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‘I
| A facile and low cost method, metal assisted chemical etching was used to prepare silicon (Si) nanowalls atop the Si wafer, where the |
| effect of etchant solution concentration (H>O, concentration) on the morphology, reflectivity and wettability of the fabricated Si nanowalls |
| is investigated. The morphological and structural studies by scanning and transmission electron microscopy revealed the Si nanowalls |
prepared at both low and high H,O, concentration are smooth, nonporous and single crystalline, where the increase of H,O, concentration
| only changes the morphology from isolated nanowall structure to agglomerated nanowall structure. The height of nanowalls also increases |
| with increase in H,O, concentration and follows a linear behaviour with an etching rate of 5697 nm/M. The reflectance study shows that |
| the reflectance is extremely low over broad wavelength range (300-1100 nm) for Si nanowalls, compared to that of planar Si wafer. The |
| increase of H,O, concentration significantly changes the wavelength dependence of the reflectance spectrum. The wettability studies |
show that SiINWs prepared at low H,O, concentration exhibit hydrophobicity in contrast to the hydrophilicity of planar Si wafer, where
I the increase of H,O, concentration to very high value changes the hydrophobicity of SINWs to hydrophilicity as similar to planar Si wafer. I
| |
L
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Among them, MACE has been the focus of extensive scien-
tific and technological attention in the recent past because of
the following reasons [3,10-12]. (i) It is a facile, room temper-
ature and cost-effective technique wherein almost all procedures

INTRODUCTION

Semiconductor nanostructures have been attracting a great
deal of scientific attention in fundamental research and technol-

ogical applications because they exhibit exciting physical and
chemical properties and possess excellent size dependent mate-
rials properties [1,2]. In particular, silicon (Si) nanostructures
are being explored intensively in diverse fields such as electr-
onics, photonics, photovoltaic, field emission devices, X-ray
optics, medicine, energy storage, biosensors [3-7]. Numerous
techniques like vapour-liquid-solid (VLS) growth, molecular
beam epitaxy, laser ablation, efc. under the bottom-up approach
category and reactive ion etching, laser-induced etching, electro-
chemical etching (or anodic polarization etching) and metal
assisted chemical etching (MACE), etc. under the top-down
approach category have been developed for the fabrication of
Si nanostructures [8,9].

can be carried out in a chemical lab without needing any expen-
sive equipment; (ii) It has the ability to produce different kind
of nanostructures such as nanopores, nanowires, nanowalls
and porous nanowires/nanowalls efc., (iii) it is capable of cont-
rolling cross-sectional shape, size, length, orientation, efc. of
fabricating nanostructures.

In recent years, silicon nanostructures prepared by MACE
are found to exhibit extremely low light reflectance in a wide
wavelength range [13-16]. Because of its extremely low reflec-
tance, the silicon nanostructures appear as black in colour on
compared to that of the grey metallic luster appearance of planar
silicon. The high surface area black coloured silicon produced
by MACE has been utilized for a wide range of applications
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including fabrication of photodetectors, antireflection coating
for silicon solar cells, micro-electro mechanical devices, light-
emitting devices, image sensors, biochemical sensors, lithium-
ion batteries, hydrogen production through water splitting, anti-
bacterial coatings, a supporting medium for chemical and physical
reactions, etc. [13,16-21].

It offers several advantages over the conventional anti-
reflection coatings, for example, it gives extensively lower
reflectance in broad spectral range, free from issues related to
lattice mismatch, adhesiveness, stability and also leads to the
reduction in cost for mass production. Additionally, black silicon
synthesized by MACE is found to exhibit hydrophobic/super-
hydrophobic behaviour, which is useful for not only increasing
their efficiency, but also improving the life-time of solar cells
[14,22,23]. However, the existence of dual behaviours i.e. the
extremely low reflectance (black nature) and hydrophobicity
are highly dependent on the morphology of fabricated nano-
structures, which in turn depends on the etching parameters.
So, in the present study, the effect of the most important etching
parameter, H,O, concentration on the morphology, reflectivity
and wettability of metal assisted synthesized Si nanostructures
is investigated.

