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Within this work the utilization of nanostructured silicon as host material for filling with various magnetic nanostructures is reviewed whereas the magnetic and optical properties of the gained composite systems are elucidated. The metal filling of the pores is mainly performed by electroless deposition or by electrodeposition which is discussed by means of some examples. Furthermore, two different types of porous silicon (PSi) morphology are used for the deposition procedure. On the one hand microporous silicon offering luminescence in the visible range is utilized as template material. It offers a branched morphology with a structure size between 2 and 5 nm. In this case not only the magnetic response is investigated but also the influence of the metal filling on the optical properties. On the other hand mesoporous and macroporous silicon in it's low pore regime is employed which offers straight pores with diameters up to 90 nm. In this case the magnetic response strongly depends on the size, the geometry and the spatial distribution of the metal deposits within the pores. A crucial role plays also the morphology of the porous silicon, especially the distance between adjacent pores which is an important parameter regarding magnetic interactions.
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INTRODUCTION

Porous silicon can be fabricated by various methods such as anodization [1], stain etching [2], metal assisted etching [3], galvanic etching [4], reactive ion etching [5], or laser ablation [6]. The obtained morphology reaches from microporous silicon offering a structure size between 2 and 5 nm to mesoporous silicon with pore diameters up to 50 nm and further to macroporous silicon with pores up to a few micrometers [7]. A popular fabrication technique which allows the tuning of the porous morphology is anodization of the silicon wafer. In this case beside the doping concentration of the silicon wafer the resulting porous silicon morphology mainly depends on the applied current density and the HF concentration. An increase of the current density generally leads to an increase of the pore diameter and a concomitant decrease of the distance between the pores. A reduction of the HF concentration results in higher porosity which is related to the decrease of the pore diameter with increasing HF concentration [8].

Microporous silicon offers a branched morphology with interconnected channels leading to a huge surface area up to 1,000 m2/cm3 [9], depending on the porosity which is defined by the ratio of the pore diameter and the wall thickness but do not give information about the actual dimensions. Due to the small structure size entailing quantum confinement effects, light emission in the visible range is observed [10]. Quantum size effects are responsible not only for the photoluminescence but also for the porous silicon formation [11]. Light emission has been observed in various spectral ranges. The most intense and the most investigated luminescence band of PSi is in the red regime. In this case the photoluminescence peak offers a broad range from about 590 nm to about 950 nm [7] which can be influenced by e.g., etching conditions, oxidation of the PSi, temperature treatment, or hydrostatic pressure [12]. But also further photoluminescence bands in the infrared and in the green-blue region could be observed [13]. Considering the life time dependence of the different bands one can say that the red band, also named the slow band, offers decay times of a few microseconds, also does the infrared band, whereas the green-blue one shows a fast decay in the nanosecond regime [14–16]. The slow decay of the photoluminescence is attributed to carrier recombination through localized states offering an energy distribution and size disorder [17]. The lifetime of the fast band is explained by quasi direct recombination in the silicon crystallites or by oxide related effects [18, 19]. Generally of high interest is the increase of the quantum yield of the luminescence which recently has been reported to extend 32% at room temperature due to supercritical drying. The porous structure and the silicon grains are better retained by this drying process and the formation of non-radiative defects occurring during usual drying in air is reduced [20]. An increase of the quantum yield to 53–61% can be obtained by Si/SiO2 core/shell nanoparticles which emit at 1.5 eV (~826 nm). The oxidation of the silicon nanocrystals was carried out by high pressure water vapor annealing. In the case of silicon powder, obtained by the same method, which emits at 1.9 eV (~652 nm), a quantum yield of about 30% could be reached [21].

Beside photoluminescence also electroluminescence of porous silicon has been intensely investigated. The setup is arranged as semitransparent metal/PSi/c-silicon/Al-electrode and it shows a rectifying junction behavior. This behavior is explained by radiative transition due to electron and hole injection in quantized states in porous silicon [22]. The quantum efficiency of the luminescence of such arrangements is quite low. Since porous silicon offers a high resistivity caused by the pore formation process [23] efforts have been made to improve the conductivity e.g., by metal filling of the pores [24]. A further approach is to use the metal filling of microporous silicon to enhance the intensity of the photoluminescence. Metals such as iron, nickel or cobalt are employed and they lead to an enhancement of the photoluminescence of porous silicon due to the passivation of the silicon dangling bonds formed after the anodization process [25–27]. Gold and silver nanoparticles placed on porous silicon feature the localized surface plasmon resonance whereas the porous silicon as dielectric spacing layer enhances the plasmon resonance [28]. The metal filling procedure can be carried out either electroless or by electrodeposition.

