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ABSTRACT

This work presents a thorough study of Si microwires obtained by a novel combination of
chemical etching steps, for their application as anode material in Li-ion batteries. The
fabrication process starts with standard photolithography followed by a metal-assisted che-
mical etching step and anisotropic etching. This process can be performed in any chemical
laboratory. The final structures possess a diameter and a length of 1.5 and 24 um, respec-
tively. Paste electrodes were prepared using the Si microwires and were tested in half-battery
cells. Cyclic voltammetry and impedance spectroscopy evidenced the formation of Li-Si alloys
and a solid electrolyte interface. The lithiated wires are mechanically stable upon lithiation,
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even when they expand to the 256% of their original volume.

Introduction

Recently, the most commonly used anode material in Li
batteries is graphite due to its low production cost, but it
can only provide a capacity of 370 mAh/g [1] because it
can only store one Li atom per each six of C. In recent
years, a series of materials have been studied for repla-
cing graphite [2,3]. These materials consist of metallic
alloys between Li and M (M = Sb, Pb, Si, Ge, Sn, In) that
in principle offer more gravimetrical capacity than gra-
phite [4,5]. Si offers a capacity of 4200 mAh/g [6,7], the
highest for anode materials. Although Si capacity is
more than 10 times that of any existing graphite-based
anode, it is useless as an anode in its bulk state, since it
pulverises after some charge/discharge cycles due the
volume expansion (up to 300%).

The solution to this problem is to micro- or nano-
structure it to withstand the volume change. Some of
the possible structures are nanowires [4], nanopillars
[8], microwires [6] or thin films [7] to name a few.
Among these structures, the most promising form in
which Si can be used as an anode for Li-ion batteries
is in microwires. This kind of structure allocates the
volume changes in two dimensions, with higher capa-
cities given by the volume and lower surface effects
than in nanowires. Quiroga-Gonzalez et al. obtained
an array of Si microwires by a sequence of steps that
consist of lithography and pre-structuring of Si
wafers, electrochemical etching of macropores fol-
lowed by a chemical over-etching, deposition of
a Cu current collector and the detaching of the
anode from the Si substrate [6]. These Si microwires

proved to allow the volume expansion, exhibiting
a stable capacity of 3150 mAh/g for 100 cycles of
charging/discharging [9]. Additionally, the Si micro-
wire arrays of this kind, with a length of only 70 pm,
possess an areal capacity (the amount of charge that
the electrode can store per nominal area) larger than
any other form of Si anodes, at very high charge
density rates (charge stored per unit of area of the
electrode per unit of time). For example, Si nanowires
have presented an areal capacity of 0.52 mAh/cm?® at
a charge density rate of 0.17 mAh/cm*h [10], while
the value for Si microwires is of 5.67 mAh/cm® at
2.84 mAh/cm?h [11].

The microstructures mentioned above are a good
option to be applied as an anode in Li-ion batteries;
nevertheless, their fabrication method requires equip-
ment that could not be found in every laboratory. In
the present work, Si microwires were fabricated by an
alternative method that consist of a combination of
two methods: metal-assisted chemical etching of Si in
HEF-based solutions to form micro and nanowires, and
anisotropic over-etching of the nanowires in KOH-
based solutions. Paste electrodes were fabricated and
tested in half-cells batteries. Cyclic voltammetry was
used to find the potential window to operate the
anodes while impedance spectroscopy helped in the
identification of the interfaces of the anode assembled
in a battery, and how they change when the anode is
totally lithiated. Ex situ SEM analyses were performed
after Si is fully lithiated, to elucidate the mechanical
stability of the microstructures.
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Production process of Si microwires

The process to obtain the Si microwires consists of
the sequence of steps listed below (see Figure 1):

(1) Pre-structuring a Si wafer by conventional UV
lithography (Figure 1(a)).

(2) Chemical deposition of noble metal particles
(Figure 1(b)).

