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Abstract- Photoluminescent boron-doped (100)-oriented porous silicon fabricated on a p-type silicon substrate by 
electrochemical etching in a solution containing fluorosilicic acid and ethanol is studied. The morphological, structural, 
and optical properties of silicon nanostructures obtained in solutions containing H2(SiF6) and ethanol are analyzed in 
comparison with the corresponding characteristics of samples formed in solutions of HF and ethanol. The morphological, 
structural, and optical properties were studied using scanning probe microscopy and spectrophotometry. It is shown that 
the porous silicon samples formed in solutions containing H2(SiF6) and ethanol have better optical properties, in 
particular, they exhibit more intense photoluminescence than the samples obtained in HF–ethanol solutions. 
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I. INTRODUCTION 

Porous silicon (PS) and, especially, nanostructuredsilicon are attractive materials for many practicalapplications, 
such as fabrication of electronic gas sensors[1–4], energy accumulators [5, 6], and photoelectricconverters [7, 8]. 
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The possibility of fabricatingPS and nanostructured silicon using simple and inexpensivetechnologies with good 
control of the processand variability of obtained properties is the key reasonfor the wide practical application of 
these materials.Electrochemical etching of silicon is widely used forfabricating nanofilaments [9, 10] and 
nanoporousmaterials [11, 12]. A good scalability to large areasmakes this method rather attractive for industrial 
use.There exist two main methods of electrochemicaletching (both of them using solutions of fluorosilicicacid for 
silicon structuring), namely, chemical etchingwith the use of a metal catalyst and anodic etching inan 
electrochemical cell [13]. 

The first method uses metal catalysts Au, Ag, Pt forlocalization of silicon etching. This localization occursdue to 
reduction of the oxidant (usually hydrogen peroxide)via a catalytic reaction and migration of formedholes into 
silicon, which leads to oxidation and etchingof silicon [14]. Drawbacks of this method are a highcost of noble-metal 
catalysts and the possibility oftheir incorporation into the layer during etching.Metal particles incorporated into the 
layer are recombinationcenters and may considerably deteriorate thecharacteristics of photoconverters with 
antireflectinglayers of nanostructured silicon obtained by metalinducedetching. In the anodic etching method, 
theetching process is maintained only by external bias.Because of this, anodic etching is very attractive forformation 
of inexpensive porous silicon surfaces. 

The porous silicon structure, properties, and morphologyof the surface and pores depend on a numberof factors. 
These factors include conduction type ofsingle-crystalline silicon, its crystallographic orientation,specific resistivity, 
dopant type, illuminationconditions during etching, anodizing current density,anodization duration, electrolyte 
composition, etc. Todetermine the correlation between the technologicalconditions of porous silicon formation and 
theobtained material properties, it is necessary to considerthe main factors affecting the silicon structureand 
properties. 

It is known that different etching methods and conditionsaffect the PS morphology and photoluminescence[15, 
16]. In the present work, we fabricated forthe first time PS on a p-type (100) silicon substrate bychemical etching in 
a solution of H2(SiF6) and ethanolwith different concentrations and studied its properties. 

II.EXPERIMENTAL 

Porous silicon was fabricated using single-crystalline p-type (100) silicon substrates doped with boron with a 
charge carrier concentration of 1015 cm–3. Before PS fabrication, silicon substrates were degreased in hydrofluoric 
acid and washed with deionized water, after which they were etched for 10 min in a mixture of H2(SiF6) and ethanol 
and thoroughly washed with deionized water. 

We obtained three groups of PS samples at identical anodizing current densities J = 20 mA/cm2 and etching 
duration t = 10 min. The power supply voltage was constant for all groups of samples and equal to 10 V. Etching was 
performed in electrolyte containing fluorosilicic acid (H2(SiF6)) and ethanol in proportions of 3 : 1, 5 : 1, and 6 : 1. 
The structure and properties of PS samples were measured after their storage in air for 10 days. All experiments were 
performed at room temperature. 

The physical properties of the PS samples obtained in the new solution were compared with the properties of 
reference samples fabricated using solutions containing HF and ethanol in the same proportions 3 : 1, 5 : 1, 6 : 1 and 
at the same etching regimes. 

III. EXPERIMENT AND RESULT 

The surface morphology of PS films was studied using an NT-MDT NtegraTherma scanning probe microscope 
(SPM). The SPM images of three samples grown at 20 mA/cm2 for 10 min are presented in Figs. 1a–1f and 2a–2f. 
The profiles of cross sections along the central line are shown in Figs. 1g–1i and 2g–2i. The size of crystallites and the 
distribution of pores on the PS layer depend on the substrate type, doping level, acid concentration, and etching time 
[17]. The 2D images demonstrate the presence of nanostructures surrounded by pores of irregular shape, which are 
randomly distributed over the entire analyzed surface. The 3D images show the roughness evolution of the same 
surfaces. In both cases we observe the presence of rod-like nanostructures, the number and characteristic sizes of 
which depend on the anodization conditions. 
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Fig. 1. SPM images of porous silicon samples obtained in H2(SiF6)–ethanol solutions with 

concentration ratios of (a, d, g) 3 : 1, (b, e, h) 5 : 1, and (c, f, i) 6 : 1. (a–c) 2D images, (d–f) 3D 

images, (g–i) profiles of the cross sections along the central lines 

 

