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Abstract High-performance, Si-based three-dimensional
(3D) microbattery systems for powering micro/nano-
electromechanical systems and lab-on-chip smart electro-
nic devices have attracted increasing research attention.
These systems are characterized by compatible fabrication
and integratibility resulting from the silicon-based tech-
nologies used in their production. The use of support
substrates, electrodes or current collectors, electrolytes,
and even batteries used in 3D layouts has become
increasingly important in fabricating microbatteries with
high energy, high power density, and wide-ranging
applications. In this review, Si-based 3D microbatteries
and related fabrication technologies, especially the pro-
duction of micro-lithium ion batteries, are reviewed and
discussed in detail in order to provide guidance for the
design and fabrication.

Keywords three-dimensional (3D), wafer-scale, Si-based
anode, micro-LIBs, thin-film deposition

1 Introduction

In recent years, the rapid development in integrated circuits
(ICs) and micro/nano-electromechanical systems (M/
NEMS) technologies have fast-tracked the commercializa-
tion of portable electronic devices and intelligent sensors
[1-3]. According to the market forecasting made by the
Yole Développement company of France (Fig. 1 [4]),
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future Si-based M/NEMS smart sensor devices, e.g.,
pressure sensing, gyroscope, micro-display, miniaturized
thermal radiation tester, are expected to gain increasing
revenue with wide applications in the fields of bio/medical
engineering, military, finance, aerospace, intelligent com-
munications/sensing, and so on. In these micro/nano-
electronic devices, core components, such as micro-
sensing, packaging, and software as well as the indepen-
dent micro/nano-energy supply, are indispensable in
achieving efficient power utilization.

Large capacity, high efficiency, small size, low heat loss,
and long cycle life are required characteristics in an
integratable micro (or even nano) power supply system.
Feasible process integration and fabrication in a wafer-
scale are also highly desirable. Recently, Si-based micro
energy storage systems that are compatible with micro/
nano-devices has drawn great interest among scientists
engaged in research and development (R&D). Especially,
three-dimensional (3D) Si-based micro-lithium ion bat-
teries (micro-LIBs), embracing high energy/power density,
excellent cycle stability, large operating condition range,
easy miniaturization, etc., are considered as good candi-
dates for miniaturized, integrated, and environmentally-
friendly energy devices [5—8]. However, most of the Si-
based 3D micro-LIBs still lack compatibility with current
semiconductor processing technologies, and their corre-
sponding electrochemical performance also needs further
improvement.

This review focuses on the fabrication processes of 3D
microbatteries and the influences of such processes on the
respective electrochemical performances of the microbat-
teries. In the main context, we first review and compare the
energy storage abilities of different electrochemical energy
storage systems, followed by a specific introduction of the
working principles and applications of micro-LIBs. Then,
the historical development of micro-LIBs from 2D to 3D
configurations is introduced and the different types of 3D
micro-LIBs are summarized. Subsequently, we presented
the advantages of 3D Si-based micro-LIBs with emphasis
on various structures of micro/nano-electrodes. Finally,
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recently fabricated 3D Si-based micro-LIBs via diversified
technologies are classified and discussed.

2 Micro energy storage systems

A micro energy system is a micro-device that can convert
different energies into electrical energy. Depending on its
energy sources, the micro energy system can be classified
as rechargeable micro-LIBs [9], solar cells [10], micro
nuclear batteries [11], micro-fuel cells [12] and micro-
thermoelectric batteries [13]. Among them, the micro-LIB,
as an electrochemical energy storage source based on the
principle of LIBs which has higher energy density (Fig. 2
[14]), mature preparation technology, and a wider range of
operating temperatures and intensive commercial applica-
tions, is definitely a good candidate for a micro-power
supply system. Moreover, the all-solid-state micro-LIB
processing presents possible compatibility with smart
micro/nanoelectronic devices.

2.1  Working principle and application of micro-LIBs
Similar to traditional LIBs, micro-LIBs consist of an anode

(negative), cathode (positive), separator, electrolyte, and
current collectors for repeated charging/discharging
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Fig. 2 Ragone plot of different electrochemical energy storage
systems. Reprinted with permission from Ref. [14]. Copyright
2001, Nature Publishing Group

processes. As shown in Fig. 3 [15], oxidation/reduction
reactions occur in the electrodes during the working cycles.
The reactions in the graphite anode (negative electrode)
and LiCoO, cathode (positive electrode) are described in
Fig. 4.
During the charging process, the Li ions are released
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Working principle for a Li ion battery

Power supply
1l

bl |
Load I

. . -@- i i i
[ X ] -@-
=
-5
Anode Cathode

Charge

Dlscharge
I Separator ‘ |

-@- ...

