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The metal-assisted chemical etching (MACE) was used to synthesize silicon nanowires. The effects of
etchant concentration, etching and chemical plating time and doping density on silicon nanowires
length were investigated. It is shown that increasing the HF and H,O, concentrations leads to etching
rate increment and formation of wire-like structure. The results show that the appropriate ratio of

concentration to form the silicon nanowires (SiNWs) follows the [HF]/[H,O,]= R equation with R
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values being 2.5, 3 and 3.5, and any deviation from these ratios, results in destruction of wire-like
structure. Moreover, the critical etching rates to form the SiINWs are in the range of 4nm/s to Snmy/s.
must be Times New Roman 8.

1. INTRODUCTION

Recent years, silicon nanostructures have been
considered due to the development of nanotechnology
and achieving better properties in wide band gap and
increasing the surface to volume ratio in comparison to
bulk  materials and  microstructures.  Silicon
nanostructures  including  zero-dimensional, one-
dimensional, two-dimensional and three-dimensional
nanostructures have also been used in some new devices
such as sensors [1], solar cells [2] and lithium-ion
batteries [3-5] because of their unique features.

Recent years, silicon nanowires have been identified as
one of the well-known 1D nanostructures in many
application such as sensors, photonic, photovoltaic and
energy storage [6-10]. On the other hand, silicon
nanowires have been extensively considered due to their
properties that can be changed by length, diameter and
direction.

From the past year up to now, silicon nanowires could
be synthesized by some methods such as chemical vapor
deposition [11], laser ablation [12] and molecular beam
lithography [13] which require to use the eutectic
temperature of catalyst, vacuum and control of

*Corresponding Author’s Email: massoudi.a@gmail.com (A. Massoudi)

temperature and pressure indicating that there are some
challenges in their applications. Moreover, the high cost
of process is one of the disadvantages which prevents
from commercialization.

Recently, chemical synthesis of SiNWs has been
utilized as a simple, efficient and low cost method.
Among the chemical methods, metal-assisted chemical
etching (MACE) has been introduced as one of the best-
known and new methods due to its striking features
such as low cost, controllability, fast synthesis and
repeatability [14]. In this method, a catalyst is usually
utilized to accelerate the process. The basic issue in
MACE is explained by the mechanism that is based on
holes injection and charge transfer on series of redox
reaction at silicon-catalyst interface. On the other hand,
the charge transfer plays a key role in MACE [15].
According to this issue, the catalyst is chosen as a noble
metal that is deposited on silicon surface and should
possess three properties. Some of metals such as Au
[16], Ga[17] and Ni [18] have been used as catalyst and
each of them shows specific properties forms different
structures.

The synthesis of SINWs by MACE was classified into
two categories: one-step synthesis and two-step
synthesis. In one-step synthesis, the solvent mixture of
noble metal, oxidant which is more electronegative than
the silicon agent is generally used [19]. Whereas, in
two-step synthesis, two separated solutions are used. In
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this case, the noble metals are initially deposited on
silicon surface by one of the

common methods such as sputtering [20], electron beam
evaporation [21] and chemical plating [22] and at
second step, the samples are immersed in etchant of HF
and H,0,. On the other hand, for better controlling the
parameters and surface structures, two-step synthesis is
utilized. The main issue in synthesis of SiNWs is
uniform and dense deposition of silver particles layer on
silicon surface.

Among the silver deposition methods, silver chemical
plating has been widely considered. It appropriates
some specific benefits such as cost, controllability and
film thickness. The approach is chemical plating of
silver particles on silicon surface at the first step.
Secondly, chemical etching is applied on silicon wafer
which immersed in the etchant of HF and H,0,.

