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Abstract:  
We report on the structural and optical properties of porous silicon nanowires (PSiNWs) fabricated using 

silver (Ag+) ions assisted electroless etching method we prepare vertical and single crystalline PSiNWs via a two-

step metal-assisted electroless etching method. The porosity of the nanowires is restricted by etchant concentration, 

etching time and doping lever of the silicon wafer. The diffusion of Ag+ ions could lead to the nucleation of silver 

nanoparticles on the nanowires and open new etching ways. Like porous silicon (PS), these PSiNWs also show 

excellent photoluminescence (PL) properties. The PL intensity increases with porosity, with an enhancement of 

about 100 times observed in our condition experiments. A “red-shift” of the PL peak is also found. These PSiNWs 

fabricated using the electroless etching method can find useful applications in biomedical and optical sensors. 
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Introduction 

The development of safe biomaterials is one of the 

most important aspects of modern biotechnology. Sili-

con (Si) has such properties as biocompatibility and bi-

oavailability that allow it to be used to solve many bio-

logical and medical problems in the field of diagnosis 

and treatment of diseases, implantology and biomolec-

ular imaging. [1-2]. Specific efforts have been concen-

trated in the development of new silicon nanostruc-

tures, including quantum dots, nanowires, or porous sil-

icon (PS). PS is an excellent biomaterial taking into 

accounts its biocompatibility, biodegradability and bi-

oresorbability [3,4]. In addition, the PS has also been 

combined with other biomolecules or materials intro-

duced into its pores or deposited on its surface to pro-

duce composites [5] that can expand or develop their 

applications and properties [6-13].PS has attracted 

much attention, especially in enhancing photo-emis-

sion. Much research efforts have been invested to real-

ize an optical device with PS [14-16] but the ineffi-

ciency [17] and instability [18] of optical characteristic 

in PS still remain. In addition, porous silicon nanowires 

(PSiNWs) are also ideal candidate for the study of bio-

physics of low dimensional systems. It has potential 

impact in realizing nanoscale interconnects and func-

tional device elements in future nanoscale electronic 

and optoelectronic devices [19,20]. Few attempts were 

focused on the luminescence of PSiNWs. Recently, it 

is found that this method can be used to synthesize a 

new silicon nanostructure named PSiNWs. The field of 

PSiNWs synthesis represents an exciting and rapidly 

expanding research area. Considerable efforts have 

been devoted to the development of versatile and con-

trollable methods for the synthesis of PSiNW [21,22]. 

These methods can be broadly classified as: (i) bottom 

-up, and (ii) top-down approaches. The bottom-up ap-

proach involves the construction of desirable 

nanostructures from the basic components, i.e., from 

the atomic level to the nano- or micro-scale wires. This 

method is useful for the fabrication of low-dimensional 

hetero structure based devices in large quantities. Using 

bottom-up, PSiNWs were first obtained by vapor–liq-

uid–solid (VLS) method, followed by an etching step 

to create nanowires. The VLS method has been imple-

mented in a variety of techniques, such as pulsed laser 

deposition (PLD) gas-phase molecular beam epitaxy 

(GS-MBE) chemical vapor deposition (CVD) laser ab-

lation and oxide assisted growth techniques. Top-down 

approach seeks to fabricate PSiNWs from high quality 

single crystal silicon wafer or thin film. Silicon nan-

owires have also been realized using lithographically 

defined patterns, or spin-coating of nano-spheres as 

etched mask followed by etching of the nanowires us-

ing plasma processing technique. The fabrication of sil-

icon nanowires using the metal-assisted electroless 

etching method has also been adopted [23-25]. Silver 

(Ag+) ions in an ionic solution of hydrofluoric acid 

(HF) and hydrogen peroxide (H2O2) have been used to 

the arrays of PSiNWs from single crystal wafers. The 

effects of various process parameters such as the etch-

ant concentration of H2O2, etching time and post- 

etches treatment on the morphology and optical prop-

erties of the PSiNWs have also been investigated. Fur-

thermore, this technique is effective, having high 

throughput and low cost [26-28]. In this work: We syn-

thesized PSiNWs with different parameters, including 

the etchant concentration, etching time. The variable 

morphology of the PSiNWs is present, and the etching 

mechanism is discussed. The photoluminescence (PL) 

properties dependent on the processing parameters are 

also investigated here.  

