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In this work, the morphological and plasmonic features of the AgNPs which formed by 
ion-reduction process was carried out extensively. The application of the laser beam 
during the ion- reduction process has significant effect in the reconstruction of the formed 
AgNPs with small dimensions and non-frequent morphologies, according to the laser 
illumination intensity. For non-illumination process the deposited form of the AgNPs 
appear aggregated into cluster of layer AgNPs size due  to the chemical reaction at Si 
interface, the AgNPs sizes varied from 0.85 to1.2 µm; while at lower laser intensity of 
about 250 mW/cm2 the AgNPs sizes varied from 0.1 to 1.0 µm, while at high intensity 
upto 400 mW/cm2 the AgNPs sizes varied from 0.05 to 0.4 µm. The hot spot dimension 
for non-illumination process varied from 1 to 11 nm while at low intensity of 250 mW/cm2 
the hot spot dimension varied from 1to 8 nm. At high intensity upto 400 mW/cm2, the hot 
spot varied from 0.1 to 14 nm. The XRD for the generated Ag nanoparticles / Si 
nanocrystallites, for  non- illumination the grain size about  6.171 nm and SSD about 
92.687 m2/g while at low intensity of 250 mW/cm2 the grain size about 4.759nm and SSD 
about 120.191 m2/g. At high intensity of 350 mW/cm2, the grain size about 2.037nm and 
SSD about 280.847m2/g uniform distributed AgNPs with minimum hot spot regions can 
be realized with 350mW/cm2 laser illumination intensity. This process is considerable as a 
novel work which can be adopted modification at the plasmonic features of metallic 
nanoparticles for SERs application.  
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1. Introduction 
 
Many potential applications of SERs sensors fabricated with ion-reduction process are 

highly dependent on the precise control of morphology for the plasmonic nanoparticles. However, 
the effects of key etching parameters, such as the concentration of metallic solution, and dipping 
time, on the morphology, metallic nanoparticles and hotspot regions have not been fully 
explored[1-3]. Over the past decades, there has been an enormous interest in nanostructure of 
nanoparticles and a lot of progress has been reported. In ion-reduction process, one-dimensional 
nanoparticles nanostructures, such as nanowires and Nano pillars, have been prepared for a wide 
range of applications, such as photovoltaics, nanoparticles chemical sensors and nanophotonic 
SERs sensors[4-7]. The procedure utilizes ion reduction process, where metallic nano structures are 
deposited on an etched silicon and porous silicon surface to catalyze the formation process[8-12]. 
The formation of plasmonic nanoparticles by ion-reduction process at room temperature was 
depended on the density of the ion reduction cluster, concentration of the metallic electrolyte with 
dipping time of the base substrate(etched Si layer) in the solution of the electrolyte[13]. As the 
concentration and the dipping time was increased the morphology of the deposited layer was 
modified towards increasing the metallic nano particles sizes and the surface tends to fully covered 
with high density of large size metallic nanoparticles. In this current work, a novel path way was 
suggested to modify the plasmonics and the morphological of AgNPs via employing the heating 
effects by the laser beam on the ion reduction process at different laser intensities. Extensive 
analysis was carried out to optimize the fabrication conditions.   
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2. Procedure 
 
A Si substrate (n-type) with an orientation of (100) and a resistivity of 10 Ω.cm was 

employed. The substrate was sliced into 1x1 cm2 pieces, cleaned with 10% hydrofluoric acid in an 
ultrasonic path cleaner for 5 minutes. The creation of AgNPs was carried out using two separated 
process, the first one involve the normal pre etching of Si substrate. The substrate were placed in 
HF acid solution of 15% M concentration for a period 120 min time at room temperature under 
normal day light illumination. This process was performed for the purpose of increasing the 
density of dangling bonds (Si-Hx   x=1,2,3,..) within the crystalline silicon surface and thus 
increasing the silver ion reduction centers for the creation of silver nanoparticles. This process 
results in a layer of AgNPs deposited naturally on the surface as a result of the reduction of silver 
ions by means of dangling bond the of crystalline silicon surface. As for the second process, which 
was a local heating process for both the surface of crystalline silver and AgNPs, and this was done 
by different laser beam intensities 250, 300,350, 400 mW/cm2 with a wavelength of 405nm for a 
period 30 min, this process was done by dipping the crystalline Si substrates in silver nitrate 
solution of AgNO3 of concentration 5*10-3M. The structural features were tested through using 
SEM and X-ray diffraction. Where the Image software program was employed to investigate the 
Ag nanoparticle size and hotspot histogram from SEM image.  

