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Abstract

This study demonstrates the use of powder technology manufacturing as an innovative, affordable, easy, and secure technique for the creation
of p-type nano-porous silicon powder (p-NPS powder). NPS powder doped with B, Ni, and Cd using a combination of alkali chemical etching
and the hydrothermal technique. Structural analysis via X-Ray Diffraction (XRD) confirmed NPS crystal has a cubic structure, and there was
some distortion in the structure after doping, while Fourier Transform Infrared Spectroscopy (FTIR) and Energy-Dispersive X-ray (EDX)
analysis verified elemental incorporation. Scanning Electron Microscopy (SEM) images revealed morphological changes due to doping, and a
3D model of the crystal lattice, generated using VESTA software, illustrated the structural modifications induced by dopant atoms. Optical
absorption studies using UV-Vis spectroscopy demonstrated a decrease in band gap for NPS-B (2.0 eV), NPS-Ni (1.7 eV), and NPS-Cd (1.6
eV) compared to un-doped NPS (2.4 e€V)._The reduction in band gap is attributed to impurity-induced states, quantum confinement reduction,
and defect formation, which modify the electronic structure of the material. These findings highlight the potential of doped NPS for
applications in optoelectronic devices and sensors.
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1. Introduction

Over the past few years, significant studies on research have been attached to materials with nanostructures because of their
wide-ranging uses in several scientific and technological domains. Consequently, the commercial and effective production of
these substances is remarkable, particularly if they are intended for widespread use [1]. NPS is one of many nanomaterials that
have numerous promising applications in many fields [2], such as optical devices [3], biomedical devices [4], transistors [5],
improving catalysts [6], gas sensors [7], environmental applications [8], and electrochemical sensors [9]. In our previous study
[10], we fabricated NPS powder using a hybrid of the ultra-sonication technique and the alkali chemical etching process
started by commercial polycrystalline silicon powder [11].

Previous researches showed the doping process of Si wafers using different elements and several techniques. Boron and
phosphorus are the most famous elements that are used as dopants for the formation of p-type and n-type bulk silicon to
improve its electronic and optical properties [12]. Bulk impurities of nickel and copper in the highly doped p-type silicon
wafers to assess the relationship between them, rate of recovery, and sensitivity [13]. Using instrumental neutron activation
studies, nickel in intrinsic, moderately, and severely doped n-type and p-type silicon was determined [14]. Both n- and p-type
silicon were doped with nickel to disclose three electrical levels of substitution nickel in silicon [15]. Cadmium-doped silicon
was found to be an appropriate dopant for work on defect-engineering to increase silicon's radiation toughness in preparation
for high-energy experiments in physics [16]. But till now, no study has addressed the doping process for NPS powder.

In the case of porous silicon (PS), boron element-doped PS wafers were effectively created and ready through the air-
oxidation demagnetization of Mg.Si from p-type Si wafers [16]. On the other hand, phosphorus element-doped PS wafers
were prepared via magnesio-thermic reduction of cross-linked nanosized P-SiOz precursors. The
obtained PS wafers with a proper surface area are highly crystalline and conductive [17]. Nickel-doped p-type silicon wafers
via several methods: wafer digestion, poly-silicon ultra-trace profiling, and low-temperature out-diffusion [13]. Two
techniques are used to dope n- and p-type silicon with nickel. First, during growth, the initial set of n- and p-type silicon
wafers was purposefully doped with nickel. Second, set n- and p-type silicon was used, in which vacancies were created by a
high-temperature annealing and stabilized by nitrogen gas [18]. Cadmium-doped silicon via diffusion of cadmium into silicon
occurs through interstitial and vacancy mechanisms [16]. The high surface area and sensitivity of p-type PS to chemicals
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make it suitable for gas sensors [19]. Changes in electrical conductivity or optical properties can be exploited for sensing
applications [20].

Recent studies have demonstrated the hydrothermal technique's capacity to dope and synthesize a wide variety of materials
[21, 22]. The hydrothermal technique is described as any homogeneous nanoparticle reaction materials that are insoluble
under normal circumstances can be dissolved and recrystallized in the presence of aqueous solutions at high pressure and
temperature [23]. This process is used to control nanostructures by using variable parameters that have an obvious effect on
doping and structure [24].