Electrode material
LiCoO,

Fig. 3 Illustration of the working principle of a Li-ion battery [15]
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Fig. 4 Reactions that occur in the electrodes of a Li-ion battery
during the charge/discharge process [15]

from the LiCoO, positive electrode, and then inserted into
the graphite negative electrode through the electrolyte.
Meanwhile, the electrons are transferred from the positive
to the negative electrode through the external circuit,
before they eventually recombine with the Li ions.
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Meanwhile, the opposite processes occur during the
discharging process [15,16].

Currently, LIBs can be fabricated in varying sizes for
different areas according to the energy storage capability.
As shown in Fig. 5 [17-28], the capacity in the pW-h—
mW -h range is ascribed to a micro-LIB unit and can power
the micro/nano smart devices. The overall capacity of the
micro-LIB is much less than that of a battery for
applications in portable electronics (W-h) and the electric
vehicles (kW-h). In recent years, the all-solid-state thin-
film LIB, with thickness of about 170 um and up to
thousands of working cycles has been successfully
produced by the US company, ThinEnergy, making it the
only commercialized microbattery at that time [18].

Electric vehicles

Fig. 5 Applications of different Li-ion battery energy storage systems [17-28]
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Another US company, Cymbet, fabricated the wafer-scale
all-solid-state Li-ion micro-secondary battery, which can
be integrated with the smart IC chips with the minimum
current density supply in the nA-cm™ order of magnitude
[19]. However, the electrochemical performances of the
current micro-LIBs require further improvement and a
mass production process to guarantee its commercializa-
tion. Therefore, conducting further research on integratable
and high-performance micro-LIB energy storage systems
is highly significant.

2.2 Structural evolution of micro-LIBs from two-dimension
to three-dimension

2.2.1 Development of the three-dimensional micro-LIBs

Due to the successful development of the solid-state
electrolytes, it is now possible to realize, solidify,
miniaturize, and commercialize micro-LIBs. Traditionally,
micro-LIB energy storage systems have a two-dimensional
(2D) thin-film structure. For example, Figs. 6(a) and 6(b)
[29,30] show thin-film all-solid-state LIBs with a 2D
sandwich structure (—) Li/LiPON/Li,MnO,4 (+). In the
microbattery, the overall footprint area and thickness are
about 3 mm* and 15 pm, respectively. The energy and
power densities of a cell are tens of pA-h-cm™? and
uW-cm™. Normally, the overall volume of the micro-
battery is small, and the mass of the active material is
difficult to measure accurately, such that the energy
and power density are expressed in wmA-h-cm™? and
wmW -cm™ [31,32]. Intrinsically, as shown in Fig. 6(c),
both the energy and power densities of a 2D thin-film LIB
cannot be increased simultaneously by only controlling the
thickness of the electrode material in a limited footprint
area. However, in the novel 3D battery structure, the areal
Li-ion inserting capacity can be increased due to the
enlarged specific surface area and the more active material

(a) Protective coating \

used in the same footprint area. Moreover, the power
density can be improved because of the relatively short Li-
ion diffusion distance. Consequently, both the energy and
power density can be improved in 3D microbattery
systems [30].

Generally, as shown in Fig. 7 [33-36], the fabrication of
3D micro-LIBs is mainly based on the battery’s key
components, namely, the current collector, electrode
materials, and the electrolyte. The details are given below.

1) 3D current collector preparation. Typically, a
conductive substrate, such as Cu [37], Ti [38], or C [39],
is used as the substrate. For example, as shown in Fig. 7(a),
researchers used a porous anodic aluminum oxide as a
template to fabricate the 3D Al nanocolumnar arrays by
electroplating, which benefited the rapid electron transfer
in the battery. Subsequently, the TiO, thin-film anode
material was prepared by atomic layer deposition (ALD)
technology, and a total areal capacity of about 0.01
mA -h-cm™ was obtained [33].

2) 3D electrode material fabrication. This methodology
is employed in processing materials, such as Si [40], Ge
[41], TiO, [42], and LiCoO, [43]. It is the most commonly
used experimental procedure to improve the electroche-
mical properties of a battery. As shown in Fig. 7(b), the 3D
Si nanopillar array electrode was produced by the glancing
angle deposition (GLAD) technique [37]. Compared with
the 2D solid-state dense silicon thin-film electrode, both
the areal capacity (90 vs. 40 pA-h-cm?) and the rate
performance of the 3D Si electrode were all significantly
improved [34].

3) 3D electrolyte structure construction. As an example
shown in Fig. 7(c), Yoshida et al. [35] (NGK Insulators
Limited, Japan) synthesized a double-sided, honeycomb,
solid electrolyte Lig3sLagssTiO5 (LLT) using a template
method. The contact areas of the (LiCoO,) negative and
(Li4MnsO,,) positive electrode were increased, thus the
electrochemical performance of the battery was improved.

