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Abstract

In this work composite structures based on a porous silicon were obtained 
and studied. Porous matrices were formed by electrochemical etching in aqueous 
solutions of hydrofluoric acid. Based on the obtained substrates, por-silicon (Si)/
silver (Ag) and por-Si/zinc oxide (ZnO) composite structures were formed. These 
composites were functionalized by various methods (electro (E)-, thermo (T)-, 
electrothermal exposure) as a result of which the structures were modified. When 
studying the samples by scanning electron microscopy (SEM), it was concluded 
that silver nanoparticles actively diffused into the pores under these technological 
modes of functionalization. The por-Si/Ag and por-Si/ZnO composite struc-
tures were also studied using the following methods: infrared (IR) spectroscopy 
and Raman ultrasoft X-ray emission spectroscopy. Also, the photoluminescent 
characteristics of the samples were studied. Based on the obtained results, it was 
concluded that functionalization methods actively change the phase composition of 
structures and the optical properties of composites.

Keywords: porous silicon, composite structures, functionalization, nanoparticles, 
diffusion, phase composition

1. Introduction

One of the promising areas of science is biomedicine, which currently needs 
new materials and structures with certain requirements: biocompatibility, biode-
gradability, low toxicity, and the ability to use various methods of functionalization 
(post-processing) for a wide range of biologically active materials. One of the 
approaches to the formation of new structures is the creation of porous biocompat-
ible matrices with deposited active particles. Due to their multifunctionality, these 
multilevel composite structures can be actively used as biosensors of a wide range of 
analytes, devices for targeted delivery of drugs, etc. [1–6].
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The formation of various types of biosensors depends on the choice of material, 
the morphology of the sensitive layer, as well as its structural and physic-chemical 
properties. Various materials, such as Zn, Au, Ag, Pd, Pt, etc., as well as their 
modifications and composites can be used as an active layer. As an example, we can 
specify sensors based on various types of nanoparticles and composite structures: 
biosensors with zinc oxide (ZnO) nanoparticles, gold nanoparticles (AuNPs), Ag/
TiO2 nanoparticles, carbon nanotube-based biosensors, graphene quantum dot 
(GQD) biosensors, sensor based on the Pd/WO3-ZnO composite porous thin films, 
etc. [6–17]. Table 1 shows the sensitivity data of various composite sensor struc-
tures during glucose detection.

As already mentioned, changing the morphology and structure of the active 
layer also changes its sensitivity. Table 2 shows an example of a change in sensitivity 
(glucose) with a change in the morphology of ZnO-based nanostructures [18].

As for the sensitive layer, the choice of the biosensor substrate material is an 
important factor. The choice of material as a porous silicon for the matrix is due 
to a wide range of key qualities required by structures for an effective use in bio-
medicine. These are the simplicity for functionalization, the ability to control the 
morphology and surface composition of porous matrices, the low cost of produc-
tion, functional “flexibility,” and good compatibility with the current industrial 
technologies. As a result, the porous silicon matrix can serve as the basis for com-
posite structures. High values of surface area and specific area allow functionaliza-
tion using a variety of biocompatible materials (silver, gold, magnetic metals, iron 
groups, tin, indium, zinc and their oxides).

The development of highly sensitive blood glucose meters is an extremely 
important task. This is especially important in the direction of personalized medical 
devices for people with diabetes. A promising task is the creation of noninvasive 
highly sensitive sensors with a low detection limit (of the order of 0.1 μM or less) 
[19–21]. The lower the detection limit parameter, the earlier a change in glucose 
level can be detected. These detection limit values can be achieved by using porous 
semiconductors as a substrate. It should be noticed that the morphological features 
of porous structures make it difficult to create a high-quality electrode base. To 
solve this problem, new methods have been developed for the functionalization of 
porous matrices with the aim of active deposition of nanoparticles into pores. The 
developed methods are non-destructive in comparison with analogues. The creation 
of a high-quality electrode base, with a large specific area of the sensitive layer, a 
high sensitivity parameter, a small detection limit, and small device sizes, is key to 
creating new personalized glucometers for recording glucose changes in direct time.