(3) Etching process in an HF-H,O, based solution
(Figure 1(c)).

p-type Si Il Photoresist Il Ag particle M Free space

Figure 1. Schematic of the methodology for the fabrication of
arrays of Si microwires.
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(4) Over-etching in a KOH-based solution

(Figure 1(d)).

First, a quadratic array of circles of photoresist is
transferred to a Si wafer, with a distance between
the centres of the circles of 3 um. It is important to
mention that p-type Si (100) wafers with a resistivity
of 15-25 O cm are used as starting material. The
circles of photoresist act as a masking layer for the
metal deposition and the subsequent etching process.
On step 2, the pre-structured wafer is immersed in an
AgNO; 0.01 M aqueous solution containing 2 mL of
HF 48% v/v for every 100 mL of solution. Ag deposits
on the sections without photoresist (Figure 2(a)). The
cubes of the figure correspond to the photoresist,
whereas the parts between them correspond to the
Si surface now covered with Ag particles. The Ag"
ions are reduced and form metallic Ag particles on
those areas where there is no photoresist. The reac-
tions occurring during the deposition process are
indicated below [12-14]:

HF — F +H" (1)

Si+ 6F — SiFe*™ + 4e” 2)
AgNO; — Agt + (NO;)~ (3)
Agh+e — Ag'(s) (4)

It can be seen that the entire surface is covered by
particles with sizes ranging from 14 to 300 nm (see
the inset in Figure 2(a)). The presence of particles
with sizes below 50 nm could produce (with highest
probability) that the etching process occurs at

300 nm

10" um

Figure 2. SEM micrographs obtained after every step for fabricating the Si microwires: (a) Ag particles deposited on Si surface,
(b) pre-etching step and smaller Ag particles dissolution in HNOs, (c) main etching process and (d) final Si microwires

arrangement. Two columns.



directions different than the transversal one, generat-
ing lateral pores [15,16], that can be detrimental for
the production of the structures. To avoid lateral
etching, it is necessary to remove the smallest parti-
cles. To do this, the sample is first submitted to a pre-
etching step, to allow the bigger particles encrusting
in Si. The pre-etching is performed by immersing the
sample into an etching solution of HF 48%, H,0,
30% and deionised water in a proportion of 8:1:71 v/v
at 30°C for 30 s. Afterwards, the smaller Ag particles
are dissolved by immersing the sample in a solution
of HNOj; and deionised water in a proportion 1:3 v/v
for 30 s [17]. The etchant attacks all the Ag particles,
but the smaller particles are dissolved much faster
because of their higher surface to bulk ratio. Figure
2(b) exhibits the sample after the pre-etching step
and the dissolution of the smaller Ag particles. The
bigger particles are encrusted in the Si substrate at
a depth of 360 nm.

After a cleaning process in deionised water, the
sample is submitted to the main etching process. The
etching solution is the same as the one used in the
pre-etching step, but the time for this step is 1 h. The
etching takes place where the Ag particles are. Due to
the high oxidation potential of H,O,, the Si surface is
oxidised underneath the metal particles, and this
oxide is simultaneously dissolved by the HF. As Si
is continuously oxidised and dissolved around the
particles, the wafer is etched to form Si nanowires
in the interstices between Ag particles, and micro-
wires in the zones (defined by lithography) free of Ag.
In Figure 2(c), the sample after the etching process is
shown. The sections where Si was etched present Ag
particles at the bottom. The reaction that rules etch-
ing process is [18]:

In order to obtain a sample with only Si microwires,
it is necessary to remove the sections with nanowires.
This is accomplished in a 0.25 wt% (weight percent)
aqueous solution of KOH at 50°C for 1.5 h. The
etching takes place in the entire sample, but as the
nanowires are much thinner, they are dissolved faster
than the microwires. In Figure 2(d) the final array of
Si microwires is presented. The inset of this figure is
a micrograph of the surface of the array. The final
structures present a length of 24 pm and a diameter
of 1.5 um. Certain porosity can be observed at the top
of the structures, suggesting that lateral etching was
not completely avoided. Nevertheless, structural
integrity is conserved.

