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ight photocatalysis and tunable
photoluminescence from orientation controlled
mesoporous Si nanowires†
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Herein, orientation controlled growth of single crystalline mesoporous Si nanowires (NWs) by Ag assisted

etching of Si(100) and Si(111) wafers and its visible light photocatalysis efficiencies have been studied. By

choosing different orientations of the starting Si wafer and concentration of etchants, we have tuned the

morphology of Si NWs and achieved straight, bent, kinked and zigzag Si NWs. High resolution FESEM and

TEM imaging reveals that the Si NWs are decorated with ultra-small Si nanocrystals (NCs) of arbitrary

shape due to the lateral etching of the NWs. A strong broad-band visible to near-infrared (NIR)

photoluminescence (PL) in the range 1.4–2.4 eV is observed from these Si NWs/NCs at room

temperature. Our studies reveal that the quantum confinement of carriers in Si NCs and the nonbridging

oxygen hole center (NBOHC) defects in the SiOx layer both contribute to the broad visible-NIR PL. In

addition to the efficient PL emission, the metal assisted chemical etching (MACE) grown Si NWs exhibit

excellent photocatalytic degradation of methylene blue under visible light illumination. The Si–H bonds

present on the surface of the Si NWs/NCs facilitate the photocatalytic activity by efficient separation of

the photogenerated e–h pairs. Our studies reveal that the MACE grown vertically aligned Si NWs behave

as a stable photocatalyst for up to five cycles of catalysis. It is found that with the increase in the

concentration of HF during etching, PL intensity systematically decreases while the photocatalytic

efficiency increases with the HF concentration due to the Si–H bonds. Our results open up the

possibility of using Si NWs arrays in white light display applications as well as organic waste treatment

and hydrogen production by photocatalytic water splitting.
1. Introduction

Over the past few decades, Si nanowires (NWs) have been
attracting a great deal of attention in both basic scientic
research and technological applications due to their unique
physical and chemical characteristics.1–7 Si NWs grown by metal
assisted chemical etching (MACE) have been employed as an
active component in various electronic and optoelectronic
devices, e.g., eld effect transistors,6 light emitting diodes,2

solar cells,1 sensors,4 energy storage3 and photochemical reac-
tors5 etc. The elucidation of the morphology controlled growth
of single crystalline Si NWs is critical to understanding the
fundamental physics of NWs to design and fabricate Si NWs
based innovative nano-devices with tunable characteristics.
Depending on size, morphology, doping and surface condi-
tions, MACE grown Si NWs exhibit tunable visible-near infrared
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(NIR) photoluminescence (PL) at room temperature (RT).8–18

Earlier studies pointed out that the MACE grown Si NWs are
oen decorated with arbitrary shaped Si nanocrystals (NCs) due
to the sidewall etching and the quantum connement (QC)
effect in Si NCs is primarily responsible for the broad visible
PL.8,10,11,15,19 However, strong inuence of surface defects in the
PL has been emphasized in some studies.20–24 The as-grown Si
NWs/NCs are oen covered with a native oxide layer and non-
bridging oxygen hole center (NBOHC) defects in the oxide
matrix are reported to be responsible for the visible PL at
RT.19,22–24 Si NCs decorated Si NWs grown by MACE have shown
excellent photocatalytic efficiency under visible light illumina-
tion.5,25–28 MACE grown Si NWs exhibit high optical absorption,
extremely low reectance and tunable PL in the entire visible-
NIR range. Earlier studies suggest that Si–H bonds present on
the surface of Si NWs/NCs serve as the photoelectrochemical
reaction centers during photodegradation.5,19,25,27 In addition,
ultralow reection/broadband absorption over the entire visible
range and the unaltered metal nanoparticles (NPs) during
etching also contribute to the photocatalytic efficiency of MACE
grown Si NWs/NCs.19,27

Over the past few years, MACE has emerged a promising and
signicant tool for rapid production of large area, aligned and
RSC Adv., 2016, 6, 35365–35377 | 35365
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well controlled Si NWs.10,29–33 Mostly Ag has been used as the
noble metal catalysts for the growth of Si NWs by MACE.
However, it is well known that the morphology of as-grown Si
NWs depends on the etchant concentration, doping type,
dopant concentration and the orientation of the Si NWs.
Straight vertical Si NWs from Si(100) wafer and zigzag Si NWs
from Si(111) have been observed by using different concentra-
tion of HF/H2O2.10,32,34 However, to the best of our knowledge,
the effect of the curved and zigzag morphology on the visible PL
and photocatalytic activity of MACE grown Si NWs has not been
reported. Further, the correlation between the photocatalytic
and photoluminescence efficiencies for the Si NWs has not been
addressed in the literature.

