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In this paper, a novel approach in modifying the properties of hybrid structure of silver nanoparticle
(AgNPs)/porous silicon (PSi) is carried out through deposition of multi wall carbon nanotubes
(MWCNT); on PSi surface. The PSi layer is prepared by Photo-electrochemical etching technique using
different current densities (15, 20, 25 and 30 mA/cm?). The AgNPs/ MWCNT is deposited on the PSi
surface by a simple ion reduction process using aqueous solutions of silver salt (AgNO;) at 5x102 M,
102 M, 10 M, and 10* M concentrations. Structural, morphological and optical characterizations of
(AgNPs/MWCNT/PSi) hybrid structures are analyzed in respect to the PSi layer morphology. The
obtained results showed strong possibility of effectively controlling the morphological and structural
properties of hybrid structure by controlling the pores’ diameters. The deposition of the MWCNT and
AgNPs on the walls and pores of the PSi structure enhanced the surface morphology of hybrid structure
in addition to its specific surface area (S.S.A). The incorporating of MWCNT on the PSi substrate
produced at 25 mA/cm? current density and 5X102 M AgNO; concentration led to higher specific
surface area (S.S.A).
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1. INTRODUCTION

Porous Silicon attracts much interest as a promising silicon-based nanostructure material for its unique
properties [1]. It has been a desired material in many applications, particularly those involving chemical
and biological sensing, where contact between the surface and the targeted molecules has been made
possible due to the sponge structure and the vast internal surface area [2-3]. PSi is affordable, simple to
produce, has the potential to infiltrate specific areas and can achieve high absorption coefficient and
good sensing properties [4-7]. Porosity, size, and shape of pores strongly influence the PSi properties.
The electrical and optical characteristics of silicon are thought to be effectively controlled by porosity.
Etching settings can be utilized to adjust these characteristics [8-11]. Silver nanoparticles are the most
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extensively studied metallic nanoparticles, because of their high possibility of connecting with
numerous molecules or groups. Besides, they are simple to manufacture and functionalize. The
plasmonic sensors of hybrid structure AgNPs/PSi have many applications in the chemical detection
process. In addition, CNTs display high surface areas as fundamental qualities.
They are highly desirable as substrates for heterogeneous catalysis due to their high electrical conducti
vities, intrinsic size, and hollow architecture [12-17]. AgNPs/MWCNT has additional opportunities to
use in electrochemical sensors; due to the electro-catalytic capabilities and significant increase of
electron transfer rate [18-20]. One of the biggest challenges is managing the nanoparticle's size and its
dispersion on a surface because of their tuned morphology and response traits [21-23]. MWCNTs and
metal nanoparticles (AgNPs) hybrid materials have received a great deal of attention due to their
peculiar electrical, chemical, and optical characteristics that depend on their size. Applications of
MWCNT  hybrid materials are found in  several fields [24-27].  Generally,
two methods exist for decorating carbon nanotubes with silver nanoparticles [28-30]. One is the
deposition using an ion reduction procedure, where silver ions are formed on the sidewalls of carbon
nanotubes; exposing the nanotubes to the silver ions. The latter are then reduced by the sidewalls of the
nanotubes [31-35]. Increasing the surface area of plasmonic sensors made from hybrid nanostructures,
porous silicon deposited with metal nanoparticles, is considered one of the most promising options to
improve the performance of these sensors. These structures mainly work on the phenomenon of
enhancing the intensity of the Raman signal scattered from the surface of the hybrid structures. In this
work, a new path-way is suggested as a simple synthesis process to improve the characteristics of the
AgNPs/MWCNT/PSi hybrid structure by controlling the pores dimensions, the main goal of this research
is to propose an effective modification to the AgNPs/PSi hybrid structure to improve its structural and
morphological properties using diluted concentrations of MWCNTs.