First step: Silver particles as a catalyst are deposited on
silicon surface [15] due to its potential which leads to
injection of the holes to the silicon valence band. Then,
silicon surface is oxidized by the holes injection and
silver ions are reduced and deposited on silicon surface.
Silicon is dissolved by fluorine ions which are available
in solution and the silver particles are sunk on silicon
surface. In MACE, anodic reaction to reduce the silver
ions and cathodic reaction to oxidize the silicon surface
are as follows [10]:

Ag'+e > Ag Ey=+0.79 V/SHE 1
Si +2H,0 — SiO, + 4H" + 4¢'E,=-0.84V/SHE )
Si+2H,0 +4h" — SiO, + 4H" 3)

In the following, silicon is dissolved by fluorine ion
according to Eq. (4):

SiO, + 6HF — H,SiF¢+ 2H,0 “

Second step: The silicon wafer with silver layer is
immersed in mixed etchants of HF and H,O,. H,O, is
reduced at electrolyte/silver interface [10] according to
Eq. 5 and generates holes. The holes transitions from
H,0, are accelerated by silver particles. On the other
hand, the holes diffuse through silver and then are
injected to silver-silicon interface. = The holes at
interface of silicon and silver particles are considerably
more effective than off-metal regions. Then, silicon is
etched at regions around the sunken metal particles in
silicon.

Ag
H,0, + 2H" = 2H,0 + 2h* ®)

At the second step, silver particles just play an
important role as a catalyst to transit holes which is due

to H,O, reaction The other role of silver particles is that
they provide a pattern to form the silicon wire-like
structures.

Two regimes are considered for anodic reduction:
Regime 1 (the tetravalent dissolution) represents sinking
process. The regime shows two state of dissolving the
silicon. State A is direct dissolution of tetravalent state
and state B is dissolution of silicon oxide.

State A:
Si + 4h"+ 4HF— SiF, + 4H" (6)
SiF4 + 2HF — H,SiF, %)
State B:
Si+ 2H,0 + 4h'— SiO, + 4H" ®
Si0, + 6HF— H,SiFs + 2H,0 )

In regime 2, divalent dissolution is manifested
underneath the silver particles according to Eq. (10):

Si+4HF, +2h"— SiFZ™ + 2HF + H,1 (10)

At the end of the processes, this layer is eliminated
through Eq. (11). The reaction of nitric acid with silver
is terminated by AgNOs in solution.

3Ag + 4 HNO;—3AgNO; + NO + 2H,0 (11)

There are many principal factors in MACE to form the
SiNWs. In order to investigate the etching rate and
SiNWs formation, we examined the effect of five
factors that have important roles in silicon etching.
These five factors are HF concentration, H,0,
concentration, chemical plating time, etching time, and
doping density of silicon wafer. Therefore, the results
are divided into five parts. The purpose of this study is
to reveal the variations of etching rate as a function of
holes consumption factor (HF), holes generated factor
(H,0,), processes time and doping density of silicon
wafer.

2. EXPERIMENTAL

2.1. Materials The chemical
materials are HF (38-40% -Merck), H,O, (30%-Merck)
and AgNO; (99% - Merck). Also, for incipient cleaning,
H,SO,4 (96%-Merck) was used. The silicon wafer (p-
type, with crystal orientation of <111> and resistivity of
8-12 Q.cm) was used and cut to 1*1 cm’ square.
Finally, to remove silver particles layer from surface,
HNO; (65% - Merck) was used.
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2.2. Preparation of sample The
silicon wafer (p-type, 8-12 Q.cm and <111> direction)
was cut to 1*1 cm” square and washed with acetone and
deionize water and immersed into solution of
H,S04:H,0; in ratio of 3:1 (v: v) for 10 minutes at room
temperature. In this state, the silicon surface was
cleaned of organics and a thin oxide layer was formed
on surface. In following, the sample was immersed into
solution of 5% HF for 3 minutes at room temperature to
form the H-terminated on silicon surface and to dissolve
oxide layer and prepare the sample for silver deposition.

2.3. Silver particles deposition and Nanowires
formation In silver deposition
step, the solution including mixture of HF and AgNO;
was treated. Therefore, two solutions with HF
concentration of 1.2 M and 4.8 M were prepared for
samples 1 and 2, respectively (details are given in Table
1). The concentration of AgNO; was kept fixed at
=0.005 M for all solutions. The samples were placed in
these solutions under different times while the solutions
were stirred slowly. The process was done at room
temperature and room light. In this step, after silver
deposition, the samples were become golden yellowish.
After the silver was deposited on silicon wafer, the
sample was immersed in etchant solution including
mixture of HF and H,0, for 30 and 5 minutes in the
dark at room temperature according to tables 1 and 2.