In this work, starting with synthesized NPS powder, that straightforward synthetic route for the powder manufacture of p-
NPS of various structures is employed, combining the alkali chemical etching procedure with the hydrothermal technique. As
a new, inexpensive, safe method for preparing doped NPS powder. It is a cutting-edge process for making p-NPS powder in
large numbers with excellent yield efficiency.

2. Materials and Methods
2.1. NPS Powder Manufacturing

The fusion of two methods (alkali chemical etching and ultra-sonication) for the manufacturing of NPS powder was carried
out, beginning with Si-powder that was sold commercially. (Silicium, Pulver-99%, Burlington, VT, USA), as demonstrated by
our earlier research [11]. A sufficient quantity of Si powder was distributed in potassium hydroxide [KOH M= 56.11 g/mol]
supplied by SIGMA-ALDRICH, and NPA n-propanol [C3sHsO M= 60.10 g/mol] was supplied by POLSKIE ODCZYNNIKI
CHEMICZNE S.A. scattered throughout ultrapure water [18 MQ deionized water]. After filtering and washing, the product
powders were left to dry overnight.

2.2. Preparation of doped NPS Powder (using Boric acid, Nickel Chloride, and Cadmium Chloride)

Due to the use of the hydrothermal technique, the etching mixture solution, which contains NPS powder (2.0 g) distributed
in KOH, NPA, and boric acid, 99.5% [HsBOs, M= 61.833 g/mol, which was supplied by SPECTRUM] (0.5 gm), Nickel (II)
Chloride Hydrate, 99.95% [NiCl2:6H20 M= 129.60 g/mol, which was supplied by ALDRICH] (0.5 gm), and Cadmium
Chloride Hemi-Penta-hydrate (as CdClz 81%) [CdCl2.2.5H20 M= 228.34 g/mol, which was supplied by Rashmi Diagnostics
Bangalore, India] (0.5 gm) were mixed separately and heated to 200°C (ramp rate: 5°C min™"') for 3 hours in a muffle furnace.
Once it has naturally cooled to ambient temperature, the powder product is filtrated and washed using ultrapure water [18 MQ
deionized water], then dried for one hour at 60°C.
2.3. Characterizations

Characteristics of the powder structure are obtained via XRD (X-ray diffractometer, using Cu-Ka radiation = 1.5405 A at a
scanning rate of 4 min™t, 7000 Schimadzu diffractometer). The crystallite size and lattice characteristics of a subset of samples
were ascertained by Rietveld refinement investigations utilizing the EXPO software. The powders were explored elementary
by JEOL 5300 scanning electron microscope embedded with EDX microanalysis. The process's chemical bond creation was
ascertained by FTIR (Fourier Transform Infrared Spectrophotometer, Shimadzu FTIR-8400s, Japan). The study of powder
morphology makes use of SEM (scanning electron microscopy, JEOL (JSM —1T200), magnification (1000-50000)). The
energy band gap value is calculated via the UV-Visible Spectrophotometer Double Auto Cell (Labomend, INC, Los Angeles,
CA, USA).

3. Results and discussion
Powder Characterization

Using several physicochemical techniques, the structure and characteristics of the chemically generated material in powder
form were examined.
3.1. X-ray Diffraction (XRD) analysis
The X-ray diffraction (XRD) patterns of each produced sample are displayed in Fig. 1. A JCPDS standard database was used
to compare the derived XRD patterns (JCPDS Cards No. 01-079-0613 and 00-027-1402), This validates the single phase Si in
each of the three scenarios. Figures (1-3) all of them show the full width at half maximum (FWHM) of the peaks around
28.51°, 47.43°, 56.28°, 69.33°and 76.60° which correspond to (111), (220), (211), (400), and (331), respectively. All of the Si
powder samples were found to have face-centered cubic (fcc) crystal structures with space group Fd3m. The computed lattice
parameters were a = b = ¢ = 5.433 A for the received silicon. There was a little drop in the lattice parameter in the nickel and
cadmium doped samples (5.425, and 5.429 A), respectively, and there was little increase shift in main peaks 28.23°, 47.193°,
56.023°, 68.989°, 76.261° as shown in the previous study [11], this demonstrates that dopant atoms have an impact on some
silicon atoms.
In addition, some diffraction peaks of Boron (B) that have intensity values lower than Si diffraction peaks are at 20 = 28.57°,
47.46°, 56.31°, 69.25°, and 76.60° which correspond to (220), (331), (412), (621), and (710), respectively (JCPDS cards No.
03-065-2859 and 01-077-3524), as shown in Fig. 1. The appearance of the boron planes is due to the reaction between the
doping NPS and B atoms. The peaks' comparatively high intensities show how highly crystallized the powder is comparing to
XRD pattern of NPS referred to in the previous study [11].
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Fig.1 a) XRD pattern of 2 gm of NPS powder at hydrothermal time of 3 hr at 200 °C doping with 0.5 gm of H3BOs, and
b to f) magnification of certain regions.