EXPERIMENTAL

P-type (boron doped), single crystalline (100)-oriented,
1-10 Q cm resistivity Si wafers (500 pm thick) were used for
MACE to produce Si nanostructures. Prior to etching, the wafers
were ultrasonically cleaned with deionized water (18.2 MQ
cm), acetone and ethanol for 15 min, followed by copious rinsing
with deionized water. Subsequently, the Si wafers were imm-
ersed into freshly prepared piranha solution (3:1 ratio of 98%
H,SO, and 30% H,0,) to remove the residual organic contami-
nants and washed thoroughly with deionized water. Then, the
wafers were dipped in dilute HF solution to remove the surface
oxide layer, rinsed thoroughly with deionized water and finally
dried with dry N, gas purging.

The Si wafer were then housed into the home made Teflon
electrochemical cell as described earlier [10] and the etching
(two-step MACE) was carried out successfully, where only
one side of the Si wafer was in contact with the etching solution.
In first step, silver (Ag) deposition was carried out using a
solution of HF and AgNO; (5% HF + 0.02 M AgNO;) for 60 s.
In second step, etching was carried out using a solution of fixed
HCI concentration (4.8 M HF) with various concentrations of
H,0, (0.2, 0.4, 0.6, 0.8 and 1 M H,0,) for 10 min. Each step
was followed by rinsing with the deionized water. Finally, the
etched Si wafer was immersed in conc. HNOjs solution to obtain
silver-free Si nanostructures, washed thoroughly with deionized
water and kept them in vacuum desiccators for further investi-
gations.

The Si etching was carried out at room temperature in dark
condition. It is important to observed that only one side of the
Si wafer was in contact with the etching solution in cell, hence
the Si nanostructures formed only on that side. The morpho-
logy and microstructures of fabricated Si nanostructures were
studied using a scanning electron microscope (SEM; Zeiss-
Supra 55), Park XE7 atomic force microscope (AFM) and LIBRA

200FE Zeiss high resolution transmission electron microscope
(HRTEM). The reflectivity and wettability studies were carried
out using a commercial UV-Vis-NIR spectrophotometer (Hitachi
UH4150) and Kruss makedrop shape analyzer DSA100, respe-
ctively.

RESULTS AND DISCUSSION

Morphological studies: Fig. 1 summarizes the SEM results
of Si wafer etched in 4.8 M HF at 0.2, 0.4, 0.6, 0.8 and 1 M
H,O, concentrations. Figs. la-e and Fig. 1f-j illustrate their
top and cross-sectional SEM micrograph views, respectively.
As evident from the morphology, the surface relief Si nano-
structures grown a top to the Si wafer etched at lowest H,O,
concentration (0.2 M) were found to be vertical, whereas at
higher H,O, concentrations, the surface relief Si nanostructures
agglomerated at their top regions.

Fig. 2a-c depict high magnified SEM images of the top,
middle and bottom part of Si wafer etched in 1 M H,O,, respec-
tively. The red-arrow in Fig. 2c identifies the broken nano-
structure. As evidenced from the morphology of the broken Si
nanostructures, the surface relief Si nanostructures are in wall-
like shape of thickness in the range between 70 and 80 nm.
Fig. 1k shows height variation of SINWs as a function of H,O,
concentrations and it was observed that the SINWs height
varies linearly with H,O, concentration with an etching rate
of 5697 nm/M. This observation is in close agreement with
that reported by Moumni & Jaballah [24], where a nonlinear
height dependence on H,O, concentration with attenuation of
height at higher H,O, concentrations is demonstrated.

Fig. 2d shows the TEM image of a typical nanowall. It
reveals that the wall surface is smooth and free of pores, which
is in support of the cross-section SEM results (Fig. 1). Fig. 2e
displays the HRTEM image of the wall structure, which represent
that the etched Si walls are single crystalline in nature. The
analysis of the HRTEM image gives an interplanar distance
of 3.2 + 0.1 A, which corresponds to interplanar distance of
the Si (111) [International Centre for Diffraction data, File:
00-005-0565]. Therefore, the fabricated surface relief Si nano-
structures are hereafter denoted as silicon nanowalls (SINWSs).
Here, in MACE, the variation in H,O, concentration changes
the surface morphology from isolated Si nanowall structures
to agglomerated Si nanowalls structures. The effect of variation
of H,O, concentration on the morphology of fabricated Si
nanostructures was also studied by Liu ez al. [25], where they
have reported that there is a change in the morphology from
planar nanowires to porous structured nanowires with the
variation in H,O, concentration.

