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Silicon microstructures through the production
of silicon nanowires by metal-assisted chemical
etching, used as sacrificial material
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A simple, inexpensive and wafer-scale method to obtain Si microstructures is
proposed. The method consists in a sequence of steps that include a selective
metal-assisted chemical etching process to create regions of Si nanowires that

are sacrificed in a post-etching process, leaving microstructures standing. As a
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proof of concept, Si micropillars with length of 7 um and diameter of 1.4 pm
were fabricated. The advantage of the proposed method is its simplicity,
allowing the production of microstructures in a basic chemical laboratory.

Introduction

Micromachining is the term commonly used to
enclose the production of mechanical structures (for
different purposes) with a dimension ranging from
0.1 to 999 um. It consists of combinations of material
processing techniques, which can be grouped in
three: (1) bulk micromachining, (2) LIGA (German
abbreviation meaning lithography, galvanoforming
and plastic molding) and (3) surface micromachining
[1, 2]. From these, surface micromachining is the most
commonly used for semiconductors. It consists in
fabricating structures by one or multiple steps start-
ing with the deposition of a masking layer, patterned
by photolithography, and etching the unmasked
sections. This etched material is named “sacrificial
layer” [3-5]. Sacrificial layers are commonly used to
produce freestanding structures like cantilevers and
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membranes. They just have to allow their selective
removal [6, 7]. The deposition of these films is an
important factor to consider when evaluating the
final cost of the devices, since it is common that
special facilities and complex equipment are required
for this purpose, for example, when depositing by
PECVD or sputtering.

Many materials have been proposed as sacrificial
layers, such as Al [8], polysilicon [9], SiO; [10], SizNg4
[11], porous Si [12, 13] and Si nanowires [14]. In
particular, sacrificial regions of Si (porous Si or Si
nanowires) produced by etching are not widely used
in microelectronics, but are a good candidate since no
complex equipment is necessary for their production.

Si nanowires have been used as sacrificial material
for the production of other structures like nanotubes
[15] and metallic bridges [16]. They can be produced
by a broad number of techniques, including the
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metal-assisted chemical etching (MACE) technique,
which is of special interest [17, 18]. Besides the pro-
duction of Si nanowires, this technique has allowed
the production of Si microstructures [19] and 3D
nanostructures [20]. Its most important characteristics
are its simplicity (it can be carried out in chemical
laboratories without special equipment, such as
potentiostats for electrochemical etching [21, 22]), and
the fact that it can be performed at room conditions.
To allow the MACE processing, noble metal (mainly
Ag, Au and Pt) spots are previously deposited on the
Si surface by different methods which includes
thermal evaporation [23, 24], sputtering [25], electron
beam evaporation [26], electroless deposition [27] and
spin coating [28]. Among these techniques, the elec-
troless deposition is the easiest technique since there
is no need of any kind of equipment and the whole
process can be carried out at room conditions.
Additionally, this deposition method is scalable to
the size of the substrate without complex optimiza-
tion processes. However, it is important to mention
that due to the nature of the deposition, a dispersion
of sizes and shapes of the deposited particles could
be expected.

The MACE process for Si etching can be described
in the following way: a Si sample with metal is
immersed in an HF-based solution. The metal sinks
in the semiconductor leaving a pore behind, of the
same shape and size than the metallized section. This
happens because the metallized Si sections are etched
much faster than the uncovered ones, due to the
catalytic effect of the metal.

MACE has been used to produce microstructures
even without masking or sacrificial layers. However,
producing micron-sized isolated sections is tricky,
since the patterned metallic layers used for etching
must be completely homogeneous in thickness; any
inhomogeneity could cause the metal sinks in a non-
vertical way [29]. Furthermore, depositing flat and
homogeneous metal films requires expensive equip-
ment like sputtering. In the present work, a new
method for fabricating Si microstructures is pre-
sented. It consists of producing sections (defined by
photolithography) of Si nanowires by MACE, which
act as sacrificial material that is dissolved in a KOH-
based solution at the end of the process to leave
microstructures behind (sections without nanowires).
The advantage of this method is that it allows the
fabrication of structures from microns to hundreds of
microns, even when the size and shape of the noble
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metal particles used for the process are not homo-
geneous. The whole process can be carried out
without the necessity of complex and expensive
equipment.

Experimental section

For the preparation of the structures, pieces of 6-inch
p-type (100) Si wafers with resistivity of 15-25 Q cm
were used. The method to obtain Si nanowires and
the subsequent Si microstructures consists of the
following steps:

(a) Patterning photoresist on Si wafer pieces by
photolithography (Fig. 1a).