Fig. 2(a) shows the XRD pattern of sample NPS doped with nickel chloride that validates the main peaks of the single phase
Si, and Fig. 2(b) is the magnification of a certain region that confirms the nickel (Ni) phase at 26 = and 76.60°, which
corresponds to (2 2 0) (JCPDS card No. COD 9009862). The appearance of the nickel plane is due to the doping process of
NPS by Ni atoms. So, the increase in the Si peak intensities values that appears is due to the doping process using Ni ions.
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Fig.2 XRD pattern of; a) pure NPS (2 gm) powder using hydrothermal technique at 3 hr and 200°C using 0.5 gm of
NiCl2-6H20, and b) magnification of certain region.

Fig. 3 shows an XRD pattern of sample NPS doped with cadmium chloride that validates the main peaks in the single-phase
Si. Fig. 3(b-c) show the magnification of certain regions, which indicates the presence of cadmium (Cd) diffraction peaks that
appear at 20 = 47.47° and 76.60°, which correspond to planes (102) and (201), respectively (JCPDS cards No. 03-065-1183
and 00-001-1178). The appearance of the cadmium planes is due to the doping of NPS by Cd atoms. Noticeably, the sharp
peak of the Si plane indicates an improvement in the crystalline quality of the Si powder. In addition, the appearing of the
sharp peaks of Cd had the highest intensity peaks in all of the used dopants, as shown in Fig. (1-2).

Egypt. J. Chem. 68, No. 10 (2025)



482 Raghda Nomair et.al.

30000 -

si{111)

25000 -

20000

si(220)

-
w
g
Q

Intensity IE

I"/ ~ —_
[ | —
10000 ~b - —_ __
= = —
- - o
5000 Ty -
&= b ! — |
o
20 a0 60 80
28(")
30000 -
25000
20000
>
=
=
£ 15000
=
=
10000
5000
o
as a7 as
28(")
30000 -
IE 25000
20000
>
=
=
= 15000
H
=
= — ':
10000 : =
L) =
- CAK
o

75 77
26(%)

Fig.3 XRD pattern of 2 gm of NPS powder at hydrothermal time of 3 hr at 200 °C doping with 0.5 gm of
CdCl2-2,5H:0, and b-c) magnification of certain regions.

It was perceived that the dopants affect the intensity of the diffraction peaks. The pore size of the NPS is in the range of 0.28-
1.40 wm, as mentioned in our previous research [11]. So, since the atomic radius of B, Ni, and Cd are 85, 135, and 155 pm,
respectively, it is expected that they will enter the pores of the NPS, and thus they will merge, and the process has already
taken place. That includes the impact of the dopant materials on NPS properties. Accordingly, the intensity increased, as
shown in Fig. 4. In addition, the NPS material was affected by dopant materials. Thus, the shift in electron density is what
causes the dopant intensity to increase, indicating a good crystallinity quality. Overall, when dopant materials are added in
greater amount, the diffraction peaks intensify. Also, we noticed that the surface energy increased through the (111), (220),
(311), (400), and (331) planes by adding B, Ni, and Cd to NPS. However, the orientation not only depends on the natural
characteristics of materials but also on the doping conditions, such as hydrothermal time and temperature.
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Fig.4 Effect of doping on XRD intensity peaks.

Egypt. J. Chem. 68, No. 10 (2025)



FABRICATION OF P-TYPE POROUS SILICON POWDER VIA FACILE AND ECONOMIC PREPARATION METHOD 483

The NPS structure was characterized by using the Rietveld refinement method with EXPO software [25]. Rietveld texture
analysis is a method that utilizes X-ray diffraction data to analyze the structure of the crystals of materials. It addresses the
challenge of accurately determining the structure by separating overlapping peaks in the diffraction pattern, which can be
imprecise due to their broad and complete overlap. This analysis solves the problem of overlapping peaks, offering a workable
way to gain a comprehensive understanding of the material's structure [26]. However, the Rietveld refinement method has
drawbacks such as noise, lack of clarity in XRD data, and extensively overlapped peaks. Despite these limitations, the
calculated patterns using adjusted measured data provide important structural parameters and a diffraction profile [27].
Background, lattice parameters, scale factor, profile half width, crystallite size, and spatial coordinates were among the
refined parameters that were included [28]. The structural properties of the NPS powders may be calculated with extreme
accuracy thanks to the chosen parameters.