4) 3D integrated battery construction. Recently, as
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Fig. 6 (a) Diagram of a conventional 2D all-solid-state thin-film Li-ion battery structure and (b) its SEM section view. Reprinted with
permission from Ref. [29], Copyright 2000, Elsevier. (c) Advantages of the 3D battery structure [30]
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shown in Fig. 7(d), the 3D Si-based micro-LIB structure
was successfully fabricated by Peter H. Notten’s group
[36] at the Eindhoven University of Technology in
Netherlands. The TiN and the amorphous Si (thickness
~50 nm) thin-film layers were employed as the Li-ion
barrier layer and anode material, respectively. In half-cell
testing, the 3D Si-based electrode delivered an areal
capacity of about 40 pA-h-cm™ after 150 cycles [36].

Although the three methods mentioned above can
improve the energy and power densities of the micro-
LIBs, the fact that the fabrication process is less compatible
with the traditional semiconductor Si technology remains a
significant issue in this field. Moreover, a more simplified
preparation process and reduced manufacturing costs are
expected. To solve these problems, the Si-compatible
technology developed by Peter H. Notten’s group [36] has
shown potential in the preparation of 3D integratable
micro-LIBs. However, challenges still exist because the
battery fabrication process involves a complex lithography
process, and the overall electrochemical performance,
especially the cycling performance, still needs to be further
improved. Therefore, developing compatible, low-cost,
simple, and reproducible fabrication technologies for the
production of high-performance 3D integratable micro/
nano-LIBs remains an immediate task.

2.2.2  Advantages of Si in three-dimensional micro-LIBs

The electrochemical energy storage ability of micro-LIBs
not only depends on the electrode structure, but also on the
electrode materials. The materials in LIBs (including
anodes, cathodes, and electrolytes) have been investigated
in many past studies with great progress. Further, with the
consideration of the compatibility of the battery fabrication
process and integratibility with the micro/nanodevices, Si-
based micro-LIB energy storage systems have been shown

to have several exceptional advantages compared with
others (Fig. 8 [44-47]), as enumerated below.

1) First, the Si material is abundant in nature and is not a
significant pollutant to the environment. Moreover, as
shown in Fig. 8(a), the Si electrode itself, as an LIB anode
material, has excellent electrochemical properties, e.g.,
lower relative potential (<0.5 V vs. Li/Li") and higher Li-
ion storage ability (Lis75Si-3572 mA-h-g™') at room
temperature [44], equivalent to more than ten times of the
current commercially produced graphite material (LiCe-
376 mA-h-g™).

2) Second, from the battery structural aspect, as shown
in Fig. 8(b), the complex 3D Si-based microchip structures
are primarily based on mature semiconductor Si-proces-
sing technologies [45]. Therefore, different kinds of 3D Si-
based micro-LIB structures can be easily fabricated by the
Si-processing technology, and the corresponding electro-
chemical properties can also be greatly enhanced.

3) Again, as shown in Fig. 8(c), a wafer-scale micro/
nano-LIB cell can facilitate the integration of the micro-
power supply module with other micro/nano-smart devices
on a single chip [46,47].

4) Finally, all the components of the Si-based micro-
LIB, including the solid-state electrolyte, positive and
negative electrode materials, etc., can be fabricated
consecutively by the microelectronic thin-film deposition
process. Therefore, by using the Si electrode material and
the corresponding Si-based semiconductor technology, the
wafer-scale 3D Si-based micro-LIBs can be produced
together with micro/nano-electronic devices.

Unfortunately, apart from the abovementioned extra-
ordinary properties, the Si anode material generally
experiences a large volume expansion (~300%) during
the repeated charging/discharging process. As shown in
Fig. 9(a) [48], electrode pulverization or detachment from
the bottom current collector often happens after cycling in
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Fig. 8 (a) Theoretical capacity and relative potential vs. Li/Li" of common electrodes in LIBs. Reprinted with permission from Ref.
[44], Copyright 2009, Royal Society of Chemistry. (b) Scanning electron microscopy (SEM) image of the complex Si-based microchip
structure; (c) wafer-scale LIB units can be potentially integrated with the micro/nano-intelligent electronic devices [45—47]

LIBs that use 2D Si thin-film or Si nanoparticle as anodes,
thus resulting in the poor electrochemical performance of
batteries. Therefore, in recent years, many researchers have
focused on solving the issue of large volume expansion in
Si electrodes. For example, as shown in Fig. 9(a), 3D
silicon nanowire anodes, prepared by metal-catalyzed (Au)
chemical vapor deposition (CVD) technique are used to
address the volume change issue [48]. Based on the
literature, two common approaches can be employed to
address the volume expansion issue.

