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Abstract

Gold nanoparticles have been vast attractive attention materials due to unique of the electronic applications. In this
paper, the colloidal of gold nano layer has been achieved by laser ablation at high power laser (200, 300 and 400 mJ)
and then, deposited on porous silicon substrate using electrochemical etching method. The performance and
characterization of Au/porous silicon samples have been examined. The results confirmed that the PSi has network like
sponge shape structure with uniform distribution. The absorption spectra increase with increasing power laser and the
strong peaks were found to be (542, 546 and 550 nm) at (200, 300 and 400 mJ), respectively. This is due to surface
plasmon phenomena. The photoluminescence of gold nanostructures revealed the peak position was shifted to the long
wavelength(redshift) with increasing power laser. Current — voltage measurements of AuNPs/PSi device exhibit that the

current values increase with increasing power laser. Gold nanoparticles deposited on porous silicon can be can be

achieved for optoelectronic devices.
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Introduction

Gold nanoparticles have been received a
numerous attention in both fabrication and application
fields. For example, the important properties of the
nanoparticles such as, electrical, optical and magnetic
properties can be highly modified by manipulating in
nanoparticle size [1-3]. Au nanoparticles recently
gaining vast attention owing to their wide range of
applications due to the unique of the optical and
electrical properties making it a good candidate for
cancer diagnosis and photo-thermal therapy [4]. In fact,
gold nanoparticles have strongly interaction with light
due to the electrons in the conduction band as well as
have unique efficiency for light absorbing [5]. This
occurs due to surface plasmon resonance (SPR), which
makes the scattering and absorption spectra of Au
nanoparticles higher than the identically sized non-

plasmonic nanostructures [6]. Au nanoparticles of

optical properties can be modified by

adjusting the particle shape and size near the particle
surface [7]. On the other hand, laser ablation is one of
simplest method for ablating solid target materials. In
this technique, power laser beam is focused on a
specific area of the target to evaporating light
absorption material [8]. In fact, high purity
nanomaterials can be estimated by laser ablation due to
the purity of the target and the ambient material which
is usually gas or liquid [9]. In 2013, Tengku et al.
studied the optical absorption and photoluminescence
of Au nanoparticles on porous silicon. They found a
significant blue shift with decreasing AuNP size due to
localized plasmon resonances [10]. In 2017, Falah et
al. prepared and studied Au nanoparticles for

nanomedicine application. Their results showed that
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AuNPs has excellent antibacterial sensitivity [11]. In
2018, Uday et al. studied deposition of Au
nanoparticles by laser ablation on PSi for gas sensor,
They concluded that the electrical measurements and
sensitivity of CO, gas were measured to AuNPs/PSi,
they found that Gold nanoparticles play key role to
improve this characteristics [12]. In 2019, Ibrahim et
al. reported Gold deposited porous silicon as surface-
enhanced Raman scattering, this study illustrates that
the SERS improvements depend on the gold film
thickness and the roughness surface of the Au /PSi
[13]. There are rarely focused studies on the
comparison between n-type porous silicon and p-type
porous silicon samples of various laser ablation power
on the physical properties of Au nanoparticles. In this
article, we study the deposition of the Au nanoparticle
created by laser ablation with different power laser on
PSi substrate layer. The high lattice-match between Au
and PSi makes it a high quality device with negligible
defects. The experimental characterization in this study
were done by SEM, UV-Vis Spectroscopy, I-V

measurements and Photoluminescence.

Materials and methods

Silicon wafers of n-type (111) and p-type (111)
with resistivity (0.01 - 2 Q.cm) were used. The current
density was applied at 50 mA/cm 2. Porous silicon
substrate was prepared by electrochemical etching
using Tungsten source of 100 MW/cm?. Etching time
taken for 30 min and generated by DC power supply.
The samples were immersed in 25 %HF acid
concentration with ethanol. Anodized Teflon cell of a
rubber O-ring diameter about 2.5 cm? is used to touch
the beneath PSi layer. the first electrode is a steel foil
put under the Si layer and the second electrode is made
of Au as it shows in Figure 1. On the other hand, the
Au nanoparticles (Au NPs) were prepared using laser
ablation method. Gold metal with high purity was used
and immersed in water then directly bombarded with
high power value Nd:YAG laser emission at 1064 nm
with various energy namely (200, 300 and 400 mJ). Au
nanoparticles carried out using laser ablation in a liquid
at pulse duration 3 ns and repetition rate of 6 kHz with
3.7 mm spot size. The number of the pulses kept 200
and 14 cm focal length lens was used in order to focus

the laser beam as it depicted in Figure 2.

