigma scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectrum (EDS)
analyzer. Also, the morphology was testified using a Nanoscope
Ila multimode atomic force microscope (AFM), and the chemical
composition was checked by X-ray photoelectron spectroscopy
(XPS) on a PHI Quantum 2000 Scanning ESCA Microprobe.

3 Electrochemical measurements

The electrochemical properties of composite films were measured
in coin cells (CR2016) assembled in an Ar-filled glove box. The
above composite film samples were chosen as the working
electrodes, Li metal foils as the counter electrodes, a polypropylene
(PP) film (Celgard 2400) as the separator, and 1.0 mol/L LiPFg
mixed with ethylene carbonate, dimethyl carbonate and diethyl
carbonate (EC/DMC/DEC, 1:1:1 in volume) as the electrolyte.
After the coin cells were shelved for ~12 h, the galvanostatic
charge/discharge tests were conducted on Neware BTS5V/ImA
battery test systems (Shenzhen, China). The cyclic voltammetry
(CV) tests were performed on Arbin-BT2000 test instruments at a
scan rate of 0.5 mV s ' between 0 and 3.0 V. It was noted that all
tests were carried out at room temperature.

Results and discussion
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Sample A
(SnCu,O,/LiPON/Si/Ti/Au)

<— Sample B
(SnCu,O,/Au/Ti/Si)

<— Sample C
(SnCu,O,/Si/Ti/Au)

<—— Sample D
(SnO/Au/Ti/Si)

1 Morphology and structural properties

The surface morphology of sample A (Fig. 2a) demonstrates an
obviously porous surface coated with nanoscale particles. The
porous film is expected to release the volumetric expansion during
charge/discharge and increase the specific surface area for reactions.
As the microstructure of LiPON is gross®* and it is easy to form
pores after exposing to oxygen or moisture,”® an increased porosity
is generated during sputtering SnCu,O, in an oxygen atmosphere.
As expected, similar structures can not be observed on the surface
of sample B (Fig. 2b), and the nanoscale grains nucleate on the
overall substrate in close contact. The cross section SEM image of
sample A is presented in Fig. 2c. Color change of layers can be
observed from SnCu,O, to LiPON. The thickness of SnCu,O, and
LiPON is measured to be ~200 and ~100 nm. A gold-coated Si
substrate is used to improve the conductivity during observing, and
some pores of LiIPON can be seen as redacted in Fig. 2c. Thus the
SnCu,O, film sputtered subsequently is porous as well with a rough
appearance. The interfaces between the layers of sample B (Fig. 2d)
are smooth without any defects such as pinholes or cracks. It can be
predicted that the stacked layers may lead to severe stress rupture
after cycling for a long time, and the ingenious using of porous
LiPON film may promote a better cycle performance for sample A.
The elementary composition of sample A and B is analyzed by
EDS characterization (Fig. 2e and f) from Fig. 2a and b. Silicon
element in the abundant substrate is neglected in the spectrums.
The presence of Oxygen, Phosphorus, Nitrogen, Copper and Tin
evidences the successful deposition of SnCu,O, and LiPON in
sample A. Especially, the ratio of Copper to Tin content in sample
A (1.14: 1) is almost the same as that in sample B (1.14: 1), which
confirms that films are homogeneously deposited on all substrates.

This journal is © The Royal Society of Chemistry 2012
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The 3D AFM images of sample A and B are shown in Fig. 2g.
In sample A, the additional LiPON film leads to an increased
surface roughness, and the maximum height gap is 95.1 nm. As
mentioned before, the sputtered LiPON film (~100 nm) is porous
and the subsequent growth barely occurs on the previously formed
pores, producing a porous SnCu,O, film as well. While in sample B,
the morphology is relatively flat with a biggest fall of 9.3 nm, in
keeping with SEM images.

(2)

Element Weight A tomicth

OK ns TL98
PK 0.76 0.87
NK 0.33 0.83
CuK 2514 14.01
SnL 41.25 12.31

-45.9nm

49.2nm
Sample A

-3.9nm 5.4nm

Sample B
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The postmortem morphologies of sample A before cycling and
after 100 cycles are depicted in Fig. 2h. Before cycling, the surface
is smooth without any defects in a relatively large scale. After 100
cycles, the structure of Si substrate is intact and no obvious
fragmentation can be seen under the same scale. This stems from
the buffering effect and prevented direct contact between Si and
electrolyte by the SnCu,O,/LiPON film. The results indicate that
the volumetric change of sample A is eased effectively.