Fig. 3 illustrates the AFM topographic images of 1 M H,O,
etched Si wafer taken in different observation areas, 30 x 30
um?, 10 x 10 um?, 5 x 5 um? and 2 x 2 um? It is seen from the
AFM micrographs that the morphology of SiNWs is uniform
throughout the etched region. The image analysis further
confirmed that the surface topography of the resulting etched
Si nanowalls is close to that of SEM results. The qualitative
agreement of the topography and the characteristic feature size
of the etched Si further confirmed that the surface relief Si nano-
structures evolved were in the shape of walls.
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Fig. 1. Scanning electron micrographs of (100) oriented Si wafer etched in 4.8 M HF with different H,O, concentrations for 10 min etching
time. (a-e) and (f-j) depicts the top and cross-sectional view SEM images of sample obtained at 0.2, 0.4, 0.6, 0.8 and 1 M H,O,
concentration. (k) Illustrates the height of fabricated nanostructures vs. HO, concentration. The straight line (red colour) in sub figure
(k) shows a linear fit to the data points (blue colour), with an etching rate (slope) of 5697 nm/M

The morphological behaviour of fabricated nanowall form- etching of Si wafer can be summarized as:
ations as a function of H,O, concentration requires further At cathode:
investigation of the underlying etching mechanisms. The H,0, + 2H" + 2¢ 5 2H,0 (1)

possible etching mechanisms for the formation of SINWs by
two steps MACE were discussed elaborately in the literature
[7,14,26]. Therefore, the useful redox reaction involving the Si+2H,0 —— SiO, + 4H" + 4e” 2)

At anode:
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Fig. 3.

AFM images of surface relief Si nanowall structures evolved on 1
M H,0; etched Si wafer taken in different observation areas (a) 30
x 30 um?, (b) 10 x 10 um?, (¢) 5 x 5 um? and (d) 2 x 2 um?
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Fig. 2. (a-c) High magnification SEM images of top, middle and bottom part of Si wafer prepared at 1 M H,0.. (d) Typical TEM image of a
nanowall. (¢) HRTEM image of a selected region in Fig. (d). The image analysis gives inter-planar Si (111) distance of 3.2 + 0.1 A

SiO, + 6HF —— [SiF¢]* + 2H,0 + 2H* 3)
Total reaction:
Si + 2H,0, + 6F + 4H"* —— [SiF¢]* + 4H,0 )

From eqn. 4, the potential for the etching process can be
described by the following expression:

e
4 (H,0,I"H I'[F"]

It is evident from the expression that with increase in H,O,
concentration, the potential for the etching process increases.
This shows that thermodynamically, the reaction for etching
is more favourable for the growth of SiINWs. So the height of
the SINWs depends mostly on oxidant concentration (H,O,).
However, the oxidant concentration cannot be increased
infinitely. For instance, Liu et al. [25] observed that the variation
of H,O, concentration to very high values leads to change in
the morphology from polished nanowires to porous structured
nanowires. Similarly, Moumni & Jaballah [24] reported that
the variation of H,O, to high concentrations significantly influ-
ence the etching rate Si wafer. They have observed a nonlinear
height dependence on H,O, concentration with the attenuation
of height of the nanowires at high concentration. This can be
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understood based on the fact that, although the H,O, concen-
tration increases to high values, the etching solution may not
have enough HF to dissolve the formed SiO, at the same rate
of etching. Therefore, it is preferable to select a suitable concen-
tration of etching solution to produce good quality SINWs.
On considering these facts, in this work, SINWs were fabricated
by selecting a suitable concentration of the etchant where the
variation of etching parameter has only changed the height of
nanowalls. The agglomeration of SINWs formed at high H,O,
concentration can also be explained based on the fact that the
surface tension forces acting on SINWs during the drying process
[27], exceeds the elastic deformation force of SINWSs for long
nanowalls.

