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Silicon (Si) films were obtained through aluminothermic reduction of the quartz (SiO2) substrates, where the surface of the quartz in contact with the deposited aluminum (Al) layer has been converted to film Si during high-temperature annealing following reduction reaction. X-ray diffraction (XRD) patterns and Raman spectra show dominating peaks corresponding to elemental Si in the obtained films. Energy dispersive spectroscopy (EDS), as well as XRD of the obtained Si layer, suggests that reduction products consist of mainly elemental Si mixed with oxides of Al-related phases. Both the higher reaction temperature and high initial Al-content (larger thickness of Al film in Al/SiO2 structure), studied in this paper, were found in favor of obtaining higher contents of Si in the obtained films. Thus, crystallinity and quality of the obtained Si-layer improve with the increase of both reduction temperature as well as thickness of the Al layer, as confirmed by XRD and Raman spectra. The aluminothermic reduction mechanism has been discussed using XRD as well as a ternary phase diagram of the constituent elements, obtained from EDS data. Crystalline nature (nanocrystal to microcrystal to polycrystal) and the crystalline quality of the obtained Si layers were found to be affected by the thickness of the deposited Al layer on SiO2 substrates.
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INTRODUCTION
Silicon (Si) is the second most abundant element in the earth’s crust, found mainly in the form of silica (SiO2). Thus, Si becomes the most used semiconductor material that contributes to various fields ranging from large-scale to micro-electronics including photovoltaics, energy storage devices, photonics, bioelectronics, etc. (Birner et al., 2001; Teki et al., 2009; Rockett, 2010; Han et al., 2011; Yamaguchi et al., 2018). However, the application of Si largely depends on its crystalline nature which varies from nanocrystalline silicon (nc-Si) to polycrystalline silicon (poly-Si) to bulk crystals. Due to its relatively larger bandgap and strong luminescent properties in the visible range, nc-Si is used in the field of microelectronics, energy conversion devices (Gribov et al., 2017), anodic materials in Li-ion batteries (Green et al., 2003), sensors, light-emitting devices, catalytic materials (De La Torre et al., 2003; Gonzalez and Veinot, 2016; Potemkin et al., 2018), etc. While poly-Si and single-crystalline bulk silicon are widely used in photovoltaics, and various fields of electronics.
In general, silicon oxides such as silica and silicates are commonly utilized to prepare Si materials via a high-temperature reduction process.
The reduction reaction of any oxides to produce free metal is decided by the Gibbs free energy (ΔG) of a reaction, which is a measure of the thermodynamic driving force to make a reaction to occur. A given metal can reduce the oxides of all other metals when the reduction reaction is associated with a negative value of ΔG. The more the negative value, the more spontaneous the reaction is. An Ellingham diagram is a plot of ΔG of metal oxidation reaction versus temperature. It shows the temperature dependence of the stability of metal oxides (Ellingham, 1944). According to Ellingham diagram, solid carbon can work as a reducing agent for most of the metal oxides at very high temperature. Thus, for commercial applications, currently, high-purity Si is obtained through the carbothermic reduction of SiO2 at ∼ 2000°C (Zulehner et al., 1995). The carbothermic reduction process, which uses solid carbon or coke as a reducing agent and is involved with multiple steps, leads to significant energy consumption along with a considerable amount of carbon-dioxide emissions, thus eventually poses great concerns to the environment. In addition, for specific applications, poly-Si is obtained through the crystallization of amorphous Si using various technology, e.g., solid-phase crystallization (SPC), laser-induced crystallization (LIC), and aluminum (Al) induced crystallization, etc (Matsuyama et al., 1996; Gall et al., 2002; Huang et al., 2013). On the other hand, nc-Si has been obtained through recrystallization of amorphous Si, or direct deposition of nc-Si using various complex methods including plasma-enhanced chemical vapor deposition (CVD), hot wire CVD, glow-discharge CVD, sputtering, etc. (Goncalves et al., 2002; Funde et al., 2008). According to the Ellingham diagram, other than carbon, several other materials, such as lithium (Li), calcium (Ca), magnesium (Mg), and aluminum (Al), etc. Can be used as reductant metals to reduce SiO2 and liberate elemental Si by removing O2 (Ellingham, 1944). Several researchers have already reported the magnesiothermic reduction of SiO2 at a temperature as low as around the melting temperature of magnesium (Entwistle et al., 2018; Tan et al., 2021). Mg is supposed to be a better reductant compared to Al, since Gibbs’s free energy for the reaction with Mg and SiO2 is more negative compared to that of the reaction between Al and SiO2 (Ellingham, 1944). However, Al is lower in price compared to Mg. In addition, Al based oxides and composite materials have got huge interests in the metallurgical and commercial application, which attracted many researchers to study on the aluminothermic reduction of various metal oxides. More specifically, the aluminothermic reduction of silica (SiO2) has been used since the early 19th century, although those study mainly focused on the production of Al-based ferroalloys, composite materials of Al with Si, etc. (Alcock, 1961; Loehman et al., 1996; Saiz et al., 1999; Deqing and Ziyuan, 2001). The reduction was mainly done through the liquid-liquid reaction of Al and SiO2 at high-temperature furnace above melting temperature of SiO2 (Standage and Gani, 1967; Prabriputaloong and Piggott, 1973a; Prabriputaloong and Piggott, 1973b).