Mesoporous silicon fabricated by anodization offers dendritic straight pores which are separated from each other. Using highly doped n-silicon the pore formation is due to electrical breakdown dominated by tunneling [29]. The pore diameter as well as the porosity increase with increasing current density and it decreases with increasing HF concentration [7]. In a pore diameter regime between 25 and 100 nm the morphology can be tuned quite accurately by varying the applied current density obtaining a quasi-regular pore arrangement [30]. Filling of such pores with magnetic metals results in a magnetic response dependent on the size, geometry, and arrangement of the deposits. The coercivity decreases with increasing elongation of the deposits, the magnetic anisotropy between easy and hard axis magnetization increases with increasing structure length. The morphology of the template, especially the degree of dendritic growth also plays a crucial role which influences the magnetic crosstalk between neighboring pores [31].



MICROPOROUS SILICON

Porous silicon has been produced in the 1950's by Uhlir [32] coincidentally as byproduct of electropolishing experiments. After a long silence, in 1990 Canham and Lehmann discovered the light emitting properties of this material and ascribed it to quantum confinement effects [1]. Thereafter microporous silicon has been under intense investigation. Beside photo- and electroluminescence also electrical- [33] and thermal [34] conductivity as well as optical [35, 36] and mechanical [37] properties have been examined. In the middle of the 1990's V. Lehmann showed that not only microporous but also meso- and macroporous silicon can be produced by anodization [29, 38, 39]. The resulting morphology depends on the electrochemical parameters and the doping concentration of the silicon wafer. To obtain microporous morphology low and medium doped silicon (1014-1018 cm−3) is used, mesoporous structures are achieved in using highly doped silicon (>1017 cm−3) and macropores are formed in low/medium doped silicon (1014-1017 cm−3) [29].


Fabrication and Metal Filling of Microporous Silicon

The most common fabrication process is anodization of c-silicon in aqueous hydrofluoric acid solution. As wetting agent ethanol is used which also influences the porosity, higher ethanol content leading to higher porosity [40]. The anodization process allows the tuning of the porous morphology quite easily. A further porosification method is stain etching, which means electroless etching in hydrofluoric acid solution containing an oxidizing agent [41]. Using this electroless procedure the tunability of the porous structure can be reached less easily, mainly by varying the type and content of the oxidizing agent [42]. The most common method to determine the porosity and the size of the porous morphology is gas adsorption but also an indirect method, using the peak position of the photoluminescence spectra, can be used to estimate the structure size [43]. Microporous silicon with a structure size below 5 nm, offering light emitting properties, poses a high challenge for metal pore filling.

P-type silicon (100) with 10–20 Ωcm has been used to produce porous silicon with two morphologies. The porous silicon offers macropores which are covered by a microporous layer of about 2 μm thickness with pore diameters of about 3 nm. These small pores are filled with zinc from an aqueous ZnSO4 solution by electrodeposition. The results show that in the case of such confined nanopores electrodeposition is not diffusion limited [44]. Electrodeposition of platinum within hydrophobic and hydrophilic porous silicon was carried out using a solution consisting of 0.1 M K2PtCl4 and 0.5 M NaCl, Ag was deposited using a 0.1 M AgNO3 and 0.5 M KNO3 solution. It has been shown that Pt is deposited within the pores in using hydrophobic structures, whereas it is only deposited on the top surface in the case of hydrophilic porous silicon. Ag deposits for both chemically modified structures equally [45]. In Figure 1 Pt deposited within a porous silicon layer is depicted. Using hydrophobic porous structures the deposition reaction is enhanced and the diffusion limited condition, occurring in nanopores, is suppressed [46].