Gold Electrode

SILICON

STAINLESS STEEL

Figure 1 Set up of electrochemical etching.
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Figure 2 Diagram of laser ablation process.

Results and discussion

Scanning electron microscope (SEM)

Figure 3 shows the top- view of high resolution
of Au nanoparticles embedded on porous silicon at
different power laser 200, 300 and 400 mJ at etching

time 30 min. The SEM images reveal that the PSi has
sponge-like structure due to the chemical dissolution in
the walls separating between the pores and then to easy
excess of holes at the surface as Figure 3(a).

Furthermore, the gold nanoparticles embedded on



Trends Sci. 2025; 22(10): 10404

40f12

porous silicon surface exhibit major impact when the
power laser increased [14,15]. The grain size of Au
increases with increasing power laser due to
aggregation and formation of Au nanoparticles during

preparation process. The formation of nano- size is

Det: SE 1um

homogenous distribution with gradually increasing
power laser [16]. The average pore- diameter of gold
nanoparticles was found to be (15 - 57 nm) as Figures
3(b) - 3(d).

Figure 3 Images of SEM (a) fresh porous silicon at etching time 30 min, (b) Au/porous silicon at power energy 200 mJ,

(¢) Au/porous silicon at power energy 300 mJ, (d) Au/porous silicon at power energy 400 mJ.

UV- spectrophotometer

The optical properties of AuNP was studied using
spectrophotometer analysis as a function of wavelength
delivers evidence for available electronic states in the
sample. Figure 4 illustrates the absorbance spectra of
colloidal Au nanoparticles for different laser energy
(200, 300 and 400 mlJ). It is obviously, that the
absorption curves reveal an absorption band located
between 542 - 550 nm. This is due to surface plasmon
resonances (SPR) and quantum confinement indicating
the formation Au nanoparticles [17]. The results
confirmed that the AuNPs has spherical shape.
Furthermore, the intensity of absorption peak depends
on the number of nanoparticles [18]. The peak
wavelength is red shift due to the localized electric
field intensity increases with increasing of radius of
AuNPs. This is enhanced field distribution of Au
NPs/PSi[19]. Figures 5(a) - 5(b) show the

transmission curves of AuNPs/PSi device for n-type
and p-type porous silicon, respectively. The results
show that transmission spectra reduce with the laser
power which is due to the SPR spectrum of the free
electrons [20]. The values of transmission of n-type
porous silicon at 550 nm range from 65% to 80%
whereas, for p-type porous silicon it range from 75% to
90%. This became more widely distributed around the
surfaces of p- type porous silicon compared to n-type
porous silicon. This indicated that the AuNPs has
diffused with uniform sizes inside the PSi
nanostructures, thus, larger sizes of AuNPs were
produced. The energy gap can be calculated from the
fundamental absorption by plotting (ahv)? against
photon energy (hv) for different power laser (200, 300
and 400 mJ) as shown in Figures 6(a) - 6(d). The
energy gap (E,) can be calculated by formula:
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ahv = b(hv — Eg)" (1)

where b is constant, n represents direct and indirect
transition and its value are 1/2 and 2, respectively, hv
refers to photon energy and o is the absorption
coefficient. The results indicate the values of Eg
decrease with laser power, this is attributed to the
increase of particle size of AuNPs and occurs
expanding into the pores due to the absorption depend
on the concentration of the nanoparticles [21]. The
values of energy gap were found to be 2.12, 2.11 and
2.09 eV for n-type porous silicon at 200, 300 and 400
mJ, respectively, compared to 2.17, 2.15 and 2.13 eV
for p-type porous silicon at 200, 300 and 400 mlJ,