Thus, this work, the purpose of which is to study the physicochemical, 
electrical, and optical properties, as well as the morphological features of porous 

Sensor type Sensitivity

Glucose sensor based on Pd/WO3-ZnO composite porous thin films 11.4 μA μM−1 cm−2

Glucose biosensors with AuNPs
(glassy carbon electrode (GCE) + AuNPs)

3.1 μA mM−1 cm−2

Glucose biosensors based on GQDs 0.085 μA μM−1 cm−2

Glucose biosensors based on Ag/TiO2 composite 39 μA mM−1 cm−2

Glucose biosensors based on carbon nanotube 1433 μA mM−1·cm−2

Glucose biosensors based on ZnO nanoparticles 15 mA mM−1·cm−2

Table 1. 
Sensitivity data for various types of biosensors during glucose recording [6–17].
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silicon matrices with varying technological parameters for the preparation of 
substrates and methods for their functionalization, is relevant and is of scientific 
and practical interest.

2.  The formation of porous silicon matrices by electrochemical etching 
under various conditions

2.1 Method for the formation of porous silicon matrices

For the formation of a porous matrix, the method of electrochemical etching 
in aqueous solutions of hydrofluoric acid was used. A detailed installation diagram 
is presented in Figure 1. The structure of the stand can be divided into separate 
components: a glassy carbon crucible which contains electrolyte (1), a silicon 
wafer (2), and devices used to move the crucible and the sample in different 
planes (3)–(5).

During the electrochemical process, silicon atoms actively react with the mol-
ecules (ions) of the electrolyte when they come into solution. This process was 
formulated by Lehman and Joselle, describing the migration of holes at the surface 
of a sample when a current is applied. Therefore, it is worth considering that such 
etching modes as current density and anodization time directly affect the structure 
of the porous layer. The composition of the electrolyte also affects the morphol-
ogy of the matrix. In this work an aqueous solution of hydrofluoric acid with the 

Type of structures Sensitivity

ZnO nanowire 26.3 mA mM−1 cm−2

ZnO nanocomb 15.33 μA mM−1 cm−2

ZnO:Co nanocluster 13.3 μA mM−1 cm−2

Pyramid-shaped porous ZnO 237.8 μA mM−1 cm2

Table 2. 
Sensitivity of ZnO nanostructures with different morphology [18].

Figure 1. 
Installation for electrochemical etching: (1) crucible; (2) sample; (3) platform; (4) carriage; and (5) height 
adjustment knob.
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addition of isopropyl alcohol (С3H7OH) was used. This solution provides the neces-
sary wettability of the silicon wafer surface by electrolyte [22–25].

As a result of electrochemical etching, observing the galvanostatic mode (current 
density j = 30 mA/cm2: anodizing time t = 10 min), porous substrates were formed. 
New structures were subsequently used as the basis for the formation of por-Si/Ag 
and por-Si/ZnO composite structures.

2.2 Functionalization methods

To create functionalized composite structures, Ag nanoparticles were deposited 
on the formed porous substrates. Also, under an electrothermal influence, it was 
possible to ensure the diffusion of nanocrystals into the matrix. These functional-
ization methods allow the formation of composites with new structural and physi-
cochemical properties.

2.2.1 Synthesis of silver nanoparticles using silver nitrate (AgNO3)

In this work, silver ink using the recovery method with sodium citrate and with 
the addition of a strong reducing agent, which allows one to achieve the necessary 
concentration of supersaturation in the early stages of synthesis, was obtained [26]. 
Ascorbic or tannic acid can act as a strong reducing agent.

The solution is formed by heating for 30 min a mixture based on silver nitrate, 
sodium citrate and sodium chloride, and a solution of ascorbic acid heated to 95°C 
is added. Then, unreacted components are removed from the solution by cen-
trifugation. Subsequently, in several stages, silver layers were applied followed by 
annealing at a temperature of 150°C for 30 min.