According to the Ellingham diagram, aluminum should be thermodynamically feasible to reduce silica to make elemental silicon at a temperature as low as 650°C, with free Gibbs energy of −180 kJ (Lynch, 2009). Thus, the reaction is thermodynamically spontaneous and highly exothermic. This value of Gibbs energy is considerably more negative compared to those in the Siemens process. Brondyke et al. first studied the effect of molten aluminum on silica refractories and formulated the chemical reaction between them as follows (Brondyke, 1953):
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Very recently, researchers have been considering the aluminothermic reduction method to produce Si from SiO2, mainly for use in the field of energy storage devices, e.g., as anode materials in secondary ion batteries. As a source of silicon, commercial quartz powder (SiO2), waste glasses, and also rice husk have been reported (Radwan et al., 2005; Okutani, 2009; Lin et al., 2015; Zhou et al., 2016; Nuruddin et al., 2020). All of the reported works, so far, have focused on the powder metallurgical route to produce Si powder through this method. Apart from typical application in energy devices, the direct formation of Si film on the quartz (SiO2) substrates might contribute to the field of Si on insulators (SOI), Si/SiO2 superlattice, photonic crystals, etc. (Pavesi, 2003; Okamoto, 2012). Although magnesiothermic reduction of quartz or silica substrates has been reported to produce Si thin film (Wong et al., 2012; Ma et al., 2016; Tsuboi et al., 2017), works on the formation of Si thin film on quartz substrate through aluminothermic reduction of quartz have been lacking. For example, Prabriputaloong and Piggott et al. (Prabriputaloong and Piggott, 1973b) studied aluminothermic reduction of SiO2 plates, however thickness of Al layer on SiO2 was limited up to 100 nm. The obtained layer was studied using electron diffraction. Nguyen et al. also reported aluminothermic reduction of mesoporous silica films templated by cellulose nanocrystals, although the study focused on to improve the hardness of mesoporous silica, rather than to obtain pure Si-films (Nguyen et al., 2016). Nevertheless, detail elemental compositions of obtained layers, and reduction mechanism in terms of phase diagram were not properly understood yet. In this study, we have investigated the formation of Si thin films on quartz substrates based on aluminothermic reduction process. Here, deposited Al layer on the quartz-substrate converts the adjacent surface of the substrates to the elemental Si making Si/SiO2 structures. To understand the aluminothermic reduction mechanism in relation to the quality of the obtained Si, Al/SiO2 structure with various thickness of Al layer (different initial Al content) was used during the reduction process. In addition, the reduction temperature was varied to perform the reduction reaction at the solid-state or solid-Al liquid condition to understand the reduction mechanism and also to control and optimize the reduction products. Finally, the structural and optical properties were studied in relation to the reduction parameters.
MATERIALS AND METHODS
Al thin films were deposited on quartz (SiO2) substrates using RF magnetron sputtering in the Ar atmosphere at a pressure of 0.26 Pa. An Al-target with a purity of 99.999% was used as a source of Al during the sputtering. Sputtering was performed at room temperature (RT) with radio frequency (RF) power for the sputtering set at 50 W. To investigate the effect of starting Al-content on the formation of Si-films through reduction of the quartz substrates, Al-films with various thicknesses ranging from 1 to 4 µm were deposited on quartz substrates making several Al/SiO2 structures. The Al/SiO2 structures were then transferred to a thermal annealing system, where it was annealed at 650–700°C for 4-h in the vacuum with a pressure of 5.0 × 10–4 Pa. The high temperature annealing initiates the aluminothermic reduction process according to Eq. (1), where deposited Al layer plays the role of reductant and the surface of the quartz substrates reduced to become Si-film. The amount of the Al content in the thin films is assumed to be small enough to be consumed completely during the long reduction process and contribute to the formation of Si layer by liberating the O2 from the quartz surface. In addition, to study the effect of reduction temperature, we have used two different temperatures, namely 650 and 700 C during the annealing of the Al/SiO2 structures. The melting temperature of Al is ∼660°C (Tiryakioğlu, 2018). Thus, annealing of Al/quartz (SiO2) structure at 650°C allows the aluminothermic reduction of quartz substrates, i.e., the reaction between Al and SiO2 to occur at solid-state conditions. On the other hand, annealing of Al/SiO2 structure at 700°C allows the reduction reaction to occur at liquid-solid conditions, where liquid Al reacts with solid SiO2. Later, structural properties and elemental composition of the obtained Si-films on quartz substrates were characterized by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), attached to the SEM system. EDS was performed at the acceleration voltage of 15 kV, which roughly corresponds to the depth of few hundred nm below the surface of the films. Crystal properties of the Si films were studied using X-ray diffraction (XRD) technique. XRD was taken at θ-2θ mode in the range of 10°–90° (SmartLab, Rigaku) using Cu-Kα (α = 1.541,837 Å) radiation operated at 40 kV and 30 mA. Optical properties were investigated using Raman spectroscopy. An Nd: YAG laser line with a wavelength of 532 nm and having a focus size of several μm was used for the Raman measurement. All the characterizations of obtained Si-films were performed at RT. A schematic diagram of the aluminothermic reduction process, along with cross sectional view of a sample before and after reduction (i.e., annealing) has been shown in Figure 1.