1) From the structural aspect

This approach is used in fabricating the 3D micro/nano-
structured Si electrodes, e.g., nanowires, nanotubes,
hollow nanospheres, as shown in Figs. 9(b)(i) [48-51].
Structurally, the sufficient space provided by the 3D
configuration is helpful in buffering/retarding volume
expansion and in reducing stress in the Si electrode.
Furthermore, the current polarization effect in the working
electrode can be reduced due to the increased active
surface area in low-dimensional structures. Moreover, the
diffusion path of lithium ions can be understandably
shortened, thus leading to the improved stability in Si
anodes.

2) From the material aspect

This approach is used in fabricating 3D Si-based
nanocomposite electrodes, as displayed in Fig. 9(b)(ii)
[52-55], such as the Si/C nanocomposite particles, Si/Ge,
Si/C nanotubes, Si/Graphene. This kind of nanocomposite
acting as electrodes has several advantages. First, the 3D
nanocomposite shell electrode not only provides extra
reversible sites for Li-ion insertion/extraction and further
increases the whole areal capacity of an electrode, it also
helps improve the surface electronic/ionic conductivity,
thus promoting the electrochemical kinetics process in the

Si electrode. Second, the nanocomposite thin-film can
effectively prevent direct contact between the Si electrode
and the electrolyte, thus reducing the continuous genera-
tion of the solid electrolyte interphase (SEI) layer.
Therefore, aside from the largely buffered or restricted
volume expansion, the improved electrochemical perfor-
mance can also be accomplished in the Si electrodes with
various composite components.

However, currently, most of the Si-based nanocomposite
or micro/nano-structured anodes are either bulk materials
(the mixture of the carbon black, binder, and Si-based
active materials) or directly fabricated on the metal
substrates, which are quite challenging for the battery
miniaturization, integration, and packaging with the micro/
nano-device. In comparison, the wafer-scale 3D Si-based
nanocomposite electrodes present possible compatibility
and integratibility with the micro/nano-devices and
promising electrochemical properties. The recent advances
in wafer-scale 3D Si-based integrated micro-LIBs shall be
discussed in two directions: Si substrate serving as the 3D
supporting structure, and the 3D-patterned Si substrate
acting as both the supporting structure and the active
electrode material.

3 Fabrication of three-dimensional Si-
based micro-LIBs

3.1 Three-dimensional micro-LIBs with Si as a supporting
structure

When the Si substrate only serves as the supporting
structure, a barrier interlayer, such as TiN [56], Pt [57],
Si0, [58], Al,O5 [59], is normally employed to block the
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insertion of Li ions into the Si substrate and reduce the
interference to other integrated electronic devices. Based
on the type of electrolyte applied in a battery, researchers
carried on their works mostly on either a half-cell unit or a
full-battery unit.

3.1.1 Half-cell unit

As in Notten’s concept of 3D, integrated all-solid-state
micro-LIBs (Fig. 10(a) [60]), the 3D Si geometries (in
depths of 10-100 pm) including micro trench or pillar
arrays, were first prepared by the traditional Si dry-etching
technologies. Then, the subsequent Li-ion barrier layer and
other key components were sequentially deposited onto the
3D patterned Si surface. As seen in Figs. 10(b)-10(d), the
TiN barrier layer and the poly-Si electrode were success-
fully coated on the 3D Si trench with different aspect ratios
(AR, 10 and 20) by the atomic layer deposition (ALD) and
low pressure chemical vapor deposition (LPCVD) meth-

ods, respectively. Obviously, all thin films located in the
top surface were much more conformal and thicker than
those in the middle or bottom parts of the 3D Si structure.
Subsequently, as shown in Fig. 10(e), the cycling
performance of the above two kinds of 3D Si/TiN/poly-
Si stack electrodes were then performed at a current
density of 25 pA -cm™ within a voltage window between 0
and 3.0 V vs. Li/Li*. Both the 3D electrodes experienced a
drastic capacity drop only after 20 cycles. This can be
attributed to the filling of the porous and thick solid
electrolyte interphase (SEI) layer in the space of the
electrode (AR 10), as seen in Figs. 10(f) and 10(g), which
was formed only after 10 cycles and continuously
expanded afterwards. The application of an extra-solid-
state LiPON electrolyte layer can well promote the
electrochemical kinetics by restricting the growth of SEI
layer, resulting in a greatly enhanced cycling performance
in corresponding electrodes [61,62].