Rietveld refinements were used in this work to focus on the determination of the lattice parameter. R-expected (Re), R-pattern
(Rp), R-Bragg factor (Rs), R-weighted pattern (Rwp), Chi-square (y?), lattice parameters (a, b, c), and crystallite size (L (nm))
are presented in Table 1. The calculated R index values listed in Table.1 that indicates a good refinement result. The Chi 2
based on the ratio [Ruwp/Re]?, contains lower values for each sample that indicating better model fit.

Furthermore, the lattice parameter (a) was found. Thus, variations in the lattice parameter concerning the dopant material were
noted. Table 1 displays the values of the lattice parameters for the NPS, NPS-B, NPS-Ni, and NPS-Cd samples, which are
5.443 A, 5.444 A, 5.425 A, and 5.429 A, respectively. The crystal cell decreased in NPS-Ni and NPS-Cd can be attributed to
the doping of nickel and cadmium in NPS, with respect to the values of ionic radius for Ni and Cd being 0.69 A and 0.97 A
[30], respectively. Due to the ionic radius of Ni and Cd that is larger than the ionic radius for Si 0.4 A [30], which leads to
modifications in the silicon lattice. However, the smaller size of Ni relative to Cd causes more significant distortions as the Ni
ions attempt to substitute Si in the lattice or occupy interstitial positions. This is evident in the observed lattice parameter
reduction for NPS-Ni (5.425 A) compared to NPS-Cd (5.429 A). The contraction suggests a higher degree of strain in the Ni-
doped sample.

There is a direct proportionality between crystallite size and amounts of dopant material. So, it causes the crystalline lattice to
expand. Finding out how much the doping process has caused the crystallite size to expand and contract depends on the ionic
radius [31]. Also, Ni exhibits stronger covalent bonding tendencies with Si, unlike Cd. This results in increased localized
strain and defect formation in NPS-Ni. The formation of shear bands, as indicated in the analysis, further corroborates the
higher degree of disorder in Ni-doped samples throughout the hydrothermal process.

Table 1 shows the experimental data from EXPO software and crystallite size, which is calculated using the Debye Scherer
equation [32]. Its values are registered as follows: 79.412, 79.414, and 79.412 nm, respectively. The NPS-Ni has less unit cell
volume than the NPS, which can be associated with the dissolution of some Ni into the NPS. We noticed that the main
structure is cubic, and there appears to be some distortion in the structure as a result of doping, as is clear in the ratio of
intensity between peaks, as shown in Table 1. Furthermore, Table 1 shows that all dopant materials pass into NPS powder,
and the best dopant material is NPS-Ni.

Table 1: Refinement results of NPS and doped NPS using different dopants.

Samples NPS NPS-B NPS-Ni NPS-Cd
a(h) 5.443 5.444 5.425 5.429
b (R 5.443 5.443 5.413 5.426
c(A) 5.443 5.443 5.429 5413
) 161.41 161.31 159.79 161.32

Rs (%) 17.50 2321 25.20 25.07

Rp (%) 16.84 21.99 20.25 29.02

Rup(%) 22.00 31.54 27.22 38.87

Re (%) 17.32 16.85 17.02 17.05

" 1.27 1.87 1.59 2.27

L (nm) 25.875 79.412 79.414 79.412

Fig. 5 presents a comparison of the fitted data produced with the sample's observed pattern using EXPO software. The red line
represents the fitted formula obtained through the least squares method, whereas the prepared sample's and reference's peak
positions are below the diffraction pattern. Overall, Fig. 5(a-d) shows the experimental and calculated X-ray diffraction
patterns of the doped materials and the difference between the calculated and observed diffraction patterns. The doped martial
has sharper peaks than NPS, which is at least for the larger crystallite size; it also showed a little decrease in a-lattice
parameter due to doping and demonstrates a satisfactory fit between the observed pattern and the fitting profile.