[image: Figure 1]FIGURE 1 | A schematic diagram of the aluminothermic reduction process. The left panel shows the reduction process. Right SEM images show cross-sectional viewes of a representative sample with an 830 nm-thick Al layer deposited with the sputtering technique. The top SEM image shows Al/SiO2 structure before annealing. The bottom SEM image shows the same sample after annealing at 700°C for 4 h. As the film was heated to 700°C, the Al diffused into the SiO2 substrates following the aluminothermic reduction reaction (Eq. 1) and make the Si layer after liberating O2. After reduction, a 530 nm thick Si layer appears to be formed which might be mixed with some oxides of Al. The detailed reduction mechanism has been discussed in the main text.
RESULTS AND DISCUSSION
Structural and crystal properties
To confirm the formation of the Si layer through direct aluminothermic reduction of quartz substrates, we have performed the XRD on annealed Al/quartz structure. To compare the aluminothermic reduction at solid-state and at solid-Al liquid conditions, we have performed the annealing (i.e., performing aluminothermic reduction) of the Al/quartz structure at high temperatures of 650°C and 700°C. Shown in Figure 2 is the XRD pattern of the Si-layer, obtained through aluminothermic reduction of the Al/quartz structure, where the thickness of the sputtered Al film in the structure is set at 4 µm. The XRD pattern of a crystalline Si has also been plotted in the same figure as a reference (ICDD standard: 00-027-1402). As seen from the figure, the positions of the dominant peaks in the annealed samples are in agreement with the peaks from the reference crystalline Si. It confirms that the surface of the quartz substrates turns to become a Si layer through aluminothermic reduction of the quartz (i.e., SiO2) after annealing at high temperatures. At the reflection angle, 2θ ∼ 22° a broad peak which corresponds to the amorphous SiO2, presumably comes from the quartz substrates, has been observed in all the samples. Peaks around 2θ = 28.53°, 47.5°, and 56.1° correspond to (111), (220), and 311) crystal planes of diamond structured Si, respectively. Furthermore, some additional peaks were seen in the XRD pattern of the obtained silicon layers. Particularly reflection peaks at 2θ ∼ 37.7° and 46° can be attributed to the Al2.67O4 phases (γ-alumina) (Zhou and Snyder, 1990), and a peak at 2θ ∼ 38.36° can be attributed to the elemental Al, and plausibly originating from unreacted Al during the reduction process (Popović et al., 1992).
[image: Figure 2]FIGURE 2 | XRD patterns taken at the θ-2θ mode of the Si-layers obtained through aluminothermic reduction of quartz (SiO2) substrates at two different annealing (reaction) temperatures (650°C and 700°C).
As seen from the figure, the intensity of Si (111) peaks increases when the annealing temperature was increased from 650°C to 700°C. Also, at higher annealing temperatures, there is a significant reduction of the unreacted Al peak (2θ ∼ 38.36°) and γ-alumina (2θ ∼ 37.7° and 46°). At first, the formation of the Si layer at an annealing temperature of 650°C suggests that aluminothermic reduction occurs at solid-state conditions before the melting temperature of the Al around 660°C. As we will discuss in the next section, the atomic percent (at%) of elemental Si increased with an increase in the reaction temperature, while at the same time at% of Al and O reduced. Thus, a higher annealing temperature seems to be favorable for the completion of the reaction through the aluminothermic reduction to transform the SiO2 into elemental Si. Thus, more Al is consumed at higher temperatures to produce Si with a higher yield.
