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Abstract. We present an experimental study of multilayer porous silicon formed by elec-

trochemical etching. Special emphasis is placed on effects that arise from a stepwise decrease 
in the current density while maintaining the total etching time. In order to provide a fully 
understanding of the morphology of the surface, we used scanning electron and atomic force 
microscopy. X-ray reflectivity was used to assess the porosity of porous layers. It was found 
that a stepwise decrease in the current density leads to the formation of a two-layer structure 
without changing the porosity of the base bottom layer. However, the porosity of the top layer 
can be varied over a wide range, which directly affects the photoluminescence of the samples. 
Our results show how the sample production conditions affect the fine tuning of the surface 
layer morphology of multilayer porous silicon.
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Аннотация. Мы представляем экспериментальное исследование многослойного 

пористого кремния, полученного электрохимическим травлением. Особое внимание 
уделяется эффектам, возникающим в результате постепенного уменьшения плотности 
тока при сохранении общего времени травления. Было обнаружено, что, несмотря 
на режим травления, образуется двухслойная структура с различными показателями 
пористости. При этом, на фотолюминесценцию влияет только морфология верхнего слоя. 
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Introduction

Porous silicon (PSi) is a widely studied material that exhibits efficient visible photoluminescence 
at room temperature, a property not possessed by bulk silicon [1]. This unique feature allowed 
the PSi to expand quickly and flexibly for applications in nanophotonics, biosensors, and 
nanomedicine [2]. Recently, attempts have been made to form PSi as a buffer layer for the growth 
of thin films of various materials, from metals to III-V semiconductors [3]. The main advantage 
of PSi is the ability to control its surface morphology. Fine tuning of porosity, roughness, and 
pore size allows PSi to be used as a substrate that reduces mechanical stresses and improves 
adhesion. Moreover, the PSi buffer layer makes it possible to grow epitaxial thin films of materials 
with high lattice constant mismatch on silicon [4]. One type of adjustable porous substrate 
design is a multilayer nanostructure that has several alternating porous layers with different 
porosity (P) in each layer. It is possible to fabricate such multilayer PSi, since variations in 
the dielectric properties, and therefore the refractive index, can be easily obtained by changing 
the P or pore morphology, both of which are determined by the electrochemical anodization 
parameters. This paper presents the effect of production conditions on the surface morphology 
and photoluminescence of multilayer PSi.

Materials and Methods

The PSi samples were obtained by electrochemical etching (ECE) of single crystal silicon 
wafers. Multilayer PSi with different P values was obtained by varying the current density (J) of 
electrochemical anodization. The etching time (t) for all samples was the same (Table 1). The 
etching mode was chosen so that the average current density of the ECE was 35 mA/cm2. X-ray 
reflectivity (XRR) was used to estimate the surface porosity value [5]. XRR is a non-destructive 
technique well used for the study of thin layers and multilayers. Unlike most other methods, it 
shows the dependence of the electron density on the depth of the sample under study. Since 
the critical angle for total reflection of X-rays from a layer is proportional to the mean density 
value of the layer, knowledge of the critical angle PSi (θc-PS) and the crystalline silicon substrate 
(θc-Si) allows us to calculate the porosity from the ratio: P(%)=[1-(θc-PS/θc-Si)

2]·100. XRR of PSi 
samples for porosity measurements was carried out using an ARL X’TRA X-ray diffractometer 
in the Bragg-Brentano geometry (CuKα). The surface morphology was studied by atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). Image processing and data analysis 
were carried out with Gwyddion and ImageJ software [6, 7]. The photoluminescence (PL) spectra 
were recorded with an Ocean Optics USB4000-VIS-NIR fiber optic spectrometer; a laser diode 
with a radiation wavelength of 405 nm was used.

Results and Discussion

Figures 1, a, b, c show the results of SEM analysis performed on the cross-section of PSi 
layers obtained using different parameters of the etching current density of 35, 50/20 and 
50/40/30/20 mA/cm2, respectively. As can be seen from the SEM images, a two-layer structure 
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Fig. 1. Cross-section SEM images of PSi with a current density J of 35 mA/cm2 (a), 50/20 mA/cm2 

(b) and 50/40/30/20 mA/cm2 (c), respectively

Table 1
PSi sample production conditions

Sample
Type and resistivity of 

the initial Si wafer, 
Ω×cm

J, 
mA/cm2

t, 
min

1 n-type, phosphorus-doped, 0.2 35 4
2 n-type, phosphorus-doped, 0.2 50/20 2/2
3 n-type, phosphorus-doped, 0.2 50/40/30/20 1/1/1/1

is formed in multistep samples No. 2 and 3. The two PSi layers feature similar columnar-like 
morphology, with different thickness and porosity. It should be noted that an increase in the 
steps of changing the etching current density while maintaining the total etching time leads 
to a significant increase not only in the total thickness of the porous layer (L), but also in the 
thicknesses of the top (lt) and bottom (lb) layers (Table 2).