In this work, Si NWs have been synthesized by MACE of two
different kinds of Si wafers, mainly Si(100) and Si(111) wafers
using Ag as the noble metal catalyst and HF/H2O2 as the etch-
ants. Straight, bent, kinked and zigzag Si NWs have been ach-
ieved by changing the relative concentration of the etchants. As-
grown Si NWs are decorated with self-grown Si NCs of different
sizes and arbitrary shapes due to the side wall etching of Si NWs
and it results in mesoporous Si NWs. The light emission char-
acteristics of the Si NWs/NCs are investigated thoroughly.
Photodegradation efficiency and recyclability of Si NWs/NCs as
a photocatalyst under visible light irradiation were studied
using methylene blue (MB) as a degrading agent. The effect of
etchants concentration on the PL emission and photocatalytic
efficiency is studied extensively and a correlation between these
two phenomena is elucidated.
2. Experimental details
2.1. Synthesis of Si NWs

Si NWs were grown by the well-known MACE process using Si
wafers at room temperature (RT). P-type Si(100) and Si(111)
wafers with resistivity 0.01 and 0.001 U cm, respectively, were
used as the starting material. The wafers were rst cleaned by
typical RCA cleaning process.10 For the MACE of the cleaned Si
wafers, we used a two-step process. In this process, rst a thin
Table 1 Details of the growth conditions of MACE grown Si NWs and
the sample codes

Si Wafer orientation H2O2 : HF (volume ratio) Sample code

Si(100) 2 : 2 S1HF2
2 : 3 S1HF3
2 : 4 S1HF4
2 : 5 S1HF5
2 : 6 S1HF6
2 : 7 S1HF7
2 : 8 S1HF8

Si(111) 2 : 2 S2HF2
2 : 3 S2HF3
2 : 4 S2HF4
2 : 5 S2HF5
2 : 6 S2HF6
2 : 7 S2HF7
2 : 8 S2HF8
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layer of Ag nanoparticles (NPs) was deposited on the Si wafers by
dipping it in a solution containing 5.55 M HF and 0.015 M
AgNO3 for 5 seconds. Next, the as-deposited substrates were
immersed in a solution containing HF and H2O2 for 20 min at
RT. Details of the wafer cleaning, Ag NPs deposition and the
etching steps are provided in the ESI† (Section I). To study the
effect of HF concentration on the morphology of Si NWs, the
amount of HF is varied from 2 mL to 8 mL into an etching
solution containing 2 mL H2O2 (xed) and 23 mL DI water
(xed). Samples grown using Si(100) wafer are labeled as group
“S1”, while those grown with Si(111) are labeled as group “S2”.
Depending on the relative concentration of HF keeping the
concentration of H2O2 and water constant, the samples are
named as S1HF2, S1HF3 etc. Detailed descriptions of the
samples are summarized in Table 1.
2.2. Characterization techniques

The morphology and the structure of the Si NWs were charac-
terized using a eld emission scanning electron microscope
(FESEM) (Sigma, Zeiss) equipped with an energy-dispersive X-
ray spectrometer (EDX) and a transmission electron micro-
scope (TEM) (JEOL-JEM 2100) operated at 200 kV, respectively.
For the compositional analysis, X-ray photoelectron spectros-
copy (XPS) measurements were carried out using a PHI X-Tool
automated photoelectron spectrometer (ULVAC-PHI Inc.)
using Al Ka X-ray beam (1486.6 eV) with a beam current of
20 mA. Carbon 1s spectrum was used for the calibration (284.8
eV) of the XPS spectra recorded for various samples.35 The
steady state PL spectrum was recorded using a 405 nm diode
laser (Cube, Coherent) excitation with the help of a PL spec-
trometer (Horiba Jobin Yvon Fluoromax-4). Each spectrum was
corrected for the detector response as a function of wavelength
aer background subtraction. Raman scattering measurement
was carried out with a 514 nm Ar+ laser excitation using a micro-
Raman spectrometer (LabRAMHR-800, Jobin Yvon). The diffuse
reectivity of the samples was carried out using an ellipsometer
(GES5-E, SEMILAB Sopra). Photocatalytic degradation of meth-
ylene blue (MB) (10�5 M aqueous solution) using Si NWs was
performed in a commercial photochemical reactor (Lelesil
Innovative Systems, Mumbai). A time programmable visible
lamp was used for illuminating the sample with excitation
wavelength 390–730 nm. UV-vis absorption spectra were recor-
ded in a Shimadzu 2450 UV-vis spectrophotometer.
3. Results and discussions
3.1. Growth and morphology

MACE has been widely used for the growth of aligned Si NWs
and the etching mechanism has been discussed by several
groups.10,29,30,32,33,36,37 It has been recognized that during the
MACE process, under certain etching conditions mesoporous Si
NWs are formed due to lateral etching and this gives rise to the
formation of arbitrary shaped Si NCs on the surface of the Si
NWs.10 The shape and size of the Si NCs are decided by the size
of the pores and intermediate distance between the pores.
However, the morphologies of the as-etched Si wafers are
This journal is © The Royal Society of Chemistry 2016
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different for different etchant concentrations and the Si wafer
orientations. Fig. 1 shows the FESEM cross sectional images of
the samples of group S1 (1st row) and group S2 (2nd row). Fig. 2
shows the corresponding top-view FESEM images of the Si NWs.
Note that the morphology of the NWs is different for two
different orientation of the Si wafer i.e. Si(100) (group S1) and
Si(111) (group S2). We discuss the growth process in group S1
rst and then discuss it for the group S2. In case of Si(100),
when the HF concentration is very small (2 : 2), the movement
of Ag NPs are arbitrary on the Si wafer and porous Si is formed
instead of Si NWs (Fig. 1(a) and 2(a)). With the increase in the
HF concentration, the pores become more well dened and
uniform and thus vertical NWs are formed (Fig. 1(b–e)). Note
Fig. 1 Comparison of FESEM cross-sectional images of the group S1 ((a–
HF keeping the H2O2 concentration fixed during the MACE process.

