Visualization of Nickel Atom Clusters in Silicon using Near-Infrared Transmission Microscopy Based on a Digital Microscope
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Abstract. A near-infrared transmission microscopy system based on a digital USB microscope of the 1600X type has been developed and experimentally tested for the visualization of defect regions and impurity atom clusters in silicon. A brief review of the physical properties and formation mechanisms of nickel-related clusters in silicon is presented to justify the experimental approach. The method operates in the near-infrared spectral range close to the fundamental absorption edge of silicon (λ ≈ 0.9–1.1 μm), where silicon becomes partially transparent, enabling transmission-mode imaging. Near-infrared images of nickel-doped silicon samples were obtained using the developed setup. It is shown that dark contrast regions are observed exclusively in nickel-doped samples, whereas such features are absent in undoped silicon, indicating their relation to the presence of nickel-containing impurity clusters and accompanying lattice defects. The characteristic sizes of the observed regions are on the order of several tens of micrometers, which is in qualitative agreement with literature data. The proposed near-infrared transmission system provides a simple, low-cost, and effective tool for qualitative diagnostics of silicon materials contaminated with metallic impurities and can be applied in micro- and nanoelectronics, as well as in educational and research laboratories.
INTRODUCTION
The interaction of silicon atoms with dopant and uncontrolled impurity atoms, as well as with intrinsic point defects, leads to the formation of various impurity–defect clusters [1-4]. In nickel-doped silicon, such clusters determine the thermal stability of electrical parameters and their evolution under external influences, including γ-irradiation. Similar clustering effects are observed for other impurity atoms such as Ga, Sb, Mn, Ge, Zn, and S, which form complex defect structures and binary compounds in the silicon lattice [5–12].
Magnetic and transport anomalies caused by transition-metal impurities in silicon have been reported for Mn-, Ge-doped, and mixed GexSi1−x - based systems [5–11]. The mechanisms of binary compound formation between Zn and S impurity atoms [12] and the technological control of multilayer silicon systems with binary nanoclusters involving Group III and V elements [13] further confirm the key role of impurity clustering.
Modification of the electronic structure of silicon due to impurity compounds was demonstrated for GaSb inclusions [14], while impurity transport processes such as electrodiffusion of manganese [15], redistribution of Mn and Cr [17], and surface segregation in Ga- and Sb-doped silicon [18] significantly affect the spatial distribution of electrically active centers. The effective charge states of Mn and Ni atoms under an external electric field were experimentally determined in Ref. [16].
A fundamental difference in the behavior of nickel in Czochralski-grown and float-zone silicon was established in Ref. [19]. In Cz-Si, the higher apparent Ni concentration is associated with the formation of Ni–P and Ni–P–O complexes promoted by oxygen, which acts as an efficient nucleation center for nickel precipitation.
Thus, numerous studies [1–19] indicate that nickel atoms in silicon actively participate in impurity–defect complex formation and clustering processes that significantly affect the electrical, magnetic, and optical properties of the material. However, direct visualization of such clusters in bulk silicon remains limited. This motivates the development of simple and accessible optical methods, including the near-infrared transmission microscopy approach applied in the present work.
In Ref. [20], the mechanisms of gettering and segregation of Ni atoms in p/p⁺ epitaxial wafers were investigated. It was demonstrated that the cluster size decreases with decreasing resistivity of the p⁺ substrates (Fig. 1). The formation of Ni atom clusters in the epitaxial layers is governed by the segregation effect at the p/p⁺ junction.
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	FIGURE 1. Optical micrographs of etch pits formed by nickel clusters on the surface of silicon wafers.



It was established that after quenching to room temperature, Ni atoms precipitate inside the crystal, forming clusters with a diameter of about 10 μm. With increasing annealing temperature, the cluster size increases.
Investigation of Ni clusters in Cz-Si by infrared (IR) transmission microscopy [21] revealed the presence of hexagonal precipitates (Fig. 2). The diameter of large hexagons is about 30 μm. Such structures are not observed in Fz-Si crystals, which indicates the role of oxygen as an impurity involved in dislocation pinning.
Ni clusters are formed both during diffusion and subsequent thermal treatment; however, they do not have a significant effect on the electrical parameters of silicon. The concentration, size, and composition of the clusters are determined by the annealing temperature, the overall Ni concentration, and the cooling rate.
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	FIGURE 2. Infrared image of hexagonal nickel clusters with a size of 30 μm.
	FIGURE 3. Infrared transmission image of Si samples.