Furthermore, Notten’s group [63] also fabricated the 3D
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Royal Society of Chemistry

Si/TiN/Pt/TiO, stack electrodes (Si pillar: Diameter, 1 pm;
height, 30 um). Both the TiN Li-ion barrier layer and Pt
thin-film current collector were prepared by the ALD
method. Afterwards, the uniform TiO, thin-film was
deposited by the LPCVD technique at a temperature of
350 °C. The condensed TiN thin interlayer can effectively
buffer the Li-ion insertion into the 3D Si substrate.
However, the areal capacity of this kind of 3D integrated
micro-LIBs is low. In this manner, the 3D all-solid-state
full-battery fabrication process, especially the solid-state
electrolyte conformal deposition, should be further accom-
plished and optimized [63].

Interestingly, another group also employed the compa-
tible microelectronic facilities to produce the 3D novel
scaffold microtubes on the Si-wafer [64]. As shown in Fig.
11(a), this kind of 3D Si-based supporting structure can
provide adequate space within the microtubes. Moreover,
the surface area was further increased in the mechanically
robust 3D Si microtube structures with optimized depth-to-
width ratio. As displayed in Figs. 11(b)-11(d), the current
collector and active anode material were successfully
produced by the subsequent conformal deposition of Pt
and anatase TiO, thin-films using the ALD technique. By

employing the standard liquid electrolyte, as displayed in
Figs. 11(e) and 11(f), the best electrochemical kinetics and
Li-ion storage abilities were accomplished in the 3D Si/Pt/
TiO, microtube anodes compared with the 2D planar Si/Pt/
TiO,, and even the 3D Si/Pt/TiO, micropillar electrodes.
Therefore, an improved electrochemical performance
could be expected in micro-LIBs by using these novel
3D Si microtubes as an effective supporting structure.

In order to further increase the surface area, as shown in
Figs. 12(a) and 12(b), Eustache et al. [65] optimized the
experiment design and fabricated the 3D Si double
microtubes on the Si wafer. The fabrication process also
used the photoresist as the template and the inductive
coupled plasma (ICP) Si dry etching technologies. After-
wards, the Al,O3/Pt/TiO,/LisPO, stacking layers
(~100 nm-thick) were then step-deposited on the 3D Si
patterns by using the ALD technique [65]. As displayed
in Figs. 12(c)-12(f), the stacking layers were conformal
and compact on the 3D Si pattern surface. From
Fig. 12(g)-12(1), the corresponding element mapping
also showed the Si-3D/Al,03/Pt/TiO,/LizP0,4/Si0,
stacked functional layers in a close contact. The Li;PO,
solid-state electrolyte layer, located in between the TiO,
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and SiO,-protective layers, could not be detected using the
EDX probing. As shown in Fig. 12(m), the high-resolution
transmission electron microscopy (HRTEM) image further
verified the close contact in the multilayers. In addition, the
inset lattice distance can be attributed to the (011) plane of
anatase TiO,, which is identified as the highly crystalline
TiO, layer. The fabricated 3D LizPO,4 pinhole free solid-
state electrolyte has a thickness of 10 nm, which can
increase the Li-ion source and subsequently enhance
the surface capacity. Finally, after the subsequent electro-
chemical testing in the liquid electrolyte, as shown in
Figs. 12(n) and 12(o), the 3D Si-3D (simple microtube)/
Al,03/Pt/TiO,/Li3PO4 multilayer anodes displayed
improved surface capacity and good rate performance.
Thus, the two abovementioned 3D Si-based electrodes can

effectively increase the surface area and achieve improved
electrochemical performances in the corresponding micro-
LIBs.

Another method can be used to fabricate the 3D Si-based
micro-LIBs using the 2D planar Si substrate as the
supporting structure. Gerasopoulos et al. [66] successfully
fabricated 3D Au micropillar current collectors on the
planar Si substrate. Both the SiO, and Cr/Au thin-films
were employed as the Li-ion barrier layers. As shown in
Figs. 13(a) and 13(b), the 3D Au micropillar arrays were
prepared by the electroplating technique, and the 3D
photoresist pores were employed as the electroplating
mode. The novel hierarchical 3D Si/SiO,/Cr/Au-3D/TMV
(Tobacco mosaic virus, templates)/Ni electrodes were
obtained by the solution method, so that the surface
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Fig. 12 (a)~(b) SEM images of the fabricated Si double microtubes before and after the removal of photoresist mask using the deep
reactive ion etching technique; (c)—(f) different magnification TEM images of Al,O3/Pt/TiO,/LizPO, stacking layers coated on the 3D
double microtubes; (g)—(1) EDX-STEM elemental mapping of the Si-3D/Al,03/Pt/TiO,/LizPO,4/SiO,-protective stacked layers; (m) high-
resolution transmission electron microscopy (HRTEM) image of the Pt/TiO,/Li; PO, layers; (n)—(0) the differential surface capacity versus
potential plots and the rate performance of the Si-3D (simple microtube: SMT)/Al,05/Pt/TiO,/Li3PO, electrodes. Reproduced with
permission from Ref. [65], Copyright 2016, Wiley-VCH
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area was further increased. Afterwards, as shown in
Figs. 13(c)-13(e), the micro-LIB anode material (V,05)
was uniformly deposited on the 3D hierarchical micro/
nano-networks by the ALD technique. Therefore, the
micro (Au pillars) and nano (TMV forests template)
components were co-presented in the 3D micro-LIB
electrodes. As seen in Figs. 13(f) and 13(g), the
hierarchical Si/SiO,/Cr/Au-3D/TMV/Ni/V,05 micropillar
electrodes demonstrate enhanced electrochemical perfor-
mance. Moreover, the energy/power density can also be
further improved by depositing other active materials with
higher specific capacities into these 3D micro/nano-
supporting structures or by fabricating 3D battery
supporting micro structures with higher aspect ratios.
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However, the areal capacity and the adhesion ability of the
3D metal current collector to the Si substrate must be
improved. Briefly, the supporting structure patterned on the
2D Si-wafer surface is favorable in improving the energy
storage performance of a 3D micro-LIB.