The final values of the discrepancy factors for NPS-B were as follows: Rp = 21.99% and Re = 23.21% and the discrepancy
factors for NPS-Ni were as follows: Rp = 20.25% and Rs = 25.20%. Before the positions of B and Ni atoms were introduced
into the structural model of NPS, the discrepancy factors had considerably lower values: Rp = 16.84% and Re = 17.50%. So,
the NPS-B and NPS-Ni factors are lower than NPS-Cd, which means doping with B and Ni is the best than Cd, as a lower Rs
is better to fit.
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Fig.5 a) XRD patterns and Rietveld refinement of 2 gm NPS powder at hydrothermal time of 3 hr at 200 C°, b) (NPS-
B) doping with 0.5 gm of H3BOs; ¢) (NPS-Ni) doping with 0.5 gm NiCl2-6H20; and d) (NPS-Cd) doping with 0.5 gm
CdCl2-2,5H20.

The 3D model lattice crystal, which was predicted using VESTA software [33], is displayed in Fig. 6 and depicts a cubic
structure containing molecules as well as the placement of atoms in the NPS's structural channels following doping. Fig. 6(b).
One direction (X) in NPS-B changed, while the other two directions (Y and Z) remained the same. However, as Fig. 6(c)
illustrates, in the instance of NPS-Ni, there was a shift in one direction (), and the other two directions (X and Z) were also
altered. In contrast, Fig. 6(d) displays NPS-Cd with adjustments in one direction (Z) but no changes in the other two
directions (X and Y). Thus, it demonstrates how the doping process in NPS varies with different dopant materials.

Fig.6 a) Arrangement of 2 gm NPS powder at hydrothermal time of 3 hr at 200 C° b) (NPS-B) doping with 0.5 gm of
HsBOs; ¢) (NPS-Ni) doping with 0.5 gm NiCl2:6H20; and d) (NPS-Cd) doping with 0.5 gm CdCl2-2.5H:0.
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3.2. Energy Dispersive X- Ray (EDX) Analysis

The presence of elements Si, O, B, Ni, and Cd was confirmed by EDX analysis, which presents the percentages of doped
powder components. Three elemental peaks are identified: one at 1.8 and 2.0 keV for the element silicon; one at 0.57 keV for
the element oxygen, as shown in Fig. 7(a-c); one at 0.1 and 0.30 keV for the element boron, as shown in Fig. 7(a); one at 0.7
and 7.5 keV for the element nickel, as shown in Fig. 7(b); and one at 3.2 keV for the element cadmium, as shown in Fig. 7(c).
Table 2 displays that NPS has been successfully doped with B, Ni, and Cd, according to the EDX data, and the atomic
percentage of B 8.13% is the best doping ratio because it represents the highest incorporation of the dopant B into the NPS
structure compared to the Ni- and Cd-doped samples. The higher atomic percentage of boron suggests a more effective
integration into the material, which can enhance its properties. Additionally, the corresponding weight percentage (4.68%)
indicates a substantial presence of boron without excessively compromising the silicon and oxygen content, ensuring
structural stability.

Table 2: Results of EDX analysis

(B-Ni-Cd K) (OK) (SiK)
Samples Weight % Atomic % Weight % Atomic % Weight % Atomic %
NPS-B 4.68 8.13 47.08 55.23 43.32 28.95
NPS-Ni 2.19 1.66 5.06 12.15 92.74 86.19
NPS-Cd 3.48 1.31 3.25 8.81 93.25 89.88
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Fig.7 EDX spectra of 2 gm NPS powder at hydrothermal time of 3 hr at 200 C°; a) (NPS-B) doping with 0.5 gm of
HsBOs, b) (NPS-Ni) doping with 0.5 gm NiCl2:6H20, and c) (NPS-Cd) doping with 0.5 gm CdCl2-2,5H20.