2. EXPERIMENTAL WORK
2.1 Chemical materials

Hydrofluoric acid (HF) 48% (CDH), India and Ethanol (C;HsOH) with purity of 99.9% (Sigma Aldrich),
Germany are employed in etching process. Multi wall Carbon nanotubes (MWCNTs) with a diameter of
20-40nm, silver nitrate (AgNO3) with purity of 95%, and sodium citrate (Na3Ce¢HsO7) with purity of
99% are obtained from (Sigma Aldrich), Germany. The appropriate solution concentration is determined
using equation (1).

w

Molarity = % (D
where W represents the AgNO; and NazCsHsO7 weight in (g), and M. wt refer to AgNO3 and Na3;CeHs07
molarity weights which are about 107.8682 g/mol and 258.07 g/mol respectively. V Refer to the
dissolved solution volume in (ml).

2.2 Formation of PSi

The PSi layer is formed using the photo-electrochemical etching (PEE) technique [36-39]. The etching
cell consisted of two identical Teflon cylinders; the upper one contained a cylindrical cavity housing the
etching solution, while the lower one is a solid shaft. The silicon wafer is placed on an aluminum foil
and this combination is placed on the lower roller. The cavity between the two rollers is filled with the
etching electrolyte solution. Etching is conducted either by applying a suitable current from a current
source or by applying a voltage from a voltage supply. The positive electrode of the cell is the silicon
while the negative electrode is platinum. The cell is filled with a (1:1) mixture of HF acid and ethanol.
The photo-electrochemical etching set-up, shown in Figure (1), is performed at different current densities
of (15, 20, 25 and 30) mA/cm? for 20 minutes, under a CW radiation from 635 nm and 150 mW/cm?
laser diode.
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Figure 1 Schematic diagram of photo-electrochemical etching system.
2.3. Formation of AgNPs/PSi hybrid structure with and without MWCNT

Four milliliters (4 ml) of distilled water are mixed with silver salt at different concentrations, forming a
solution of AgNOj silver salt that is deposited on the prepared porous silicon by drop casting, as shown
in Figure (2a). To synthesis MWCNT suspension solution, 1.5 mg of carbon nanotubes is mixed with 4
ml of sodium citrate (suitable for depositing silver nanoparticles). The mixture is subjected to ultrasound
for 15 minutes, then 100 ml of distilled water is added and the mixture is heated to the boiling point.
Next, 4 ml of silver solution is added to the mixture and boiled for five minutes with continuous stirring.
This is followed by magnetic stirring for half an hour to form silver nanoparticles deposited on carbon
nanotubes. The schematic representation of forming the (AgNPs/MWCNT/PSi) hybrid structure is
shown in Figure (2b). Carbons nanotubes decorated by silver nanoparticles are deposited on porous
silicon by drop casting. The analysis of the FE-SEM images involving the surface density of pore, pore
diameter and the particles size are computed using special software Image j8. Ag ions are reduced
through the reaction below.

Agtl +e - Ag )
Si + 6HF — H,SiF¢ + 4H* + 4e 3)
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Figure 2 The schematic representation of formation (AgNPs/PSi) hybrid structure a) without MWCNT,
b) with MWCNT.