Later, we have considered the XRD pattern of several Si layers obtained at the reduction temperature of 700°C for 4 h, where thickness of the deposited Al layers on quartz substrates was varied from 1 to 4 µm. XRD pattern of a Si sample, reduced with a very thin Al layer of 90-nm thickness was also plotted in the same figure for comparison (Figure 3) As shown in the figure, the sample deposited with 90-nm thick Al film does not show any XRD peaks related to the Si-phase, plausibly due to the formation of a very thin layer of Si, while XRD peaks of all the other samples show dominant peaks correspond to the various reflection planes of Si-phase. As seen from the figure, in general, the intensity of the Si (111) peak increases with the increase of the Al film thickness. It suggests that the amount of obtained Si, i.e., the thickness of the obtained Si layer might depend on the initial thickness (i.e., initial content) of the sputtered Al films on the quartz substrates, and the thickness of the obtained Si layers get increased with an increase of the thickness of Al films. In addition to the Si-related peaks, the intensity of peaks related to the oxides of Al was also found to be increased with an increase in the Al-film thickness.
[image: Figure 3]FIGURE 3 | XRD patterns taken at the θ-2θ mode of the Si-layers obtained through aluminothermic reduction of quartz substrates at the annealing temperature of 700°, and with various thicknesses of the Al-film at Al/quartz structure (thicness of Al films from 90 nm to 4 μm).
It is to be mentioned that the dominant (111) peaks in XRD of obtained Si layer shows slight right shift comparing to the reference Si peak at 2θ = 28.43°. For example, Gaussian fitting of the (111) peak of the sample with 1 µm Al layer shows peak position at 2θ = 28.54°, while peak shift reduced to 2θ = 28.53° when thickness of Al layer was increased to 4 µm. To investigate the peak shift, we have calculated lattice parameter of each sample from (111) peak position. The lattice parameter for the samples was estimated around 0.541 nm, which is slightly smaller than that of reference Si (0.543 nm). Thus, peak shift to the higher angle can primarily be attributed to the lattice contraction in obtained Si layers comparing to the bulk Si. In addition, to investigate the effect of any inhomogeneous lattice strain in Si layers on the peak shift, we have calculated the macrostrain (ε) of the films from the broadening of (111) diffraction peak following the equation (Kumar and Rao, 2013),
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Here, β is the broadening or full width at half the maximum (radians) of the X-ray diffraction peak obtained from Gaussian fitting of the (111) peak, and θ is the Bragg diffraction angle (in degree). The value of Microstarin was found as ε = 6.9 × 10–3 radian for the Si layer obtained with 1 µm thick Al layer, while strain slightly reduced to ε = 6.2 × 10–3 radian when thickness of Al layer increased to 4 µm. Thus, both the lattice contraction and microstrain in the obtained Si films are responsible for XRD peak shift to higher angle observed in this study. Later, we considered the (111) peak to evaluate the grain size and crystallinity of the obtained Si layer. The crystallite sizes of the obtained Si were calculated from the broadening (FWHM) of the (111) peak using Scherrer’s equation (Patterson, 1939),
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Here, D represents the average size of the crystallites or coherently ordered crystalline domain (nm) in the Si-films, λ is the wavelength of the CuKα1 radiation with the value of 1.54056 Å, which has been used for the XRD measurement. K is considered a constant, which is related to crystallite shape, usually taken as 0.94 for the cubic structure. The calculated results of the crystalline size using the fitting parameters were found in the range of 21–24 nm. It is worth mentioning that Scherrer’s formula roughly estimates the average of the lower limit of the crystallite size, which may be smaller or equal to the grain size or particle size, thus may not directly correspond to the grain size measured by different methods. In addition, Gaussian fitting of the (111) peaks shows that in general, FWHM decreases with an increase of the Al thickness (not shown). Thus, higher intensity and lower FWHM of (111) peak, along with slightly reduced lattice contraction and smaller value of microstrain in the Si-films obtained with increased Al thickness suggests that crystallinity of the obtained Si-films increases with an increase of the initial Al contents available for the reduction.
