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In this research, two specific types of planner mode room temperature gas sensors
Article history: involve a bare (PS), and PS/AuNPs were synthesized and tested to detect low NO, gas
) concentrations from 10ppm to 40ppm. The bare PS was prepared by laser assisted
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13 June 2025 electro chemical etching of N type (100) silicon wafer. The results showed, that the
sensitivity of PS sensor was 7.5% at gas concentrations of 10 ppm and 13.1% at gas
Accepted concentrations of 40 ppm. While for AuNPs/PS sensor, the sensitivity was increased
9 September 2025 steadily from 55.6% at gas concentration of 10ppm to 83.6% at gas concentration of
Publishing about 40ppm, also, relationship between the sensitivity and the gas concentration is
30 September 2026 nearly linear relationship without saturation effects. The temporal response Rst and

Rct of PS  sensor is about 96 sec and 122 sec and for AuNps/PS is about 58 sec and
82 sec respectively. The improvement of Rst and Rct in AuNPs are about 65% and
49% respectively. This significant improvement in AuNPs/PS sensor, in sensing
process, is due to the thermal conductivity of AuNPs in additional surface area of
AUNPs
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Introduction

The Porous silicon (PS), is a network of crystalline Si that resembles a sponge. It has several nanoscale forms (such as
trenches, mud, columns, and pores) with nanoscale [1][2]. This material gained attention only in 1990 when Canham
discovered its intrinsic photoluminescence (PL) at room temperature, despite the fact that Uhler unintentionally
discovered it in 1956 during an electrochemical experiment [3][4]. Because of its remarkable characteristics,
nanostructure-sized porous silicon has a high surface-volume ratio and strong visible photoluminescence, making it
suitable for a wide range of applications [5]. PS is defined by its thickness, internal surface (considering the pore
surfaces), morphology (shape and pore size), and porosity (volumetric percentage of voids inside PS), as it can display a
variety of morphologies and typical pore sizes. According to the predominant pore diameter (d), the PS structures are
divided into three categories: macroPS (d > 50 nm), mesoPS (2 nm < d < 50 nm), and microPS (d <2 nm) [6][7]. The
doping type, orientation, and ECE variables of the silicon (Si) substrate have a significant impact on the pore
characteristics of PS[8]. It is a semiconductor material with unique physical and chemical properties. Surface
passivation is essential for defining the physical, chemical, and electrical characteristics of PS structures. The PS is
extremely reactive owing to its high surface-to-volume ratio. The surface can be stabilized, carrier recombination can be
altered, and the optical and electrical properties of the material can be customized by carefully managing this process,
which is usually accomplished by the development of oxide or organic layers. PS may be optimized for a variety of
applications, such as photonic devices, sensors, and healthcare systems, owing to its controlled surface alteration.
[6]and[7]. A crucial role is played by knowledge of the pore size, distribution, surface chemistry, and reliance on
manufacturing circumstances in all PS applications. A link between the PS morphology and preparation parameters, as
well as the correlation between the measured physical attributes and PS film morphology, is required. Macropore
formation mainly depends on temperature, anodizing solution, and substrate properties such as crystal orientation and
doping [9] PS can be prepared by several techniques, including metal-assisted, stain, electrochemical, and photo-
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electrochemical etching (PECE), with PECE being a cost-effective method for morphology control [2]. Key parameters
such as etching current, HF concentration, and substrate orientation are critical for nanostructure formation in n-type
silicon [10]. Gold nanoparticles (AuNPs) are of interest because of to their low toxicity[11] , and critical properties [12].
Its initial surface or interface turns into a semi-stable end of silicon and hydrogen following the silicon etching process
and creation of porous silicon [13] Surface structures can deteriorate as a result of the naturally oxidation process of
metastable hydro silicon in the ambient environment. Furthermore, this implies that a post-formation treatment is
required to passivate the high-density defect states, and the PS surface must be modified [14]. The interaction between
silicon and gold is frequently utilized in electrical devices to regulate their resistivity and lifespan [15][16]. AuNPs were
created by combining self-assembly and chemical e-beam lithography methods [17][18],or via the electron beam
evaporation method and ion reduction. A variety of gold and silver nanoparticle sensing devices have been developed
to increase the sensitivity[19] Therefore, employing multifaceted PS layers is regarded as one of the key scientific ideas
to enhance sensor performance as it increases the sensor's overall surface area [20]. Mhamdi, H., et al prepared PS
synthesized via stain etching technique to detect low concentrations of NO, at room temperature, the synthesized
structures were studied the gas sensing properties and structural properties. The sensors showed considerable sensitivity
to low NO, concentrations, with a response time of up to 45 seconds [21]. Azaiez, Khaoula, et al presented a nitrogen
dioxide gas sensor based on porous Morphology, structural were investigated using scanning electron microscope
(SEM), X-ray diffractometer (XRD) and offering improved sensitivity, selectivity, and cost-efficiency. The sensor was
prepared using meso-porous silicon (meso-PS) films and tested at room temperature with Al electrodes. The sensor
showed high normalized response, good repeatability, fast response, and selectivity for NO, , making it suitable for low-
power devices [22]. Sainato et al.'s 2015 study showed gold-decorated porous silicon can be used as high-performance
Chemi-transistor sensors for NO: detection at sub-ppm levels, with stable operation for up to 48 hours [23]. L&y-
CXment, C., et al prepared the PS through photoelectrochemical etching, resulting in controlled corrosion under light
and anodic polarization in HF. Synthesized structures were studied morphologically and structurally by SEM, XRD
[24]. The main objective of this research is to improve the performance of gas sensors based on a porous silicon layer
by incorporating gold nanoparticles. This is based on the distinct thermal properties of gold nanoparticles, as well as
their high surface area. Increasing the sensitivity to detecting NO, gas, in addition to increasing the detection speed, is
the focus of this study.