respectively. Table 1 shows strong peaks and
wavelength of Au nanoparticles at different laser
power. It can be seen the SPR spectrum was shifted
toward longer wavelength when the particle size
increased due to the absorption position depends on
free electrons and the laser power, it may be due to the
presence of small fragments in the colloidal solution
during the laser ablation process leading to enhance the
collision process between atoms and vapor ions [22].
Those results exhibit that the optimization of the gold
nanoparticles can be significantly developed by
controlling the power laser during the ablation process
of the Au target [23].

Absorbance

—200mJ

Figure 4 Absorbance spectra of Au nanoparticles of laser ablation energy of 200, 300 and 400 mJ.
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Figure 5 Transmittance spectra of AuNPs/PSi of laser ablation energy of 200, 300 and 400 mJ 5(a) for n-type 5(b) p-

type.



Trends Sci. 2025; 22(10): 10404

6 of 12

—————— (a)
3008+01d  L———n-type porous silicon]

(b)

30084010 L~ P-type porous silicon|

2.50E+010] 2.50E+010
@ 2,00E+010 o 2.00E+010
2 5
‘g 1.50E+010) ~ 1.50E+010
1.00E+010) 1.00E4010
5.00E+009 5.00E+009
0.00E+00f _ i 0.00E400 _
hv hv
S —éaam_J S.00E+019 —200mJ p-type porous silicon
1 ; il c) 400m)
—gogy|  HoResmes - ——300mJ “
4.00E+01( 400Ew0ng  L——400mJ
300m)
P 3.00E+01( ) 3.00E+01() ooy
8 §
2.00E+01( = 2.00E+01(
1.00E+01() 1.00E+010
0.00E+00¢ - 0.00E+000! . 5
hv ho

Figure 6 Energy gap of AuNPs/PSi (a) pre- n-type PSi (b) pre- p-type PSi (¢) n-type PSi after laser ablation (d) p-type

porous silicon after laser ablation.

Table 1 Laser energy, strong absorption peak and energy gap of Au nanoparticles.

Laser energy (mJ) Strong absorption peak Wavelength (nm) Crystalline size (A°)
200 0.42 542 2.11
300 0.66 546 2.14
400 0.83 550 2.19

Photoluminescence (PL) measurements

Figure 7 shows the PL spectra of gold
nanoparticles deposited on PSi at different laser energy
(200, 350 and 400 mJ). PL spectra exhibited different
peak positions due to the different sizes of Au
nanoparticle. However, the PL intensity decreased with
laser power owing to the free electrons as well as the
presence of SPR spectrum which was enhanced the
electromagnetic field close the gold nanoparticles.
Plasmon resonance may be attributed to the quantum
size effect from the Au nanostructure [24]. The
recombination centers are formed by Si atoms at the
layer of crystallite and angles to accommodate changes
in local condition [25]. Furthermore, the full width

(FWHM) of porous silicon is increased after laser

ablation and after embedding of Au nanoparticles on
the PSi. This can enhance the spectral detection of
optical PSi towards the red-band region. This results
agree with results found by [26]. The diameter size
increases with laser power. The values of energy gap
can be determined by [27]:

Eg* = Fg + 2 @)
where Eg* symbolizes the energy gap of porous
silicon, Eg refers to the bandgap of bulk Si and D
refers the crystallite size. The values of energy gap
(Eg*) was 2.19 eV for n-type and as 2.22 eV of p-type
silicon. These results were consistent with UV-Visible

measurements. The results are presented in Table 2.
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Figure 7 PL patterns of AuNPs/PSi of n-type and p-type PSi; (a) 200 mJ, (b) 300 mJ, (c) 400 mlJ.

Table 2 Parameters of crystallite size, peak position values and energy gap of PSi for laser power of 200, 300 and 400 mJ

for n-type and p-type PSi.