Fig. 2 Comparison of FESEM top-view images of surface morphology o
concentrations of HF keeping the H2O2 concentration fixed during the M

This journal is © The Royal Society of Chemistry 2016
that the NWs are slightly bent at the top portions and for higher
concentration of HF (2 : 8) the Si NWs form bundles (Fig. 1(e)
and 2(e)). However, interesting changes in growth direction and
morphology have been observed in case of Si(111) wafer, when
the H2O2 : HF concentration ratio is systematically changed
from 2 : 2 to 2 : 8. When the HF concentration is small (2 : 2),
nearly straight but slightly slanted Si NWs are formed (Fig. 1(f)).
With the increase of HF concentration, the NWs become slan-
ted, kinked and zigzag directed. The mechanism behind
different orientations of the NWs in two cases can be explained
in the following way. According to the Si crystal structure, the
(100) planes have two back bonds to the underneath atoms,
while atoms on (111) planes have three back bonds.34 The Si
e), 1st row) and group S2 ((f–j), 2nd row), for different concentrations of

f the group S1 ((a–e), 1st row) and group S2 ((f–j), 2nd row), for different
ACE process.

RSC Adv., 2016, 6, 35365–35377 | 35367
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atoms of (100) planes underneath the Ag NPs in HF/H2O2

solution are easier to dissolve as compared with the Si atoms of
(111) planes. As a result, the Si NWs are always vertical for
Si(100) wafer as the etching takes place vertically (h100i direc-
tion). In case of Si(111) wafer, the etching is highly anisotropic.
When the HF concentration is low, the Si oxide formed on the
etching front (underneath the Ag NPs) is not dissolved
completely and the hole injection from oxidant to Si as well as
dissolution of Si oxide is slower. As a result, etching happens on
the preferable h100i direction and the NWs are vertical for
sample S2HF2. When the HF concentration is increased, the
rate at which Si oxidation takes place is same as the dissolution
rate. In this case, the anisotropic etching of Si occurs and
kinked Si NWs are formed. When the HF concentration
becomes sufficiently high, the dissolution of Si occurs rapidly
and the NWs become zigzag.34

For the compositional analysis, we have performed EDX
analysis on the Si NWs. Fig. 3(a) and (b) shows the EDX spectra
measured on top surface of S1HF5 and S2HF5 conrming the
presence of the Si and O on the Si NWs surfaces. The inset
shows the corresponding elemental composition in atomic
percentage. Fig. 3(c) and (d) depict the compositional color
mapping of the surface of sample S1HF5 and S2HF5. The insets
Fig. 3 EDX spectra of the samples: (a) S1HF5 and (b) S2HF5. The inset sh
The compositional color mappings of the surface of samples: (c) S1HF
individual element Si (left corner) and O (right corner), respectively.
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in Fig. 3(c) and (d) show the color mapping of individual
element “Si” (le corner), and “O” (le corner). The EDX anal-
ysis conrms that the Si NWs are covered with a thin layer of
oxide layer which is highly oxygen decient. Sample S1HF5 is
covered with Si2O and sample S2HF5 is covered with SiO, as
revealed form the compositional analysis. Thus, the oxygen
content of the samples is quite different in two cases.

Several reports suggest that due to the mesoporous structure
of the MACE grown Si NWs, arbitrary shaped Si NCs are formed
on its surface.10,11 Fig. 4(a) and (b) show the TEM images of
a single Si NW taken from sample S1HF5 and S2HF5, respec-
tively. The Si NW is straight for S1HF5, while it is zigzag in
nature in case of S2HF5 and the angle in each corner of the
zigzag NW is shown in Fig. 4(b). It is clear that the surface of the
Si NW is rough due to the side wall etching and it gives rise to
arbitrary shaped Si NCs on the surface of Si NWs. Fig. 4(b)
conrms the zigzag Si NW with different growth direction as
indicated in the gure. Fig. 4(c and d) shows the corresponding
HRTEM images and Fig. 4(e and f) shows the corresponding
SAED pattern of the Si NW/NCs. The orientations of the planes
of the crystalline Si NWs/NCs are shown in Fig. 4(e) and (f). The
roughness of the NW surface is indicated by the white dashed
line, which conrms the presence of the Si NCs of arbitrary
ows the corresponding elemental composition (in atomic percentage).
5 and (d) S2HF5. The insets of (c) and (d) show the color mapping of