Experiments

PS formation

An n-type silicon wafer was used as the research material in this study. It had a resistivity of 20 Q -
cm and was 500 + 10 um thick with (100) orientation. Photoelectrochemical etching (PECE) was
used to generate PS substrates using a Teflon cell. After cutting the silicon wafer into 1.5 cm x 1.5
cm pieces, it was cleaned using a solution made of ethanol C,HgO (99%) and hydrofluoric acid
(HF) 49% in a 1:10 ratio. After being submerged in deionized water, the samples were stored in
methanol-prepared containers (CH3OH). To remove organic and oxide layers as well as other
contaminants, the silicon layer was cleaned [25]. Once the samples were cleaned, they were placed
in a Teflon cell with a 1:1 ethanol/hydrofluoric acid (HF) ratio and etched using an ammeter. With
current 20 mA and the etching time is 25 min. We employed an auxiliary continuous laser with a
wavelength of 632 nm and the laser power density is 100W/cm? to complete the etching process.
An auxiliary laser with a wavelength of 632 nm was employed to complete the etching process. The
etching setup is illustrated in Fig. 1
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Figure 1: Demonstrated the laser assisted electrochemical process for PS
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A gravimetric method was employed to compute the porosity of the PS layer. The sample was
weighed before (m;) and after (my) etching, dipped in a 1M NaOH solution at room temperature to
remove the porous layer, and weighed again (m3) [26]. The porosity of the porous silicon sample
was calculated using equation. 1 [9].

ml—-m2
— 0,
P=——"x100% (1)
Preparation the AuNPs

Gold nanoparticles were manufactured by dissolving the concentrated gold salt HAuCl, in
deionized water. The solutions were placed on a magnetic stirrer until they were homogeneous and
turned to yellow color, as shown in Fig. 2.

Figure 2: The process of preparing the HAuCl, solution.