Sample laser power (mJ) peak position (nm) Crystalline size (A°) Eg (eV)
200 583 2.73 2.12
n-type PSi 300 587 2.75 2.11
400 593 2.78 2.09
200 570 2.69 2.17
p-type PSi 300 576 2.70 2.15
400 580 2.72 2.13

Electrical properties of AuNPs/PSi

The properties  (I-V) of
AuNPs/PSi sample have been studied for different
laser energy (200, 300 and 400 mJ). The I-V
characteristics were achieved in dark by applying a
forward bias DC voltage (from 0 to 6 V). (Figures 8
and 9) reveal a typical diode performance of the (I-V)

electrical curves

curve. The results show rectifying behavior due to the
formation of hetero-junction between Au nanoparticles
and porous silicon layer interface, this junction is
called Schottky junction [28]. The distinguish between
pre- porous silicon substrate and after deposition of Au
nanoparticles samples, the first region at low voltages
for forward bias the porous silicon has small values of
current compared to AuNPs/PSi due to the higher Eg
corresponding to the quantum confinement. It is clear,

the recombination between excited electrons and holes

is large due to insufficient energy for electrons to
overcome the deeper barrier also the formation of
capture centers which is formed from the porous
structure of porous silicon. This is due to an increase of
resistivity and then reduce in the amount of current
flow at the surface [29]. Furthermore, the second
region at higher voltage show that the current increases
rapidly with the applied voltage after laser ablation due
to exceeding the potential barrier. This voltage
provides the electron enough energy to overcome the
deeper barrier and that is what called diffusion current
as it is shown in Figure 10. Tables 3 and 4 present the
I-v

measurements of AuNPs/Psi. It is observed that the

important ~ parameters  calculated  from
electrical properties of the samples are improved when
the laser power values are increased. These results

agree with Khalifa ef al. [30].
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Figure 8 I-V curves of gold nanoparticles deposed on PSi n-type of laser ablation; (a) 200 mJ, (b) 300 mJ (c) 400 mJ.
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Figure 9 I-V curves of Au nanoparticles on porous silicon p-type of laser ablation at (a) 200 mJ, (b) 300 mJ (c) 400 mJ.
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porous silicon (b) p-type porous silicon.

Table 3 Parameters of AuNPs/PSi at etching time 30min before and after laser ablation of n-type porous silicon.

Laser
Sample n-type Js (mA/cm?) n @ (eV) (Q.cm)p
energy(mJ)
PSi - 0.0003 2.93 0.727 3.45x10%
200 3.52 2.77 0.672 5.26x10°
AuNPs/PSi 300 8.56 2.73 0.643 7.2x10°
400 11.56 2.68 0.621 5.4x10*

Table 4 Laser energy, Parameters of AuNPs/PSi at etching time 30min before and after laser ablation of p-type porous s

icon.
Sample p-type Laser Js (mA/cm?) n @ (eV) (Q.cm)p
energy(mJ)
PSi - 0.004 2.88 0.71 1.85%107
200 3.52 2.75 0.654 3.26x10°
AuNPs/PSi 300 15.56 2.71 0.633 4.3x10°
400 34.56 2.65 0.61 2.65x10%
Conclusions absorption spectra increase with increasing laser

We deposited Au nanoparticles on both n-type
and p-type porous silicon samples by laser ablation
technique to create AuNPs/PSi materials at various
laser power (200, 300 and 400 mJ). All samples were
tested by high resolution scanning electron microscope
(SEM),
(PL) and I-V characteristics. The results showed a

UV-spectrophotometer, Photoluminescence

considerable impact of the laser ablation energy, on the
the

nanoparticles on PSi. The results indicate that the

optical and electrical properties on gold

power, The photoluminescence of gold nanostructures
revealed the peak position was shifted to the long
wavelength (redshift) with increasing energy. The
electrical properties of AuNPs/PSi enhanced with
increasing laser power. In brief, Au nanoparticles on
PSi showed a high capability due to the high lattice
match between them. additionally, there is an
improvement in electrical and optical characteristics of
the AuNPs/PSi structure, hence, offer the potential of

optimization the performance of porous silicon.
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