This journal is © The Royal Society of Chemistry 2016



Fig. 4 TEM images of: (a) a straight Si NW in S1HF5 and (b) a zigzag Si NW in S2HF5. The growth direction of the Si NW in sample S2HF5 is
indicated with corresponding angle in (b). (c and d) The corresponding HRTEM images showing the reduced lattice spacing (2.90 Å for sample
S1HF5 and 2.95 Å for sample S2HF5). The presence of arbitrary shaped Si NCs on the surface of Si NW is indicated by a white dashed boundary. (e
and f) The corresponding SAED pattern indicating the different orientations of the crystalline Si NWs/NCs. The size distribution of the Si NCs on
the surface of the Si NWs for (g) S1HF5 and (h) S2HF5. The corresponding Gaussian fit (line) to the size distribution with the average diameter (d)
and FWHM (w) is also shown for comparison.
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shape (Fig. 4(c) and (d)). The lattice spacing d ¼ 2.90 Å in
Fig. 4(c) and d¼ 2.95 Å in Fig. 4(d) conrms that the Si NW/NCs
are strained, single crystalline and (111) oriented. The reduced
d-spacing (2.90 Å and 2.95 Å instead of 3.11 Å) implies
a compressive strain in the lattice, which is related to the
anisotropic etching and native oxide layer grown on the Si NW/
NC surface.10 The size distribution of Si NCs measured from
sample S1HF5 and S2HF5 are shown in Fig. 4(g) and (h),
respectively. The average diameter (d) of the Si NCs is calculated
by a Gaussian t to the size distribution in Fig. 4(g) and (h) and
the mean value of d in S1HF5 is �5.58 nm, while it is �2.97 nm
in S2HF5. The full width at half maxima (w) of the distribution
is also high in case of sample S1HF5 (6.13 nm) as compared to
the sample S2HF5 (2.94 nm). The evolution of mesoporous Si
NWs has been discussed by several groups.30,32,33,38,39 The
difference in sizes of the Si NCs in two cases can be explained in
the following way. Ag+ ions react with Si and extract electrons
from Ag+/Si surface and converts to Ag by creating pores on Si
NWs surface and thus Si NCs are formed. Some reports suggest
that crystal defects and impurities, such as dopant atoms in
case of doped Si at the Si surface are thought to serve as
nucleation sites for the pore formation.30,38 Higher dopant
concentration may create a larger thermodynamic driving force
for pore formation, or at least increase the rate of etching and
surface roughness. Similarly, higher dopant concentration
lowers the energy barrier to charge injection across the Si
surface. This results in higher porosity and hence the average
size of the Si NCs decreases while its density increases.
This journal is © The Royal Society of Chemistry 2016
Accordingly, we observed higher average diameter of Si NCs in
S1HF5 (�5.58 nm) as compared to that of S2HF5 (�2.97 nm).
Note that the concentration of HF in the etching solution also
has a strong effect on the size and density of the Si NCs. The pre-
deposited Ag NPs oxidized by H2O2 becomes Ag+ in the close
proximity of the Ag NPs. With the increase in HF concentration,
relative concentration of H2O2 decreases and hence the
concentration of the Ag+ ions decreases. As a result, less fraction
Ag+ ions nucleate at the defect sites and the density of pores
decreases. Hence, the average size of the Si NCs increases and
the Si NCs density decreases with increasing HF concentra-
tion.30,33,38,39 Due to quantum connement of the carriers in the
Si NCs, these NCs strongly inuence the photophysical prop-
erties of the MACE grown Si NWs.
3.2. XPS analysis

In order to investigate the atomic composition, surface states
and the nature of defects, XPS studies were carried out on
S1HF5 and S2HF5. XPS studies conrm that the Si NWs/NCs are
covered by a native sub oxide layer of Si, i.e., SiOx (0 < x < 2) layer.
Fig. 5(a)–(c) shows the Si 2p core-level spectra of bulk Si, S1HF5
and S2HF5 respectively. Each curve is tted with four Gaussian
peaks aer choosing appropriate baseline (Shirley). The peaks
are assigned as peak 1, 2, 3 and 4. The tted parameters are
tabulated in Table 2. Fig. 5(d) shows the comparison of the core
level O1s XPS spectra of the samples S1HF5 and S2HF5.
Different peaks in Fig. 5(a)–(c) correspond to the neutral Si, its
RSC Adv., 2016, 6, 35365–35377 | 35369



Fig. 5 Core level Si 2p XPS spectra of the samples: (a) bulk Si, (b) S1HF5, and (c) S2HF5. Each curve is fitted with four Gaussian peaks after
subtracting appropriate baseline (Shirley). The peaks are labeled as peak 1, 2, 3 and 4. (d) Comparison of the core level O1s XPS spectra of the
samples S1HF5 and S2HF5.

Table 2 The summary of the fitted peak parameters of Si 2p XPS core
level spectra of samples S1HF5, S2HF5 and bulk Si

Sample Peaks Peak position (eV) Peak identity

Bulk Si Peak 1 99.2 Si0+

Peak 2 100.2 Si1+

Peak 3 102.1 Si2+

Peak 4 103.5 Si3+

S1HF5 Peak 1 99.3 Si0+

Peak 2 99.9 Si–H
Peak 3 101.4 Si2+

Peak 4 103.3 Si3+

S2HF5 Peak 1 99.4 Si0+

Peak 2 100.1 Si–H
Peak 3 101.4 Si2+

Peak 4 103.8 Si3+
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different oxidation states and the terminated surface states. The
peak assignments made in Table 2 is consistent with the liter-
ature reports.35,40–42 XPS analysis thus conrms the presence of
SiOx layer on the Si NWs/NCs and this SiOx layer is responsible
for the compressive strain in the Si NWs/NCs, as revealed from
the HRTEM and the Raman analysis (discussed later). The O1s
peak from SiO2 has a reported binding energy of 533.6 eV.41