(b)

Element Weizht %0 Atomic®o
OK 20.98 66.29
Au M 35.61 9.14
CuK 16.44 13.08
Sn L

( / s A il L o
I NICEIN S S s e rrar.

Fig. 2 (a, b) Surface SEM images of sample A and B, (c, d) cross section SEM images of sample A and B, (e, ) EDS patterns of sample A
and B from (a, b), (g) 3D AFM images of sample A and B, and (h) cross section SEM images of sample A before cycling and after 100 cycles.
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The XRD patterns of different films are presented in Fig. 3a. In
view that oxygen may be absorbed by LiPON to form pores™
during sputtering SnCu,O,, the lack oxygen content on the surface
of sample A will induce more SnO to nucleate than sample B.* In
general, the LiPON film tends to be amorphous.?' So apart from the
peak of substrate, only reduced peaks of SnO can be indexed in
sample A, while weaken peaks of SnO, and Au can be seen in
sample B. In terms of pure SnO, or Cu film prepared at the same
experimental conditions, intense peaks of SnO, or Cu can be
observed, but they are not fit with the patterns of sample A or B. In
a word, the doping coppers and LiPON film lead SnO, film to be
amorphous as reported."

The elements in the surface layer of sample A is confirmed by
XPS analysis (Fig. 3b) and no fitting is applied. The tin 3d peaks
located at 486.6 and 495.1 eV with a peak splitting of 8.5 eV

indicating SnO or SnO,, because the discrimination between SnO
and SnO, is only a very small shift in the binding energy. The
copper 2p peaks located at 932.4 and 952.2 eV with a peak
separation of 19.8 eV indicating Cu or Cu,O. But according to
Auger spectrum (copper Imm), the main Auger peak at 570.1 eV
corresponds to Cu’.>’ The oxygen 1s peak at 530.5 eV is associated
with oxides. The formula obtained is Sng,9Cug,50 46, consistent
with the results that the composite film is composed of Cu,O, SnO
and SnO,. Since only the surface layer can be detected by XPS, and
the oxygen inside LiPON contributes largely to the ratio, the
oxygen content of XPS is less than the result of EDS. Consequently,
the films are all successfully deposited on Si substrates combining
the SEM, EDS, XRD and XPS analysis.

(a) — Sample A (b)
® Sn0-[72-2324]
an X K —
Sample B B Sn02-[03-0439] 5 a
- ® Au-[04-0784] - . _ Cu2p P,
= T ﬂ A = 2p,,
s ' ' ' &)
~ Si substrate 2
3} ‘® 965 960 955 950 945 940 935 930
‘A g [o1s T
= - ' ' - £
& SnO_ | H ® Sn02-[41-1445] /
R W R L1 ~
540 538 536 534 532 530 528 526
—Cu J ® Cu-[04-0836] Culmm
*
10 2.0 3I0 4:0 5I0 6.0 584 580 576 572 568 564 560
20 (° ) Binding Energy (eV)

Fig. 3 (a) XRD patterns of sample A, B, Si, SnO, and Cu films. (b) XPS spectra of surface layer in sample A.

2 Galvanostatic charge/discharge curves

The Au film is a blocking electrode that Li* can not easily pass
through and insert into Si, but LiPON film can deliver Li" and the
liquid electrolyte may permeate into pores to react with Si. As a
result, the main effective materials of sample A, B, C and D are
SnCu,O,-Si (combined by LiPON), SnCu,O,, SnCu,0,-Si and
SnO,, respectively. The voltage range during charge/discharge for
sample A and C is 0.12-1.2 V, and 0.1-1.2 V for sample B and D. It
is found when the cut-off voltage is below 0.1 V, the electrode will
experience mechanical fractures resulting in the collapse of Si
materials.*® So, in order to achieve a compromise between capacity
and cycle performance, a narrower voltage window is employed
and thus just the surface of Si wafer participates in the lithiation
process. The current density for all samples used to activate the
electrodes in the initial two cycles is 20 pA cm™ and then 40 pA
cm’ in the following cycles.