Preparation of AuNPs/PS substrate
After the substrate PS was prepared, the modified AUNP/PS gas sensor substrate was created by
dipping fresh PS in HAUCI, at a concentration of 10 M for approximately 2 min. The necessary
solution concentration was calculated using equation 2 [27].

w

Molarity = Mg"t (2)

where W (g) is the weight of HAuCl4:3H,0, M is the volume of the dissolved solution, and the
weight of HAuUCI4:3H,0 is approximately 393.83 (gm/mole). The following reactions, respectively,
determine how Au NPs formed by the reduction of Au* ions with dangling bond groups (Si-Hx)
undergo ion reduction deposition inside the PS structure interface as exposed in equations 3 and 4.
[28] [29] [30] :

2Si + 6HF — H,SiF, + 4H* + 4e~ (3)
Au®t +3e” > AuNPs (4)

Gold nanoparticles AUNPs were deposited on porous silicon samples by immersing them in gold
salt solutions, which were subsequently identified as gas sensors. As shown in Fig. 3a. The sensor
fabrication process involves a metallization process through thermally deposition an aluminums electrode on
the substrate's surface, as illustrated in Fig. 3b.
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Figure 3: a) illustrates the steps of incorporating AuNPs on PS layer, b) gas sensor metallization

Gas sensing

The sensitivity of the AuNP-implanted PS bilayer gas to NO, was assessed using gas sensor testing
equipment, including a stainless-steel chamber cavity with a capacity of 10x 10 x 10cm® as shown
in Fig. 4. Prior to the detection, the basal pressure was approximately 1 mbar. Two precision valves
were used for the gas in and out of the chamber at room temperature. Using a rotational pump to
obtain a base pressure of approximately 1mbar, the chamber was evacuated early. Every
measurement was performed at room temperature several times, and the average reading was
obtained for the gas-sensing procedure.

The sensitivity (S) of the planar-mode gas sensors of bare PS and modified AuNPs/PS is given by
the ratio of change in resistance (R with gas -R without gas) to Ra, equation 5 [31]

__Rg—Ra
§ =——=x100% (5)

where: Rg refer to the resistance with gas, Ra is the resistance without gas
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Figure 4: The gas sensing set up
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Results and discussions

The AFM images of bare PS and modified Au NPs/Ps are shown in Figs. 5(a) and (b) and Figs. 6(a)
and (b). Both figures illustrate the formation of pores, presenting 3D images in this format. Fig. 5(a)
displays the estimated average roughness Sq (Root Mean Square Roughness) of the PS sample at
10.538 nm, while the average roughness Sq of the AuNPs/PS sample is 18.1742 nm. The surface
changed, becoming rougher following the deposition of gold nanoparticles, as shown in Fig. 6a .The
shape of the dangling bond groups affected the growth of the AuNPs[32]. Because PS layer
deposition varies depending on the density and location of the growth sites (Si—Hx time), the
structural characteristics of the generated AuNPs nanoparticles are altered at the fixed surface
morphology of the bare PS layer, have column sizes around (30-90) nm is the highest of the column
size distribution with 93%, as shown the histogram in Fig. 5b, while highest of the pore size
distribution at 98% for AUNPs/PS and it has column sizes around (40-100) as shown in Fig. 6(b).
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Figure 5: (a) 3D of Psi, (b) histogram of column sizes of bare PS.
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Figure 6: (a) 3D image of AuNPs/PS, (b) histogram of modified AuNPs/PS

The morphological properties of the bare PS and modified AuNPs/PS are illustrated in Fig. 7 and 8,
respectively. Fig. 7 (a) and (b) show the appearance of the PS layer on the surface. According to
the FE-SEM image, the surface of bare PS consists of pores that are part of a network of structures
that resemble macropores. Approximately systematic, nearly square-shaped, or close to the shape of
the stars and distributed on the surface, these pores can connect with one another; thus, the
connected pores overlap with each other, making some pores appear wider than others. The
statistical distribution of the pore diameters indicates that they fall between 1.297 and 1.636 pm, as
shown in Fig.7a. The morphological characteristics of the bare PS and modified AuNPs were
evident. The pore has columns and forms with almost the same depth and arrangement, according to
the cross-section of the image displayed in Fig. 7b. The depth of the range was approximately 92.59
um. After depositing the Au NPs on the surface of the PS, the distribution of the pore diameters