Elemental composition
Later, to study the elemental composition of the Si-layers obtained through aluminothermic reduction of quartz, and also to understand the reduction mechanism, we performed EDS measurements of the two samples with the thickness of deposited Al-films 1 and 4 μm, respectively. In addition, to understand the effect of reaction temperature, we have investigated EDS mapping of the samples through aluminothermic reduction done at 650°C and 700°C. Shown in Figure 4 is the EDS mapping of the normalized elemental composition of the two samples, obtained through aluminothermic reduction at a temperature of 650°C for 4 h. Top Figures 4A–D and bottom panel Figures 4E–H show the elemental composition of the Si-layers, obtained with the thickness of Al film 1 and 4 μm, respectively. As is consistent with the XRD pattern, the observation of the elemental Si (Figures 4D–H) at a temperature of 650°C suggests that the reduction of quartz (SiO2) through Al starts at solid-state conditions, before the melting temperature of Al. Shown in Figure 5 is the EDS mapping of the normalized elemental composition of a similar set of samples, obtained through aluminothermic reduction at a high temperature of 700 °C for 4 h, i.e., reaction at solid quartz-liquid Al condition. The top and bottom panel of Figure 5 show the elemental composition of the Si-layers obtained with Al-films having thicknesses of 1 and 4 μm, respectively. As shown in SEM images and EDS mapping of both figures (Figure 4 and Figure 5), the brighter region of the SEM images is corresponding to the formation of elemental Si in the obtained layer. Thus, it is apparent from figures that the distribution of the Si as well as morphology of the obtained films may not be homogeneous on the surface of the films. Si appears to have consisted of droplets or cluster of Si crystals; and these Si-droplets or Si-clusters become larger and more homogeneous with an increase in the thickness of the initial Al layer. In addition, the brighter region in SEM images, i.e., the quantity of the obtained elemental Si seems to be higher for the films annealed at a higher temperature of 700°C, when the reaction starts at the solid-liquid Al interface. Thus, both initial Al-content and reaction-temperature play roles in the final yield of the Si, obtained through the aluminothermic reduction process.
[image: Figure 4]FIGURE 4 | EDS mapping of the normalized composition of elemental Si, O, and Al in the Si-layers obtained through aluminothermic reduction of quartz substrates at the annealing temperature of 650°C. Top (A–D) and bottom panel (E–H) show the mapping of elemental composition for Si-layers, obtained with the thickness of Al-films 1 and 4 μm, respectively.
[image: Figure 5]FIGURE 5 | EDS mapping of the normalized composition of elemental Si, O, and Al in the Si-layers obtained through aluminothermic reduction of quartz substrates at the annealing temperature of 700°C. Top (A–D) and bottom panel (E–H) show the mapping of elemental composition for Si-layers, obtained with the thickness of Al-films 1 and 4 μm, respectively.
To get a quantitative idea about the elemental composition, we have plotted in Figure 6 the compositional data obtained from the brighter region (e.g., circled area, A in all SEM images of Figure 4 and Figure 5) of the samples, where the at % of Si has been found as maximum. As shown in the figure, with an increase of the Al layer thickness from 1 to 4 μm, the elemental composition of Si increases from 59.6 at. % to 72.5 at. % in case of annealing at 700°c. It should be mentioned that since annealed samples were not treated with acid or alkali to remove any unreacted Al or oxide phases, which might form after high-temperature annealing, both samples contain elemental Al and O to a certain level, as is consistent with the observation from XRD patterns in Figures 2, 3. Thus, Al content was found as 10 at% and 14.9 at % for the samples with initial Al-layer thickness of 1 and 4 μm, respectively. On the other hand, elemental O content was found as 30.4 at % and 12.5 at % for the samples with Al layer thickness set as 1 and 4 μm, respectively. It should be noted that Si is very reactive to ambient O2, which may oxidize the obtained Si layer and contribute to the total content of O at% obtained from EDS.
[image: Figure 6]FIGURE 6 | Compositional data (in wt%) of elemental Si, Al, and O in the Si-layers obtained from the brighter region (e.g., circled area, A in all SEM images of Figure 4 and Figure 5).
In addition, reduction temperature (i.e., annealing temperature) seems to play a vital role during the reduction process of SiO2 in transforming SiO2 to Si. As can be seen from the figure, with an increase in the reaction temperature from 650°C to 700°C, there is a significant improvement in the yield of the elemental Si in both samples. When the reduction condition was changed from all-solid-state (650°C) to solid-liquid state (700°C), the amount of Si increased from 31 at% to 59.6 at % for the film with an initial Al layer of 1 µm-thickness, while Si-content increased from 37.9 to 72.5 at % for the sample with an initial Al layer thickness of 4 µm. The increment of the Si amount at increased temperature is consistent with our XRD data where the intensity of the Si peaks was found to increase at the increased annealing temperature. In fact, it has been reported that aluminothermic reduction of quartz glass and aluminum powder at a temperature of 1260°C yielded 91%, while reduction for the same time but at an increased temperature of 1300°C yielded practically close to 100% of silicon (Lavrov et al., 2015; Shevko et al., 2018). Yoshikawa et al. studied the aluminothermic reduction kinetics of soda-lime glass beads using aluminum scrap (Yoshikawa et al., 2006). It has been reported in their studies that the reaction rate at 700°C is proportional to the square root of the reaction time, and the reaction rate increases when the reaction temperature increases (Yoshikawa et al., 2006). Thus, the conversion efficiency of Si from SiO2 is increased at the higher temperature of 700°C as can be seen from quantitative EDS data. It roughly suggests that reaction temperature should be optimized to improve the amount of the obtained Si in the films, and a higher reaction temperature even above 700°C may be useful to improve the crystallinity of the obtained Si-film.
