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Abstract. Formation of semiconductor nanostructures on the surface of single crystalline 

silicon and germanium wafers by spark discharge plasma in air was investigated. The prepared 

nanostructures were analyzed by means of the scanning and transmission electron microscopy 

and optical spectroscopy of the photoluminescence and Raman scattering. The formed 

nanostructures exhibit a fractal-like morphology with interconnected nanocrystals of 2-200 nm 

sizes that is explained by repeated processes of spark ablation and subsequent condensation. 

While the size and morphology of the nanostructure depend on power sources of the spark 

discharge, short interaction times of spark discharge plasma and target determine a relatively 

low efficiency of the chemical oxidation of germanium and silicon, as well as low ionic 

temperatures of the plasma. 

Keywords: spark discharge, plasma, ablation, nanocrystals, fractals, Raman scattering, 

photoluminescence 

1. Introduction 

Different types of spark discharge were used to produce nanoparticles of semiconductors and metals 

[1-4]. Spark ablation represents a process in which the substance is removed from the electrodes due 

to the spark plasma excitation and then it is deposited in the form of nanoparticles or nanoclusters. If 

the electrodes, which are usually a tip and substrate, are made of the same material, it is possible to 

obtain nanoparticles without external impurities, since the reaction rate and the conditions of the 

ablation process exclude the possibility of interaction of evaporated particles with the environment. 

The size and type of the nanostructure obtained by ablation are determined by the concentration of 

particles in the gas cloud of the evaporated substance, since it is the concentration that regulates the 

process of coagulation and condensation of particles. Reducing the concentration of ablated material in 

gas phase or liquids makes it possible to reduce the size of deposited nanoparticles of conventional 

semiconductors, metals and metal oxides [1, 2. 5].  
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Silicon (Si) nanocrystals obtained during spark ablation were found to exhibit photoluminescence 

(PL) in the visible range [3]. Spark-discharge treatment of crystalline germanium (c-Ge) in air resulted 

in formation of strongly oxidized Ge nanostructures with PL properties, which were attributed to the 

radiative transitions between defect levels [4]. Our recent work is devoted to study the formation of 

nanostructures on the surface of c-Si and c-Ge wafers during their processing by spark discharge in air 

ambient. 

 

2. Experimental 

Experiments were carried out with one-side polished low doped c-Si and c-Ge wafers, which were 

subjected to spark discharge processing by using different power sources. The power supply unit of 

ILGA-503 type nitrogen laser was used in the first source, and self-made generators based on the high 

– voltage ignition coil, e.g. model 27.3705, and so-called Tesla spark discharge generator were also 

used. In all experiments, the total duration of radio pulse did not exceed 1 µs, the repetition rate of 

high – frequency pulses was about 100 ns, and the repetition rate of pulse series was about 10 Hz. The 

average current in the first source was in the range of 1-10 mA. In the self-made sources the average 

current was always less than 1 mA, so the power of spark discharge was much less. The experiments 

were carried out at atmospheric pressure in air. Exposure time was varied from 1 to 40 min.  A scheme 

of the experimental set-up and the photographic image of the spark processing of a semiconductor 

plate are shown in Figure1.  

 

 

 
(a) (b) 

Figure 1. Scheme of the experimental set-up (a) and a photograph of the spark processing of a semiconductor 

wafer (b). Inset in panel (b) shows a typical transient (scale bar 100 ns) of the electrical current under spark 

discharge.  

 

3. Results and Discussion 

Figure 2 shows typical scanning electron microscopy (SEM) images of a c-Si wafer after spark-

processing by high and medium power supplies for 30 min. The images reveal the presence of 

nanoparticles with sizes from about 10 nm up to 500 nm.  Using the approach developed in Refs.[6,7], 

we analyzed the SEM c-Si plates after prolonged treatment in spark discharge (Fig. 2), which gave the 

value of the fractal dimension of 1.8 - 1.9 of the spark ablated nanostructures. The latter value is close 

to 2D dimensionality that indicates the role of internal surface of the formed nanostructeres. 
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(a) (b) 

Figure 2. SEM images with smaller (a) and larger (b) magnification of the surface of c-Si wafers after 

prolonged treatment with high power spark discharge.  

 

Experiments have shown that structures of bound nanoparticles of different sizes are formed on the    

surface of c-Ge plates after long treatment with a spark discharge of low power (see Figure3), 

reminiscent of the fractal structure of silicon, discussed above.  

 

 

(a) (b) (с) 

Figure 3. SEM image of the surface of c-Ge wafer after treatment with a low-power spark discharge for 20 min. 

The scale bars in panels (a), (b) and (c) are 200, 20 and 2 µm, respectively.  