To determine the sizes of the synthesized silver nanoparticles, the scanning 
electron microscopy (SEM) method was used (Figure 2).

Based on the obtained images, it was concluded that the diameter of silver 
nanocrystals is about 20 nm.

2.2.2  Functionalization method based on the electrochemical deposition of zinc 
oxide nanoparticles

In this work, the functionalization of zinc oxide nanoparticles with porous 
silicon samples was carried out using the electrochemical deposition of metals from 
an electrolyte solution [27]. For this methodology an installation was developed as 
shown in Figure 3.

The electrodeposition was carried out as follows: in a crucible (6) with elec-
trolyte (5), which was previously heated to a temperature of 65°C, a previously 
prepared sample of a porous silicon (4) was immersed. An electric current in 
the range from 0.5 to 1 A was passed through anode (6) and cathode (3), which 
provided the beginning of the electrodeposition process. Motor (2) provided a 
continuous mixing of the electrolyte solution during electrodeposition at a speed of 
5000 r/s for 1 h. Then, the samples of porous silicon with a deposited layer of zinc 
were annealed in a muffle furnace at a temperature of 200°C for 20 min.

2.2.3 Functionalization method based on electrothermal diffusion processes

To ensure a high-quality introduction of silver nanoparticles into porous matri-
ces, the method of electrothermal diffusion was used. Installation for the imple-
mentation of this process is presented in Figure 4.
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This installation includes a muffle furnace (1) (capable of maintaining a 
temperature of up to 900°C) with a fixed sample on the worktable. The clamping 
mechanism (acting as the anode) fixes the sample and implements the current to 
the surface layer.

Figure 3. 
Installation for electrodeposition of metals: (1) indicator of motor rotation speed; (2) motor; (3) cathode;  
(4) sample (to which electrodeposition is performed); (5) electrolyte; (6) graphite crucible (anode); and  
(7) heating element (Peltier element).

Figure 2. 
Image of synthesized silver nanoparticles.
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Samples, on which silver layers were deposited by the method of colloidal quan-
tum dots, were fixed on the worktable. Then, the table was placed in a muffle furnace 
and preheated to 200°C for 15 min. This process is necessary to avoid thermal shock 
and prevent the destruction of the material. To activate electro-diffusion, a voltage 
of 300 V was applied to the samples. This electrothermal process was observed for 
25 min. Then, the voltage supply stopped and the samples are cooled for 30 min 
inside the furnace. Using this method a series of samples in which silver nanoparticles 
diffused deep into the porous matrix were obtained. The thermal deposition of metals 
into the porous layer took place at the same parameters as the deposition by electro-
thermal diffusion, but without applying an electric potential to the sample [28–30].

3. Assessment of the morphology of nanostructures using SEM methods

In this work, the samples formed during the experiments were studied by scan-
ning electron microscopy (TESCAN MIRA3 electron microscope). This technique 
allowed us to determine the morphological features of porous matrices before 
and after functionalization processes. The measurement results are presented in 
Figures 5–9.

Based on the obtained images (Figure 5), it was concluded that the size of 
pores for por-Si matrices is about 50 nm and the thickness of the porous layer is 
20 μm. Figure 6 shows the images for porous silicon matrices after the function-
alization process (deposition of silver nanoparticles by the method of colloidal 
quantum dots).

The layered deposition of silver nanoparticles allows to achieve good uniformity 
on the surface of the substrate. Also, according to the data obtained (Figure 6), it 
was found that silver is predominantly localized on the porous matrix and only a 
small fraction goes deep into the wide pores. Figure 7 shows SEM images of samples 
coated with a layer of silver after the electro-diffusion process.

Figure 4. 
Installation for functionalization by electro (E)-diffusion method: (1) muffle furnace; (2) desktop; (3) a 
metal film (cathode); (4) porous semiconductor; (5) metal layer (anode); (6) heaters; (7) milliammeter; 
(8) voltmeter; (9) power supply; and (10) thermometer.
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Figure 5. 
Scanning electron microscopy data of a porous silicon matrix: (a) surface and (b) cross section.