3.1.2 Full-cell unit

The aforementioned 3D Si-based micro-LIBs liquid
electrolytes were generally used to facilitate the half-cell
assembling and testing. The liquid electrolyte and Li metal
electrode-based LIB may suffer from leakage or may short
circuit, which are major safety concerns [67,68]. Herein,
we reviewed recent advancements in 3D Si-based full
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Fig. 13 (a) SEM image of the photoresist mold patterned on the Si wafer; (b) SEM image of the 3D Au current collector employing
electroplating followed by the mold removal; (c) SEM image of the Tobacco mosaic virus (TMV) nanostructures self-assembled onto the
3D gold micropillars surface and then coated with Ni thin-film in an electroless plating solution, followed by ALD of V,05 anode; (d)
TEM image of an individual virus-templated nanorod; (¢) SEM image of a single Si/Au-3D/TMV/Ni/V,05 micropillar in a close-up top
view; (f) CV measurement and (g) cycle performance of the virus-structured electrodes with and without 3D Au micropillars; (1)—(4)
Scheme of the Si/Au-3D/TMV/Ni/V,05 micropillar electrodes fabrication process. Reproduced with permission from Ref. [66],

Copyright 2012, American Chemical Society
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micro-LIBs and their corresponding processing technolo-
gies.

As shown in Figs. 14(a) and 14(b) [69—71], Nathan and
co-workers first reported the production of battery
supporting structures for 3D micro-LIBs using a process
compatible with current Si-based semiconductor technol-
ogies. The full 3D microbattery was manufactured on the
perforated Si substrate by using the wet chemistry method.
Thousands of high-aspect-ratio holes per square cm exist
in the Si wafer and thus, the surface area per given footprint
can be increased by at least more than one order of
magnitude. Then, the conformal thin-film electrodes,
electrolytes, and current collectors were sequentially
deposited on all available surfaces of the 3D Si substrate.
Here, the cathode current collector (nickel), cathode
(MoS,), and the hybrid polymer electrolyte (HPE) were
prepared by employing the electrodeless, solution, and
electrodeposition methods, respectively. A lithiated gra-
phite slurry simultaneously served as the anode and the
anode current collector. As depicted in Fig. 14(c), the 3D
full micro-LIB had significantly greater capacity than the
2D planar thin-film micro-LIB at the same footprint area
and electrode thickness. Nevertheless, the conformal
deposition of the battery materials and the final double
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side microbattery packaging are still major challenges that
must be overcome. Moreover, alternative strategies are still
needed in order to simplify the fabrication process of a
whole microbattery, especially the electrolyte, as well as to
address the compatibility issue.

Another interesting approach has been reported, in
which the 3D interdigitated carbon/polypyrrole (PPY)
micro-LIB electrode arrays were generated by using the
carbon-MEMS (C-MEMS) technology [72]. In this
method, the spacing and geometry of the electrode can
be well controlled in a 3D configuration, which also
exhibited improved electrochemical properties compared
with the 2D ones. As shown in Fig. 15(a), the fabrication
process involved depositing the SiO, interlayer as the Li-
ion barrier layer to the 2D planar Si substrate; then, the 3D
interdigitated C micropillar current collector arrays were
formed after completing the traditional lithography and
pyrolysis process. Afterwards, the cathode dodecylbenze-
nesulfonate-doped polypyrrole (PPYDBS) thin-films were
coated onto one of the 3D C current collector arrays using
the electrochemical deposition method. Another group of
C micropillar arrays acted as both the anode and anode
current collector. As displayed in Figs. 15(b) and 15(c), the
3D interdigitated C/PPYDBS electrode arrays were
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Fig. 14 (a)—(b) Schematic description of a 3D micro-LIB on a perforated Si or glass substrates. Reproduced with permission from Refs.
[69,70], Copyright 2005/2006, Elsevier. (¢) Comparison of the areal capacity between the 3D micro-LIB and 2D thin-film micro-LIB.