TABLE 1. Concentration of etchant for samples 1 and 2,
chemical plating time=60 seconds and etching time=30
minutes.

Samples Sample 1 Sample 2
HF 12M 48M
H,0, 0.05M 0.6 M

TABLE 2. Etchant concentration of eleven samples with
etching time=30 minutes and [HF] =4.8 M.

Samples Sample3 Sample4 Sample5 Sample6 Sample7

[H,0,]:
[HF](v :v) 1:3.5 1:3.5 1:3 1:3 1:2.5
Chemical 60 120 60 120 60
plating Seconds Seconds Seconds Seconds Seconds

time

Sample8 Sample9 | Samplel0 | Samplell Samplel2 Samplel3
1:2.5 1:5 1:4 1:2 1:1 2:1
120 60 60 60 60

Seconds Seconds Seconds Seconds 60 Seconds Seconds

2.4. Elimination of silver nanoparticles

For elimination of silver nanoparticles, the sample was
immersed in solution mixture of HNO3: H,O by ratio of
(1:1, v: v) to dissolved the Ag particles, then it was
washed by deionize water and was dried by N,. To
remove the oxide layer, the sample was washed with 5%
HF and the sample was washed by deionize water and
was dried again.

2.5. Characterization The
etched silicones surfaces were characterized by X-ray
diffraction (Philips- PW3710) in 26 range from 20 to
70° with Cu-Ka radiation (A = 1.54056 A). Morphology
of the samples were characterized by FE-SEM (MIRA3
TESCAN) equipped with EDS.

TABLE 3. Three different samples with different H202
concentrations, [HF] =4.8 M.

Samples

H,0,:HF v:v 1:2.5 1:3 1:3.5

Sample 3 Sample 5 Sample 7

TABLE 4. Different chemical plating times with etchant
concentration.

Samples Sample 5 Sample 6
Chemical plating time 60 seconds 120 seconds
H,0;,:HF v:v 1:3 1:3

TABLE 5. Different etching times with etchant concentration.

Samples Sample 3 Sample 9
Etching time 30 minutes 5 minutes
H,0;,:HF v:v 1:3.5 1:3.5

3. RESULT AND DISCUSSION

Figure 1. shows the FE-SEM cross section image of
eight different [H,O,]: [HF] ratios. According to Figure
1, formation of structures depends on the concentration
ratio of HF and H,O,. The HF and the H,0, are used as
holes consumption factor and holes generation factor,
respectively. Therefore, critical concentrations of HF
and H,O, are the main factors to form the suitable
structure. On the other hand, four regimes are generally
defined to form the structure according to
p=[HF]/([HF]+[H,0;]). In order to consider the silicon
etching rate, the comparison of parametric regions of
this formula was experimentally investigated as follows:
Regime 1, 90% < p < 100%: In this regime HF
concentration is high and leads to consumption of holes
in silicon-metal (silver) interface. As a result, the
etching rate of surface depends on H,0, concentration.
Figure 3-b shows the etching rate which is decreased to
4 nm/s. This is due to low amount of generated holes in
silver silicon interface. Figures 1-a and 1-b show the
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FE-SEM cross section images of p=92 % and p = 90%,
respectively.

10 pm

Figure 1. FE-SEM images of a) H,O,: HF ratio of 1:5 v: v, b)
H,0,:HF ratio of 1:4 v: v, ¢) H,O,:HF ratio of 1:3.5 v:v, d)
H,0,:HF ratio of 1:3 v:v, e) H,O,:HF ratio of 1:2.5 v:v, )
H,0,:HF ratio of 1:2 v:v, g) HyO,:HF ratio of 1:1 v:v, h)
H,0,:HF ratio of 2:1 v: v.

Regime 2, 85% < p < 90%: In this regime some of the
injected holes are consumed in silicon-metal (silver)
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interface. Therefore, SINWs are generally formed with
high porosity. Moreover, some of the holes could not be
consumed and the silver particles were re-deposited on
SiNWs walls which lead to formation of porous SINWs.
In this regime, the etching rate is increased from 4 to 5.5
nm/s as shown in Figures 3-b. Figures. 1-c, 1-d and 1-e
show p =89%, p =88% and p =85%, respectively. As
shown in Figures 2 and 3-b, the SINWs can be formed
in this regime.