Experiments 

PSiNWs arrays were prepared by Ag-assisted 

electroless etching of 0,03 Ω×cm (100) p-type boron 

doped and 0,01 Ω×cm (111) n-type phosphorus doped 

mono-crystalline silicon wafers .The samples were 

firstly washed with acetone and deionized water and 

then immersed into a piranha solution H2SO4 / H2O2 in 
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a volume ration of 3:1 to remove the organic contami-

nants on the surface for 20 min. The thin oxide layer 

formed on the surface was then dissolved in a 5% HF 

solution. This treated wafer was transferred into an Ag 

deposition solution containing 4.8 M HF and 0.005 M 

AgNO3 for 1min at room temperature. The Ag nano-

particles (AgNPs) coated samples were sufficiently 

rinsed with deionized water to remove extra silver ions 

and then soaked into an etchant bath. The HF concen-

tration of the etching solutions in the first group was 

fixed 5 M, while the H2O2 concentrations vary 0.1, 0.2, 

0.3, 0.4 and 0.5 M The etching times is 30, 60, 90,120 

and 180 min. Samples were rinsed again for10 min with 

HNO3 solution to dissolve the excessive AgNPs, leav-

ing behind traces of Ag for catalysing the etching reac-

tion. The surface morphology of PSiNWs arrays were 

characterized by scanning electron microscopy SEM 

Tescan MIRA II LMU. The photoluminescence (PL) 

measured were performed at room temperature using 

Photoluminescence peaks were obtained on confocal 

Raman microscope Renishaw system.  

 

Results and Discussions 

In the presence of Ag catalyst, an increase in HF 

or H2O2 concentration in electroless etching method is 

analogous to an increase in the current density in elec-

trochemical based methods [29,31]. In both cases, in-

creasing the H2O2 or HF concentration increases the ox-

idation rate and dissolution rate, respectively, resulting 

in nanostructures with varying optical proper-

ties[31].From SEM images of the as-grown PSiNWs 

etched with different H2O2 concentrations and fixed 

HF concentration figure 1, the nanowires distribute 

uniformly on the whole wafers and are vertical to the 

substrate surface. The nanowires etched with lower 

H2O2 concentrations are isolated from each other. 

However, when the concentration of H2O2 increases, 

the tips of the nanowires congregate together. The di-

ameters of the congregated bundles are several micro-

metres from the top view. These congregated bundles 

are also uniformly distributed on the entire wafers and 

could be confirmed from the cross-section images. 

Also, It's found that the surface of the nanowires be-

comes rough and the porosity (or the density) of the 

nanoporous increases with H2O2 concentration. From 

our condition experiments, we found that the nanopo-

rous appear from the lowest H2O2 concentration of 0.1 

M, for which the pores are smaller (several nanome-

tres) and porosity is rather low. 

This is different from the earlier report [32] which 

pointed out that the nanoporous did not appear, but 

only rough surface was found until the H2O2 concen-

tration was high enough. With the increase of H2O2 

concentrations, the pores also seem to grow, with the 

diameters ranging from several nanometres to nearly 

10 nm for higher H2O2 concentrations. The earlier re-

port which pointed out that H2O2 concentration is the 

key factor of the porosity varieties, while the etching 

time could only increase the thickness of the porous 

layer .The length variation of the nanowires with H2O2 

concentration is shown in figure 2. The chemical etch-

ing of Si includes the reactions listed below... 

2Ag + H2O2 + 2H+――› 2Ag+ + 2H2O     (1) 

Si + 4Ag+ + 6F─ ――› 4Ag + SiF6
-2     (2) 

The total reaction…. 

Si° + 2H2O2 + 6F─ + 4H+――› [SiF6]-2 + 4H2O    (3) 

From Eq. 3, the potential for the etching process could be expressed as below. 