The charge/discharge curves of sample A are shown in Fig. 4a.
The curves are similar to those of multilayer films, such as Sn,*
Cu-Sn,** and Zn-Sn’, resulting from the gradually activation for
each layer. The initial charge and discharge capacities are 298 and
403 pAh cm™ with an irreversible capacity loss of 26.05%. In the
first cycle, a long discharge plateau at ~0.12 V can be seen and then
disappears in the following cycles. This is associated with the

4 | J. Mater. Chem. A, 2012, 00, 1-3

insertion of Li" into the Si material to form Li,Si alloys,zs’ 3 and

due to the activation for Si substrate through LiPON film. The
initial charge plateaus at 0.25 and 0.5 V correspond to the Li"
extraction from Li-Si and Li-Sn alloys.?® 33! In the 5" cycle, the
charge and discharge capacities are 187 and 188 pAh cm™ with a
coulombic efficiency of nearly 100%. The results manifest the
good reversible performance of sample A. The discharge plateaus
range from 0.1 to 0.3 V, mainly attributed to the Li" storage process
of Li-Sn alloys.'* * Whereas, the charge plateau at 0.25 V
disappears, and only one slope plateau at ~0.5 V can be seen
corresponding to the Li* extraction of Li-Sn alloys. In the 100"
cycle, the charge/discharge capacities are 436 and 441 pAh cm™
The plateaus gradually elongate and become slopes, implying the
transition of lithiation process from Sn to Si. On the other hand, the
capacity is higher than that in the initial cycle, demonstrating the
further activation of Si from substrate.

The charge/discharge curves of sample B are shown in Fig. 4b.
The initial charge/discharge capacities are 63 and 208 pAh cm™
with an irreversible capacity loss of 72.59%. The irreversible
discharge plateau at ~1.8 V is related to the reduction of SnO,*' and
the formation of solid electrolyte interphase (SEI) film.** The
subsequent plateau at ~0.5 V could be assigned to the irreversible
transformation of Cu' to Cu. The characteristics agree well with
XRD and XPS that SnO, and Cu" are combined into sample B. The

This journal is © The Royal Society of Chemistry 2012
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voltage profiles between 0.1-0.5 V are concerned with the reaction
of Li-Sn alloys.* The discharge curves in the following cycles
associated with the alloying of Li-Sn are steep, which are similar to
the 5" discharge curve of sample A. The initial charge plateaus at
0.3-0.6 V is related to the dealloying of Li-Sn. The charge curves
do not change obviously with the increase in cycle numbers.

The charge/discharge curves of sample C (Fig. 4c) are almost
the same as sample B except the initial broad plateau, which may
be affected by the irreversible synergetic lithiation of Sn and Si.
Without LiPON film, the Si substrate can not be activated and the
effective material is only SnCu,O, indeed. The mechanism can be
attributed to the raised lithiation potential by the additional Li" of
LiPON* and the prevented dissolution of effective material by the
protective films.*

(a)z.o -
—1
1.8 g
1.6 )
— 100"
1.4
-
- 1.24
- &
En 1.0 g
=
E 0.8 o
0.6 )
B0
.4 ]
0.4 ki
0.2 7
a
0.0 T
-50 100 150 200 250 300 350 400 450 500

Capacity (pAh cm” )
2.4
(C) 2.2- — 1"

2.04 th
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0'0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Capacity (pAh em™)

— 100"

Voltage (V)
Charge

Discharge

Fig. 4 (a, b, ¢, d) Galvanostatic charge/discharge curves
3 Cycle performances

The cycle performances of all samples are shown in Fig. Sa.
Among them, Sample A exhibits the highest capacity and a
gradually increasing capacity as the Li" diffusion kinetics inside the
Si substrate are developed by an activation of low density current.
The phenomenon can be found in SnO,"* and Sn-Cu alloys* as
reported, but only focus on the first several cycles as sample B. The
effective material of sample B is SnCu,O, and the structure is
mechanically stable as shown in SEM images. In addition, the
doped coppers not only can improve the electronic conductivity*®
but also ease the volumetric expansion as a conductive matrix.*’
Thus the mass capacity of sample B is ~1000 mAh g™ in the first
several cycles and then slowly fades, which is superior to reported
Cu-Sn thin film,*® sample C and D. Sample C is fabricated by
sputtering SnCu,O, film on Si substrate. The conductivity of
Si/Collector in sample C is less than that of Collector/Si in sample

This journal is © The Royal Society of Chemistry 2012
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The charge/discharge curves of sample D (Fig. 4d) are in
accord with the voltage profiles of pure SnO,.** Compared with
SnCu,O, (Fig. 4b), the voltage profile at ~0.5 V related to Cu” is
absent and the voltage plateaus (~0.2 and 0.4 V during discharge
and charge, respectively) are more apparent. The distinction can be
ascribed to the abundant crystal SnO, in sample D as shown in
XRD."