Figure 6. 
Scanning electron microscopy data of por-Si/Ag structures: (a) surface and (b) cross section.

Figure 7. 
SEM data of por-Si/Ag structures after the process of electro-diffusion: (a) surface and (b) cross section.
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Figure 8. 
SEM data of the por-SI/ZnO structure.

It was found (Figure 7) that after the functionalization process based on electro-
diffusion, silver actively diffuses into the pores. The combined effect of the electric 
and thermal conditions ensures the activation of this process. Unlike conventional 
layering, silver nanoparticles occupy almost the entire pore depth.

3.1 Study of composite structures por-Si/ZnO by SEM method

To study the por-Si/ZnO composite structures, scanning electron microscopy 
(TESCAN MIRA3 microscope) was used. Also energy-dispersive X-ray spec-
troscopy (EDX) to analyze the composition was used. The data are presented in 
Figures 8 and 9.

In Table 3 the EDX analysis data described in Figure 9 is presented.
Thus, it was found that zinc particles predominate in the studied structures. The 

mass fraction of Zn is 77.83% of the total mass of por-Si/ZnO. It can be argued that 

Figure 9. 
EDX analysis of por-Si/ZnO structure.
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during the electrochemical deposition of zinc oxide nanoparticles, the active passiv-
ation of the porous surface occurs, followed by the oxidation of the nanoparticles. 
Also based on SEM data, it was concluded that the largest ZnO nanoparticle size 
reaches about 2 μm. The size of the rods in this case varies in the range from 200 nm 
to 1 μm. These particles are formed on the surface of the porous matrix, fixing on its 
surface.

4. The study of composite structures by IR and Raman spectroscopy

4.1 The study of composite structures by IR spectroscopy

The IR transmission spectra of the samples were obtained on a Vertex 70 FTIR 
spectrometer (Bruker) using an attachment for spectroscopy of impaired total 
internal reflection (TIR) [31]. The depth of study of porous silicon samples by 
wavelengths up to 2000 cm−1 does not exceed 1.5 μm by this technique, and in the 
range of 2000–4000 cm−1, it does not exceed 10 μm. Thus, based on our calcula-
tions and the data on the thickness of the porous layers obtained using SEM, by the 
ATR method, we obtain data mainly on the composition of the porous layer with 
an insignificant contribution from the substrate. IR spectra were obtained a month 
after the manufacture of the samples (Figure 10).

According to IR spectroscopy, after 30 days of exposure to the atmosphere, 
the spectrum of a “standard” por-Si sample shows bands characteristic of 
porous silicon, corresponding to Si-Si and Si-H bonds (616 and 634 cm– 1); band 
750–1000 cm−1, corresponding to different types of Si-H and OxSiy bonds; the 
oxide compound peak of Si-O-Si (1060–1250 cm−1); and the band 2150–2250 cm−1, 
corresponding to various types of vibration of bonds of adsorbed hydrogen and 
oxygen-containing groups [32]. In addition, the band at 480 cm−1 of the spectrum 
corresponds to deformation vibrations of Si-O-Si.

The spectra of porous silicon samples with deposited silver nanoparticles were 
uninformative, apparently, due to the high reflectivity of the formed silver film. No 
pronounced absorption bands were observed on the spectra of these samples by this 
technique.

The situation is different for por-Si samples with various methods of functional-
ization (electro-, thermo-, and electrothermodiffusion methods) of ZnO films. The 
deposition of zinc oxide on the surface leads to a change in the degree of oxidation 
of the surface, a decrease in the intensity of the band of the oxide composite peak 
of Si-O-Si stretching vibrations (1060–1250 cm−1), and a characteristic of stoichio-
metric silicon dioxide (SiO2) with an increase in the intensity of the absorption 
peak corresponding to Si-O deformation vibrations—Si. The band corresponding 
to Si-Si bonds also becomes less pronounced against the background of an increase 