ΔE=ΔE°─ (0.056/4)log([[SiF6]-2) /[ H2O2]2[H+]4[F-]6)   (4) 

 

  

Figure 1: SEM images of the variable morphology of PSiNWs etched with: a) 0.1 M H2O2/5MHF b) 0.5M 

H2O2/5MHF. 

(a) (b) 



Евразийский Союз Ученых (ЕСУ) # 11 (56), 2018 55 

  

Figure 2: The length of PSiNWs depends on H2O2 conc. and etching times. 

 

The increase in H2O2 concentration could en-

hance the potential for the etching process, which in-

dicates that the etching reaction is more thermodynam-

ically favoured and the etching could be accelerated. 

Therefore, the length of the nanowires is not only time 

dependent, but also relies on the oxidant concentration. 

As the catalyst, the AgNPs are oxidized into Ag+ ions 

by H2O2. The Ag+ ions extract electrons from Si nearby 

and are deoxidized into Ag again. 

The Si atoms around are oxidized and dissolved, 

leading to the etching of the silicon surface and the for-

mation of the vertical PSiNW arrays. However, during 

the etching process, the Ag+ ions could not be recov-

ered to Ag totally. Ag+ ions with certain concentration 

around the AgNPs would diffuse out to the tips of the 

PSiNWs, where the concentration of Ag+ ions is lower. 

For the lightly doped silicon wafer, the Ag+ ions along 

with the PSiNWs are difficult to be deoxidized into 

smaller AgNPs as the lack of defective sites for new 

nucleation. So the diffused Ag+ cannot etch the side-

walls of the PSiNWs and no porous structure appears. 

However, for the heavily doped silicon wafers, the do-

pants could induce amount of weak defective points in 

the silicon lattices. These defective points could serve 

as the nucleation centres. When the Ag+ ions near the 

defective points reach a critical concentration, the Ag+ 

will nucleate on the side walls or the tips of the 

PSiNWs and the smaller AgNPs appear. These newly 

formed AgNPs open new etching pathways on the 

PSiNWs and facilitate the formation of the nanopores. 

Furthermore, the nucleation of the AgNPs on the side 

walls would also reduce the Ag+ concentration and ac-

celerates the Ag+ diffusion. When the Ag+ ions con-

centration reaches the critical value again, new nucle-

ation occurs. This could be confirmed by our results 

listed in figure 2, the porosity of the nanowires in-

creases with the etching time, which indicates that new 

AgNPs appear and new nanopores form with time. It 

could also be found that some nanopores overlap on 

the side walls, especially for the PSiNWs etched with 

longer time. It is because new AgNPs nucleation takes 

place near the defects distributed on the wires, some 

nucleation centres stay near the formed nanopores, and 

the newly etched pores would overlap with the original 

ones. It could also explain why the nanopores seem to 

grow larger with times. From this mechanism, we 

could deduce that the side walls on the topside of the 

wires have higher porosity compared with the down-

side. As the nanowires were scraped from the wafers, 

the cuts of the wires are trim. However, the tips are 

fragmentary as shown in the SEM image. It could be 

clearly seen that the porosity increases and the na-

nopores grow larger from the bottom to the top tip. The 

increase in H2O2 concentrations could accelerate the 

oxidation of Ag and increase the Ag+ ions concentra-

tions, leading to more additional etching pathways and 

higher porosity. It could be concluded that the doping 

lever of the silicon wafer, the H2O2 concentration and 

the etching time are the key factors for the nanoporous 

formation on the PSiNWs. 

The room temperature PL measurement was car-

ried out to study the optical properties of the PSiNWs 

with different H2O2 concentrations figure 3, display 

the PL spectrums of the PSiNWs .The increase in the 

H2O2 concentration, the porosity of the nanowires in-

creases and leads to the PL intensity enhancement. The 

PL intensity of PSiNWs etched with 0.5 M H2O2 is al-

most more high as the samples etched with 0.1 M 

H2O2. When the sample was etched for 3 h, an increase 

in the PL intensity by a factor of 40 is observed, com-

pared with the 30 min-etched sample.  
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Figure3: The PL spectrums of the SiNWs correspond to the PSiNWs etched for 60 min with the H2O2 

concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 M, respectively. 