Data based on Ref. [71]
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Fig. 15 (a) The fabrication process of the 3D micro-LIB; (b)—(c) SEM images of C/PPYDBS interdigitated electrode arrays and (d) its
charge/discharge characteristic. Reproduced with permission from Ref. [72], Copyright 2007, Elsevier

periodically and vertically standing on the Si substrate.
However, there was an operation limit, as shown in
Fig. 15(d), in which the whole battery displayed electrical
shorting phenomenon when the charging time was much
longer than the discharging time. Moreover, the Li-ion
conduction medium was still in the liquid electrolyte.
Despite its limitations, this novel and meaningful work
paved the way for the design and optimization of future 3D
Si-based integratable micro-LIB systems.

3.2 Fabrication of 3D micro-LIBs with Si as the active
material

Most of the 3D Si-based micro-LIB systems were all
fabricated on the patterned Si wafer or 2D planar Si
substrate. An efficient Li-ion barrier layer must be
introduced to eliminate the electrochemical effect from
the Si substrate and reduce the influence on the other
integrated lab-on-chip micro/nano devices. However, there
exists another kind of promising 3D micro-LIB system, in
which the 3D-patterned Si substrate is expected to have
dual effects as both the supporting structure and active
anode material. The corresponding fabrication process can
also be compatible with the current IC technologies.
Moreover, when the 3D wafer-scale micro-LIBs were
sliced into many independent units with a sound package,
they also showed potential integratibility with the smart
micro/nano-devices and displayed favorable properties in a
wide range of practical applications [73-75].

As shown in Fig. 16(a) [76], Lethien et al. proposed the

concept of a 3D all-solid-state Si/LiPON/LiFePO,4 micro-
LIB. First, the 3D self-aligned and high-aspect-ratio silicon
nanopillars (Si NPL) were obtained by the deep reactive
ion etching (DRIE) and the photolithography processes
(Figs. 16(b) and 16(c)). Then, the LiPON/LiFePO,
(electrolyte/cathode) dual layers, as shown in Fig. 16(d),
were consecutively and successfully deposited on the
above 3D Si NPL surface by using the RF sputtering
equipment. The fabrication process of this all-solid-state
micro-LIB was performed by the Si-compatible technol-
ogies and would be beneficial for the integration with other
micro/nano electronic devices. However, this micro-sized
anode may present poor electrochemical performance due
to the volume expansion during the cycling and intrinsic
low electronic/ionic conductivities in the Si electrode
[77,78]. Therefore, an alternative and effective strategy is
required to circumvent the corresponding negative effects.

Recently, as shown in Fig. 17 [79,80], unique 3D nano-
sized hexagonal Si nanorod (NR) arrays were successfully
fabricated on the Si-wafer using the monolayer PS
(Polystyrene) templates by the ICP dry etching technology.
The monolayer PS nanosphere templates can be success-
fully prepared on the Si-wafer using the simple, low-cost,
environmental-friendly, and self-assembled spin-coating
method. Most importantly, the electrochemical Li storage
ability of the 3D Si NR electrodes can be efficiently
improved by fabricating 3D Si-based composite anodes
using Si-compatible technologies to prepare different
shells on Si [80-82].

By the radio frequency (RF)-magnetron sputtering
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Fig. 16 (a) Overview of the 3D all-solid-state integrated micro-LIB; (b)—(d) SEM images of the Si NPL arrays after the LIPON/LiFePO,
deposition. Reproduced with permission from Ref. [76], Copyright 2011, Elsevier
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Fig. 17 Areal capacity vs. different 3D Si-based micro-LIB
electrodes (black arrow: SEM images of the electrodes after Li-ion
inserting/de-inserting process; bottom: SEM image of a 3D all-
solid-state micro/nano-LIB arrays in the section view) [79-82].
Reproduced with permission from Ref. [83], Copyright 2016,
American Chemical Society; Reproduced with permission from
Ref. [84], Copyright 2015, Wiley-VCH

technique, amorphous or polycrystalline composite shells,
e.g., Ge or SnO,, can be deposited on 3D patterned Si NR
arrays with improved electrode capacity [80,81]. Further-
more, compared with the amorphous Ge (a-Ge) shell
electrode, the single-crystal Ge (c-Ge) composite electrode
was also produced by the ultrahigh-vacuum chemical