Element Mass, % Atom content, %

O K 10.51 29.03

Si K 11.66 18.35

Zn K 77.83 52.62

Total 100 100

Table 3. 
EDX data analysis.
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in the intensity of the complex compound band of 750–1000 cm−1, corresponding 
to various types of Si-H and OxSiy bonds. A change in the shape of the absorption 
band of the spectrum of 750–1000 cm−1 shows that the deposition of zinc oxide 
leads to a decrease in the fraction of Si-Hx bonds on the surface of the porous layer 
and a corresponding increase in oxygen-containing bonds of the OxSiHy type. 
Comparing the samples of porous silicon with ZnO functionalized by different 
methods, we can conclude that, with the general tendency toward a change in the 
oxidation state of porous silicon described above, the electrical effect of zinc oxide 
affects the por-Si surface to a lesser extent than thermal and electrothermal effects 
(Figures 11 and 12).

Comparing the samples of porous silicon with deposited ZnO functionalized 
by different methods, we can conclude that, with the general tendency toward a 
change in the oxidation state of porous silicon described above, the thermal deposi-
tion of zinc oxide affects the por-Si surface to a lesser extent compared to electri-
cally and electrothermally modified.

4.2 The study of composite structures by Raman spectroscopy

Raman spectra (Raman light scattering) were recorded in the backscattering 
geometry at room temperature using a Raman Microscope RamMics M532 EnSpectr 
laboratory Raman spectrometer. As an excitation source, a 532 nm Nd:YAG laser was 
used. The Raman spectroscopy method was used as an addition to the IR spectros-
copy method to determine the effect of metal film deposition on post-processing on 
the composition of the matrix of porous silicon. The estimated depth of analysis by 
this technique was about 1 μm.

The Raman spectrum of porous silicon has the same features as the spectrum of the 
crystalline silicon substrate on which it was grown. However, the spectrum of porous 
silicon broadened the main band corresponding to the TO-phonon line of silicon 
(520.7 cm−1), as well as more pronounced features at 300 (LA phonon of silicon) 

Figure 10. 
IR transmission spectra of samples of porous silicon with deposited silver functionalized by electro-, thermo-, 
and electrothermodiffusion (E-T) methods.
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and 950–1000 cm−1 (TO-phonon, second order). The broadening of the main band 
and the increase in the intensities of the minor bands of the Raman spectrum can be 
explained by the structural deformations of silicon during the formation of pores in it 
(Figures 13 and 14).

It was found that the deposition of silver and zinc oxide into porous silicon does 
not significantly affect the shape of the spectrum of porous silicon. In this case, 
however, a slight broadening of the main band of the TO-phonon of silicon occurs, 
which indicates a slight additional deformation of the porous matrix; moreover, a 
wide band of 1200–1600 cm−1 appears on the Raman spectra of the samples with 
deposited metals, which corresponds to carbon contamination of the surface by the 
deposition products (amorphous carbon).

Figure 11. 
IR transmission spectra of samples of porous silicon with zinc oxide layers functionalized by the methods of 
electro-, thermo-, and electrothermodiffusion methods.

Figure 12. 
(a) IR transmission spectra of samples of porous silicon with deposited zinc oxide nanoparticles functionalized 
by electro-, thermo-, and electrothermodiffusion methods, the spectral region is 760–1500 cm−1. (b) An 
example of deciphering the features of the IR spectrum of porous silicon samples in the region of 760–960 cm−1 
according to [32].
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Figure 14. 
Raman spectra of the samples por-Si and por-Si/Zn under an electrothermal diffusion effect.

5. The study of samples using an ultrasoft X-ray emission spectroscopy

X-ray emission USXES Si L2,3 spectra of the samples were obtained on a 
unique laboratory X-ray spectrometer-RSM-500 monochromator, in high vacuum 
(3 × 10–6 mmHg); the energy resolution of the obtained spectra was 0.3 eV. This 
technique is sensitive to the local partial density of states of atoms of a certain sort, 
due to which a qualitative assessment of the atomic structure of porous silicon and 
a semiquantitative assessment of the relative phase content in this material are pos-
sible [33]. In the case of porous silicon, USXES Si L 2,3 spectra reflect the distribu-
tion of Si 3S + Si 3d states with a predominance of Si 3 s. The depths of analysis by 
this method were ~30 and 60 nm at an accelerating voltage at the anode of the X-ray 
tube, on which the test sample was placed, 2 and 3 kV, respectively.