(b) Chemical deposition of metal (Ag in this work)
particles (Fig. 1b).

() MACE etching process in an HF-H,O,-based
solution to produce areas (defined by lithogra-
phy) with Si nanowires (Fig. 1c).

(d) Etching away Si nanowires in a KOH-based
solution (Fig. 1d).

A pattern is transferred to a photoresist, previously
deposited on the Si sample. In our case, a quadratic
array of circles of 1.5 pm of diameter is transferred on
the wafer, with a pitch of 3 pm. Si surface sections
covered with photoresist act as a masking layer
allowing the metal deposition and the subsequent
etching process only on the uncovered sections. Ag
particles are deposited on the naked sections by
immersing the sample in a solution composed of a
volume proportion 50: 1 of AgNO; 0.1 M aqueous
solution: HF 48%.

The deposition is for 3 min, to obtain particles big
enough to coalesce leaving interstices for the pro-
duction of Si nanowires and for the diffusion of the
etchant. It is important to mention that other metals
like Au and Pt can be deposited in a similar way and
work also good for MACE [30]. However, in this
work Ag was selected to minimize costs.

After the particles are deposited onto the Si surface,
the sample is etched by MACE immersing it in an
aqueous solution containing HF 48%, H,O, 30% as
oxidant agent [31], and deionized water, in a pro-
portion 4: 0.5: 35.5 v/v at 30 °C. Si nanowires are
produced in the voids between Ag particles. Up to
this point, sections of 5i nanowires are obtained, and
Ag particles remain at their bottom. The etching rate
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Figure 1 Steps to obtain Si
structures by the here
introduced method:

a lithography process,

b deposition of Ag particles,
¢ metal-assisted chemical
etching to produce Si
nanowires, d chemical etching
to dissolve the Si nanowires,
resulting in Si microstructures. (a)

Photoresist -

is 30 pm/h. For obtaining the microstructures, it is
necessary to remove these nanowires. For this pur-
pose, the sample is immersed in a 0.25% wt aqueous
solution of KOH at 50 °C [32, 33].

For this work, samples obtained at different stages
of the fabrication process were analyzed with a field
emission scanning electron microscope JEOL JSM-
7500F.

Results and discussion

Figure 2 shows a sample after a pattern of photoresist
has been obtained by photolithography on a Si sam-
ple and Ag particles have been deposited on the
uncovered Si sections. The circles correspond to the
photoresist, and the parts between them correspond
to Ag particles on Si. Ag™ ions are reduced and form
metallic Ag particles onto the uncovered Si. The
reactions are stated below [34-36]:

HF — F +H* (1)
Si+ 6F — SiF2~ +4de” (2)
AgNO, — Ag" + (NO3)~ (3)
Ag'+e — Ag'(s) (4)
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Figure 2 SEM micrograph of a Si sample with a quadratic
pattern of circles of photoresist and Ag particles deposited on
surface areas in between. Inset: cross section of the sample.

)
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As can be seen in Fig. 2, the whole surface of the
sample without photoresist is covered with Ag par-
ticles, which present a dispersion of sizes and shapes.
The inset of the figure presents a cross-sectional SEM
image of the sample, which evidences the dispersion
of sizes. Figure 3 presents a histogram of the particle-
size distribution. The most of the particles have sizes
in the range from 51 to 150 nm; nevertheless, parti-
cles with sizes below this range are also present.
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Various studies suggest that Ag particles with a
diameter around 20 nm or less can etch into hori-
zontal <110> directions or in a very erratic way
[37-39]. However, this effect can be minimized when
bigger particles are used [34].

In order to eliminate the smaller particles to mini-
mize transversal or chaotic etching, a couple of pro-
cessing steps are introduced after the deposition of
Ag particles:

(@) The first one is to put the sample with Ag in an
HF-based etching solution (with composition
indicated in the section of experimental details)
for 30 s in order to sink the particles into Si. The
bigger particles sink more than the smaller
ones. The reaction that takes place during this
step is presented in (5) [36]:

Si+ H,O, + 6HF — 2H,0 + H,SiFs + H; 1
(5)

H,0; is reduced at the moment the Ag particles
get in contact with the etchant; meanwhile, Si is
oxidized at the metal-Si interface. SiO, is con-
tinuously formed and then dissolved by HF,
leading to the sinking of the Ag particles in Si.
After the 30 s of etching, the particles are sunk
about 300 nm (see Fig. 3).