. i e
Figure 1. FE-SEM images of a) H,O,:HF ratio of 1:2.5 v:v b)
H,0,:HF ratio of 1:3 v:v, and c¢) H,O,:HF ratio of 1:3.5 v:v.
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Figure 2. The Graph of p-type silicon wafer <111> wire etching rate and etching length in 4.8M HF concentration, a) Etching length
versus concentration for 1 min chemical plating time, b) Etching rate versus concentration for 1 min chemical plating time, ¢)Etching
length versus concentration for 2 min chemical plating time, d) Etching rate versus concentration for 2 min chemical plating time.

3.1. The effect of HF concentration

Figures 4-a and 4-b show the FE-SEM images of silicon

wafer <111> in two different HF concentrations of 1.2

M and 4.8M, respectively. As shown in Figure 4,
increasing the HF concentration leads to higher etching
length.
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As Figure 4-c shows, the SINWs array can be formed
with the diameter lower than 100 nm from silicon wafer
<111> in 4.8 M HF concentration. Moreover, as can be
seen in Figure 4-d, the needle structures are generally
observed with diameter of 300 nm up to several pm. On
the other hand, the main condition to synthesize SINWs
array with diameters lower than 100 nm is 4.8 M HF
concentration.

As the Figure 5-a shows, the etching length for [HF]
=1.2 M is significantly is lower than that of the [HF]
=4.8 M. According to Figure 5-b, the etching rate at the
[HF] =1.2 M and [HF] =4.8 M was 0.7 nm/s and 4.9
nm/s, respectively.

I um

¢ ]7 d V. h y 2 pm
Y A e 5 E: —
Figure 4. FE-SEM images of silicon etching a and c, [HF]=
4.8 M, and b and d, [HF] =1.2.

HF=11M HF=43M
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[HF] Concentration (M)

10 15 20 25 30 35 40 45 50
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Figure 3. Graph of p-type silicon wafer <111> wire etching in
different HF concentration, a) Etching length versus HF
concentration, and b) Etching rate versus HF concentration.

3.2. The effect of H,02 concentration

As shown in Figures 1-c, 1-d and 1-e, it is investigated
that the SiINWs are formed in the range of [H,O,]:[HF]
1:2.5 to 1:3.5 (v:v) ratios, respectively. Moreover, as
illustrated in Figures 1-a, 1-b, 1-f, 1-g and 1-h, the other
structure can be formed by utilizing different H,0,
concentration.

As discussed previously, H,O, was used as generator of
holes on silicon-metal interface. H,O, was reduced
under the silver particles and generates holes in silicon-
silver interface. Table 3 shows details of three solutions
with different H,O, concentrations to investigate the
H,0, concentration effect on the silicon etching. Figure
6 shows the decreasing trend of SiNWs length as the
H,0, concentration was decreased, because higher
concentration of H,O, increases the holes around silver
particles. As a result, the rate of reduction and oxidation
are important for forming the SiNWs and other
structures. Consequently, it was found that the etching
rate can be varied by different H,O, concentrations to
form the SiNWs (Figure la-h). Figure 3-a shows the
etching length curve of these eight samples. The etching
length can be in the range of 1 to 10 um. As can be seen
in Figure 3-b, the critical etching rate to form the
SiNWs is in the range of 4 to 5 nm/s. Therefore, the best
regime to synthesize the SINWs array is 85-90%.

[Iﬂ"”tﬂﬂf rt‘ ‘

10

Figure 4. FE-SEM images of a) H,O,:HF ratio of 1:2.5 v:v, b)
H,0,:HF ratio of 1:3 v:v, and c¢) H,O,:HF ratio of 1:3.5 v:v.

3.3. The effect of chemical plating time

Figure 7 shows that the silicon etching length is higher
than the etching length when the chemical plating time
is 60 seconds. The silver particles are deposited on
silicon surface by reduction of silver ions (see also
Figure 8-b). As shown in Figure 8, the reduction of Ag"
occurs and elementary silver is deposited on surface
from solution containing HF and AgNO;. Then the
localized etching is initiated at particles locations. The
silicon oxidation is more around silver particles because
of the holes beneath the silver particles are more than
the off-metal region. On the other hand, the holes have
an important role in MACE, and the alternative redox
reaction of Ag’ leads to injection of holes to silicon
bands. The SiNWs array can be formed as a uniform
layer via silver deposition on silicon surface. Table 4
shows different chemical plating times for four samples
and the results are displayed in Figure 7.