 

 
 

Fig. 1. Schematic view of the fabrication of Si nanostructures using ion reduction process. 
 
 
 As shown in figure 1, the  laser thermometer was used to measure the local temperature 

during the irradiation  process. The rising of the temperature will enhance the probability of the 
reconstruction surface morphologies of the crystalline silicon and the deposited AgNPs. The 
dependence of surface temperature   on the laser power intensity is shown in figure 2. From this 
figure temperature is increased from 44Co at 250mW/cm2 laser power density to 65.6Co at 400 
mW/cm2 laser power density. The temperture of the substrate was measured by repeating each 
condition eight times. 

 

 
 

Fig. 2. Illustrates the relationship between intensity and temperature. 
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3. Results and discussion 
 
3.1. Morphological features of Ag NPs 
The FE-SEM image of surface morphology of the deposited AgNPs upon the surface of 

pre-etched crystalline silicon is shown in fig 3. From this figure it can be seen that the AgNPs 
looks-like aggregated non-connected nanoparticles due to natural Ag+1 reduction process by the 
dangling bonds of pre-etched surface.  

 
 

 
 

Fig. 3. Illustrates FE-SEM for Si immersed at 10-3 M AgNO3 concentration and 30min reduction min. 
 
 
When laser beams at different intensities are shined on the sample, the surface properties 

will change significantly due to the heating substrate through chemical reaction at Si interface, 
which leads to the emergence of various morphologies, due to various reconstruction behaviors as 
shown in FE-SEM of figures (4-7). 

 The first effect is concerned with low laser intensities of 250 mW/cm2, where its radiation 
of laser, will results in heating the surface and thus improving the density of dangling bonds as 
shown in fig (4). When the intensity increases, these bonds increase, and therefore the nano size of 
AgNPs will decrease.  

 
 

 
 

Fig. 4. Illustrates FE-SEM for Si immersed at 5*10-3 M AgNO3 concentration and reduction time  
30min with laser illumination 250 mW/cm2. 
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It becomes clear to us that when the laser intensity is increased to 300 mW/cm2, a new 
type of space distribution of silver nanoparticles will appeared as shown in fig(5). We have two 
distinct regions of relatively large nanoparticles separated by a region of small size silver 
nanoparticles. The emergence of this spatial distribution may be a result of the irregular 
distribution of the nucleation centers represented by the dangling bonds(Si-H), which increase 
intensity with the increase in the temperature of Si substrate. Also, the Gaussian distribution of the 
laser intensity plays an important role in the irregular spatial distribution of the ion-reduction 
centers (nucleation sites).   

When the intensity increase up to 300 mW/cm2, we notice that the formed layer was 
appeared consisted of the fine NPs structure with regular shape (nearly circular form) and 
inhomogeneous AgNPs particles was formed as shown in Fig 5. 

 

 
 

Fig. 5. Illustrates FE-SEM for Si immersed at 5*10-3 M AgNO3 concentration and reduction time 30 min 
with laser illumination 300 mW/cm2. 

 
 
When the intensity become 350 mW/cm2, the surface will completely coated with AgNPs 

which result on increase the dangling bonds and this will lead to haunt more of Ag NPs on the 
substrate as illustrated by fig 6. When the intensity of the laser beam is increased to 350 mW/cm2 
fig (6), it becomes clear to us the formation of homogenous and uniformly spaced layer of silver 
nanoparticles. This structure indicates the uniform distribution of nucleation sites which resulted 
from the uniform heat distribution along the silicon substrate, due to the role of HF acid in heating 
the Si substrate regularly. 

 

 

 
Fig. 6. Illustrates FE-SEM for Si immersed at 5*10-3 M AgNO3 concentration and reduction time 30 min 

with laser illumination 350 mW/cm2. 
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As shown in fig 7, with increasing the power density up to 400 mW/. The etching will 
increase in the base Si substrate and hence a macroporous Si layer will exist and the AgNPs will 
aggregated over pores boundaries. This type of structure was synthesized on the Si surface using a 
laser power density of about 400 mW/cm2. 