[image: Figure 1]
FIGURE 1. Cross-sectional SEM image of hydrophobic porous silicon filled with Pt. Fukami et al. [46], Elsevier by permission.


A further approach to fill porous structures is immersion plating. Immersion of as etched PSi into an 0.5 M CoCl2 solution for 120 min shows Co inside the pores with a concentration decrease toward the pore bottom [27]. Figure 2 shows the atomic percentage of Co in dependence on the porous layer thickness, obtained from EDX investigations.


[image: Figure 2]
FIGURE 2. Depth dependence of the atomic percentage of Co obtained from EDX measurements showing (a) sample before temperature treatment and (b) after annealing at 400°C. Bouzouraa et al. [27], Elsevier by permission.


Ni deposition within microporous silicon has been performed in utilizing an aqueous 0.1 M NiCl2 solution. First a current density of 0.6 mAcm−2 has ben applied before the electroless deposition. The duration of the electroless reaction process was varied between 0 and 11 min [26]. Pulsed electrodeposition is employed to deposit Ni from the so-called Watts electrolyte consisting of NiCl2 (45 g/l) and NiSO4 (300 g/l) within porous silicon. A current density of 10 mAcm−2 and a frequency of 2 Hz has been applied. The deposition time has been enhanced from 5 till 15 min leading to a filling of the porous layer down to the bottom, which was evidenced by EDX spectra [47]. Figure 3 depicts an EDX spectrum taken at the pore tips [47].


[image: Figure 3]
FIGURE 3. EDX-spectrum taken at the pore bottom of a cross-section of a Ni filled microporous silicon sample. Granitzer et al. [47], with permission.




Optical Properties of Microporous Silicon

Considering the photoluminescence of microporous silicon, the emission can be tuned due to the structure size in the region from the near-infrared to the ultraviolet in the case of a hydrogen passivated surface. Oxidation of the surface leads to a red shift of about 1 eV showing that quantum confinement and surface passivation, both determine the electronic states. This red-shift can be explained by recombination attendant to a trapped electron or exciton [48]. Since the quantum confinement model suggested by Canham [1] offers some deficiencies other models have been taken into account such as that the light emission comes from siloxane molecules formed on the surface [49] which could be disproved by thermal oxidation experiments [50]. A further approach to describe the luminescence is the surface states model, which involves the trapping and localization of photoexcited carriers in silicon related boundary states of the crystallites [51]. In the case of a structure size larger than 3 nm, offering a red/orange luminescence, the quantum confinement model is sufficient and surface passivation plays a minor role on the radiative recombination mechanism [48]. Radiative relaxation processes are influenced by quantum confinement and not affected by oxidation, whereas non-radiative relaxation processes are affected by the surface chemistry [52]. Continuous wavelength and time resolved photoluminescence of silicon nanocrystals embedded in a SiO2 matrix can be used to distinguish between microscopic and macroscopic characteristics of the decay [53]. Microscopic characteristics of the decay are attributed to quantum confinement effects and the macroscopic ones are affected by the environment of the silicon nanocrystal [53]. The decay results from two neighboring levels splitted in their energy and it has been found that the upper level decay is shorter (microseconds) than the lower level decay (milliseconds) [53]. Figure 4 depicts the slower triplet lifetimes which are due to the oxidation of the freshly prepared silicon and the faster singlet lifetimes which are not influenced by the surface chemistry as well as the energy splitting [52].


[image: Figure 4]
FIGURE 4. Comparison of hydrogen terminated and oxidized porous silicon, showing (A) upper singlet lifetimes, (B) excitonic energy splitting, and (C) lower triplet lifetimes. Arad-Vosk et al. [52], Springer with permission.