As shown in Figure 3-d, the silicon etching rate for 120
seconds chemical plating is lower than 60 seconds
chemical plating. The high etching rate occurs at 60
seconds chemical plating time which is due to low holes
consumption rate. This phenomenon traces back to
incomplete bonds between fluorine ions and oxidized
silicon on the surface of wafer when the chemical
plating time is more than 120 seconds. Figure 8
illustrates the MACE mechanism mentioned above
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which implies that silver particles sink the silicon
surface and lead to formation of SINWs array. The role
of holes transition demonstrates that any linking
between silicon and silver particles is not necessary for
etching process but the linking is crucial as a pattern for
SiNWs formation.

10 pm 10 pm
— —

Figure S. FE-SEM images of a) H,O,:HF ratio of 1:2.5 v:v, b)
H,0,:HF ratio of 1:3 v:v, and c¢) H,O,:HF ratio of 1:3.5 v:v.

Hy0p, H <+ H,0
«

Hy0,, H* ——<—  Hy0
Al

J Ag = Ag* . —
—{SiFg]?

HF?~—

"
‘u .
o, N g

Figure 6. FE-SEM image of SiNWs formation in H,O,:HF
1:3 viv concentration ratio, the silver particles sink silicon
surface and SiNWs was formed.

3.4. The effect of etching time

Figure 9, shows the FE-SEM images of the samples
prepared by different etching times according to Table
5. Therefore the etching length was increased by
varying the etching duration from 5to 30 min.

4 Y 10 um 8 . 3 i ..m;;n-;ﬁ

3 e ‘ % iR A Nl I i S N
Figure 7. FE-SEM images with H,0,: HF ratio of 1:3.5 v:v, a)
5 minutes etching time, b) 30 minutes etching time.

Length of the formed pits was increased by continuous
redox couple reaction of silver accompanied by holes
transportation. On the other hand, when the etching time
is raised, there would be enough time to repeat the
cyclic redox reaction and silver particles can sink
further. As a result, the silicon is etched at specified rate
for different concentrations.

3.5. The effect of doping density of silicon wafer
Figure 10 shows the FE-SEM images of two different
samples with different doping density of silicon wafer.
Each of doping density forms variety of structures in
silicon chemical etching. However as shown in Figure
10, etching rate for p-type 0.005 Q.cm is faster than p-
type 8-12 Q.cm (Figure 9). On the other hand, holes
injection was favored in highly doped (0.005 Q.cm)
Silicon due to less band bending at the highly doped
Silicon/electrolyte interface compared to the lightly
doped Si. Therefore, the etching rate is high for heavily
doped Si rather than the lightly doped Silicon wafer.

-
m

L

L
e

Figure 8. FE-SEM images with H,O,:HF 1:3.5 viv and 5
minutes etching time of a) p-type 8-12 Q.cm, and b) p-type
0.005 Q.cm.

Intensity

JL

T T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 8 90 100
20
Figure 9. XRD pattern of silicon nanowires synthesis by

MACE.
4. CONCLUSION

In summary, synthesis of SINWs array on silicon wafer
<111> (p-type, 8-12 Q.cm resistivity) was investigated
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by MACE in different solutions and different process
times. The study of FE-SEM images of silicon top and
cross  section views explain the relevance
p=[HF]/([HF]+[H,0;]) between holes consumption
factor and holes generation factor. The variation of
silicon surface etching is strongly function of etchant
concentration, process time and doping density of
silicon wafer (resistivity) because of the chemical
etching mechanism that is based on holes injection and
charge transport. As observed, the SiNWs aligned with
<111> direction were prepared in the range of p=85-
90%. On the other hand, the critical concentration ratio
to achieve the SINWSs array was [H,O,]: [HF] = 1:2.5 to
1:3.5 (v:v). It means that the critical etching rate is 4-5
nm/s.
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