In comparison, the capacity ranking after 100 cycles is sample
A, B, D and C. Furthermore, the Si substrate of sample C can not
be activated effectively without LiPON film. As a result, the
SnCu,O,/LiPON/Si/Collector composite exhibits the significantly
highest capacity.

2.04 "
n
1.84 5

1.6 4 —100
S 1.4
& 1.2

2]
= 1.0
=

th

Charge

~ 0.8
0.6
0.4
0.2
0.0

Discharge

— T T T T T T T T T
0 20 40 60 80 100 120 140, 160 180 200 220
Capacity (nAh ecm™)

2.0+
1.8 4 th
—100
1.6 1
1.4 4
1.24
1.0 1
0.8+
0.6 4
0.4 4
0.2

0'0 T T T T T T T T T T
0 20 40 60 B0 100 120 140 180 180

Capacity (nAh cm™)

Voltage (V)

Discharge

of sample A, B, C and D.

B and D. As a consequence, the last reversible capacity is only
~500 mAh g”!, but comparable to the reported results."

2xLi* +SnO, +2xe” — xLi,O +Sn (1)
Sn+xLi* +xe” <> Li Sn (0< x<4.4) @)
Si+xLi* +xe” <> Li Si (0<x<4.4) 3)

The cycle curve of sample A can be divided into three sections:
the first four cycles with a decreasing capacity, the 5™ to 50" cycles
with a stable capacity and the 51 to 100™ cycles with an increasing
capacity. The drop in the first section is caused by some irreversible
reactions including Eq. (1). A series of lithiation reactions including
the alloying and dealloying of Sn, Li-Sn and Li-Si alloys as Eq. (2)
and (3) occur in the second section. The capacity of sample A keeps
increasing in the last section due to the further activation of Si
substrate and the domination of Eq. (3).
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It is illustrated that sample A has an excellent capacity and
cycle performance. This result can be understandably attributed to
the following reasons: (I) Si act as not only a substrate but also an
anode material after the activation. (I) SnCu,O,/LiPON serves as
the protective film to prevent the direct contact between Si and
electrolyte. (III) The porous LiPON film provides enough space to
release the volumetric expansion. (IV) SnCu,O, improves the
capacity and conductivity of the composite films.

The first three cycles of CV curves of sample A are denoted in
Fig. 5b. An obvious reduction peak at ~0.1 V with a large current is
resulted from the alloying of Li-Si alloys* as Fig. 4a. In addition,

( a) 600 —

S ' + Sample B
e % 25001, Sample C
' 5004 A 5500 ‘l +— Sample D
| &7
kS
400 s a

LU
s =
-3
300+ \ 0 0 20 40 60 80 100 #ﬂ#
3 o — o — Sample A
200 A F g mrePingas —o—Sample B
i Sample C

10044

Discharge Capacity (nAh cm

o

T T T T T T T T T T
0 20 40 60 80 100
Cycle Number

(b=

the reduction peak gradually decreases and moves to ~0.2 V with
the cycles going on (the inset of Fig. 5b). This finding can be
ascribed to the transition of lithiation process from Li-Si to Li-Sn in
the first several cycles, in accord with the results of discharge
curves. The two oxidation peaks at 0.37 and 0.55 V correspond to
the Li" extraction from Li-Si alloys.*® It is worth nothing that a
distinct reduction peak at ~1.7 V in the initial cycle disappears in
the following cycles. It is caused by the irreversible reaction (1) as
well as the formation of SEI film. The redox peaks of sample A are
identified with the charge/discharge plateaus.

o
o
1

-0.4

Current (mA cm™)
S
®

-1.2 4

-1.6 4

00 05 10 1.5 20 25 30
Voltage (V)

Fig. 5 (a) Cycle performance of all samples at a current density of 40 pA cm™. Inset is capacities of sample B, C and D by the mass of SnO,.
(b) Initial three cycles of CV curves of sample A. Inset is detailed CV curves between 0-0.4 V.

Conclusions

Composite films are fabricated and studied as anode materials for
thin film LIBs. Among the developed SnO,, SnCu,0,, SnCu,0,/Si
and SnCu,O,/LiPON/Si composite films (excluding the Collector),
it is found that the SnCu,O,/LiPON/Si film exhibits the best
properties for the additional Li" supplied by LiPON, prevented
dissolution of effective materials by the protective layer and
released volumetric change by the porous microstructure. The
capacity of sample A is 441 pAh cm™ even after 100 cycles, and
the capacities of sample B, C and D are also comparable to the
reported results. The method presented in this paper for activating
Si can be applied to other potential materials and is useful for
developing high performance thin film LIBs.
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