Metal filling of luminescent porous silicon can influence the optical properties of the material. The deposition of Au nanoparticles within the pores results in the excitation of surface plasmon polaritons and an increase of the photoluminescence intensity is observed [54]. Considering the interaction between porous silicon and Au nanoparticles on its surface, not only plasmon effects influence the optical properties but also the porosity and surface chemistry of the nanocomposite. The plasmonic behavior depends on the particle size and shape as well as on the refractive index of the surrounding medium. The latter one explains the dependence of the optical response on the porosity of the porous silicon [55]. The interaction of the plasmons of the Au nanoparticles with the excitons generated in the semiconductor result in a modification of the emission and absorption properties [56]. Considering the photoluminescence lifetime of an Au/PSi system, generally a decrease due to the plasmonic effects compared to plain PSi is expected. In [55] an increase of the decay times, which are determined by the fit of a stretched exponential, has been observed which could be explained by the surface chemistry of the samples. In the case of Au particles deposited on porous silicon nanowires an enhancement as well as a quenching of the photoluminescence intensity, depending on the deposition time and the solution concentration, has been reported [57]. An increase of the photoluminescence intensity and a blue shift of the spectrum has been reported in the case of silver nanoparticles positioned in the vicinity of silicon nanocrystals with a SiO2 spacer of a few nanometers in-between [58]. Figure 5 shows the comparison of the photoluminescence obtained from plain samples and samples containing Ag particles. The intensity increase can be explained by the coupling of the silicon nanocrystals to the surface plasmons of the Ag particles.


[image: Figure 5]
FIGURE 5. Photoluminescence spectra of only silicon nanocrystals (dashed line) and silicon nanocrystals with Ag particles deposited on the silicon surface (solid line). The latter case shows an increase of the luminescence intensity as well as a blue shift of the spectrum of about 100 nm. Gardelis et al. [58], Elsevier by permission.


An increase of the photoluminescence intensity could also be observed by electrodepositing Ag particles from an AgNO3 solution by varying the deposition time and the concentration of the electrolyte [59]. This behavior of the luminescence is furthermore shown after LiCl treatment of porous silicon as well as an enhancement of the minority carrier lifetime due to the passivation of the dangling bonds at the silicon surface [60].

The decay times obtained from time resolved measurements and fitting with a stretched exponential function show an increase of the recombination rate in the Ag particle loaded samples (Figure 6). Together with the enhanced photoluminescence, this is a hint that the Ag particles cause an increase of the emission rate of the silicon nanocrystals [58].


[image: Figure 6]
FIGURE 6. Comparison of the decay times of microporous samples containing Ag particles and samples without Ag. Gardelis et al. [58], Elsevier by permission.


The photoluminescence of porous silicon with incorporated Ni has been investigated with respect to the immersion time of the samples in an Ni-salt solution. An increase of the luminescence intensity has been observed with increasing immersion time from 1 to 7 min and a subsequent decrease of the intensity with further increasing immersion time. Furthermore, a blue shift of the spectrum has been measured [26]. Figure 7 depicts these findings. The photoluminescence intensity enhancement is explained by the reaction between the Ni ions and the porous silicon surface.


[image: Figure 7]
FIGURE 7. Photoluminescence spectra of Ni filled porous silicon in dependence on the immersion time. (A) Photoluminescence spectra for porous silicon and Ni/PSi for an immersion time from 1 to 11 min. (B) Normalized spectra showing the blue shift of Ni filled PSi (immersion time 7 min). Amdouni et al. [26], Elsevier by permission.


Stain etched porous silicon powder filled with Ni by electroless plating in a NiCl2 solution has been investigated concerning the photoluminescence of the composite system. The samples offer a dependence on the concentration of the NiCl2 solution (25–500 g/l). With increasing concentration the intensity decreases and increases again. The decreasing intensity behavior is explained by the increase of surface defects by the desorption of H-atoms forming a low quality oxide layer, the following increase of the intensity with higher concentration is due to the formation of a better quality oxide. The peak position of the photoluminescence spectrum also depends on the NiCl2 concentration. First a blue-shift is observed which could be caused by a reduction of the emitter size due to oxidation and with further increase of the concentration the wavelengths are red shifted [61].

In the case of using pulsed electrodeposition for the Ni filling of luminescent porous silicon the optical properties have been investigated in dependence on the deposition time, ranging from 5 to 15 min [47]. A small enhancement of the photoluminescence intensity and a blue-shift of the spectrum is observed with increasing deposition time. The decay times show a decrease from about 300 μs for bare porous silicon to about 100 μs for a metal filled sample (deposition time 15 min). This result can be interpreted by a decrease of the radiative lifetime. Generally radiative processes prevail the non-radiative processes at room temperature. The decay behavior of porous silicon can be explained by an excitonic two-level model with the upper excitonic singlet-triplet state and the ground state [52]. Coupling of the plasmonic modes of the Ni with the emitter (silicon) can occur due to the direct vicinity of the emitter and the deposited Ni, only separated by a native oxide layer, and lead to the increase of the photoluminescence intensity [47].