Studies performed by IR microscopy [22] have shown that Ni atoms in the Si lattice form clusters as a result of self-organization. Thermal treatment in the temperature range of 650–900 °C leads to changes in the concentration and size of the clusters, as well as to the formation of loop-shaped block structures (Fig. 3).
	[image: ]
	


	a
	b

	FIGURE 4. (a) Infrared image of nickel-doped Si samples, (b) dependence of the cluster concentration on the diffusion annealing temperature.



The cluster concentration varies with time in accordance with a dissociative mechanism. The diffusion and annealing processes are accelerated due to the precipitation of nickel in the bulk. It was noted in Ref. [23] that the spots observed in the IR images of Si samples are associated with the precipitation of Ni atoms, since they are absent in the reference samples (Fig. 4). The cluster diameter typically ranges from 1 to 3 μm, and their concentration is on the order of 10⁶–10⁷ cm⁻³.
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	FIGURE 5. Micrograph of amorphous silicon implanted with Ni atoms.
	FIGURE 6. Three-dimensional image of the surface of the n-Si⟨P, Ni⟩ sample.



Ref. [24] reported the formation of Ni clusters in thin films of amorphous Si implanted with nickel. Upon annealing, Ni clusters with sizes of less than 1 μm are formed (Fig. 5).
Ni clusters on the silicon surface contain significant amounts of oxygen and recombination impurities (Cu, Fe, Cr) [1,13]. However, no inter-impurity interaction is observed during the simultaneous diffusion doping of Si with Mn and Ni atoms [5,6]. Ni clusters exhibit an anomalously high diffusion mobility (D ≈ 10⁻⁹ cm²/s at T = 800 °C) [22].
Ni atoms can be used as getters for the removal of gold sample from Si and also reduce the oxygen concentration in Si and Ge. The introduction of Ni into Si leads to the appearance of negative magnetoresistance (up to 10%) and to a decrease in resistivity at low temperatures [26]. These effects are explained by the formation of magnetic clusters of impurity atoms.
The size and shape of the clusters determine their structure (monolayer or multilayer) [25-30]. Under hydrostatic pressure in the range of P = 10⁸–1.6 × 10⁹ Pa, the destruction of Ni clusters occurs, which leads to an increase in the resistivity of the samples.
Deep levels are observed in Si samples [28]. Their concentration depends on the quenching conditions after diffusion. It is assumed that the electrically active levels are formed by Ni–V complexes and depend on the configuration of Ni atoms in the lattice. During slow cooling, Ni atoms have sufficient time to migrate to dislocations, forming electrically inactive clusters. With increasing diffusion temperature, the concentration of these levels, for example EV+0.152 eV, decreases, which is explained by their clustering.
Studies show that Ni atoms form impurity–defect formations of a star-like shape (Fig. 6), with sizes reaching 10–40 μm. At the same time, the minority carrier lifetime (τ) increases with increasing cluster concentration [25].
The literature review indicates that the study of nickel clusters in silicon is a relevant and important research problem. One of the accessible and effective methods for such investigations is infrared microscopy.
EXPERIMENTAL RESEARCH
To visualize defect regions and impurity atom clusters in silicon, a transmission optical scheme in the near-infrared spectral range was implemented using a digital USB microscope of the 1600X type.
The physical principle of the method is based on the fact that silicon is opaque in the visible wavelength range (λ<0.7 μm) and becomes partially transparent in the near-infrared region near the band-gap edge (λ≈0.9–1.1 μm). In this spectral range, the absorption coefficient of silicon decreases sharply, which makes it possible to implement transmission-mode imaging of the sample and to form an image due to the transmitted radiation.
The optical scheme of the setup (Fig. 7), placed in a metal housing (1), includes a continuous radiation source—a tungsten incandescent lamp (2), which forms a broad spectrum containing visible and near-infrared components (7). The radiation is focused onto the investigated silicon sample using a convex lens (3). To suppress the visible part of the spectrum, a silicon filter (5) was used in the optical path; it effectively absorbs radiation in the visible range and partially transmits near-infrared radiation (8). The sample is mounted on a substrate (4) with a circular aperture.
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	FIGURE 7. Schematic diagram of the setup for registering infrared radiation from nickel atoms. The beam (7) containing IR spectral components is incident on the silicon sample (5). The transmitted beam (8) passing through the silicon (5) is detected by the sensor of the digital microscope (9).