Preparation of paste anodes and half battery
cells

Paste electrodes were fabricated. For this purpose, Si
microwires are scratched from the substrate and
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mixed with carbon black (CB), carboxymethyl cellu-
lose (CMC) and water. To study the processes occur-
ring in the Si microwires, the limitation of the
electronic transport to the Si microwires was mini-
mised by using an excess of CB (compared to con-
ventional amounts for preparation of electrodes). The
proportion of CB:Si:CMC was 45:45:10 in weight, as
in previous reports [19]. The CB provides electrical
contact between the microwires and the CMC is the
binder. A layer of the paste is casted on a Cu foil, and
the produced sample is dried at 90°C for 12 h in a hot
air oven. The Cu foil acts as the current collector. In
Figure 3 an SEM micrograph of the paste is pre-
sented. As can be seen, Si microwires are completely
surrounded by CB.

The fabricated anodes were tested in half cells
using metallic Li as a counter electrode. The electro-
lyte was a solution 1 M of LiPF¢ in ethylene carbonate
and dimethyl carbonate in a proportion 50:50 v/v.
A Whatman filter paper was used as a separator.

Electrochemical characterisation
Cyclic voltammetry

Cyclic voltammetry tests were performed at a scan
rate of 100 uV/s in a range of 10 mV to 1.5 V for
three cycles. The resulting voltammogram is shown
in Figure 4. Its shape is similar to those reported in
previous studies where Si was used as anode [20-22].
The observed peaks correspond to the formation of
Si-Li alloys and a solid electrolyte interface (SEI)
[23]. The peak A (at around 0.6 V) corresponds to
a non-reversible process, since only appears in the
first cycle, in the negative voltage sweep. The process
is related to the formation of SEI [9], composed of
decomposition products of electrolyte and Si. The
peaks below 0.60 V correspond to reversible pro-
cesses associated with Si-Li alloys; in other words,

Figure 3. SEM micrograph of a paste electrode with Si
microwires. It is possible to observe that Si microwires are
completely surrounded by CB, warrantying a good electric
contact between them. One column.
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Figure 4. Cyclic voltammogram of Si microwires in paste anodes. A not reversible event takes place only in the first cycle at 0.61
V, related to the SEI formation. Additionally, the lithiation peaks B and C at 0.25 V and 0.16 V, and the delithiation peaks D and

E at 0.38 V and 0.53 V are observed. One column.

Li is inserted into Si resulting in phase transforma-
tions and voltammetric peaks. At 0.25 V peak,
B appears, which represents a partial lithiation of Si
in the form of the Li;3Si; phase [15,24]. At 0.16
V (peak C), it is possible to find the Li,,Sis phase
[24,25] (the fully lithiated Si phase).

The positive peaks correspond to the delithiation
process. Peak D, 0.38 V, corresponds to the partial
extraction of Li (Li,Si, phases), while the peak at 0.53
V (peak E) corresponds to the full extraction of Li
from Si [24]. From these results, it is possible to
determine that the potential window for operation
of the electrode is from 0.1 to 0.7 V.

a)

CMC and CB do not present any visible interac-
tion with Li. Hansen et al. showed that even with big
amounts of CB into the paste, no voltammetric peaks
related to interactions of this material with Li are
found [13].

Impedance spectroscopy

Impedance spectroscopy (IS) was performed in
a frequency range of 2 Hz to 500 KHz using a small
signal of 50 mV. In Figure 5(a) the Nyquist plot of
a fresh-assembled battery is presented. An electrical
model consisting of three RQ circuits (3-time

b)
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Figure 5. (a) Nyquist plot of a fresh-assembled battery. (b) Equivalent circuit representation of the battery. Two columns.



constants) in series plus a series resistance could be
fitted to the IS data. Q is a constant phase element. In
Figure 5(b) a schematic of the elements of the cell is
presented. The series resistance can be attributed to
the connections (cables, elements of the cell, etc.).
After determining the time constants, it was possible
to identify two fast processes (of 120.56 and 2.58 ms)
and one slow (of 2.17 s). The slowest time constant
can be related to the charge transfer to the Si micro-
wires (tg;). The faster time constants may refer to
electronic conduction through the conducting matrix
(tm) composed of CB and the CMC [13], and to the
ionic conduction through the electrolyte (tg).