3. RESULTS AND DISCUSSION
3.1 Morphological properties of formed Psi layer

The structural features of bare PSi layers such as the pore shape, their dimensions and wall sizes between
neighboring pores depend intensively the applied current density. The morphological traits on the surface
of PSi are investigated employing SEM (Scanning Electron Microscopy). Figure 3(a,d) displays the
relevant surface shapes of the PSi structure formed at different current density values ( 15, 20, 25 and
30) mA/cm?. At a low current density of etching of (15 mA/cm?), Figure (3a) shows incomplete and
asymmetric structure originated from overlapping pores between the individual pores and the arbitrary
spread of these pores on the surface. Higher current density values have improved the etching route. The
basic PSi layer appears as a pore-like cylindrical with a random distribution of pores. The rise in pore
size has also led to an overlapping of the pores which disfigured their shapes. The accumulation of (e-
h) pairs within the porous layer may be responsible for the pore diameters. By increasing the etching
current density, the pore diameters increased. It ranged between (350-1100 nm) at a current density of
(15 mA/cm?) with (30 %) distribution of 550 nm. While and the pore sizes ranged between (950-3700
nm) at a current density of (30 mA/cm?) with the highest distribution of (32%) at 2200 nm. The material's
porosity layer after etching is calculated gravimetrically using equation (4) [40]. The values of the
porosity are about 40%, 52%, 75% and 81% for etching current densities of 15, 20, 25 and 30mA/cm?,
respectively. The variations in the surface's pore sizes of the PSi layer could have resulted from the
laser's Gaussian dispersion of light which may create asymmetric etching at the surface.

P(%) — ml-m2

ml-m3 (4)
where Fresh silicon weights ml, m2 is the etched silicon weight, m3 is silicon weight after removing the
PSi layer with 1 M of NaOH for 10 minutes, according to the formula. The porosity P(%) is a crucial
factor in presenting the numbers of the formed pores on the PSi surface. Using equation (5), it is possible

to calculate the PSi layer thickness as well.
__ml-m3

d= (%)

AXW
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where d is the layer thickness, A is the silicon wafer's etched surface area, and W is the silicon density.
In addition, the increase of the current density led to variation in the surface pores density within the
porous matrix. The density of the pores, which represent the number of pores per unit area, are about
(1.5%107, 1x108, 6x108, and 9%x10° pores/cm?) at current densities of (15, 20, 25 and 30 mA/cm?),
respectively. This surface density can be considered as a nucleation and growth sites for reduction of
Ag'! to Ag nanoparticles (Ag"! + e = Ag) and hence the development of the MWCNT on the porous
structure. As the pores density increased the density of silver reduction sites (Si-Hx) bonds increased
[41-43]. This led to an increase in the density of the AgNPs, which acts as a plasmonic active element
to improve the SERS intensity.
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Figure 3 The SEM image of bare macro-PSi and statistical distribution of pore diameter as a function
of current density (a) 15, (b) 20, (c) 25, and (d) 30 mA/cm?.

3.2. Porosity and layer thickness

Porosity, layer thickness, and pore diameter are crucial criteria employed in examining the architectural
properties of PSi. These properties depend on the etching circumstances, including etching current
density, etching time and luminosity characteristics of the used laser. Figure (4a) demonstrates the
reliance of the porosity on the etching current density. The porosity values increased from 40% for
samples etched under (15mA/cm?) to 81% for PSi etched under (30mA/cm?). This behavior could be
attributed to the increase of photo-induced holes within the porous structure. Thus improving the
dissolution process of Si in the illuminated region ultimately increases the number and width of pores.
Figure (4b) shows the thickness of the layer where the least significant value of (3.8 um) is at (15
mA/cm?) and the greatest value is (8.6 um) at (30 mA/cm?). It is clear that the association between the
layer thickness and the etching current density is quasilinear. The interpretation of this behavior is that
the dissolution process of Si occurs within the pore layer itself instead of other areas. Porosity and layer
thickness are calculated using equations 4 and 5, respectively. As for Figure (4¢), the pore diameter
increases linearly to reach (2200 nm) at a current density of (30 mA/cm?).
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Figure 4 (a) Porosity (b) layer thickness and (c) pore diameter with current density.