From the O1s spectrum in Fig. 5(d), the XPS peak at �532.7 eV
35370 | RSC Adv., 2016, 6, 35365–35377
in S1HF5 and �533.0 eV in S2HF5 are attributed to O� ions in
the Si–O bonds due to the sub-oxide layer of Si, which is
consistent with the Si 2p core level spectrum.43,44 From the XPS
compositional analysis, the atomic ratio of oxygen to Si is found
to be �1.80 for S1HF5 and �1.85 for S2HF5. This leads to the
nonbridging oxygen hole center (NBOHC, ^Si–O*, where, “*”
represents an unpaired hole) defects in the SiOx layer. This is
conrmed from the defect related PL emission from these
samples (discussed later).
3.3. Raman analysis

In order to assess the crystallinity/amorphicity, presence of H-
terminated surface and the dimension of Si NCs on the Si
NWs surface, micro-Raman measurements were carried out
using 514 nm laser excitation.11 Fig. 6(a) and (b) depict
a comparison of the 1st order Raman spectra of group S1 and S2
etched with different concentration of HF. The Raman spectra
of different sample were compared by taking the rst order
Raman peak of the bulk Si at 520.5 cm�1 as reference (dotted
vertical line). Fig. 6(c) and (d) depict a comparison of the cor-
responding 2TO Raman mode of the same group of samples (S1
and S2). The inset in Fig. 6(c) and (d) show the enlarged view of
a portion of the Raman spectra in the range 2000–2350 cm�1 to
ascertain the presence of Si–H bonds in the respective samples.
This journal is © The Royal Society of Chemistry 2016



Fig. 6 Comparison of the 1st order Raman spectra for the Si NWs grownwith different concentrations of HF: (a) S1 and (b) S2 groups. The spectra
are normalized to assess the peak shift from the bulk Si 1st order Raman peak at 520.5 cm�1 (indicated by dotted vertical line). (c and d)
Comparison of the Raman spectra showing the 2nd order Ramanmode (2TO) for samples in S1 and S2 with that of the bulk Si. The inset in (c) and
(d) shows the enlarged view of the range 2000–2350 cm�1 to ascertain the presence of Si–H bonds in the respective samples.
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Note that the 1st order Raman spectrum of each sample shows
a red shi and asymmetry in the lower energy range. These
Raman shis (Du) and asymmetry can be explained based on
the competing effect of phonon connement and strain on the
Si NWs/NCs.10,11,45–47 The Du is positive (blue shi) for
compressive strain and negative (red shi) for tensile
strain.10,11,47 Since the red-shi in S1 group is very small
compared to the shi expected from the phonon connement
effect due to the ultra-small Si NCs,11 the blue shi expected
from the compressive strain due to the SiOx layer may be partly
compensated by the red-shi expected from the size effect.
However, the samples S2HF7 and S2HF8 show completely
different features in Fig. 6(b) and (d). In this case, the TO and
2TO Raman modes are deformed and the shi is beyond the
phonon connement limit. It implies that the Si NWs top
surface become amorphous in nature. Note that the tail of the
1st order Raman peak is extended down to 460 nm (Fig. 6(b)),
which falls in the region TO Raman mode of amorphous Si (480
cm�1). The 1st order Raman peak of S1HF7 and S1HF8 (Fig. 6(a))
show features similar to those of samples in group S2 though
the peak shi is less in former case as compared to the latter
case. Higher concentration of HF creates higher fraction of
amorphous regions in the MACE grown Si NWs. Interestingly,
This journal is © The Royal Society of Chemistry 2016
the Raman data shown in the insets of Fig. 6(c) and (d) conrms
that the stretching modes of Si–H bonds are present in each Si
NWs/NCs grown by MACE.48 The Si–H bonds play a crucial role
in the photocatalytic process (discussed later).
3.4. Visible-NIR PL

Si NWs fabricated by MACE method usually exhibit broad band
PL in the visible-NIR region at RT.10,30,31,49,50 Fig. 7(a) and (b)
show a comparison of the visible PL spectra of the samples in
group S1 and S2, respectively, grown using different concen-
tration of HF during MACE process. Each sample show strong
visible PL band covering the range 1.4–2.4 eV. Due to large
diameter and indirect bandgap of the Si NWs, the strong visible
PL is unlikely to originate from the Si NWs core. On the other
hand, the dimensions of the self-grown Si NCs (as shown in
Fig. 4(g and h)) with a broad distribution in sizes which are
comparable/smaller than the excitonic Bohr diameter (�10 nm)
in Si. Therefore, the QC effect of carriers in the Si NCs, instead
of that in Si NWs, is most likely responsible for the visible PL
shown in Fig. 7(a) and (b).10 In our previous studies, we have
quantitatively analyzed the PL spectra of Si NCs decorated Si
NWs and argued that the visible PL is primarily contributed by
RSC Adv., 2016, 6, 35365–35377 | 35371



Fig. 7 Comparison of the RT PL spectra of the Si NWs grown at different concentrations of HF for group: (a) S1 and (b) S2. PL spectra fitted with
Gaussian peaks for samples: (c) S1HF5 and (d) S2HF5.
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the Si NCs due to QC effect.10,11 However, it is clear from XPS and
EDX that in the present case the Si NWs are covered with oxygen
decient SiOx layer. The NBOHC defects within SiOx matrix in
core–shell Si/SiOx nanostructure also contribute to the observed
visible PL.22–24 In order to clarify its contribution, we have tted
each spectrum with three Gaussian bands. Fig. 7(c) and (d) show
the tted PL spectra of the sample S1HF5 and S2HF5, respec-
tively. The low intensity peak 1 is an artifact of the measurement
arising from the incident laser (2nd harmonic of 405 nm, i.e., 810
nm). Peak 2 is attributed to the QC effect in the Si NCs
embedded in SiOx matrix.10,11,15,49 The deep red PL at �1.93 eV
(peak 3) is attributed to the NBOHC defects in the SiOx layer.22–24