In contrast to the findings above, quenching of the photoluminescence has been reported after Co electrodeposition within porous silicon due to oxidation of the emitting centers. An additional blue emission band around 490 nm occurs due to silanol formation at the surface [62].




MAGNETIC RESPONSE OF METAL FILLED MICROPOROUS SILICON

Filling of porous silicon with magnetic materials allows to tune the magnetic properties of the composite by the electrochemical deposition parameters as well as by the morphology of the porous silicon matrices. Considering luminescent porous silicon, due to the branched morphology also the metal deposits offer an interconnnected structure. Due to the pore-size (a few nanometers) the metal structures are in the superparamagnetic range but because of the interconnection between them ferromagnetic behavior is observed [47]. Microporous silicon filled with a magnetic material renders a system offering both, light emitting and magnetic properties and thus the nanocomposite is promising for magneto-optical on-chip devices. Temperature dependent magnetization measurement do not give any hint of superparamagnetism. In the case of isolated nanoparticles a clear peak showing the transition temperature between superparamagnetic behavior and blocked state would be observed. The investigated magnetic response strongly depends on the metal deposition time, which means the amount of metal inside the pores. An increase of the coercivity HC from 150 to 450 Oe with increasing deposition time from 5 to 15 min is observed (Figure 8A). In this case the magnetic field was applied parallel to the surface. Furthermore, the magnetic anisotropy between easy axis and hard axis magnetization shows a dependence on the filling time (Figure 8B). This anisotropic behavior is film-like and becomes more pronounced with increasing metal filling and thus more interconnections between the metal deposits. The magnetic easy axis corresponds to an external magnetic field applied parallel to the surface, which is in contrast to mesoporous silicon (see in section Optical Properties of Metal Filled Mesoporous Silicon). Two hysteresis curves, one measured with an applied field parallel and the other one with an applied field perpendicular to the sample surface are depicted in Figure 9.


[image: Figure 8]
FIGURE 8. (A) Coercivity of microPSi/Ni in dependence on the deposition time. (B) Magnetic anisotropy (Hc, paral/Hc, perp) vs. filling time. Granitzer et al. [47], with permission.



[image: Figure 9]
FIGURE 9. Field dependent magnetization curves measured with an applied field parallel (dotted line) and perpendicular (solid line) to the sample surface showing that the magnetic easy axis is parallel to the surface. Granitzer et al. [47], with permission.


The magnetic response of Ni deposited within porous silicon powder has been investigated with respect to the plating time and the concentration of the solution. The results show a superparamagnetic behavior, except for a plating time of 15 min. The measured magnetization increases with the plating time till a value of 360 min and afterwards decreases again [61]. Figure 10 shows the hysteresis for various plating times (a) and the normalized saturated magnetization in dependence on the deposition time (b) [61].


[image: Figure 10]
FIGURE 10. Field dependent magnetization curves of Ni/Psi in dependence on the deposition time (A) and normalized saturation magnetization in dependence on the deposition time (B). The inset in (A) shows the saturated magnetization vs. time. Reproduced from Nakamura et al. [61], with permission of AIP Publishing.


Also a non-superparamagnetic behavior has been observed for Co deposited within porous silicon particles, but all samples show a low coercivity [62] which indicates a low dispersion of Co within the porous structure offering only weak magnetic crosstalk.



MESOPOROUS SILICON

Mesoporous silicon offers in contrast to microporous silicon straight pores with more or less dendritic growth. The dendritic grows mainly depends on the electrochemical etching parameters such as applied current density, bath temperature and electrolyte concentration. Keeping the temperature and electrolyte concentration constant the regularity of the pore arrangement increases with increasing current density [63]. The dendrite-size and especially their length is determined by the distance between the pores. If this inter-pore distance exceeds twice the thickness of the space charge region the silicon skeleton is not any longer free of charge carriers which favors the formation of side pores [7]. The growth direction depends on the crystal orientation and this feature increases when the applied current density comes close to the critical current density at the pore tips. The fastest growth rate is along the (100) direction [7].