Figure 13. 
Normalized Raman spectra of porous silicon samples and c-Si substrates.
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The obtained X-ray emission spectra were processed using a special computer 
program, which allows the phase composition of the obtained por-Si samples to be 
determined by summing the spectra of reference materials with the corresponding 
weight coefficients that can be part of the porous layer [33]. When simulating the Si 
L 2,3 spectra of por-Si samples, the following reference spectra were used: single-
crystal silicon (c-Si); amorphous hydrogenated silicon (a-Si:H); low-coordinated 
(lc) silicon Si, which was observed in amorphous Si films [34] (coordination num-
ber ~2.5–3); disordered silicon after implantation with argon Si:Ar; silicon suboxide 
(SiOx), where x is 1.3; and SiO2 [34, 35]. The modeling error was determined as the 
difference between the areas under the experimental and simulated Si L 2,3 spectra 
and did not exceed 10%. In addition the general form of the simulated and experi-
mental spectra was taken into account [36]. The survey was carried out 1 month 
after receiving the samples (Figure 15).

Figures 16 and 17 show the USXES Si L2,3 spectra of samples of the initial 
porous silicon and porous silicon with deposited silver and zinc oxide nanoparticles, 
obtained for the analysis depths of 30 (a) and 60 (b) nm.

Figure 15. 
USXES Si L2,3 spectra of reference phases.

Figure 16. 
USXES Si L2,3 porous silicon and por-Si with deposited silver nanoparticles.
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At an analysis depth of 30 nm by the USXES method, the following data were 
obtained. The closer to the surface layer of the initial porous silicon is predomi-
nantly oxidized, the fraction of unoxidized silicon (c-Si, a-Si) on the surface is less 
than 50% (burst 10%), while por-Si/Ag substrate functionalized by the electrical 
and electrothermal methods leads to stronger oxidation matrices predominant 
in the surface composition of SiO2 oxide. Thermal method of modification has a 
lesser effect on the surface composition of the porous silicon matrix used, while the 
fraction of unoxidized phases in the surface composition slightly increases. This can 
be attributed to the morphological features of the film grown on the surface by this 
technique.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the phase composition of more porous silicon is expectedly less 
oxidized compared to its surface; the contribution of crystalline and amorphous 
silicon phases prevails over the contribution from oxide phases. In this case, the por-
Si/Ag samples functionalized by all methods have a significantly smaller effect on the 
composition of the por-Si matrix layer deeper; phase analysis shows approximately 
the same ratio of oxidized and non-oxidized phases as in the initial porous silicon 
with a slight increase in the oxidation state, i.e., defective SiOx is oxidized to SiO2, 
while maintaining the proportion of SiOx + SiO2 in the total phase composition.

The following data were obtained for composites with precipitated ZnO at an 
analysis depth of 30 nm using the USXES method. Recall that we used the same 
matrix of porous silicon in the same series of samples. As in the case of the deposi-
tion of silver nanoparticles, the functionalization of zinc oxide structures by the 
thermal method has the least effect on the surface composition of the porous silicon 
matrix used (toward a slightly higher matrix oxidation). This can be attributed 
to the morphological features of the film grown on the surface by this technique. 
The functionalization of ZnO particles by electro- and electrothermal diffusion 
methods leads to a stronger change in the composition of the matrix surface, 
namely, a significantly smaller contribution of silicon oxide phases, with the most 
pronounced changes observed in samples with ZnO electrochemical modification.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the most pronounced changes in the phase composition, as well 
as at a shorter depth of analysis, are observed in samples with por-Si/ZnO samples 
with electrical modification; the degree of oxidation of the porous layer in these 
samples is significantly lower than the initial porous silicon. In electrothermal and 
thermal functionalization, the most severe changes which are observed in por-Si/
ZnO samples with electrical modification to a lesser extent affect the composition 
of the matrix, leading to a slight increase in the fraction of oxide phases.