IS was also performed on a battery after Si was fully
lithiated. For this purpose, a current density of 161.5
mA/g (C/26) was applied to the battery until the voltage
reached 0.1 V (the potential at which the phase with the
highest Li content is obtained); then a constant poten-
tial of 0.1 V was applied for 12 h. Figure 6(a) presents
the respective Nyquist plot. As it can be seen, the shape
of the spectrum is different to the one of a fresh battery
(with unlithiated Si). This happens because the ele-
ments of the battery change, with the exception of the
electrolyte. The microwires are not composed of Si
anymore, but of a Si-Li alloy, and an SEI is formed
around the wires [26,27]. In this case, it was also possi-
ble to use the electric model used for the fresh-
assembled battery [14]. Three-time constants were
identified. The slowest one (18.58 ms) corresponds to
the charge transfer to the Si-Li microwires. The other
two can be associated with the electrolyte, that in prin-
ciple does not suffer change (2.58 ms), and to the SEI
layer containing CB (1.85 ms). The SEI layer is in
parallel to the CB matrix; thus, it is not possible to
distinguish between these two elements, but the higher
value of Q produces a higher time constant than the one
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attributed to the transport through CB. Figure 6(b)
shows a schematic of the elements of the cell after the
lithiation process.

Mechanical stability

Figure 7 shows an SEM micrograph of the Si micro-
wires after full lithiation (using the same lithiation
procedure as above). The wires changed their original
diameter from 1.5 to 2.4 pum, representing a volume
expansion to 256%. The diameter of 2.4 pum is similar
to the diameters obtained when lithiating solid Si
microwires with diameters of 1.5 um [15].

To better elucidate the volume changes, the micro-
wires were lithiated in an array (without CB nor
CMC). In this case, the wires are still attached to
the Si substrate. Figure 8 shows the microwires before
and after the Li insertion. It is possible to observe that

Figure 7. SEM micrograph of Si microwires in a paste elec-
trode after Li insertion. One column.

a) b)
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Figure 6. (a) Nyquist plot of a battery with fully lithiated Si microwires. (b) Equivalent circuit representation of the battery. Two

columns.
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Figure 8. SEM micrographs of an array of Si microwires (a) before Li insertion and (b) after Li insertion. The inset shows a filled
pore due to volume expansion given by the formation of Si-Li alloys. Two columns.

the shape of the structures is conserved. The top of
the wires is thinner, probably due to the higher den-
sity of lateral pores in those sections. The pores may
allocate the volume changes during lithiation.

Conclusions

A thorough study of Si microwires obtained only by
chemical etching steps was presented, with the aim to
use them as anode material in Li-ion batteries. The
structures have a diameter of 1.5 pm and a length 24
pum. The top of the wires is porous, even when the
probability of producing lateral pores was minimised
by optimising the fabrication conditions. However, the
structural integrity of the microwires is conserved.
Paste anodes were fabricated using the microwires,
CB and CMC, and then tested in half-cells. It was
possible to determinate that the potential window for
operation of the anodes is in the range of 0.1 to 0.7
V. SEL is formed just during the first cycle, as identified
through a non-reversible voltammetric peak at 0.6
V. Impedance spectroscopy was performed in order
to study the behaviour of the electrode when the bat-
tery was fresh assembled and when Si was fully
lithiated. An electric circuit was used to model the
impedance responses and in both cases consisted of
three RQ circuits in series plus a series resistance.
However, when the battery was fully lithiated, the
elements of the cell were not the same: after lithiation
the microwires were composed of a Li-Si alloy and SEI
layer was on their surface. This produced a change in
the time constants. The wires are mechanically stable
even when submitted to a volume expansion to 256%
during lithiation. Lithiated wires have an average dia-
meter of 2.4 pm, being the top of them relatively
thinner due to the porosity of this section (the porosity
could allocate volume changes).
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