96



Hadi . et al., MJPAS, Vol. 4, No. 3, 2026

indicated that they fell between 1.080 and 1.521 um, which means that the pore diameter decreased
after the addition of AuNPs. As for the cross-section of modified AuNPs/PS, the layers of gold
nanoparticles range from 7.625 pum to 15.53 um, as shown in Fig.7b. In Fig. 8a, shown with a
magnification of 500 nm, the grain size of AuNPs ranges from 48.57 nm to 71.91 nm due to the
presence of an aggregation mechanism. The AuNPs were roughly round in shape. Fig.8a, at a
magnification of 3 um, illustrates how they agglomerated with a high density of aggregation.
Certain areas of the substrate are empty of the generated Au NPs, and the surface is not entirely
covered by them. Because of the dangling bonds of the Si-Hx groups' random distribution
throughout the porous surface and the uncontrolled mobility of the gold ions, as previously
mentioned, it is more difficult to deposit metallic nanoparticles within a certain size. The pore size
of the modified AuNPs/PS was between 1.080 and 1.521 um, which means that after adding
AUNPs, the size of the pores decreased because some Au NPs were deposited on the surface and
inside the pores.

Figure 7: (a) FE-SEM images of bare PS with magnification3um, 500 nm sequentially and (b)
cross-sectional image

Figure 8: (a) FE-SEM images of modified AuNPs/PS with magnification 3um, 500 nm sequentially
and (b) cross-sectional image.

The value of porosity of the bare PS layer was 69 % of the sample volume. This degree of porosity
is appropriate for sensor devices that use porous silicon because open pores enhance the effective
surface area and sensing capabilities. Energy Dispersive Spectroscopy (EDS) measures the
distinctive X-rays emitted by a material emits in order to determine the chemical elements present
in it. The exact details regarding the composition of the sample and the proportions of various
elements are provided in this analysis. To identify any contaminants or chemical alterations in the
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sample, EDS was used to verify the existence of the deposited components. From Fig. 9a, The EDS
examination revealed fewer peaks for oxygen (O) and a primary peak for silicon (Si)in the PS. The
outcome shows that silicon constitutes the majority of the sample, with a trace quantity of oxygen
probably present because of air exposure or etching procedures. The presence of Si, Au, and O in
the modified AuNP/PS sample is shown in Fig. 9b. The presence of oxygen on the modified
AUNP/PS sample indicates the oxidation of Si, while the presence of Si is ascribed to the Si
substrate.
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Figure 8: The EDX analysis of (a) bare PS and (b) modified AuNPs/PS substrate.

The structural properties of bare PS and modified AuNPs/PS substrates, were investigated by study
the diffraction patterns (XRD) as shown in Figures 10a and b respectively. According to equation 6
(Scherrer equation)[33][34]The crystallite size of porous silicon was 18.9 nm, and it was
demonstrated that the bare PS layer maintained its crystal structure in the (100) plane at a

diffraction angle (20) of approximately 69.52".
0.91
L =

(6)

Bcos e

Where L is crystallite size, A=1.5405 A’ is the XRD wavelength, f is FWHM, and 0 is diffraction
angle.

In Fig. 8a, the appearance of two peaks at 33.40° and 62.19° can be attributed to surface structures
that can deteriorate due to the spontaneous oxidation of the hydrogenated PS in the surrounding
environment. Sometimes this requires PS surface modification to extinguish and suppress high-
density and high-density defect states[14] [35]

These additional peaks can be to the formation of silicon oxides (SiOy) on the pore walls as a result
of the spontaneous oxidation of quasi-stable hydride-terminated silicon. PS produced by
electrochemical etching is initially covered with a hydrogen-terminated surface (Si-H), which
provides temporary resistance to oxidation. Furthermore, when the PS is exposed to air, the bonds
gradually break, leading to the formation of SiO., or semi-crystalline phases, which exhibit
characteristic diffraction peaks at these positions.