Reflectivity: Fig. 4 shows the reflectance and absorbance
spectra of fabricated SiNWs, in the wavelength range of 300-
1100 nm. For comparison, the reflectance and absorbance
spectra of planar Si wafer are also depicted in Fig. 4. The absor-
bance (A) of the samples can be calculated from the reflectance
(R) data using the relation, A = (100-R) %, because the present
Si wafer is an opaque material with almost zero transmittance.
It is observed from Fig. 4a that the reflectance was reduced
tremendously when SiNWs are formed atop Si wafer. More-
over, as shown in the inset of Fig. 4a, the reflectance behaviour
is wavelength dependent as well as H,O, concentration. So, it
is convenient to investigate the reflectance in the following
regions (i) short (300-750 nm) and long (750-1100 nm) wave-
length regions; and (ii) low (0.2-0.4 M) and high (0.6-1 M)
H,O; concentrations. The SINWs prepared at low H,O, concen-
tration (0.2 and 0.4 M) show comparatively low and high
reflectance at short (300-750 nm) and long (750-1100 nm)
wavelength regions, respectively and vice-versa for sample
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prepared at high H,O, concentrations (0.6, 0.8 and 1.0 M). With
increase in H,O, concentration, the reflectance value decreases
gradually in the long wavelength region (750-1100 nm) whereas
in short wavelength region (300-750 nm), the reflectance first
decreases with increase in H,O, concentration from 0.2 to 0.4 M
(low H,O, concentration region) and then increases gradually
with increase in H,O, concentration from 0.6 to 1 M (high H,O,
concentration region). Such extremely low and peculiar wave-
length dependent reflectance was previously reported and
pointed out that the peculiar wavelength dependence of reflec-
tance is ascribed to be due to the agglomeration/bunching of
SiNWs [28].

In order to make a comparison among the SINWs prepared
at different H,O, concentration for solar cell application, it is
important to estimate the following factors; (i) solar weighted
reflectance (Rsw) from the reflectance spectra and (ii) ultimate
efficiency (1) from the absorbance spectra. These are repres-
ented by the following expressions [29,30]:

}\’E
= LOO nmR(A’) Nphoton(x‘)dx (6)
SwW kg
LOO nm Npholon (7\') d 7\.
Ay }\‘
—[300 nm Nphonm 0\') A()\«) x—g dr
n - 4000 nm (7)
-[ 300 nm N oion M)A A

where R(A) and A(A) are the spectral reflectance and absor-
bance of the SINWs, respectively; Npnown (A) is the photon
number of AM 1.5 G per unit area per unit wavelength, A, is
the wavelength corresponding to band gap of Si (A, = 1100
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Fig. 4. (a) Reflectance curves of SINWs prepared at various H,O, concentrations in the wavelength range of 300-1100 nm. For a reference,
the reflectance curve of planar Si wafer is also depicted. The inset displays an enlarged view of the reflectance spectra of SINWs. (b)
Absorbance curves of SINWs prepared at various H,O, concentrations in the wavelength range of 300-1100 nm. The absorbance

curve of planar Si wafer is also depicted in the figure
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nm). For the calculation of ultimate efficiency, it is assumed
that each photon absorbed produces one electron-hole pair
and carrier recombination processes are absent.

The estimated values of Rsw and n of the SiNWs are
summarized in Table-1, which clearly indicate extremely low
Rsw value compared to that of planar Si wafer (43.91%). The
Rsw value first decreases and research to minimum (for 0.4
and 0.6 M H,0O,) and then again increases with H,O, concen-
tration. The minimum Rsw value obtained is mainly due to
their comparatively low reflectance value in both short (300-
750 nm) and long (750-1100 nm) wavelength regions as well
as the spectral dependence of the AM 1.5 G solar spectrum.
Similarly, the 1 value is very high for SINWs compared to
that of planar Si wafer (28.59%). It increases with H,O, concen-
tration, reaches maximum and then decreases. However, it is
important to observe that the 1 value for SINWs prepared at
0.8 and 1 M H,O, concentration is higher than that for SINWs
prepared at 0.4 M H,O, concentration, although Rsw value for
SiNWs prepared at 0.8 and 1 M H,O, concentration is higher
than that of SINWs prepared at 0.4 M H,O, concentration.