It may be noted that PL spectral position and intensity in each
case depend on the doping type and doping density of the initial
Si wafers. It is clear form Fig. 7(a and b) that the PL intensity of
the samples depends on the HF concentration during the
growth. Fig. SI1 (ESI†) shows the comparison of the integrated
PL intensity of samples in group S1 and S2 as a function of HF
concentration. It is clear that the integrated PL intensity of each
sample in group S2 is higher than that of the corresponding
samples in group S1. Since the S2 samples have higher density of
Si NCs than that of S1, the corresponding PL intensities are
higher in S2 than those in S1. This is consistent with our earlier
reports.11,19 A nonmonotonic change in PL intensity with HF
concentration can be understood from the following competing
effects: at lower HF concentration, the dissolving rate of Si oxide
35372 | RSC Adv., 2016, 6, 35365–35377
formed at the etching front is slow. Owing to the undissolved Si
oxide, the NBOHC defect density is higher at lower concentra-
tion of HF. As a result, the PL intensities would be higher for the
samples grown using lower HF concentration.19 However, at very
low concentration of HF (2 mL and 3 mL HF for group S1), the
formation of Si NWs is incomplete and only a porous-like Si
surface is formed. Due to incomplete NW formation, the lateral
etching is also very less and thus the density of Si NCs are very
low. This gives rise to the lower intensity of PL. It has been
pointed out in our earlier report that the PL intensity increases
with increase in the length of the Si NWs due to the higher
density of Si NCs and NBOHC defects.11,19 When the density of
the NCs and the NBOHC defects are signicant, the resulting PL
intensity attains a maximum. At higher HF concentration,
NBOHC defects decreases and as a result the resultant PL
intensity decreases. Thus, the integrated PL intensity shows
a maximum for a certain concentration of HF in S1 and S2 group
of samples. Note that at very high HF concentration (2 : 7 and
2 : 8), the top portions of the Si NW layer becomes amorphous in
nature that may be partly responsible for the low intensity PL of
the respective samples.
3.5. Optical reectivity

In order to better understand the relative intensity of PL and
photocatalytic nature (discussed later) of different samples,
This journal is © The Royal Society of Chemistry 2016



Fig. 8 Comparison of the diffused reflectance spectra for samples etched with different HF concentrations for group: (a) S1 and (b) S2. (c) and (d)
The corresponding Kubelka–Monk absorption function F(R) for S1 and S2. The vertical dashed line indicates the value of F(R) at 3.06 eV (laser
excitation for PL).
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diffused reectivity was measured for the Si NWs/NC samples
under oblique incidence (P-polarized light). Fig. 8(a) shows
comparison of the diffused reectivity as a function of energy
for the bulk Si wafer and samples in group S1 grown for
different HF concentration. Fig. 8(b) shows the same for
samples in group S2. Absorption coefficient of the Si NWs/NCs
was assessed by using the Kubelka–Monk function F(R).
Fig. 8(c) and (d) show the plot of F(R) as a function of energy for
different samples in group S1 and S2, respectively. Due to
multiple reections on the inner surface of the Si NWs and
a broad range of size distribution of the Si NCs, the absorption
is signicantly high in case of Si NWs/NCs over the entire range
of wavelength. Thus, higher PL intensity is partly caused by the
higher absorption of the samples, as shown by the vertical
dashed line in Fig. 8(c) and (d). The residual Ag NPs lying at the
lower part and partly at the surface of the NWs may cause
higher absorption in the visible range due to the surface plas-
mon resonance effect.31 Since the NWs were etched in HNO3

solution aer growth, its contribution is expected to be less.
However, lower reectivity implies higher absorption and more
efficient excitation of carriers, which could lead to the
enhanced radiative recombination and/or efficient charge
separation. Ultra low reectivity of the Si NWs is extremely
benecial for high efficiency solar photovoltaic and photo-
catalytic applications.
This journal is © The Royal Society of Chemistry 2016
3.6. Visible light photocatalysis

The excitons generated within the NC decorated Si NWs could
be energetic enough to drive applicable photoelectrochemical
reactions due to its wide range of optical absorption with high
intensity and broad visible emission centered near the red-
infrared region. Fig. 9(a) and (b) show the comparison of the
visible light photodegradation of methylene blue (MB) in pres-
ence of Si NWs grown by using different concentration of HF.
The photographs of the change in MB color due to the photo-
degradation at an interval 20 min for S1HF8 and S2HF8 are
shown in Fig. 9(C1) and (C2), respectively. In each case, a small
piece (area � 1.5 cm2) of Si NWs sample was kept in a beaker
containing 100 mL of MB solution and it was exposed to visible
light (390–730 nm) for different durations with a programmable
Xe lamp (250 W). When a photon with energy equal to or greater
than the band gap of the Si NWs/NCs reaches the catalyst's
surface, it results in the generation of an electron in the
conduction band and a hole in the valence band. The induced
hole receives the electron from adsorbed water and results in
cOH free radical groups.25,26 XPS and Raman spectra conrm
that the Si–H bonds are present on the Si NCs/NWs and XPS
spectra along with PL analysis conrm that the SiOx over layer
are NBOHC defected. The electron decient Si–H surface states
present in the samples serve as an electron sink and hence
accelerate the separation of photoinduced e–h pairs, which
RSC Adv., 2016, 6, 35365–35377 | 35373