 
 

 
 

Fig. 7. Illustrates FE-SEM for Si at 5*10-3 M AgNO3 concentration and reduction time 30min with laser 
illumination 400 mW/cm2. 

 
 
During the laser irradiation process, the rate of generation (e-h+) pairs was increased with 

increasing the laser intensity due to the increasing of the substrate temperature (ΔT). The 
temperature (ΔT) is given by the following equation1: 

 
ΔT=Ph /m cv                                                                        (1) 

 
where Ph is the input heating power and its related with the internal equation efficiency of silicon 
ηin by the following equation 2. If the incident power increases the temperature will increase also 
P: 
 

Ph=(1- ηin)*P(1-Rsubstrate)                                                                 (2) 
 
Based on equation (2), R substrate represent the surface reflectivity of the substrate (with or 

without) the AgNPs. The integration of metallic nanoparticles on the Si surface process may 
increase the surface reflectivity but it will also improve the absorption of the incident photons due 
to the plasmonic effect of AgNPs sizes and effective role of hot spot regions. As the dimension of 
the AgNPs and hotspot vacancies decreases the localized surface plasmons was improved and 
these will acts as local antenna, so the laser – assisted silicon dissolution and laser assisted the 
redistribution process of AgNPs were improved. Controlling the laser intensity can be thought as a 
finger print of the surface feature (morphology of silicon and AgNPs). So, at higher illumination 
intensities the Si surface was converted from bulk to porous structure due to the light and heat 
generation (e-h+) couples within the upper Si surface.   

Based on the histogram depicted in figure (8), the sizes of AgNPs were varied from (0.85-
1.2) µm for non-illumination substrate, while for the case of the illumination, the size of AgNPs 
was decreased with increasing the illumination intensity. The minimum AgNPs about (0.05-0.4) 
µm is achieved with 350mW/cm2. 

Also, the histogram of the hotspot vacancies among the AgNPs is shown in figure (9) for 
non-illumination substrate the dimension of hotspot vacancies is ranging from 1to 11 nm as the 
illumination intensity increased. 
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(a)                                                                                  (b) 

 
(c)                                                                              (d) 

 
(e) 

Fig. 8. Depicts the size histogram of AgNPs  of (a) non-laser illuminated substrate and with different  
LPD (b)250 c)300, d)350 and e) 400) mW/cm2. 

 
 

In general, the spot region among the AgNPs was decreased and the best condition with 
minimum dimension of the hotspot vacancies ranging from (0.1-0.8) µm is found with 350 
mW/cm2. 
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(b)                                                                         (a)   

 
(c)                                                                           (d) 

 
(e) 

 
Fig. 9. Depicts the size histogram of hotspot vacancies within the Si nanocrystal line /AgNPs of (a) non-

laser illuminated substrate and with different LPD ( b)250 c)300, d)350 and e) 400)mW/cm2. 
 
 
The PL spectra of the Si substrates is shown in Fig 10 for Si crystalline with illumination 

300, 350, and 400 mW/cm2. The intensity of PL spectra are regularly  depending on the density of 
Si nanocrystallites inside the formed layer. While the peak position of PL spectra depends on the 
quantum confinement process inside the   nanocrystallites, the blue shifting of the peak position is 
due to the decreasing nanocrystal lite size under various conditions, the highest value of 
photoluminescence will grow due to the porosity. No PL emission was recorded under laser 
illumination of 250 and 300 mW/cm2 due to the absence of silicon Nano crystallites, while specific 
emission were recorded under 350 and 400 mW/cm2 due to the formation of porous like structure 
in Si substrate.  
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Fig. 10. Illustrates the PL spectra of Si Nano crystallites with illuminated at different power density. 
 
 
Table 1 lists the PL wavelength, intensity of peak, energy gap, and average size silicon 

nano size. 
 