 

It was found that the nanoparticles formed by spark discharge near the surface of c-Ge are mainly 

Ge nanocrystals with fractal morphology (Figure 3). Individual Ge nanocrystals with sizes of about 

several nanometers are observed in TEM pictures (Figure 4). At the same time, the maximum 

distribution lies in the region of 5-7 nm, but there are also nanoparticles with dimensions of more than 

10 nm (see inset in Figure 4a) Study of the nanostructures obtained by means of the high resolution 

TEM allowed us to identify an individual isolated nanocrystals with sizes from 5 to 20 nm (see Figure 

4b). 
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(a) (b) 

Figure 4. TEM images of nanoparticles obtained by processing a low-power c-Ge spark discharge for 20 min 

at a scale of 600x600 nm
2
 (a) and high resolution TEM (b). Insert in panel (a) shows the size distribution of 

nanoparticles. Panel (b) shows the boundaries of nanocrystals with red oval lines, and the black straight lines and 

box indicate a separate Si nanocrystal. 

 

Figure 5 shows Raman and PL spectra of a c-Si wafer after treatment with a spark discharge of 

high power. It is seen that for the treated part of the wafer, the spark discharge causes a multiple 

increase in the Raman scattering intensity, which can be explained by multiple elastic scattering of the 

excitation radiation in randomly located Si nanostructures, similar to that observed in layers of silicon 

nanowires [8,9]. The Raman line shape of the resulting nanostructures was close to that of initial c-Si 

wafer that indicate a negligible effect of the phonon confinement [10] (see Fig. 5a).  

This fact is also in good agreement with the observed SEM images, which revealed nanoparticles with 

sizes above 10 nm. At the same time, the PL spectra of silicon nanostructures formed by spark 

discharge exhibit a weak PL band in the region of 400-600 nm (see Fig. 5b), which can be associated 

with radiative transitions in the oxide layer on the surface of Si nanocrystals with dimensions large 

enough to realize the quantum confinement effect [11-13]. 
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(a) (b) 
Figure 5. Raman (a) and PL (b) spectra of c-Si surface after spark discharge treatment. The lower curve in 

part (b) shows the Raman spectrum for c-Si reference plate. Vertical arrow in part (a) indicates excitation 

wavelength.  
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Small nanoparticles with sizes less than 10 nm were observed on the surface of c-Ge wafers after 

treatment with a low-power spark discharge (Tesla generator) and more powerful sources. As can be 

seen from Figure 6a, in such nanostructures there is a modification of the Raman spectrum, which 

indicates an effect of the spatial confinements for phonons in good agreement with the generally 

accepted model [10]. The experiments showed that the spark-discharge generated Ge nanostructures 

have a maximum of the PL spectrum near 1 µm and lifetime of about 1 µs (see Fig.6 b). These PL 

properties are in good agreement with the literature data known for Ge nanocrystals with sizes of 

about 8-10 nm [13,14].  

 

 
 

(a)  (b) 

Figure 6. Raman (a) and PL spectra (b) of c-Ge surface before and after spark discharge treatment. Vertical 

arrow in section (a) indicates the band gap of c-Ge, and the inset shows decay curves of the PL intensity for 

different wavelengths after pulsed laser excitation. 

 

4. Conclusions 

The experiments demonstrated the possibility of formation of small silicon and germanium 

nanocrystals in the process of spark ablation of the corresponding c-Si and c-Ge wafers in air ambient. 

The nanocrystal formation is explained by the short time of interaction of spark discharge plasma with 

the surface of a solid target. Fractal-like morphology of the formed nanostructures is probably caused 

by repeated processes of the spark ablation and subsequent condensation of the ablated materials. 

While the short interaction time of spark discharge plasma and target determines a relatively low 

probability of the oxidation of germanium and silicon, the formed nanostructures possess 

nanocrystalline origin. The mean nanocrystal sizes were found to be larger than 10 nm and about 5-10 

nm for Si and Ge structures, respectively. The spark-ablated Ge nanocrystals exhibit 

photoluminescence in the near infrared spectral region, which can be attributed to the radiative 

recombination of excitons in Ge nanocrystals. This fact indicates a low density of the structure defects 

in the prepared Ge nanocrystals. The observed formation of rather small Si and Ge nanocrystals by 

using the spark-discharge in air with low power sources can be a good alternative for the laser-ablative 

synthesis of ultrapure nanoparticles for biomedical applications in both therapy and diagnostics 

(theranostics) [15]. The spark-discharge synthesis seems to be cheap and simple method to prepare 

luminescent nanoparticles of Si and Ge, which can be used in bioimaging of cancer cells under 

excitation with visible and near-infrared radiation sources. While our results confirm the possibility to 

prepare a small amount of the nanoparticles, the spark processing can be scalable and optimized to 

obtain required amount of the nanoparticles for biomedical purposes. 
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