Later, to discuss the inhomogeneity in EDS mapping, we have analyzed the elemental composition of various spots of the sample with starting Al-layer thickness of 4 µm and annealed at 700°C. Shown in Figure 7 is the elemental composition of the spot-A (bright-region), and spot- B (gray-region), of the similar sample shown in Figure 5E. It has been apparent from the figure that a brighter spot with higher Si contents (72.5 at %) (spot-A) is surrounded by a gray region (spot-B) with a relatively lower amount of Si (30.7 at %) and a higher amount of Al (34.2 at %) and O (34.9 at %). The eutectic reaction of Al and Si occurs at 12.6 wt% Si at a temperature of 577 ± 1°C with a maximum solubility of Si as 1.65 wt% (Murray and McAlister, 1984). However, XRD in Figures 2, 3 do not show any distinct peaks related to Al-Si except a plausible peak at 2θ ∼ 38.36° from Al0.988Si0.012 phase at an overlapping location of elemental Al (Senoo et al., 1976; Popović et al., 1992). Moreover, peaks from elemental Si are dominant in both XRD patterns. It roughly suggests that the composition of the gray spots mainly originated from oxides of Al. It has been discussed in the literature that reaction between Al and SiO2 at higher temperature is thermodynamically favorable for the formation of Si along with Al2O3 as final products, although mullite (3Al2O3. 2SiO2) or any other aluminosilicate may form in the intermediate stage of reaction before transforming to Al2O3 (Deqing and Ziyuan, 2001). Bachrach and Bauer et al. investigated the reaction between thin layers of aluminum and silicon dioxide (Bachrach and Bauer, 1979). Their results suggested that an intermediate oxidation state of aluminum was formed initially, followed by the formation of Al2O3 along with the formation of elemental Si. In addition, Dequing et al. (Deqing and Ziyuan, 2001) studied the aluminothermic reduction of SiO2 from a mixture of Al and SiO2 powder, while Nguyen et al. (Nguyen et al., 2016) investigated the aluminothermic reduction of photonic chiral nematic mesoporous silica through high-temperature annealing of Al-foil pieces wrapped around SiO2 slabs in a tube furnace. In both studies, the authors confirmed that the reduction mechanism of SiO2 occurs only at the contact area of Al and SiO2, and SiO2 was transferred to Si or Al2O3/Si composites. Saiz et al. explained that the formation of Si through the reduction of SiO2 by Al at high temperatures is primarily initiated through reactive penetration of Al to the SiO2 matrix starting at the interface of Al/SiO2 (Saiz et al., 1999). Thus, due to the larger affinity of Al towards oxygen compared to Si, the layer of SiO2 in touch with Al reacts with diffused Al to make a thin layer of Al2O3. Depending on the reaction temperature, the formation of Al2O3 might be associated with an intermediate stage of mullite formation. Thus, after the formation of Al2O3 with the O2 from the SiO2 matrix, liberated Si is transferred (diffused) into the Al-melt and upon solidification, precipitates as eutectic or primary crystals on the surface. Thus, although reduction occurs in solid-state at a temperature of 650°C making a thin layer of Al2O3, at the increased temperature of 700°C, both the penetration rate as well as the diffusion (assumably grain boundary diffusion) capability of the subsequent Al through the formed Al2O3 layer to the SiO2 matrix is increased. In addition, the lower thickness of Al (low content) limited the diffusion distance of Al and limit the reaction, while the increased thickness of the Al layer promotes rapid heating and increased reaction rate along with a higher probability of Al diffusion into the SiO2 matrix, thereby increasing the yield of obtained Si (Feng, 1994). Thus, in our study, as the sputtered Al layer has been in contact with the SiO2 substrates, the reduction reaction has been assumed to be uniform over the entire contact area at Al/SiO2 interface. Nevertheless, EDS mapping suggests that the content of the Si is not uniform in the obtained Si-layer. It has been reported that formed Al2O3 in the SiO2/Al2O3/Al structure is porous in nature (Roberts and Dobson, 1981), especially η or γ- Al2O3 are associated with a tetragonally deformed spinel lattice (Sun et al., 2006). Thus, Al diffusion (Al ion migration) routes through open structured Al2O3 to the SiO2 matrix in various spots of the sample might decide the homogeneities of the final elemental Si-yield at the surface of a similar sample.