(b) As a second step, the sample is immersed into
an aqueous solution of HNO; and deionized
water in a 1: 3 v/v ratio [40]. This step is to etch
Ag. All the particles are affected by this
reaction, but the smaller ones are etched faster,
due to their larger surface-to-bulk ratio. As can
be seen in Fig. 4, mostly big Ag particles are
present after this step. To accomplish this

55
50
45

Number of particles
v

Size (nm)

Figure 3 Ag particle-size distribution right after deposition.
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result, it is important to implement step a). It
is important to encrust the particles in Si, so
that the biggest particles do not detach during
the dissolution in HNOj3; and remain in their
original position.
An histogram of the particle-size distribution is pre-
sented in Fig. 5. As it can be seen in the figure, the
particles below the 50 nm were almost completely
removed. The most of the particles have sizes in the
range from 51 to 200 nm, increasing the probability of
vertical etching.

At this point, the sample is ready for the main
etching, accomplished by immersing the sample in a
new HF-H,0, solution (composition indicated in the
section of experimental details). Figure 6 presents a
SEM micrograph of a sample after etching it for
10 min. The depth of the etched areas is 6 um. The
presence of Si nanowires and Ag particles (at the
bottom) can be observed in the figure inset. It is clear
that the etch front is not uniform, but it is expected
due to the dispersion of shapes and orientations of
the Ag particles, since the contact area of the Ag
particles defines the etching profile [41]. It is impor-
tant to mention that this effect may also occur when
an Ag film is used instead of individual Ag particles
[42].

The space between Ag particles results in nano-
wires, whose thickness is in the range from 90 to
300 nm. Additionally, Si micropillars can be seen.
The pillars have some porosity at their top, due to

Figure 4 SEM micrograph of a sample after a fast etching step
and the dissolution of the smallest Ag particles.
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Figure 5 Particle-size distribution after the dissolution of the
smallest particles.

Figure 6 SEM micrograph of a sample after the etching process.
Inset: zoom to the formed Si nanowires, with Ag particles at the
bottom.

lateral etching caused by the remaining Ag particles
with sizes below 50 nm. The photoresist is eliminated
after the etching process.

To obtain the final microstructures, free of nano-
wires, these are sacrificed. As a final step, the sample
is immersed into the KOH-based solution for 1.5 h.
The whole sample is etched; nevertheless, as the Si
nanowires are so thin, these are dissolved much fas-
ter than the Si microstructures (pillars in the present
work).

The final structures are presented in Fig. 7. As it
can be appreciated, the entire regions of Si nanowires
were dissolved. The final length and diameter of the
pillars are 7 and 1.4 pm, respectively. The top of the
pillars was partially dissolved, since it was porous,
and the pore walls were as thin as the Si nanowires.
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The walls of the Si micropillars present roughness
given by the shape of the Ag particles. The interface
between the sections with and the sections without
particles is not even (its shape is related to the shape
of the particles). After KOH etching, the walls look
then faceted due to the anisotropic nature of the
etchant. Using a longer etching may produce
micropillars with smoother walls, but the top of the
structures would also be dissolved. Some research
groups have obtained similar structures by using
metallic films or meshes for the etching process,
without the need of an over-etching step (KOH
etching in the present case); however, the structures
are also partially dissolved at the top with even
rougher walls [40, 43].

The present work is a proof of concept. The final
etching process could also be performed in isotropic
Si etchants. Additionally, depending on the applica-
tion, the Ag particles laying at the bottom the struc-
tures could be dissolved in HNOj; solutions.

The main advantage of the presented method relies
in its simplicity. The use of complex equipment is not
necessary for obtaining micropillars. The entire pro-
cess can be applied at macroscale (for structures of
hundreds of micrometers). For such applications, the
defects associated with the metal particles would be
unnoticed. The proof of concept of the present work
reports structures obtained at the resolution limit; as
the metal particles are in the range of 200 nm, and the
structures are of about 1.4 um, the curvature of the
walls is evident and the shape of the Ag particles
defines it.

Figure 7 SEM micrograph of the obtained Si microstructures
after the complete fabrication process.
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Conclusion

An easy and inexpensive method to obtain Si struc-
tures was presented. Patterned regions of Si nano-
wires are produced by metal-assisted chemical
etching (MACE) and are sacrificed in an over-etching
process to leave Si microstructures remaining. The
elimination of small Ag particles, used for MACE,
allows vertical etching. The morphology of the walls
of the microstructures strongly depends on the
etchant used to dissolve the nanowires. Faceted
structures are obtained in KOH solutions. The final
structures reproduced the pattern of the pho-
tolithography mask. The whole process can be car-
ried out at room temperature without complex
equipment or special facilities, and it can be appli-
cable at wafer scale.
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