Table 2
PSi morphology obtained from XRR measurements, SEM and AFM observations

Sample
Pt/Pb, 

%

z, 

nm

L, 

μm

lt/lb, 

μm
1 25/- 12 8.2 -
2 69/33 15 13.9 8.0/5.9
3 52/35 16 14.9 8.3/6.6

Figure 2 demonstrates the outcomes of atomic force microscopy (Fig. 2, a, b, c) performed on 
the samples surface obtained with different etching parameters. AFM analyses consistently show 
a mosaic-like surface with nanostructured silicon particles featuring peak-to-peak height (average 
value) of about 12–16 nm depending on the number of etch current density steps. In addition, 
the average size of silicon nanoparticles (z) increases from a single-stage sample to a four-stage 
one (Fig. 2, d). However, the root mean square roughness remains almost unchanged and is about 
3 nm. The average pore diameter on the PSi surface was estimated from the analysis of SEM 
image data. All samples have approximately the same average pore diameter of about 200 nm.

Figure 3, a shows experimental XRR profiles taken from samples anodized under different 
conditions. From the critical angle, a coarse estimate of the average density of the top and 
bottom layers of a film can be calculated [8]. For reference, the XRR profile of a bulk c-Si crystal 
wafer is also shown (θc-Si ≈ 0.22° for λ = 1.54 Å) [5]. Single-stage sample No. 1 has one critical 
angle of total external reflection from the surface PSi layer with a porosity of about 25% which 
is consistent with the analysis of its cross-section SEM image. The experimental XRR profiles 
of two-layer samples reveal several features. For θ < θc-PS there is a total reflection of the beam 
and all incoming X-rays are reflected from the surface (θc-PS is the critical angle of the PSi layer, 
which is smaller than θc-Si as the porous layer is less dense than c-Si). For θ values between the 
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Fig. 2. AFM images of the PSi surface prepared at 35 (a), 50/20 (b), 50/40/30/20 mA/cm2 (c), and 
silicon nanoparticles size distribution (d)

Fig. 3. XRR curves (a) of Si substrate and PSi produced under different production conditions and 
their PL spectra (b)

critical angles of the top and bottom PSi layers, the X-rays penetrate into the top porous layer 
but are totally reflected by the bottom porous layer. Thus, the reflected intensity is close to the 
incident one. For θc-PS < θ, X-rays penetrate both porous layers, leading to a strong decrease of 
the reflected intensity. XRR data for samples reveal that the porosity of the bottom base layer 
almost does not change (Table 2). The abrupt switching of the etching current density from 50 to 
20 mA/cm2 for a two-step sample led to the formation of a top PSi layer with a porosity of about 
69%. A gradual decrease in the current density of the four-step sample formed a top layer with 
significantly lower porosity compared to sample No. 2. 

Room temperature PL spectra from representative samples are shown in Fig. 3, b. The PL 
spectra exhibit a red shift as the porosity of the top porous layer increases, corresponding to the 
growth in average size of the crystalline Si domains in the sample. The PL spectrum of a single-
stage sample with the lowest porosity of about 25% exhibits several features. In the region from 
450 to 550 nm, a low-intensity peak appears corresponding to the luminescence of defects in 
the SiOx oxide [9]. In addition, a more intense peak appears in the range from 550 to 800 nm. 
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This effect is in good agreement with our previous study in which it was shown that in the 
porosity interval between 14 and 32% there is a transition to the quantum-size mechanism 
of the appearance of PL [10]. Multistage samples with highly porous top layers exhibit high-
intensity PL in the 600 to 800 nm range. The position of the peak centered at 700 nm is usually 
associated with the luminescence of nanocrystals in PSi columns. According to theoretical 
and experimental data, silicon nanocrystals with a size of 2–3 nm luminesce in this range [1], 
although microscopy data shows a nanoparticle size of 12–16 nm. This can be explained by the 
fact that silicon column nanoparticles can simultaneously contain several silicon nanocrystals 
coated with an oxide shell.

Conclusion

We have fabricated a series of porous silicon multilayers with different layer thicknesses using 
electrochemical etching. An increase in the number of steps of changing the etching current 
density led to the formation of a two-layer structure with different porosity values. The average 
size of silicon nanoparticles, the pore diameter, and the surface roughness of all samples remain 
virtually unchanged. The total thickness of the porous silicon film increases with an increase in 
the number of steps of changing the current density. It is worth noting that changing the etching 
parameters affects the porosity of only the top layer while the porosity of the bottom layer remains 
almost unchanged. This leads to the fact that the position and intensity of the PL peak depends 
on the morphology and porosity of only the top layer, which is consistent with the penetration 
depth of the PL exciting radiation.
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