[image: Figure 7]FIGURE 7 | Compositional data (in wt%) of elemental Si, Al, and O of the two different locations: spot-A (bright-region) and spot-B (gray-region) of the Si-layer [circled area, A and B, respectively in Figure 5E obtained at annealing temperature of 700 °C with initial Al-layer thickness of 4 µm.
Finally, to understand more about the reduction mechanism of SiO2 to Si through aluminothermic reduction, we have plotted a ternary phase diagram of the composition data (spot-A, brighter-region) of two samples obtained from EDS as shown in Figure 8. The top pair of symbols correspond to the composition of films obtained at 650°C reduction temperature, while the bottom pair, closer to the Si-corner at the triangle, corresponds to the temperature of 700°C. As the XRD pattern of obtained samples (Figures 2, 3) is associated with strong peaks from Si-phase, we focused on the phase equilibrium in the Si-corner of the triangle. As we have already discussed, the amount of Si increased with an increase in the thickness of Al film (from 1 to 4 µm) and also with an increase in the reduction temperature (from 650 °C to 700°C), as we can see from the figure. In general, all the compositions are enclosed in the section of Al2O3-3Al2O3.2SiO2-Si-Al. The quasi-binary tie line Al2O3-SiO2 section contains ternary compound mullite (3Al2O3.2SiO2). However, no strong peaks related to mullite have been observed in XRD for any samples in Figures 2, 3. We consider that for the sample with 1-µm thick Al-film, composition at 650°C and 700°C lies mainly on the line of Al2O3 and Si. Thus, reduction products can be considered to be consisted of the elemental Si, oxides of Al, and a trace amount of unreacted Al. With an increase in temperature, composition moves closer to the Si-corner of the triangle. On the other hand, for the sample with 4-µm thick Al film, reduction products lie mainly on the line of Al2O2 and elemental Si, while composition moves to Si-corner (i.e., the yield of Si increased) with the increase of reduction temperature from 650°C to 700°C. Thus, the possible reduction reaction of the samples can be explained using the following equations as follows (Alcock, 1961; Prabriputaloong and Piggott, 1973b):
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[image: Figure 8]FIGURE 8 | Ternary phase diagram of the composition data (spot-A, brighter-region) of two samples obtained from EDS in Figure 6. Encircled two points at the top and bottom suggest composition of Si films obtained at annealing temperature of 650°C and 700°C, respectively. Two points at right sides correspond to Si films obtained with 4- µm thick Al layer (indicated in the figure). While rest two points at left sides correspond to Si films obtained with 1- µm thick Al layer.
Reaction (4) and (5) are energetically favorable as Gibb’s free energy is negative and should occur at increased temperature and relatively at low pressure used in this study. In the case of the sample with 1-µm thick Al film, reduction mechanism mainly follows reaction path (4) in the above equation, while excess Al in the sample with 4-µm thick Al film induces additional reaction with liberated O2 following (Eqs. 5, 6) making oxides of Al. The formation mechanism of Al-based suboxides as well as oxides other than Al2O3 is not well understood yet, particularly at low temperatures around 700°C. However, pressure during reaction might play an important role. In the work of K. Prabriputaloong et al., they reported the formation of gaseous Al2O during the aluminothermic reduction of SiO2 at a high vacuum at the temperature of 700–800°C (Prabriputaloong and Piggott, 1973b). S. Yamaguchi et al. (Yamaguchi, 1974), explained that due to the reason Al contains three valance electrons, i.e., 3s23p1 (Grube et al., 1949) it will be possible to form three types of oxides with Al and O, namely Al2O3, AlO, and Al2O. In fact, Yamaguchi et al. (Yamaguchi, 1974) reported the formation of Al2O and AlO by oxidizing Al foil just at 300°C. Thus, AlO and sub-oxides of Al are possible to form at the boundary between Al and γ-Al2O3 in the phase diagram of the Al-O section (Yamaguchi, 1974). Consequently, a solid solution of these oxides is possible to form in obtained films in this study. However, XRD data in Figures 2, 3 shows the existence of mainly Al2O3 in all samples, presumably due to the large coverage of sample spots (including bight and gray spots in all samples) during the XRD measurement. Nevertheless, considering the above discussion, it can be generalized in a simple way that the reduction products are consisted of mainly elemental Si and stable Al2O3 phases and may be mixed with a trace amount of Al in all the samples in this study. It should be noted that elemental composition, obtained through EDS measurement in this section, corresponds to the depth of the Si-layers in the subsurface region, which is roughly a few hundred nm below the surface region. Thus, the surface region and immediate subsurface region are expected to contain more Si in the obtained films. In addition, strong Si peaks in XRD of all the samples obtained both at 650°C and 700°C suggest that obtained Si is mainly crystalline in nature, while oxides of Al might be mixed of amorphous and some crystalline phases due to moderate reaction temperature, and/or less in quantity.