The radiation transmitted through the sample is detected by the CMOS sensor (9) of the digital microscope (6). The microscope sensor has a spectral sensitivity in the range of 0.35–1.0 μm, which corresponds to the near-infrared region close to the fundamental absorption edge of silicon. The image contrast is formed due to local variations in the absorption coefficient associated with the presence of impurity atom clusters, crystal lattice defects, and structural inhomogeneities.
The digital microscope is connected to a personal computer via a USB interface. Image acquisition and processing were performed using the HiView software, which provides real-time capture of static images and video recording (Fig. 8).
A standard calibration film with linear and grid reference structures (Fig. 9) was used for spatial scale calibration. This made it possible to measure the characteristic dimensions of the observed defect regions and impurity atom clusters.
Before the measurements, the silicon samples were subjected to mechanical treatment. The surface was ground and subsequently polished using a special abrasive paste to eliminate surface damage and to ensure optical uniformity (Fig. 10). Control measurements were also performed on undoped silicon samples.
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	FIGURE 8. HiView software interface.


It should be noted that the developed setup operates in the near-infrared transmission microscopy mode in the wavelength region adjacent to the band-gap edge of silicon. The used system does not belong to classical mid- and far-infrared microscopes; however, it provides sufficient optical contrast for high-quality visualization of defect regions and impurity atom clusters in silicon.
RESULTS
During the operation of the setup, a dedicated software package HiView was used for image acquisition and analysis (Fig. 8). The system is also equipped with a calibration film containing lines of various thicknesses, grids, circles, and scales for measuring small regions of the image.
The calibration film (Fig. 9) includes:
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	FIGURE 9. Reference standards for calibration and measurement of image dimensions.
 a) a line with a thickness of 30 μm; b) circles with diameters of 100 and 200 μm; 
c) a grid with a cell size of 100 μm; d) a scale with a division of 500 μm.


Using the developed setup, near-infrared images of silicon doped with nickel atoms were obtained. To acquire high-quality data, the samples were preliminarily polished by a mechanical method using a special polishing paste. Figure 10(a) shows the samples after grinding (before polishing), while Fig. 10(b) shows the samples after polishing. Undoped silicon samples were also examined for reference.
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	FIGURE 10. Images of silicon samples before (a) and after (b) polishing.


In the near-infrared images of nickel-doped silicon, dark regions are observed, whereas such features are absent in the undoped samples. This allows concluding that the dark areas are associated with nickel-containing compounds. (Fig. 11). The obtained results are in good agreement with the data acquired using other types of infrared microscopes.
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	FIGURE 11. Near-infrared images of silicon: (a) undoped; (b) nickel-doped.



CONCLUSIONS
In this work, a transmission optical system operating in the near-infrared range based on a digital USB microscope of the 1600X type was implemented and experimentally tested for the visualization of defect regions and impurity atom clusters in silicon.
It is shown that near the fundamental absorption edge of silicon (λ≈0.9–1.1 μm), the registration of transmitted radiation and the formation of contrast become possible due to local variations in the absorption coefficient. In this spectral range, the dark regions observed in the images of nickel-doped silicon are associated with the presence of impurity atoms and accompanying crystal lattice defects.
It was established that pronounced dark regions are absent in the images of undoped silicon samples, whereas stable contrast inhomogeneities characteristic of impurity clusters are observed in nickel-doped samples. The characteristic sizes of the observed regions are in the range of several tens of micrometers and are in good qualitative agreement with the literature data.
The developed near-infrared transmission system provides stable visualization of the spatial distribution of impurity atom clusters and can be used for qualitative diagnostics of silicon materials contaminated with metallic impurities. The advantages of the proposed approach include its simplicity of implementation, the availability of its components, and the possibility of rapidly acquiring visual information on structural inhomogeneities.
It should be noted that the results obtained in this work are predominantly qualitative. Further targeted studies are required for the quantitative determination of cluster concentrations, construction of statistical size distributions, and establishment of correlations with the electrophysical parameters of silicon.
The proposed method can be applied for preliminary diagnostics of silicon wafers for micro- and nanoelectronics, for monitoring technological cleanliness, as well as in educational and research laboratories for studying the processes of impurity atom clustering in semiconductors.
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