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Abstract—For effective use of porous silicon (PS) as an 
antireflection coating in the structure of silicon solar cells, it is 
necessary to take into account the structural and technological 
characteristics of its production. The proposed technology for 
creating a frontal contact system consisted of successive 
thermovacuum deposition on a silicon surface with PS through 
a photolithographically defined mask of Ti (30 nm), Pd (20 nm), 
and Ag (30 nm) layers. The width of the contact tracks was 30 
μm, the distance between them was about 1 mm, and the total 
area of the shading of the working surface did not exceed 5%. 

Keywords—porous silicon, solar cell, antireflection coating. 

I. INTRODUCTION  

Widespread adoption of photovoltaic converters of 
different power levels as power sources for electronic devices 
is the most promising way to use solar energy. This is due to 
the depletion of energy reserves on Earth and the continuous 
growth of human needs for cheap electricity. 

Today, more than 2 billion people on the planet still 
depend on gas, firewood, coal and oil for cooking and space 
heating. This leads to significant negative consequences for 
human health, their environment, economic development, 
and sometimes wars between states. And in the coming 
decades, energy producers will face shortages of natural fuels 
(oil, gas, coal), as well as problems such as catastrophic 
pollution caused by the combustion of these fuels and the 
potential dangers of nuclear energy. Therefore, there is a need 
to obtain cheap energy using renewable energy sources with 
minimal impact on the environment. 

Solar cells (SC), as a source of electricity, today can 
hardly be called something unusual. They were first used for 
power supply of space stations more than 40 years ago, and 
today solar panels are firmly established as a source of 
environmentally friendly and free energy [1, 2]. Today, 
global demand for electricity is growing significantly every 
day due to population growth and industrial evolution. 
Photovoltaic solar energy should become an alternative for 
generating current, since it has inexhaustible resources, does 
not require large infrastructure, is practical and safe, and most 
importantly, does not cause environmental consequences. 
This has led to an increase in the photovoltaic solar energy 
market by more than 25% in recent years in countries such as 
China, Germany, Japan, USA, etc. 

It is simple, modular and very versatile, adapts to different 
situations. However, there is still room for further 

improvement, mainly in solar cells, which are the most 
important elements for this type of energy. 

The urgency to reduce the cost and increase technical and 
photovoltaic parameters leads to the development of new 
systems [3, 4]. Anti-reflective coatings (ARC), textures, and 
technologically correctly and efficiently applied front contact 
systems on the SC surface can serve as an effective way to 
reduce losses and increase the efficiency of SC due to 
radiation reflection [5-8]. 

These circumstances encourage the development of 
optimized technologies for obtaining SC using porous layers, 
ARC and a technologically correctly applied frontal contact 
system on the SC surface, which in the future could replace 
traditional ones, which would be way cheaper [9-11]. 

This aim of the work was to form antireflective layers of 
porous silicon on the surface of the SC structure in the 
presence of a current-collecting comb on the working surface 
and to study the state of the frontal SC contact system after 
etching using spectral characteristics.  

II. EXPERIMENT 

Previous optimization [12, 13] of the technology of 
electrochemical formation of porous silicon layers has 
significantly improved their antireflective and passivation 
properties. Technologies for creating textures of the SC front 
surface are based on the process of dissolving the surface 
layer of silicon in solutions based on hydrofluoric acid. As 
the surface is covered with Si-O-Si bonds, the dissolution 
reaction becomes less active and stops with the formation of 
a continuous oxide film [14].  

However, in order for porous silicon to be effectively used 
as an anti-reflective coating in the structure of silicon SC, its 
parameters and production technology must meet the 
following two requirements: 

a) the parameters of the translucent porous layers 
electricaloutputtheaffectnegativelynotshould

characteristics and efficiency of the SC; 

b) the technological processes of forming and 
hydrogenating layers of porous silicon should be compatible 
with the technology of creating silicon SC and not complicate 
it. 