Fabrication and Metal Filling of Mesoporous Silicon

Mesoporous and macroporous silicon with pore diameters in the lower regime is generally fabricated in using a highly n- or p- doped silicon wafer. A standard formation procedure is anodic dissolution of bulk crystalline silicon in an aqueous hydrofluoric acid solution. In applying a high current density the breakthrough regime is enabled. In this case illumination of n-type silicon to generate holes for the silicon dissolution is not necessary. In the mesoporous regime straight self-organized nanoholes are formed. The pore diameter and the concomitant pore distance can be adjusted quite accurately by the electrochemical parameters.

A further common technique is stain etching, which means electroless etching of silicon in the presence of a solution generally containing acidic fluoride and an oxidant which injects holes into the valence band [64]. Using this electroless formation process it is more difficult to adjust the porous silicon morphology and the obtained porous layers are quite thin (few micrometers). In adding Fe3+, VO[image: image], or Ce4+ as oxidizing agent, thicker (>10 μm), more homogeneously and reproducible porous layers can be formed than with standard solutions [65].

Beside its large surface area, low electrical and thermal conductivity, mesoporous silicon can also offer photoluminescence in the visible range for structure sizes small enough for quantum confinement effects. Mesoporous silicon powder has been produced by anodization technique, subsequent detaching of the porous layer by applying a high current to exceed the critical current density, and finally hand milling of the detached porous layer. The samples were then treated by high pressure water vapor annealing for stabilization and to enhance the luminescence of the material [66].

In the following discussion porous silicon samples produced by anodization are considered. Since the morphology of the material can be tuned by the formation process, porous silicon is an adequate host material for pore filling. Beside attaching molecules to the surface for biomedical [67–69] or sensor [70–72] applications, the loading of the pores with metals has been investigated intensely. Requirements for this purpose are straight and separated pores to guarantee an arrangement of metal nanostructure arrays. The filling mechanism of different metals has been examined with the goal to control the metal deposition to produce tailored metal nanorods within the pores.

It has been reported that Fe deposition in low doped n-type silicon starts at the pore tips and grows along the walls. Mass transport limited conduction which accumulates electrons at the sample surface has been avoided in applying a low current density and in using a porous silicon morphology with wide pore opening [73]. Fe electrodeposition on p-type porous silicon is performed under cathodic conditions and under illumination, using n-type porous silicon, illumination can be omitted. Electron transfer reaction via the conduction band occurs in n-type porous silicon but in the case of p-type porous silicon electrons are generated by illumination [74]. Fe incorporated by electrodeposition within mesoporous silicon nucleates on the walls of the pores and on the surface. Generally the metal formation depends on the applied current density, pH of the electrolyte and the surface chemistry of the pore walls. Performing the deposition on an H-terminated porous silicon surface, Fe forms clusters at the surface. In using porous silicon with a native oxide layer Fe is deposited as randomly distributed particles within the pores [75]. Beside electrodeposition the Fe incorporation can also be performed by electroless deposition from the Fe salt solution [76].

Ni deposition can also be performed either electroless or electrochemically. In the case of immersion plating an aqueous ammonium fluoride solution containing NiSO4 is employed. Performing the deposition under room temperature metallic Ni is observed at the surface, whereas SiO2 is not detected [77]. Displacement deposition of Ni from an NiSO4, NH4F solution carried out at 60°C starts to grow at the pore walls rather than on the surface due to the Ni atoms mass transport toward the pore tips [78]. Displacement deposition of Ni produces a non-uniform deposition in high aspect ratio pores (~200) at the beginning of the reaction process due to a dominance of the mass transport. With increasing deposition time the Ni distribution along the pores becomes more uniform because the deposition rate decreases and the process is dominated by interfacial reaction [79].

In using electrodeposition for the metal filling of the pores, either dc or pulsed deposition can be employed. Pulsed electrodeposition under constant current density and applying rectangular pulses with a pulse duration of 1 s and a pulse delay time of 25 s is shown for different porous silicon porosities in Figure 11 [80]. The pulsed current deposition leads to nucleation of metal nanoparticles within the pores. A crucial parameter is the pulse delay time which can be estimated from the dynamics of the voltage vs. time graphs [81].