Figure 17. 
USXES Si L2,3 porous silicon and por-Si with deposited ZnO nanoparticles.
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6. The study of the photoluminescent characteristics of samples

The photoluminescent (PL) spectra of multilayer porous silicon were mea-
sured using an experimental setup based on an OceanOptics USB4000-VIS–NIR 
(350–1000 nm) optical fiber spectrometer. An HP Lightning light-emitting diode 
(LED) was used as the PL excitation source, the maximum radiation wavelength of 
which was 405 nm (~3.06 eV). A quartz-focusing lens and a band-pass filter were 
installed in front of the LED, cutting out the long-wavelength region of the LED’s 
radiation. The PL radiation of the samples was introduced into the QP600–2-UV–
VIS (OceanOptics) fiber through a collimator. Next, the radiation was directed to 
the input of the spectrometer. The measurements were carried out in the dark in the 
absence of scattered light sources a month after the preparation of the samples.

The photoluminescence spectrum of the initial porous silicon is a band in the 
region of 500–800 nm with a peak of ~650 nm and is a characteristic of por-Si 
samples obtained by this method. The deposition of silver nanoparticles using 

Figure 18. 
PL spectra of samples of porous silicon and porous silicon with deposited silver nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/Ag (T)) porous silicon with Ag nanoparticles functionalized by thermal exposure, (por-Si/
Ag (E)) porous silicon with Ag nanoparticles functionalized by electrical exposure, (por-Si/Ag (ET)) porous 
silicon with Ag nanoparticles functionalized by electrothermal exposure.

Figure 19. 
PL spectra of samples of porous silicon and porous silicon with deposited ZnO nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/ZnO (T)) porous silicon with ZnO nanoparticles functionalized by thermal exposure, (por-Si/
ZnO (E)) porous silicon with ZnO nanoparticles functionalized by electrical exposure, (por-Si/ZnO (ET)) 
porous silicon with ZnO nanoparticles functionalized by electrothermal exposure.
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the techniques used in this work leads to a noticeable shift of the PL peak toward 
shorter wavelengths with a slight decrease in the PL intensity. The peak of the PL of 
samples with por-Si/Ag samples modified by various techniques is in the region of 
550–600 nm, with the highest PL intensity having the composite sample function-
alized by thermal exposure (Figures 18 and 19).

The deposition of zinc oxide nanostructures by the methods used in this work, 
as in the case of deposition of silver nanoparticles, leads to a noticeable shift of 
the PL peak toward shorter wavelengths with a slight decrease in the PL intensity. 
The peak of the PL of por-Si/ZnO samples functionalized by various techniques 
is in the range of 550–600 nm, with the highest PL intensity having the composite 
sample modified by electrical exposure.

7. Conclusions

1. There were a series of porous silicon substrate by electrochemical etching ob-
tained. To create functionalized composite structures, Ag and ZnO nanopar-
ticles were deposited on the formed porous substrates. Silver ink was formed 
by reducing sodium citrate at high supersaturation concentrations. Zinc oxide 
nanoparticles were deposited on substrates by electrochemical deposition of 
metals from an electrolyte solution. To ensure the effective introduction of 
silver and zinc oxide nanoparticles into the porous matrix, the method of elec-
trothermal diffusion was used.

2. There were obtained data by scanning electron microscopy for all series of 
samples. Based on the analyzed images, it was concluded that the porous 
silicon substrate pore size is about 50 nm and the thickness of the porous layer 
20 μm. When silver nanoparticles are deposited on a porous matrix, local-
ization is achieved mainly on the surface of the substrate. By the method of 
electrothermal diffusion of the nanoparticle, active diffusion of particles deep 
into the pores was achieved. Silver actively diffuses into the pores, occupying 
almost the entire pore depth. Thus, SEM made it possible to estimate the par-
ticle size of ZnO reaching up to 2 μm (rod lengths in the range from 200 nm to 
1 μm). Particles of such sizes do not penetrate into the pores and remain fixed 
on the surface of the porous matrix.