Raman spectroscopy
To study the optical properties of the obtained Si-films, we have performed µ-Raman spectroscopy of the Si-films obtained with deposited Al layers of various thicknesses as shown in Figure 9. Raman spectrum of single crystalline silicon (c-Si) wafer was also shown in the same figure as a reference. All the Raman intensity data were plotted after converting it to log scale. c-Si shows a sharp and symmetric peak around 521 cm−1 (Parker et al., 1967), which is associated with the Raman scattering by the Si optical phonon mode. The peak position of all the samples with Al layer thickness from 1 to 4 µm are in good agreement with the position of the Raman active mode of the c-Si, suggesting Raman scattering by the Si optical phonon mode in all samples. All the spectra were fitted with Gaussian distribution to extract information (not shown, except peak position) about the integrated intensity, peak position, and peak broadening (FWHM). In general, with an increase in the thickness of the Al layer (i.e., increased content of Al), the intensity of the phonon band becomes stronger, and the broadening of the peaks becomes narrower. It also suggests that the crystalline quality of the Si layers becomes better when aluminothermic reduction is performed with an increased amount of Al. This observation is also consistent with the XRD and EDS results as discussed before. From the inset of the figure, it can be seen that the Raman peak of the Si-layers obtained with relatively thinner Al layers slightly shifted to lower wavenumber (i.e., downshift) compared to the c-Si reference peak. With an increase in the thickness of the Al layer from 1 to 3 μm, Raman peaks of the obtained Si-layer move closer to the c-Si (right shift). On the other hand, for the sample with a 4 µm thick Al layer, the Raman peak shows a right shift compared to the c-Si sample, presumably due to increased compressive strain in the sample. It is to be noted that the position of the Raman peaks in Si materials can be affected by the laser heating during measurement (Islam et al., 2018; Islam et al., 2022), or local stress. Nevertheless, shifting of the optical phonon-band to a lower wavenumber in samples obtained with thinner Al-layers compared to that of single-crystal Si (bulk) roughly suggests the size-related quantum confinement effect due to the formation of microcrystalline or nanocrystalline phases (Fukata et al., 2005; Ristić et al., 2009). The larger downshift of the Raman peak is associated with a smaller crystallite size. Thus, a systematic shift of the Raman peak with the thickness of the Al layer suggests that the crystalline nature (nanocrystal to microcrystal to polycrystal) and also the quality of the crystallinity including the crystallite size of the obtained Si can be tuned or controlled by the initial Al content (i.e., the thickness of the Al layer) during the aluminothermic reduction process.
[image: Figure 9]FIGURE 9 | Raman spectra of Si-layers obtained through aluminothermic reduction of quartz substrates at the annealing temperature of 700°C, and with various thicknesses of the Al-film at Al/quartz structure. The inset of the figure shows the peak shift of the Raman active mode in Si layers as a function of the Al layer thickness.
CONCLUSION
We have studied the formation of Si thin films on quartz substrates through aluminothermic reduction, where the surface of the quartz substrate in contact with the Al layer has been converted to films Si during high-temperature annealing at vacuum conditions. The elemental composition obtained by EDS as well as XRD of the obtained Si-layer suggests that reduction products consist of mainly elemental Si and mixed phases of Al. Both the initial Al-content (thickness of Al layer on quartz substrates) and reduction temperature (annealing temperature) were found to play crucial roles in the final yield of Si in films, obtained through the aluminothermic reduction process. In comparison to perform the reduction reaction at solid-state condition (at 650°C), the amount of obtained Si becomes higher when aluminothermic reduction is performed at solid-liquid Al condition (at 700°C). Thus, a higher reduction temperature seems to be favorable for the completion of the reduction reaction at the solid SiO2/liquid Al interface, where diffusion of molten Al to the SiO2 matrix liberates Si making Al2O3. In addition, higher Al content (increased thickness of the Al layer) promotes rapid heating and increased reaction rate along with a higher probability of Al diffusion into the SiO2 matrix, thereby increasing the yield of obtained Si, while the lower thickness of Al is associated with limited diffusion distance of Al and limit the reaction, resulting in a lower yield of Si. Thus, both XRD and Raman spectra of the obtained Si-layer suggest that crystallinity and quality of the obtained Si-layer improve with the increase of both reduction temperature and thickness of the Al layer deposited on quartz substrates.
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