3.3 Morphological properties of hybrid structure before incorporated MWCNT

The growth of AgNPs nanoparticles is dependent on the formation of dangling bond groups. When a
fixed surface morphology of the formed PSi layer has been used, the variation in the deposited AgNPs
layer modifies the structural properties of the PSi surface due to its dependence on the nanoparticle’s
density and distribution. Figure (5) shows an SEM image of silver nanoparticles drop casted on PSi
without applying an external voltage. The shape of the deposited AgNPs at each concentration had a
uniform distribution as the PSi layer possessed an almost uniform distribution of pore sizes with low
surface roughness. Silver regions tend to form large continuous areas on the surface resembling plating
process. Thus, the amount of AgNPs regions can be predicted to develop outside the pore itself. This
could be explained by the formation dependence of the AgNPs on (Si-Hx) dangling bond groups. It is
been reported that the deposition of metal nanoparticles with a certain concentration volume is harder
due to the random distribution of (Si-Hx) dangling bonds and groups on the porous surface, as well as
the uncontrolled movement of silver [44]. Figure (5) illustrates that as the concentration of AgNOs
decreases, the density of silver nanoparticles decreases.
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Figure 5 The SEM image of AgNPs/PSi hybrid structure and their statistical particle distributions over
PSi after deposition for a different AgNPs concentration. (a) 5X102M, (b) 102M, (c) 10°M, (d) 10*M.

The same PSi surface morphology has been used to investigate the dependence of AgNPs deposition on
PSi using different concentrations of (5%1072, 102, 10 and 10* M) under 20 min etching time and
etching current density of 25 mA/cm?. Reducing the concentration of the AgNOs solution on the PSi
layer reduces the rate of ion reduction and thus the density of the deposited silver nanoparticles. Thus,
porous substrate is transformed from almost completely covered with AgNPs at high concentrations of
(5%10% and 102 M) as shown in Figure 5(a,b) to partially covered with AgNPs at low concentrations
(10 and 10* M) as shown in Figure 5 (c,d). The process of AgNPs reduction by dangling bonds of the
porous layer is given by equations (2). The statistical distribution is a function of the deposition of silver
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nanoparticles at different concentrations. As shown in Figure (5a), when the silver concentration is 5X 10
2 M, the distribution ranged from (20-85) nm with the highest distribution value 70 nm (30%), as in
Figure (5d), the silver concentration is 10 M and the distribution ranged from (120- 230) nm, with the
highest distribution value 200 nm (37%).

3.4. With incorporated MWCNT
Figure 6 displays the effect of changing the concentration of silver nanoparticles (5x102, 10, 10 and

10*) M on the morphology of the synthesized hybrid structure prepared at the etching current density
(25mA/cm?) with incorporated MWCNT.
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Figure 6 The SEM image of AgNPs/MWCNT/PSi hybrid structure and their statistical particle

distributions over PSi after deposition for a different AgNPs concentration with incorporated. a) 5x10°
M, b) 102M, ¢) 10M, d) 10"*M.

The effect of silver nanoparticles concentration variation on the morphology of the resulted surface with
fixing both the pore morphologies and the carbon nanotubes concentration is studied, see Figure 6(a,d).
It is clear that the increase in the concentration of silver ions led to an increase in the growth rate of
silver nanoparticles, placed on the carbon nanotubes. This improved the specific surface area (S.S.A) of
the integrated porous, carbon nanotube with the AgNPs to a large extent leading to enhance the sensing
process effectively. Also, the MWCNT improved the surface density of AgNPs, which undecorated the
MWCNT, to (8x10°, 3x10%, 8x108, 5x10% AgNPs/cm?). The analyses of the FE-SEM image, involving
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the surface density of (AgNPs) particle size are computed by Image j8 software. The study confirmed
the presence of AgNPs/MWCNT on the PSi surface and showed the statistical distribution of
nanoparticle sizes for four samples prepared under different AgNO3 concentrations. It can be clearly
seen the random distribution of AgNPs on the porous and MWCNT layers. The resulted size distribution
of AgNPs increased with the decrease of AgNO3 concentration. This is confirmed by the statistical
distribution, as the particle size of the AgNPs ranged from (30-90) nm and the peak size is about 85 nm,
29% when the silver concentration is (5x102 M). While, the size of the AgNPs ranged from (95-285)
nm and the peak size is about 270 nm, grow by 36% when the silver concentration is (10 M). The
minimum size distribution of AgNPs obtained at AgNOs concentration of 5x1072 M. this ensured the
surface area high value, thus this AgNO3 concentration is endorsed.