vapor deposition (UHV-CVD) process, which helped
achieve even higher areal capacities in the corresponding
electrode due to the improved electron/ion conductivities
[82]. However, owing to the large volume expansion
observed in the single-crystal Si core electrode, obvious
capacity rising phenomenon and poor cycling performance
can be observed in these kinds of composite electrodes.
Therefore, the TiN/Ti interlayer concept was proposed, and
the 3D multilayer Si/TiN/Ti/Ge NR composite electrode
arrays were successfully prepared by the consecutive
sputtering process [83]. The TiN/Ti interlayer has dual
effects: 1) As the effective current collector that improves
the electronic conductivity of the whole electrode, and 2)
as the efficient Li-ion barrier layer preventing more Li ions
from continuously inserting into the 3D Si substrate
electrode. As a result, the improved energy storage
properties and cycling stability in the 3D Si patterned
composite electrode can be accomplished.

Additionally, the 3D Si/TiN/Ti/Ge NR composite
electrode arrays also exhibited excellent cycling stability
and rate capability as anode material for micro-sodium ion
batteries (micro-SIBs) [84]. Within the composite elec-
trode, the 3D Si NR arrays acted as the battery supporting
structure, whereas the Ge shell proved to be the only active
material for sodium ion (Na*) storage, and the TiN/Ti
interlayer efficiently played a positive role in electron
transportation. Furthermore, the 3D Si/Ge/LiPON/LiCoO,
all-solid-state micro/nano-LIB arrays can be fabricated via
the consecutive sputtering process. These works provide
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Fig. 18 Optimization of a Si-based all-solid-state micro-LIB from 2D to semi-3D

important experimental verifications for the development
of the future 3D Si-based micro/nano-energy storage
systems.

A variety of 3D Si-based NR composite electrode arrays
were successfully fabricated, by using the semiconductor-
compatible processing technologies with improved elec-
trochemical energy storage performances during the half-
cell testing. However, measuring the areal capacity of a full
unit of the 3D all-solid-state micro/nano-LIBs remains a
challenge due to the small thickness of the solid-state
electrolyte and cathode electrode materials. Moreover, the
short-circuit phenomena may also be another challenge for
this micro/nanoscale-sized 3D Si-based all-solid-state
LIBs. Therefore, in order to resolve the above issues, as
shown in Fig. 18, a semi-3D micro/nano-LIB concept was
then presented upon considering the merits of both the 3D
micro/nano configuration and the 2D all-solid-state thin-
film LIBs. The solid-state electrolyte was filled in the 3D
Si-based NR composite electrodes; subsequently, the thin-
film cathode and the corresponding current collector were
finally deposited on the electrolyte surface. Thus, the areal
capacity would be further improved due to the increased
amount of Li-ion source from the solid-state electrolyte.
Moreover, if the distance between the anode and the
cathode could be enlarged, the short-circuit phenomenon
may be eliminated. Hopefully, this semi-3D Si-based
micro/nano-LIB system might present improved electro-
chemical performance with great potential application to
power M/NEMS devices.

Compared with the current relatively mature anode
preparation technology, the electrolyte and cathode
materials are important factors that influence the electro-
chemical performance of a battery. For instance, the much
lower ionic conductivity in solid-state electrolyte com-
pared with the common liquid electrolyte is still an issue.
Moreover, the conformal deposition of both electrolyte and
cathode materials in different 3D Si-based microbattery
structures is another formidable challenge. Therefore, the
novel microbattery electrolyte and cathode material, along

with their corresponding fabrication technologies, should
be further investigated and improved.

4 Conclusions

In summary, micro/nano-energy storage systems, espe-
cially the micro-LIB system with compatible fabrication
process with the IC chips, are popular research topics.
Compared with the 2D thin-film LIBs, various 3D micro-
LIBs have been successfully prepared to improve the
battery storage capacity and rate capability in a limit
footprint area. Among them, the 3D Si-based micro-LIB
energy storage system is one of the best candidates due to
the use of high-capacity Si anode, wafer-scale fabrication,
and Si-compatible processing technologies.

In this review, 3D wafer-scale Si-based micro-LIBs and
their corresponding fabrication approaches were presented.
ALD, CVD and sputtering technique are the major
methods used to deposit battery components on the 3D
Si-based substrate. Fabricating semi-3D Si-based, all-
solid-state micro-LIBs may be one of the promising ways
to achieve further progress. However, many challenges
should be overcome, such as the requirement of higher
quality film and shorter-period deposition technique,
battery structure optimization, higher ionic conductivity
solid-state electrolyte fabrication, and so on. Therefore,
more efforts should be exerted in this scientific field
towards practical applications in autonomous micro/nano-
smart devices.
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