3. There were obtained data on the surface composition of nanostructures by IR 
and Raman spectroscopies. The IR transmission spectra of the samples were 
detected on a Vertex 70 FTIR spectrometer (Bruker). An analysis of the spec-
tra indicates that the exposure of the samples in the atmosphere activates the 
oxide compound peak Si-O-Si (1060–1250 cm−1). Also, on the spectra there is a 
band at 480 cm−1 corresponding to deformation vibrations of Si-O-Si.

Due to the high reflectivity of the silver layer, it was not possible to reveal 
pronounced absorption bands in the spectra. In this case, the obtained data for 
por-Si/ZnO composite structures led to the conclusion that the deposition of a 
zinc oxide layer on the substrate leads to a change in the oxidation state of the 
surface, which leads to a decrease in the intensity of the oxide composite peak 
band of Si-O-Si stretching vibrations (1060–1250 cm−1). The spectra showed 
changes in the shape of the absorption band of the spectrum of 750–1000 cm−1. 
This fact indicates a decrease in the fraction of Si-Hx bonds and a correspond-
ing increase in oxygen-containing bonds of the OxSiHy type when silver 
nanoparticles are deposited on the substrate surface.
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4. By the method of ultrasoft X-ray emission spectroscopy, data on the atomic 
and electronic structures and phase composition of the nanostructures were 
obtained. USXES X-ray emission spectra indicate that the porous matrix is pri-
marily predominantly oxidized by a, the fraction of unoxidized silicon (c-Si, 
a-Si) on the surface is less than 50% (burst 10%), while the deposition of silver 
nanoparticles leads to stronger oxidation of the matrix, the prevalence of SiO2 
oxide in the surface composition. In this case, an increase in the fraction of 
unoxidized phases in the surface composition is observed.

For composite structures based on por-Si/ZnO and por-Si/Ag, the USXES 
method was used to analyze the phase composition at various depths of 30 and 
60 nm. For both types of composite matrices, temperature oxidation at depths 
of 30 nm and 60 nm results in the oxidation of the active surface, but the 
overall composition remains almost unchanged. It should be noted that during 
the functionalization of composite structures by the methods of electro- and 
electrothermodiffusion, a significant change in the composition of the surface 
layer occurs as a result of diffusion processes. A significant decrease in the 
oxide phases of silicon was also noted.

5. The photoluminescent characteristics of the samples were investigated using 
a USBO4000-VIS–NIR fiber-optic spectrometer (350–1000 nm) from Ocean-
Optics (the maximum radiation wavelength of which was 405 nm (~3.06 eV)). 
When studying the spectra of substrates, characteristic spectra were obtained 
for this type of porous matrices (a band in the region of 500–800 nm with a 
peak of ~650 nm). The functionalization of the surface by silver nanoparticles 
leads to a noticeable shift of the PL peak toward shorter wavelengths with a 
slight decrease in the PL intensity. The electrical, thermal, and combined ef-
fects are determined on the PL spectra by a peak in the region of 550–600 nm, 
while the composite structure corresponding to the thermal effect has the 
highest PL intensity.

The deposition of zinc oxide nanostructures by the methods used in this work, 
as in the case of deposition of silver nanoparticles, leads to a noticeable shift 
of the PL peak toward shorter wavelengths with a slight decrease in the PL in-
tensity. The PL peak of samples with ZnO nanostructures deposited by various 
techniques is in the range of 550–600 nm. Unlike por-Si/structures, the highest 
PL intensity has a sample that was subjected to electrothermal interaction.

6. The main results of this work include the data obtained during the study, which 
allow to determine the patterns of influence of the presented functionalization 
modes on the characteristics of porous matrices. The studied structures can be 
used as sensory devices with an increased level of sensitivity and have a wide 
range of detectable analyses.
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