[image: Figure 11]
FIGURE 11. Cross-sectional scanning electron micrographs of porous silicon offering different morphologies with infiltrated Ni structures. The Ni deposition depends on the porous silicon porosity and it can be seen that for lower porosity the Ni particles are smaller than in the case of higher porosity. This behavior is due to faster exhaustion of the electrolyte and thus a longer growth time. Michelakaki et al. [80], Springer Nature with permission. In (a,b), the samples offer a porosity of about 70% and the Ni nanoparticle size is ~23 nm. With increasing porosity to 86% and 88% shown in (c,d), the Ni particle size increases to about 33 nm.


The shape of the metal deposits can be adjusted by the pulse-frequency and the applied current density. A variation of the frequency between 0.025 and 0.2 Hz results in a shape modification from spherical particles to elongated structures with an aspect ratio of about 100 [82]. In Figure 12 the dependence of the elongation of Ni structures on the pulse duration is depicted [83]. The spatial distribution of the deposits within the pores can be modified by the current density. Applying a current density between 5 and 25 mA/cm2, the packing density of the metal deposits within the pores can be modified by the pulse frequency. In the case of densely packed particles the time between the pulses is 5 s and for loosely packed particles it is 20 s [82].


[image: Figure 12]
FIGURE 12. Pulse frequency vs. elongation of Ni deposits. With increasing pulse frequency the length of the Ni structures is increased. Granitzer et al. [83], ECS with permission.


In applying a current density of 25 mAcm−2 and a pulse frequency of 0.025 Hz more or less homogeneous deposition of spherical Ni particles with a moderate packing density is achieved and can be seen in Figure 13 [82].


[image: Figure 13]
FIGURE 13. Cross-sectional back scattered electron micrograph (BSE) showing the distribution of sphere-like Ni deposits within porous silicon. Rumpf et al. [82], IOP with permission.




Optical Properties of Metal Filled Mesoporous Silicon

Not only from microporous but also from mesoporous silicon in the lowermost size regime luminescence can be observed. Furthermore, it can be utilized as template for metal particle deposition on the surface and act as SERS sensitive material. Mesoporous silicon produced by a standard chemical route, offering pore diameters of about 15 nm, and subsequent Ag particle deposition on its surface is shown to be Surface Enhanced Raman Scattering (SERS) active for rhodamine 6G and crystal violet. In using an excitation wavelength of 514.5 nm the rhodamine 6G and the silver plasmons are in resonance with the excitation light resulting in a large surface enhancement [84]. Ag nanoparticles deposited on porous silicon by immersing the sample into an AgNO3 solution are used for single molecule detection by SERS. The Raman response is investigated in employing Cyanine and Rhodamine 6G. If the particle plasmon resonance coincides with the molecule electronic resonance strong Raman enhancement is observed [85]. The utilization of mesoporous silicon as template material in comparison to microporous silicon for Ag particle deposition shows a broader particle size distribution as well as a localized surface plasmon resonance closer to the excitation wavelength. Due to the high SERS sensitivity ultralow concentrations of dye molecules can be detected [86]. Furthermore, Ag nanostructures in SiO2/p-silicon is found as SERS active substrate in a broad spectral range [87]. Au nanoparticles modified porous silicon shows a strong fluorescence enhancement due to plasmon resonance which is used for highly sensitive DNA detection [88]. Porous silicon with a Au nanoparticle layer on top offers light absorption by the Au particles leading to localized surface plasmon resonance. The wavelength of the plasmon resonance depends not only on the Au nanostructures but also on the refractive index of the surrounding medium. Plasmon resonance is sensitive to changes in the refractive index only close to the dielectric/metal interface [89]. Metal decorated porous silicon structures are feasible as sensors, especially to detect molecules.