3.5. Optical properties of formed PSi layer, hybrid structure Agnps/PSi with and without MWCNT

The PL spectra of porous silicon samples before and after the deposition process are conducted. Figure
7 shows the black curve the PL spectrum of a porous silicon sample prepared at an etching current
density of 25 mA/cm? for 20 min. PL spectrum is measured by exciting the PSi samples using a
wavelength of (325 nm). Figure 7 shows the red curve the PL extracted from porous silicon samples
deposited with silver nanoparticles AgNPs/PSi at a concentration of (5x 102 M) and a current density of
25 mA/cm?. This increase in PL intensity is is introduced by a shift occurs due to quantum confinement
effects in the hybrid structure AgNPs/PSi due to the presence of the silver nanoparticles leading to high
PL peaks. The photoluminescence intensity and peaks location provide comprehensive information
about the surface nature of the hybrid structure AgNPs/PSi. This information depends on the sizes of the
aggregated AgNPs, their positions on the PSi surface. The deposition of AgNPs affects the PSi and its
surface contents, which has the effect of either enhancing or suppressing the PL intensity. As for Figure
7 the blue curve the AgNPs/MWCNT/PSi hybrid structure showed greater PL intensity compared to
both PSi and AgNPs/PSi samples. The presence of (MWCNT) decorated with silver nanoparticles
(AgNPs) led to the suppression of dangling bonds. These bonds act as non-radioactive contact points for
recombination. Extinguishment among these sites is used to improve the intensity of PL. In addition,
adding carbon nanotubes to AgNPs/PSi hybrid composite led to surface enhancement and improved the
structural properties of the AgNPs/PSi hybrid structure. The ratio between the PL intensity of PSi
nanoparticles treated with silver nanoparticles and the PL intensity of the particles before and after the
modification had an improvement factor of (1.7 and 2.9) as shown in Table (1). Utilizing the subsequent

formula, the PSi volume value is determined by equation (6) [45].
88.34
Egpsi = Egsi + 1(1.37) (6)

where Egpsi (eV) is the energy bandgap of porous silicon (eV) is calculated according to the following

equation (E, . = %), Egsi is the energy bandgap of bulk silicon (1.12 eV), and L is the porous silicon

psi
size in (nm).
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Figure 7 Photoluminescence spectra of bare-PSi, AgNPs/PSi, and AgNPs/MWCNT/PSi hybrid
structure.

Table 1 The photoluminescence calculations of bare PSi, AgNPs/PSi with and without MWCNT.

Hybrid structure Wavelength Energy  SiNano  Intensity Improvement Factor

(nm) gap Crystalline (a.u) =
(eV) (nm) (intensity
after/intensity
before)
Bare PSi 730 1.698 4.045 12620 -
AgNPs/PSi 680 1.823 3.378 20986 1.7
AgNPs/MWCNT/PSi 644 1.925 3.057 36297 2.9

3.6. EDX and X-ray diffraction analysis of hybrid structures

Figure 8 shows nanoparticle components made of AgNO3, MWCNT deposited on a PSi substrate,
proving the formation success of AgNPs and AgNPs-MWCNT. It is observed that when nano-materials
are deposited on the PSi substrate, the porous silicon element began to decrease, which confirmed that
PSi is partially covered by the deposited nano materials. While, the presence of oxygen is associated
with the presence of an original oxide layer on top of the hybrid structure.
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Figure 8 Illustrates the EDX pattern for a) bare PSi b) AgNPs/PSi hybrid structure c)
AgNPs/MWCNT/PSi hybrid structure.