3.3. Fourier Transform Infrared Spectrophotometer (FTIR) Analysis

Infrared transmittance analysis tells us about the surface chemistry of powders and how the doping material affects them. The
doped NPS-B is shown in Fig. 8(a); the asymmetric stretching bond (Si—O) in (Si—O-Si) is ascribed to the band in the 1000
1300 cm! range. Additionally, the FTIR band at 481 cm™ is caused by bending vibrations (O-Si-O), whereas the band at 819
cm™! corresponds to symmetric stretching vibrations (Si—O-Si). The wavenumber value at which the NPS powder is created is
1120 cmt. Apart from the vibration in the water of 1673 cm-! resulting from O-H scissor bending, the broad band in the 3497
cm? range is indicative of (O-H) stretching modes in H20 and SiOH groups [34]. Finally, the bands in the region of 1350-
1400 cm™* are due to the stretching bond (B-O) [35]. In addition, the intensity of the NPS peak at 1100 cm™ in NPS-B (1.098)
is less than the original intensity in NPS (2.895). The decrease in the intensity can be attributed to the successful incorporation
of B into the NPS structure. This reduction suggests that boron doping alters the (Si—O-Si) network, leading to structural
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modifications that affect bond vibrations and weaken or disrupt the original asymmetric stretching vibrations, causing a
decrease in peak intensity. The presence of B atoms in NPS was confirmed by the EDX analysis Fig. 7(a).

The doped NPS-Ni is shown in Fig. 8(b); the FTIR band at 481 cm™! is corresponds to bending vibrations (O-Si-O). A new
peak with a centre at 670 cm™! is observed, and it is typically linked to Ni-O bonds [36]. When NiO forms, it means that Ni is
not deposited on NPS as an oxide (Si-O-Ni), but rather in its metallic form. The presence of Ni atoms in NPS was confirmed
8(c), the cadmium bond is supposed to appear at 794 cm™! as shown in the previous studies
[37]. But, in case of this work, it wasn’t observed. This is due to the minimal quantity of dopant (cadmium chloride) that was
used and suggesting that due to possible weak bonding, structural disorder, interference from Si—O bonds, or Cd existing in a

by EDX analysis Fig. 7(b). In Fig.

different chemical form. The primary IR peak assignments are listed in Table 3.

Table 3: Peaks in FTIR spectra of NPS after doping

Trancmitance (%)

Peaks (cm™) Assignment
1000-1300 (Si—0) and (Si—O-Si) asymmetric stretching
481 (O-Si—0) bending vibrations
819 (Si—O-Si)symmetric stretching vibrations
1120 NPS
1673 (O-H) vibration scissor bending
3497 (O-H) stretching modes and SiOH groups
1350-1400 (B-0)
670 (Ni-O)
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Fig.8 FTIR spectra of 2 gm NPS powder at hydrothermal tim of 3 hr at 200 C°; a) (NPS-B) doping with 0.5 gm of
HsBOs, b) (NPS-Ni) doping with 0.5 gm NiCl2:6H20, and c) (NPS-Cd) doping with 0.5 gm CdCl2-2,5H:0.
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3.4. Scanning Electron Microscopy (SEM)

The size and morphology of the particles are revealed by SEM analysis. NPS particle size is also influenced by a few
variables, such as hydrothermal time and the concentration of doping material. Fig. 9 shows SEM micrographs of the NPS
doped with boron. Doped powders are made up of agglomerates of relatively small, porous particles with uneven shapes. As a
result of the hydrothermal technique, NPS appeared with small particles interpreted as B molecules in NPS-B. Fig. 9(d) shows
the corresponding size distribution histograms and the variation of average size with respect to dopant concentrations. The
formation of nanoparticles of a spherical and rods morphology and narrow size distribution can be seen from the SEM
micrographs, with an average diameter of 125 nm, suggesting that the enhancement of particle size is due to the
agglomeration of NPS particles via adding dopant materials.

Fig.9 SEM micrograph ofNPS doped with boron at various magnifications; a) 1000, b) 5000, ¢) 20000, and d) grain
size distribution.

Fig.10 in NPS-Ni indicates that particles are in the shape of rods array, as shown in Figs. 10 (a,b) and small Ni particles are
interpreted, in addition to the formation of nano-clusters due to the agglomeration process. Fig. 10(d) shows the average size
of the nanoparticle observed from SEM images is 125 nm too.

% e\
@ 3 Fact
|

Clusters

Fig.10 SEM micrograph of NPS doped with nickel at various magnifications; a) 5000, b) 10000, c) 50000, and d) grain
size distribution.
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Fig. 11 indicates particles of Cd that are dopants in NPS rod arrays for the formation of NPS-Cd. In addition, the small
particles of Cd are interpreted into nano-clusters of NPS via the agglomeration process. Fig. 11(d) shows the average size
distribution that can be seen from the SEM micrographs with an average diameter of 40 to 170 nm.