The gold nanoparticles in the (111), (200), (220), (311), and (222) planes were responsible for the
Bragg reflections at diffraction angles 38.70°, 44.94" 64.76°, 77.93", and 82.29" respectively[36].
The AuNPs have an average crystallite size of 8.092 nm. The Au NPs were at the (111) plane, as
shown by the main angle of 38.70". had a crystallite size of approximately 4.5 nm. The XRD study
of PS incorporated with gold revealed unexpected peaks at 33 and 62" (26) in addition to the silicon
and gold peaks. The deposition process produces several overlapping effects that can account for
these extra peaks. First, the residual stress of the gold layer on the porous silicon surface modified
the crystal lattice, causing the peak positions to change. Furthermore, peak broadening and
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additional shifting were caused by the nanocrystalline structures of both materials. Chemically, the
development of Au-Si interfacial phases and surface oxidation (SiOy) during immersion are factors
that may cause new or displaced peaks. Another factor influencing the XRD pattern is the
interaction between Au®* ions and Si—H bonds on the pore walls [37]. The results obtained suggest
that more research should be conducted to determine how the structural and electrical properties of
PS are affected by the parameters of gold deposition, such as particle size, thickness, and
distribution. A better understanding of the behavior of the material at the nanoscale would also
come from a thorough investigation of the quantum confinement effects caused by the smaller
crystallite size .Because gold deposition significantly increases the surface area, chemical activity,
and electrical sensitivity, it is advisable to investigate the possible use of gold-decorated porous
silicon in gas sensor systems. The evaluation of the sensitivity, selectivity, reaction time, and
stability of these nanostructured sensors towards different target gases should be the focus of future
research. Such research could lead to the creation of extremely effective, stable, and fast-response
gas-sensing systems for industrial and environmental monitoring. It is evident from table2 analysis
that the interplanar spacings the vary widely, ranging from 0.23 2.3 A". This variance is a result of
the residual strain in the crystal lattice caused by surface chemical interactions and deposition. The
XRD investigation provides additional confirmation of this, revealing shifts and distortions in the
peak positions that point to structural deformation caused by strain.
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Figure 10: (a) shows the XRD pattern of PS deposited with HAUCI, at a concentrations107®, (b) shows the
XRD pattern of AUNPs/PS deposited with HAuCI, at a concentration of 10

Table 1 illustrations the structural parameters of PS and modified AUNPS/PS

Sample 2 Theta(deg.) | FWHM (deg.) | plane d-spacing A" | D (nm)
PS 69.52 5.2970 100 1.3506 18.9
38.70 2.2660 111 0.2328 4.5 average
44,94 0.6143 200 2.015 13.99 8.092
AuUNPs/PS | 64.76 3.1412 220 1.4384 2.99
77.93 0.7368 311 1.2248 13.86
82.29 2.0278 222 1.1707 5.12

The specific surface area (S.S.A) of nanoparticles is a very important parameter for determining
their advantage limit for sensing applications. The value of S.S. A was calculated using equation. 7
[38].
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where (D) and p represent the crystalline size and density of gold, respectively. the value of the
crystalline size and the S.S.A is about 4.5 nm and 69 m®/gram

Mechanism of NO2 gas sensing
The adsorbed oxygen was produced via the following reactions equations. (8-10). [21]

0,(gas) > 0(ads) (8)
0O,(ads) +e~ - 0, (ads) T <100C° 9)
0,_(ads) + e~ —» 20, (ads) 100C°< T < 100C° (10)

When nitrogen dioxide (NO ;) passes through to a porous silicon (PS) sensor, the gas molecules im
mediately adsorb onto the surface and capture silicon electrons.

Furthermore, chemisorbed oxygen species (such as O, and O ") that are already present on the surfac
e interact with these NO , molecules. reaction equations.11, 12, 13demonstrates how this
interaction increases the conductivity and resistance of the sensor, allowing for the detection of NO,
[39] .

NO,(gas) + e~ —» NO, (ads) (11)
NO,(ads) + 207 (ads) + 2e~ - NO, (ads) + 20, (ads) T < 100C° (12)
NO,(gas) + O~ (ads) + 2e™ - NO, (ads) + 0, (ads) 100C° < T < 100C° (13)