TABLE-1
ESTIMATED VALUE OF SOLAR WEIGHTED
REFLECTANCE (Rgy) AND ULTIMATE EFFICIENCY (1)
FOR PLANAR Si WAFER AND SiNWs PREPARED AT
VARIOUS H,0, CONCENTRATIONS

Sample Solar weighted- Ultimate efficiency

P reflectance (Rgy, %) m, %)

0 M (Si wafer) 4391 28.59

02M 1.46 48.21

04 M 1.08 48.40

0.6 M 1.06 48.48

0.8 M 1.17 48.45

1.0M 1.23 48.42
180
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H,O, concentration (M)

This is mainly due to the low reflectance value of SiNWs
prepared at 0.8 and 1 M H,O, concentration, compared to that
of SINWs prepared at 0.4 M H,O, concentration at long wave-
length region (750-1100 nm) as well as the band gap value of
Si at ~1100 nm (eqn. 7).

Wettability studies: The wetting behaviour of the fabri-
cated SINWs was investigated by measuring the water contact
angle (WCA). For comparison, the WCA value obtained for
planar Si wafer is also depicted. Fig. 5a shows the WCA value
as a function of H,O, concentration. The photographs of water
droplets on a planar Si wafer and SINWSs prepared at 0.2, 0.4,
0.6, 0.8 and 1.0 M H,O, concentrations are given in Fig. 5b-g,
respectively.

The WCA value obtained for planar Si wafer and SINWs
prepared at 0.2, 0.4, 0.6, 0.8, 1 M H,O, concentration are 73 + 1°,
139 = 1°, 140 = 1°, 130 + 1°, 84 = 1°, 63 + 2°, respectively.
Generally, if the water contact angle is less than 90 °C, the
solid surface is considered as hydrophilic and if the water
contact angle is greater than 90 °C, the solid surface is consi-
dered as hydrophobic. If so, planar Si wafer and SINW's prepared
above 0.6 M H,O, concentration exhibits hydrophilic behaviour
and SiNW:s prepared below 0.6 M H,O, concentration exhibits
hydrophobic behaviour. Based on these experimental data (Fig.
5a), it has been shown that the hydrophilic planar Si surface
transforms to hydrophobic behaviour when patterned with the
SiNWs. The hydrophobic behaviour continues for SiNWs
prepared up to 0.6 M H,O, concentration. When the concen-
tration of H,O, is further increased, the hydrophilic behaviour
reappears. The wetting behaviour SiNWs prepared at higher
concentration of H,O, can be ascribed to the vertical and high
agglomeration of SINWs. prepared at low and very high H,O,
concentration, respectively [28].

(b) ()

Fig. 5. (a) A plot of water contact angle (WCA) as a function of H,O. concentration. The 0 M denotes the planar Si wafer. (b-g) Display the
photographs of water droplet on a planar Si wafer and SiINWs prepared at 0.2, 0.4, 0.6, 0.8 and 1 M H,O,, respectively
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Conclusion

The single crystalline silicon nanowalls were fabricated
atop the Si wafer by a simple and low cost metal assisted
chemical etching method. The effect of etchant solution concen-
tration (H>O, concentration) on the morphology, reflectivity
and wettability parameters was investigated. It is revealed from
the reflectance/absorbance and wetting studies of Si nanowalls
prepared at different H,O, concentration, that the Si nanowalls
prepared at 0.4 H,O, concentration exhibit comparatively low
solar weighed-reflectance, Rsw = 1.08% (high value of ultimate
efficiency, 1 = 48.40%) and the highest value of water contact
angle, WCA = 140 £ 1° and is the optimal sample for solar
cell applications for increasing its efficiency as well as lifetime
due to the self-cleaning nature of hydrophobicity.
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