Fig. 9 Comparison of the visible light photodegradation of MB in presence of Si NWs/NCs for group: (a) S1 and (b) S2. The photographs of the
change in color of MB color due to the photodegradation with Si NWs/NCs taken after every 20 min for (C1) S1HF8 and (C2) S2HF8. (d)
Comparison of the photodegradation rate constant for S1 and S2 at different HF concentration. The rate constant of standard P25 measured in
MB solution is also shown for comparison. (e) Comparison of the photodegradation of MB in presence of sample S1HF5 grown for different
etching time (5, 10, 15 and 20 min). (f) Comparison of the photodegradation of MB of sample S1H5F for different cycle.
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endorses the photocatalytic activity of the Si NWs/NCs. Finally,
the reactive cOH radicals oxidize and degrade the MB by
destructing the chain of the organic molecule.25,26 It has been
reported that H-terminated Si NCs covered by Si sub-oxide is
possibly the best Si based photocatalyst compared to the other
Si structure (bulk Si and Si nanostructure). However, in the
present case, in both type of samples S1 and S2, the photo-
catalytic efficiency increases with the increase in HF concen-
tration during etching. Higher concentration of HF causes
higher density of Si–H bonds and it results in higher degrada-
tion efficiency. Analysis of the data shows that the degradation
of MB in the present case follows the 1st order degradation
kinetics in presence of the MACE grown Si NWs/NCs. We have
calculated the degradation rate constant (k) for each sample in
groups S1 and S2 and the results are shown in Fig. 9(d). We have
compared the photocatalytic efficiency of the MACE grown Si
NWs sample with that of the industry standard photocatalyst51

P25 (TiO2) and the corresponding rate constant is shown in
Fig. 9(d). The rate constant k was obtained by tting the
concentration data to the rate equation: ln(Ct/C0)¼�kt, where k
is apparent rate constant, Ct is the actual concentration at time
t, and C0 the initial concentration of MB. The data in Fig. 9(a
and b) follows the above equation with a good t for different
samples, thus conrming the rst-order rate kinetics. A plot of
ln(Ct/C0) vs. light exposer time for each sample and its linear t
is shown in Fig. SI2 (ESI†). Interestingly, it is found that MACE
grown Si NWs performance is quite comparable to that of
commercial P25 samples. In this case, a thin lm of P25 was
prepared by immersing a 1.5 cm2 Si wafer (same as that of Si
35374 | RSC Adv., 2016, 6, 35365–35377
NWs samples) in to a 20 mg L�1 aqueous solution of P25. The
value of k is 0.020 min�1 for the sample S1HF8, while it is 0.022
min�1 for P25. Earlier report suggests that the visible light
photocatalytic rate constant of P25 in MB solution is 0.0076
min�1 which is very low compared to our results.52 Note that in
our case the light source wavelength is in the range 390–730 nm,
while it was 420–800 nm in the above reported case. Due to
presence of some near UV wavelengths, the rate constant is
higher in the present study with P25. However, it is clear from
Fig. 9(d) that the value of k is higher for higher HF concentra-
tion etching case due to the stronger presence of H-terminated
surface. The increase in k value is higher for S1 group as
compared to the S2 group samples. At higher HF concentration,
the amorphous Si fraction in group S2 is higher (as evidenced by
the Raman spectra of Fig. 6(b and d)) that partly prevents the
formation of H-terminated surface, and thus the degradation
rate is less in group S2 as compared to those of group S1. Thus,
the samples in S1 show the higher value of k as compared to the
samples in S2. Note that the photocatalytic activity of the Si
NWs/NCs samples strongly depends on the surface area of the Si
NWs/NCs in contact with the MB solution. The length of the Si
NWs varies almost linearly with the etching (MACE) duration
and we have checked the photocatalytic efficiency of the Si NWs
grown for different etching duration keeping the etchant
concentration unaltered.36 Fig. 9(e) shows the comparison of
the photodegradation efficiency of sample S1HF5 grown for
different etching duration (5, 10, 15 and 20 min). Higher
etching duration causes higher length of the NWs, higher
surface area and higher density of Si NCs, which result in
This journal is © The Royal Society of Chemistry 2016
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enhanced absorption and creation of more e–h pairs nally
leading to the higher photodegradation efficiency.10,11 Note that
the Ag nanoparticles (NPs) could not be fully removed from the
pores of the Si NWs aer HNO3 etching.19 The residual Ag NPs
present within pores between the Si NWs and on the surface of
the Si NCs may contribute to the enhanced photocatalytic
activity of the Si NWs/NCs. Because of the differences in their
Fermi levels, it can introduce a Schottky barrier between the Ag
NPs and Si NWs/NCs. The built-in potential at the Schottky
diode junction can facilitate the efficient separation of photo-
generated e–h pairs and inuences the degradation of MB.19