The XRD of PSi (prepared at 25 mA/cm? current density), the AgNPs/PSi hybrid structure (prepared
from 5x 102 M AgNPs concentration) and the AgNPs/MWCNT/PSi hybrid structure are shown in Figure
(9). Figure (9a) represents the XRD of PSi at 26° of about (33.5). While in Figure (9b), the XRD
spectrum shows the existence of individual peaks related to AgNPs. XRD is an effective equipment for
nanoparticle structure detection, especially for hybrid structures. Broad and defined peaks are detected
at 20° [46-47].

Figure 9 The X-ray diffraction analysis for a) bare PSi b) AgNPs/PSi hybrid structure c)
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In addition, Figure (9c) illustrates the existence of a peak resulted from overlapping the individual XRD
peaks of AgNPs and MWCNT at plane (220) and plane (311). This peak has a broadened FWHM which
means different nanoparticle sizes and S.S.A. All diffraction values are applied to calibrate the
diffraction card in Figure 9(a-c). The values of Nano-silicon appear with a diffraction angle of 33.5 in
the (100) plane. The XRD pattern of the hybrid structure shows the diffraction peaks at 44, 64.8, 64.3
and 77.2 which can be related to (200), (220), and (311) planes [48]. This outcome is reasonably
consistent with the results presented in the data JCPDS card 96-101-1061 for (PSi1), JCPDS-ICDD card
n0.04-802 for (MWCNT) and JCPDS card 27-1402 for (AgNPs). Two peaks at 64.3 and 77.2 are found
coincidentally between the Ag peaks and the MWCNT peaks. The width of the diffraction peak is
affected by the sizes and the quantity of the nanomaterials. The XRD analysis shows the presence of
porous silicon, carbon nanotubes and silver nanoparticles. From the figure, it can be seen that the porous
silicon peaks are still present and visible at the plane (100), but when the AgNPs/PSi hybrid composite
is present with and without MWCNT, the peaks of the porous silicon peak began to decreases [49] [50].

The XRD peaks are calculated applying Scherer's equation.
0.91

~ Bcoso 7

where (L) is the grain size for Ag, MWCNT, and Ag-MWCNT in (nm), (A) is the applied radiation's
wavelength, expressed in nanometers (nm), () is the Full width at half maximum (FWHM) is expressed
in (radians), (©) is the diffraction angle is expressed in (radians), and the shape factor value is 0.9 [50-
51].

One of the merits of the nanostructure material is its specific surface area (S.S.A.), which is expressed
as in equation (8);

6000
5.5.4= - (8)

where D is the density of silver nanoparticles and multi wall carbon nanotubes (approximately 10.5 and
1.7 g/em®) [51]. However, the density of Ag-MWCNT is 9.62 g/cm?, which could be determined using

equation (9) which depends on the findings of an EDS [52].
D= axpl+b*p2
a+b

)

where, D= density of Ag-MWCNT alloy nanoparticles, g/m*; a=wt. % Ag and b=wt. % MWCNT, the
AgNPs, MWCNT and alloy AgNPs/MWCNT size and (S.S.A.) are developed in Table (2).

Table 2 Particles sizes, specific surface area with and without MWCNT for hybrid structure.

Hybrid structure Phase 26° FWHM L(nm) S.S.A(m%*gm)

AgNPs/PSi 200 44  0.63332 13.53 42.24
220 64.8 0.75754 12.42 46.01
AgNPs/MWCNT/PSi 220 64.3 0.78868 11.89 52.42
311 77.2 099167 10.27 60.73

4. CONCLUSIONS

In this work, a novel approach in modifying the structural properties of AgNPs/MWCNT/PSi was
satisfied by a simple, low cost and easy-run ion reduction process of PSi in an aqueous solution of
AgNO3 and MWCNT. That the results show clearly that the process of modifying the properties of a
hybrid structure depends on the porosity of the PSi layer and the concentration of silver ions. The surface
area increases significantly when MWCNT is deposited on the boundaries of the pores instead of when
the deposition is inside the pores. Finally, the morphological properties of the resulting hybrid structure
depend on the porous layer.
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