 

However, it is unexpected to find that PL peaks of 

the samples with higher porosity seem to “red-shift” 

and are not well symmetrical. It is thought that higher 

porosity would decrease the size of the silicon 

nanostructure, which could lead to the blue-shift of the 

PL peak due to the quantum confinement effect. We 

also measure the PL spectrums of the samples treated 

with HNO3 but without HF solution, which are consid-

ered to have an oxide layer on the surfaces. It is found 

that the PL peaks are fixed at ~730 nm for all the sam-

ples. The PL intensity varieties with the preparation 

parameters are similar with the samples with HF treat-

ment. 

Conclusion 

In summary, we carried out chemical etching on 

the highly doped p-type and n-type silicon (100) wafers 

to synthesize the PSiNW arrays. We found that longer 

etching time or higher H2O2 concentration could facili-

tate the diffusion and nucleation of Ag+ ions and effec-

tively enhance the porosity of the nanowires. The PL 

intensity could be effectively enhanced by the in-

creased porosity. The emission intensity from the local 

porous structure quickly enhances with the porosity and 

takes up the leading place of the PL spectrum, resulting 

in the “red-shift” observed. These PSiNWs combine the 

physical properties of PSiNWs and PS and could lead 

to opportunities for new generation of nanoscale opto-

electronic devices can be potentially useful in optical 

sensors applications. 
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В данной работе исследованы изменения физико-химических параметров, как удельное сопротивле-

ние, вязкость, плотность и образование газообразных продуктов Н2, СН4, С2Н4, С2Н6, С3Н8, С4Н10, С5Н12, 

С6Н14 в зависимости от поглощенной дозы в интервале (29,7-237,6) кГр. Установлено, что при воздействии 

- излучения на трансформаторное масло происходит изменения химического состава, что сопровождается 

изменением удельного сопротивления, вязкости и плотности масла. Степень превращения зависит от по-

глощенной дозы и растет с её ростом.  

ABSTRACT 

Changes of physico-chemical parameters, as specific resistance, viscosity, density and formation of gaseous 

products as Н2, СН4, С2Н4, С2Н6, С3Н8, С4Н10, С5Н12, С6Н14 on dependence of adsorbed doses was investigated. 

It was established, that the changes of chemical composition of oil leads to changes of specific resistance, viscosity, 

density. Degree of its conservation is increasing with adsorbed dose rising. 

Ключевые слова: радиационная стойкость, трансформаторное масло, - излучения, радиационно-хи-

мические выходы, плотность, вязкость, удельное сопротивление 

Keywords: radiation resistance, transformer oil,  - radiation, radiation-chemical yields, density, viscosity, 

specific resistance 

 

ВВЕДЕНИЕ 

Силовые трансформаторы широко использу-

ются в энергетическом секторе, в частности в атом-

ной энергетике. В последнем случае возникает 

необходимость изучения радиационной стойкости 

трансформаторного масла.  

Проблемы, связанные с радиационной стойко-

сти материалов электрических оборудований, воз-

никающие в результате различных аварийных ситу-

ации исследуются во многих работах, посвящен-

ных определению работоспособности различных 

узлов и агрегатов атомных электростанции [1]. Во-

просы особенно стало актуально после аварии Чер-

нобыльской АЭС в 1986 год. После аварии Черно-

быльской АЭС был идентифицирован ряд аварий с 

уровнем больше INES 4 (International Nuclear Events 

Scale) [2].  

Находящиеся в Кавказском регионе Армян-

ское АЭС периодически ремонтируются с целью 

устранения результатов аварийных ситуаций.  

В работах [3, 4, 5] исследованы наиболее функ-

ционально значимые комплектующие материалы и 

электрооборудования - трансформаторное масло и 

электроизоляционный картон с целью определения 

возможного снижения надежности, в частности 
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