The reflection spectra for all groups of samples were measured on a Shimadzu UV-3600 spectrophotometer in the 
range from 240 to 800 nm (Fig. 3). The character of dependences of the reflection coefficient on the active material 
concentration is considerably different for two electrolytes (H2(SiF6) and HF). The reflection coefficients for the 
samples of the first type are 1–2% lower than for the PS samples fabricated with the use of HF. This is obviously 
related to a higher roughness of samples fabricated in electrolytes containing hydrofluoric acid and ethanol (Fig. 2). 
One can see from Fig. 3a that the reflection coefficient of the PS samples fabricated in solutions containing H2(SiF6) 
and ethanol decreases with increasing concentration of H2(SiF6). At the same time, as is seen in Fig. 3b, the samples 
fabricated in HF–ethanol solutions exhibit an inverse dependence, i.e., the reflection coefficient in these samples 
increases with increasing HF concentration. This dependence of the reflection coefficient correlates well with the 
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surface morphology. According to Figs. 1g–1i and 2g–2i, the average roughness calculated from the cross section 
profiles of samples is 9, 12, and 18 nm, respectively. 
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Fig. 2. SPM images of porous silicon samples obtained in HF–ethanol solutions with 

concentration ratios of (a, d, g) 3 : 1, (b, e, h) 5 : 1, and (c, f, i) 6 : 1. (a–c) 2D images, (d–f) 3D 

images, (g–i) profiles of the cross sections along the central lines 

 

The band gap of PS increases due to the presence of nanosized silicon clusters formed near the pore walls. This is 
directly proved by photoluminescence (PL) in PS. The PL spectra were measured at room temperature using an NT-
MDT NtegraSpectra spectrometer upon laser excitation with a power of 20 mW and a wavelength of 477 nm. The 
laser spot diameter on the sample was about 2 mm. Figure 4 shows the PL spectra for two types of PS samples. One 
can see that the PL intensity is maximum for the sample formed in the solution containing H2(SiF6) and ethanol in 
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the proportion 6 : 1 (curve 3). The PL intensity decreases for the samples obtained in the solutions with proportion 5 : 
1 (curve 2) and, especially, 3 : 1 (curve 1). The PL intensity of the sample the spectrum of which is shown by curve 4 
is approximately 100 times lower than the PL intensity for the sample with spectrum 3. The PL of the samples with 
spectra 5 and 6 has a noise-level intensity. The peaks of curve 4 lie in the range of 580–620 nm, which corresponds to 
a photon energy of ∼2 eV (red spectral region) and is explained based on the quantum confinement model [9]. 

 

(a) 

 

(b) 

Fig. 3.Spectral dependence of reflection coefficients of PS samples obtained at J = 20 mA/cm2 

and t = 10 min in (a) H2(SiF6)–ethanol solutions with concentration ratios of (1) 3 : 1, (2) 5 : 1, 

and (3) 6 : 1, as well as in (b) HF–ethanol solutions with the same concentration ratios. 

 

The PL spectrum of p-type porous silicon has a complex shape. This spectrum exhibits some features which may 
correspond both to the luminescence of nanocrystals of different sizes in the porous layer and to more complex 
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processes of radiative/nonradiative recombination on the surface [18]. The intensity of PL peaks depends on the 
concentration of H2(SiF6) in electrolyte. The maximum intensity was observed in the sample fabricated in the solution 
with the concentration ratio 6 : 1 (Fig. 4, curve 3), which can be explained by a decrease in the number of 
nonradiative recombination centers due to a higher porosity, a more developed surface morphology, and a higher 
concentration of isolated nanocrystals in the silicon matrix. It should be noted that the groups of samples obtained in 
HF–ethanol solutions under the same anodizing conditions almost did not exhibit PL (Fig. 4, curves 4–6). 

 

 

 

Fig. 4. PL spectra of PS samples obtained at J = 20 mA/cm2 and t = 10 min in (1–3) 

H2(SiF6)–ethanol solutions with concentration ratios of 3 : 1, 5 : 1, and 6 : 1, respectively, and 

(4–6) HF–ethanol solutions with concentration ratios of 3 : 1, 5 : 1, and 6 : 1, respectively 

 

IV.CONCLUSION 

Porous silicon films were obtained for the first time by electrochemical etching of p-type single-crystalline silicon in 
electrolyte containing fluorosilicic acid and ethanol. The ratio of H2(SiF6) and C2H5OH components in the 
electrolyte for three groups of samples were 3 : 1, 5 : 1, and 6 : 1. All samples were obtained at identical anodizing 
current densities J = 20 mA/cm2, power supply voltage U = 10 V, and etching duration t = 10 min. The experimental 
results revealed the presence of nanostructures and pores randomly distributed over the surface. It is found that the 
characteristic sizes of nanostructures surrounded by nanopores depend on the anodization conditions, which makes it 
possible to model the reflectivity of PS layers. An increase in the average roughness of PS samples fabricated in a 
mixture of H2(SiF6) and C2H5OH from 9 to 18 nm leads to a decrease in the reflection coefficient from 16 to 14% 
for a wavelength of 550 nm. The maximum PL intensity is achieved at the concentration ratio between H2(SiF6) and 
C2H5OH of 6 : 1 and is two orders of magnitude higher than the maximum PL intensity in reference samples 
fabricated in the HF‒ethanol electrolyte. 
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