 

 Table 1. Illustrates the band gap energy, emission wavelength and Si Nano-size for different power density. 
 

laser intensity  intensity 
(a.u.) 

wavelength 
(nm) 

Eg (psi) (eV) L (A0) 

Non illuminated  / / / / 
250 mW/cm2 / / / / 
300 mW/cm2 / / / / 
350 mW/cm2 460 715 1.73 3.75 
400 mW/cm2 814 651 1.91 3.14 
 
 
For substrates with reduced silicon nano dimensions, the energy band gap was attained at 

400 mW/cm2 with an Eg value as high as 1.91 eV. Each crystallite is related with the increase in 
PL intensity. An rise in PL intensity, which represents the relation between nanocrystal size and 
structure. [14- 18]   

Figure11, displays the XRD patterns of the generated Ag nanoparticles / Si 
nanocrystallites, which are created by integrating with and without laser illumination. These 
graphs showed that Si nanocrystallites, that have a 2θ diffraction angle of about 33.4°, are still in 
their crystalline phases along the 100 plane, while the XRD of Ag nanoparticles exhibits distinct 
Bragg's reflections. 
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(a)                                                                 (b) 

 

     
(c)                                                              (d) 

 

 
(e) 

 
Fig. 11. Illustrates the XRD of Si nanocrystallites /Ag nanoparticles layer of laser illuminated substrates 

with different LPD. a) without illumination, b)250 mW/cm2.c) 300 mW/cm2 d) 350 mW/cm2  e) 400)mW/cm2. 
 
 
By using Scherer's equation and the XRD peak widening, the grain sizes of the deposited 

silver  nanoparticles were determined [18, 19]. The specific surface area (S.S.A.), which may be 
computed from equation(3), is a crucial parameter for characterization[20]: 

 
S.S.D =6000/β * grain size                                                          (3) 

 
where β is Ag density (10.49 g/cm3 ) . Table 2 lists the amounts of Ag NPs grain sizes, (FWHM) 
and (S.S.A.) for plasmonics NPs with different illumination.  

 
Table 2. The grain sizes, S.S.A. and FWHM values of Ag nanoparticles. 

 
Power density 

(mW/cm2) 
peaks FWHM 

(Deg) 
Grain size 

(nm) 
SSD m2/g 

Non illumination 111 1.361 6.1710 92.687 
250 111 1.767 4.759 120.191 
300 111 2.390 3.504 163.246 
350 111 4.084 2.037 280.847 
400 111 2.578 3.228 177.186 
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From this table, the biggest value of grain size is about 6.171 nm in the plane (111) for the 
substrate without illumination, while the lower value of grain size is in the plane (111) is around 
2.037nm for the substrate with 350mW/cm2 laser illumination. for the substrate with 350mW/cm2 

power density, a higher value of S.S.A for Ag NPs is achieved about 280.847m2/g. whereas the 
lower value of about 92.687m2/g is for the substrate without illumination. The Lessing rise of 
S.S.A and grain sizes of Ag NPs can be clarified rely on the Si nano crystallites aspects; mainly 
the surface roughness and the depth of base substrate.  

 

 
(a)                                                                              (b) 

 
(c)                                                                         (d) 

 
(e) 

 
Fig. 12. EDS analysis of AgNPs/Psi hybrid structures of (a) non-laser illuminated substrate and with 

different LPD ( b)250 c)300, d)350 and e) 400)mW/cm2. 
 
 
Figure (12a,b,c,d and e) shows the EDS spectra of monometallic AgNPs with various 

percentages deposited on the Psi layer as a function of LPD (250-400) mW/cm2. The variance in 
the nucleation sites (dangling bond groups) on the Si surface lead to the variation in the amount of 
the deposited NPs. By raising the LPD, the amounts of specific NPs were raised. Additionally, at 
fixed LPD, the density of the deposited nanoparticles increased as the amount of electrons require 
for ion-reduction process to create the nanoparticles decreased. [20-26]. 
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4. Conclusions  
 
This work present a novel study which has been modified the nanoparticles by ion 

reduction process by using different laser irradiation intensity. The surface morphology of both Si 
nanocrystallites and AgNPs were modified according to the values of the laser intensities. The 
AgNPs were formed naturally with ion reduction process with small dimensions and non-
homogenous morphologies. In comparison with the non-illumination case, the surface can be 
obtained the aggregation into cluster of layer for AgNPs, while when applied laser with different 
intensity the nano size and hot spot region will decreased with intensity in reverse relationship.  
No PL record for low laser intensity because the AgNPs will covered and absence the silicon 
nanocrystallites. 

Using laser illumination during the ion reduction process, a simple, inexpensive, speedy, 
and well-controlled method for the production of plasmonic Ag nanoparticles on silicon 
nanocrystalites was carried out . 
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