The Fig. 11a, b, illustrates the temporal response (response time Rst and recovery time Rct) of bare
PS and gold nanoparticles modified porous silicon (AuNps/PS) gas sensors respectively. From this
figure, the values of Rst and Rct for the bare PS gas sensor are approximately 96 and 122 s,
respectively. For the AuNps/PS gas sensor, the values of Rst and Rct were lower than those of the
bare PS gas sensor at approximately 58 s and 82 s, respectively. The relative improvements in Rst
and Rct after incorporation AuNPs were approximately 65% and 49%, respectively. This significant
improvement in both the response and recovery times after the introduction of gold nanoparticles
into the porous silicon layer is due to the very high thermal conductivity of the gold particles
deposited inside the porous silicon skeleton. This lowers the temperature inside the pores of the PS
and thus reduces the condensation rate of gas molecules inside the pores, which accelerates the
degassing process. Although the crystalline silicon sample used is of the donor type, owing to the
etching process, the majority of the electric charge carriers are depleted; therefore, the electrical
behavior of the PS produced from the donor-type sample is that of the acceptor-type silicon sample
[40].
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Figure 11: illustrates the temporal response of a) bare porous silicon and b) modified AuNPs/PS gas
sensors at a fixed gas concentration of 10ppm
Figures 12a, b, illustrates the response of both sensors, the bare PS and AuNps/PS gas sensors as a

function to gas concentration fro11 10 to 40 ppm. From these sensors, it’s easily to recognize the
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reproducibility of the sensor, where the response and recovery times still fixed relatively in spite of
the increasing of the gas molecules condensation. The lack of significant changes in response time
and recovery time indicates that saturation has not occurred, especially after the deposition of gold
nanoparticles this positive behavior will enhance the sensor's efficiency this agreement with [41].
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Figure 12: a, b illustrates the temporal response (response time Rst and recovery time Rct) of bare
PS and gold nanoparticles modified porous silicon (AuNps/PS) gas sensors respectively with
different concentration of gas (10 ppm,20 ppm,30ppm and 40 ppm)

For the bare PS gas sensor, Fig.13a, the sensitivity of the sensor increased with increasing gas
concentration inside the sensing chamber. The sensor's sensitivity ranged from 7.5% at low gas
concentrations of 10 ppm to 13.1% at high gas concentration of 40 ppm. These low sensitivity
values are due to the low adsorption rate of gas molecules within the PS layer, which causes the
dielectric constant of the porous silicon layer to remain significantly unchanged; thus, no significant
change occurs in the electrical resistance of the sensor after the introduction of gas molecules. For
the modified AuNps/PS gas sensors Fig.13b, the sensitivity increased with the gas concentration
inside the chamber, but with a large amount. The sensitivity ranges from 55.6% at low gas
concentration of 10ppm to 83.6% at high gas concentration of about 40ppm this significant increase
in sensitivity in the sensor after adding gold nanoparticles is due to the increased adsorption rate of
gas molecules resulting from the increased surface area of the sensor. This surface area originates
from both the surface area of the porous silicon and that of the gold nanoparticles. AuNPs also have
a significant effect on the dielectric constant of the porous silicon layer, thereby altering the
electrical resistance of the sensor. The relative improvement in gas sensor sensitivity at constant gas
concentration (S% with gas _ S% without gas / S% without gas) is approximately 500%. The
relationship between the sensitivity of the sensor and the gas concentration after adding gold
nanoparticles was as close as possible to a linear relationship without saturation effects. This makes
the sensor efficient at responding to high concentrations of gas molecules. For sensors without gold
nanoparticles (bare PS), the relationship between the sensor sensitivity and gas concentration tends
to saturate, especially at high concentrations. This behavior reduces the ability of the sensor to

detect high concentrations.
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Figure 13: Displays the sensitivity of the a) bare PS, b) modified AuNps/PS gas sensors as a function to
concentration of 10ppm to 4oppm at room temperature.

Conclusions

The results obtained from this research represent a qualitative addition to improving the
performance of gas sensors fabricated from a PS layer. The incorporation of gold nanoparticles into
PS significantly increases the sensitivity and reduces the response and recovery times, thus
increasing the speed of the gas sensor. The incorporating of the AuNPs through the dipping process
of porous silicon in an aqueous gold salt solution is an effective method modifying the
morphological and topographical properties of the formed layer. This plays a very important role in
improving the degassing properties by increasing the electrical and thermal conductivities within
the porous silicon layer, which leads to a reduction in the condensation rate of gas molecules within
the pores.
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