In order to evaluate the stability and recyclability of the
photocatalyst (MACE grown Si NWs), the photodegradation of
MB was repeated for multiple cycles. Fig. 9(f) shows the
comparison of photodegradation of MB in S1HF5. Aer each
cycle, the sample is taken out and rinsed in DI water. It is well
known that immersion of Si NWs in diluted HF solution results
in partial removal of the oxide layer. However, HF treatment can
also create H-terminated Si surface, which can take active part
in MB degradation.53 In order to avoid H-terminated surface, we
have recovered the sample aer each cycle by cleaning it with DI
water only. It is clear from Fig. 9(f) that 96.5%MB is degraded in
rst cycle and 59.8% aer 5th cycle. This is because of the
formation of Si oxide and elimination of Si–H surface states.
However, HF treatment can partly recover the stability.53

It is interesting to note that the MACE grown samples show
highly efficient PL as well as impressive photocatalytic efficiency
under the visible light illumination. Earlier reports suggest that
two such contrastive phenomena can be simultaneously present
in a single system.19,54 The PL process requires a fast radiative
recombination of the excited e–h pairs, while the photocatalysis
requires an easy separation of the photoexcited e–h pairs with
minimum recombination. Thus, if the former process is
dominant, the later process will be less effective. It has been
reported that the H-terminated surface in mostly responsible
Fig. 10 (a) Integrated PL intensity and (b) photodegradation of MB as
a function of HF concentration keeping the H2O2 concentration fixed
for Si(111) samples. The symbol in each case refers to the experimental
data points, while the dashed line is a guide to the eye.
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for the excellent photocatalytic activity of the MACE grown Si
NWs,19,25,27 while the QC effect in Si NCs and the NBOHC defects
are mainly responsible for the efficient PL.10,19,23,24 We have
found that the MACE grown Si NWs/NCs with higher concen-
tration of HF etching shows highly efficient photodegradation
(Fig. 9(a and b)) and less efficient PL (Fig. 7(a and b)) as
compared to that grown with lower concentration of HF. As,
expected we indeed found that the efficiencies of the above two
processes are complementary to each other in different
samples. Fig. 10(a) shows the variation of integrated PL inten-
sity of the samples in group S2 as a function of relative HF
concentration, while Fig. 10(b) shows the photodegradation
efficiency of the corresponding samples. It is clear from Fig. 10
that as the HF concentration increases, the integrated PL
intensity decreases, while the photodegradation efficiency
systematically increases. As mentioned earlier, higher HF
concentration causes higher density of Si–H bonds which
results in higher photodegradation efficiency, while lower HF
concentration causes higher Si NCs density and higher density
of NBOHC defect sites which results in the PL intensity
enhancement. Thus, depending on the requirement, one can
tube the etchant concentration in theMACE process to suit ones
need. Our results show that straight Si(100) NWs grown in case
of S1 show superior photocatalytic activity as compared to that
of zigzag Si(111) NWs grown in S2. The corresponding PL
intensity is lower in S1 than that of S2. Though the resistivity of
the starting wafers is different in two cases, the higher photo-
catalytic activity in S1 is believed to be due to the superior
charge transport across the straight NWs as compared to the
zigzag NWs in S2. Note that sample S2 has lower resistivity than
S1, which yields higher density of NCs and NBPHC defects
giving rise to higher intensity of PL. It may be noted that at low
HF concentration, the NWs are straight in both cases and they
have comparable photocatalytic efficiency (see Fig. 9(d)). Thus,
straight NWs are preferable for photocatalytic applications,
while zigzag NWs may be useful for light trapping and light
emitting applications. Further experiments with wafers of same
resistivity but different orientations are needed to elaborate on
this issue. Our results demonstrate the supremacy of MACE
process for the progress of Si NWs and open up the possibility of
using the MACE grown Si NWs array for various light emitting
and visible light photocatalytic applications.

4. Conclusions

We have demonstrated orientation controlled growth of Si NWs
by simple MACE of Si wafers using Ag as the noble metal cata-
lyst and HF/H2O2 as the etchant. We have achieved straight,
bent, kinked and zigzag Si NWs by choosing appropriate
orientation of the starting Si wafer and concentration of etching
solution. High resolution FESEM and TEM imaging conrmed
that the Si NWs are decorated with ultra-small size arbitrary
shaped Si nanocrystals (NCs) due to the lateral etching of the
NWs. A strong broad band visible to NIR PL in the range 1.4–2.4
eV is observed from these Si NWs/NCs at RT and it is concluded
that the QC of carriers in Si NCs and the NBOHC defect in the
SiOx layer both contribute to the visible-NIR PL. In addition to
RSC Adv., 2016, 6, 35365–35377 | 35375
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the efficient PL emission, the MACE grown Si NWs are shown to
be excellent photocatalyst with visible light for the degradation
of MB and the photocatalytic effect is quite stable up to 5 cycles
of visible light illumination. The Si–H bonds present on the
surface of the Si NWs/NCs facilitate the photocatalytic activity
by efficient the separation of photogenerated e–h pairs. At
higher HF concentration of etching, the density of NBOHC
defects decreases resulting in lower PL intensity, while the
density of Si–H bonds increases resulting in higher photo-
catalytic efficiency. Our interpretations are strongly supported
by the HRTEM, EDX, Raman and XPS analyses. Our results open
up possibility of using Si NWs array in white light LED as well as
organic waste treatment and hydrogen production by photo-
catalytic water splitting.
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