Magnetic Response of Metal Filled Mesoporous Silicon

Mesoporous silicon with its tunable morphology by the formation parameters, its straight pores and its quasi regular pore arrangement is an adequate system to embedded magnetic nanostructures and to adjust the resulting magnetic properties. On the one hand the magnetic response strongly depends on the size, shape and distribution of the metal deposits and on the other hand the morphology of the porous silicon plays a crucial role, especially with respect to magnetic interactions between deposits of adjacent pores. The magnetic response of the nanocomposite samples allows to draw conclusions from the shape of the deposits. The coercivity HC decreases with the elongation of the embedded metal structures whereas the reduced remanence (magnetic remanence MR/saturation magnetization MS) increases with increasing elongation approaching a wire-like behavior [90], summarized in Table 1.


Table 1. Dependence of the coercivity HC on the particle elongation.

[image: Table 1]

Furthermore, the packing density of the metal deposits within the pores influences the magnetic characteristics. Densely packed metal particles magnetically interact within the pores leading to a wire like behavior and thus to a smaller coercivity compared to isolated particles with comparable size. Field dependent magnetization measurements performed at various temperatures ranging from 4 to 300 K shows that the coercivity decreases with increasing temperature [91]. Some values for T = 4,100, and 250 K are depicted in Table 2.


Table 2. Magnetic features measured at T = 4, 100 K and T = 250 K summarized for conventional etched samples and magnetic field assisted etched ones.

[image: Table 2]

The magnetic response is also strongly influenced by the morphology of the porous silicon template, especially regarding the dendritic pore growth [92]. A reduction of the side pore growth could be achieved by magnetic field assisted etching, in applying a magnetic field of 8 T perpendicular to the sample surface during the anodization process [93]. With increasing side pore length the effective mean distance between the pores decreases resulting in stronger magnetic cross talk between metal deposits within adjacent pores. A further important parameter is beside the dendritic pore growth, the roughness of the pores because the embedded metal deposits grow with concomitant morphology. In the case of occurrence of side pores the metal deposits offer strong roughness which results in magnetic stray fields, influencing the magnetic response and reducing the coercivity of the nanocomposite [92]. Performing magnetization measurements with an applied field parallel and perpendicular to the sample surface one sees that the magnetic easy axis corresponds to the pore direction. The magnetic anisotropy between these two magnetization directions increases with increasing length of the metal deposits and with decreasing magnetic interactions between structures of neighboring pores. Figure 14 shows the magnetic anisotropy for magnetic field assisted etched porous silicon with elongated Ni structures deposited within the pores.


[image: Figure 14]
FIGURE 14. Magnetic field dependent measurements performed with an external field applied perpendicular (solid line) and parallel (dotted line) to the sample surface. Granitzer et al. [94], AIP with permission.


Considering Fe deposits within porous silicon, in and out of plane magnetization measurements show a magnetic anisotropy originating from the elongated shape of the deposits [75]. The easy axis corresponds to the pore direction with a reduced remanence (MR/MS) of 0.6 [75] which is a typical value for such nanocomposites including magnetic cross talk.

These investigations show that control of the porous silicon formation resulting in more or less ordered pores with a minimum on roughness are a precondition to suppress magnetic coupling between the deposited metal structures of adjacent pores. By adjusting the metal deposition parameters accurately desired size and shape of the deposited nanostructures can be obtained.




CONCLUSIONS

In this work the utilization of porous silicon in the microporous and mesoporous regime as template material for metal deposition has been discussed. The optical properties such as the luminescence and the associated decay times of microporous silicon have been addressed also with respect to metal filling of these templates which modifies and improves the light emission. The plasmon resonance of the deposited metal structures can be exploited to enhance the luminescence and in combination with dye molecules the system can act as active SERS material. Due to the employment of magnetic metals nanocomposites with adjusted magnetic features strongly correlated to the size, shape, and distribution of the deposits can be achieved. In the case of microporous silicon optical and magnetic properties are merged on one material level which makes the system interesting for magneto-optical applications. A further key parameter concerning the magnetic features is the morphology of the porous silicon, especially the distance between the pores which is strongly influenced by dendritic pore growth. A reduction of the side pore length results in a decrease of the magnetic crosstalk and thus approaches the magnetic characteristics of individual magnetic nanostructures. Since these nanocomposites offer a silicon substrate which is applicable in today's microtechnology the discussed systems are promising to act as component in on-chip devices.
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