Fig.11 SEM micrograph of NPS doped with cadmium at various magnifications; a) 1000, b) 20000, c) 50000, and d)
grain size distribution.
3.5. Optical properties of NPS powder with dopant materials
Using a UV-VIS double beam spectrophotometer, the optical absorption spectra of the NPS powder samples containing
dopant material were captured in the 400-1000 nm region. Fig. 12 shows the variation in optical absorbance with the dopant
materials to determine the band gap. A plot of (¢hU)? against hU. The energy gap Eq can be found using the Stern equation for
near-edge absorption [35]:
A(hU-E,)2
=M
Where A is constant, Eq is the band gap, o is absorbance, U is the frequency of the radiation, h is Planck’s constant and n is an
important factor that detects the type of existing transition that carries a value of either 1 or 4. Given that NPS and the
majority of semiconductors have indirect band gaps. By taking the linear component of the curve towards zero absorption
((ahv)2 = 0), one may get Eg [36]. The band gap of NPS powders with different doping materials was determined by drawing
a graph of (ahv)2 against hv and then extending the straight line segment to the energy axis [37]. The band gap of various
NPS powders can be found using the Tauc plot.
The optical absorption measurements (UV) carried out for NPS-B, NPS-Ni, and NPS-Cd in this work observed a decrease in
optical band gap of 2.0, 1.7, and 1.6 eV compared with the optical band gap of NPS in the previous work [11]. These values
decreased as the electronegativity of boron, nickel, and cadmium decreased by 2.04, 1.91, and 1.69, respectively [41]. This
observation was further supported by the energy calculations of the prepared NPS samples. The electronegativity and
electronic polarizability values are attributed to the increase in atomic radius of boron, nickel, and cadmium (85, 135, and 155
pm, respectively). The observed band gap decrease is a result of a combination of impurity-induced states, quantum
confinement reduction, defect formation, and carrier-induced band renormalization. Each dopant influences the electronic
structure differently, leading to varying degrees of band gap narrowing.

Table 4: Band gap of PS and Various Doped/Deposited Structures

Sample name Band gap (eV) Ref
NPS 24 [11]
NPS-B 2.0 This work
NPS-Ni 1.7 This work
NPS-Cd 1.6 This work
boron-doped Si wafers 2.0 [42]
Cadmium sulfide (CdS) deposited on porous by spin coating technique 2.7 [43]
CdS deposited on p-type PS 2.39 and 2.43 [44]
CdS-PS: p-Si heterostructures 2.6 [45]
ZnO-PS: p-Si heterostructures 3.3 [45]
Au:Cd deposited on PS was prepared via laser ablation 3.6 and 4.8 [46]
GaN thin film was deposited on PS 3.36 eV and [47]
1.7eV
AlGaN/PS 3.2eV,3.44 eV, [48]
and 3.6 eV
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The addition of dopant materials to NPS samples results in a decrease in band gap according to optical absorption studies.
Table 4 illustrates that the band gap obtained for NPS-Cd is the smallest value among all published values, suggesting a
significant modification of the electronic structure. In contrast, heterostructures involving CdS, ZnO, Au:Cd, GaN, and
AlGaN on PS show higher band gaps, demonstrating how different materials influence the optical properties of PS.

0.01

=]

0.005

(ohU)A2 (eV/"2 cm™-2)

1 1.2 1.4 1.6 1.8 prd 2.2 24 2.6 2.8
hu (V)
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o
-
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Fig.12 A graph showing photon energy (hv) vs energy square (ahv)2; a) (NPS-B) doping with 0.5 gm of H3BOs; b)
(NPS-Ni) doping with 0.5 gm NiCl2:6H20; and c) (NPS-Cd) doping with 0.5 gm CdCl2-2,5H:0.

Future prospects

The future viability and broad acceptance of p-NPS based sensors will be largely dependent on ongoing research and
technological developments.

4. Conclusions

In this work, we successfully synthesized doped p-type NPS powder with B, Ni, and Cd using an economic and scalable

hydrothermal approach. Structural characterization confirmed the incorporation of dopant atoms into the NPS framework,
influencing its crystallinity and morphology. Optical studies revealed a notable decrease in the band gap of doped NPS
samples compared to un-doped NPS, with NPS-Cd exhibiting the lowest band gap (1.6 eV). This reduction is primarily
attributed to the introduction of impurity states, charge carrier interactions, and lattice distortions. The findings demonstrate
the potential of doped NPS materials for enhanced optoelectronic applications, paving the way for their use in photo-detectors
and sensors.
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