Therefore, according to the first requirement, the 
thickness of the porous layer should not exceed 100 nm. 
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Under such conditions, the effect of high resistivity of porous 
silicon (~ 106÷107 Ω×cm)·on series resistance of the SC 
structure will be within acceptable limits. According to the 
second requirement, the formation of layers of porous silicon 
is most appropriate at the final stage of creating the SC 
structure, after applying a contact comb to its frontal surface. 
At the same time, there is no need for photolithography, 
which is necessary in the case of the formation of porous 
silicon before creating a contact system. It should be noted 
that it is necessary to take into account possible damage to 
the contact comb during electrochemical treatment of the SC 
structure in the electrolyte. In this regard, there is a need to 
study the effect of the process of forming an anti-reflective 
coating based on porous silicon on the state of the front 
contact system of the SC. 

To study the effect of electrochemical etching on the state 
of the frontal SC contact system, a number of experiments 
were performed to grow optimized layers of porous silicon 
on SC samples with fully formed structures without an anti-
reflective coating.  

For optimization, the reflection spectrum of a porous 
silicon layer was constructed depending on its thickness and 
the value of the refractive index. The results obtained indicate 
that in the selected spectral range, the minimum reflection 
from the surface of the porous layer is achieved when the 
thickness of porous silicon is in the range from 70 to 100 nm, 
and the refractive index is from 1.35 to 1.9. The refractive 
index was measured in the spectral range 400 ÷ 1100 nm with 
average size of pores 2 µm. These values of optical 
parameters of the porous layer are obtained by growing them 
from 2 to 6 seconds at an anode current density of 40÷100 
mA/cm2. 

III. RESULTS AND DISCUSSION 

The results of an experimental study of the effect of the 
anode current density and anodizing duration on the value of 
the integral reflection coefficient of porous silicon in the 
range of 550÷850 nm is shown in Fig. 1 and approximately 
60 experimental points were used to construct the surface. 

 

Fig. 1. Experimental dependence of the integral reflection coefficient of 
porous silicon layer in the range of 550÷850 nm from the technological 
conditions of its growth, the density of the anode current and the duration of 
electrochemical anodizing. 

Both for the dependence of the reflection coefficient on 
the anode current and for its dependence on the anodizing 
time, the minimum reflection region is observed. This makes 

it possible to narrow the range of optimal technological 
conditions under study. However, this optimization step is 
associated with the need to conduct a large number of 
experiments on optical spectroscopy of porous silicon layers 
formed at different values of the anode current density and 
anodizing time. This is primarily due to the fact that the 
combined influence of these technological conditions on the 
antireflective properties of porous silicon is multifacted and 
complex [15-18]. 

The actual technological process of forming the front 
contact system involved sequential thermal vacuum spraying 
on the silicon surface through metal stencils of layers of 
titanium (Ti), palladium (Pd) and silver (Ag) with thicknesses 
of 30 nm, 20 nm and 30 nm, respectively. The width of the 
contact fingers was 30 µm, with a distance between them of 
more than 1 mm. At the same time, the total shading area of 
the working surface did not exceed 5 %. To reduce the contact 
resistance, the thickness of the Ag layer was increased by 
electroplating to 25 µm. At the final stage of creating a 
contact comb, the resulting structures were annealed in a 
nitrogen atmosphere with 5% hydrogen content at a 
temperature of 400 °C within 20 min. A fragment of the 
configuration of the front contact comb is shown in Fig. 2. 

 

Fig. 2. Optical image of the current-collecting contact comb (scale 500 µm). 

The study of electrochemical anodizing of structures with 
a contact system formed on the working surface established 
that the state of the current-collecting comb is most sensitive 
to the concentration of hydrofluoric acid in the electrolyte and 
the anodizing time. It was found that for all working 
electrolytes there is a certain critical value of the time of 
residence of the SC structure in the electrolyte, exceeding 
which leads to damage to the contact fingers of the frontal 
current-collecting comb. In particular, when anodizing in 
electrolyte C2H5OH:HF=1:1 the critical time is 45 seconds.  

Using a scanning electron microscope, studies of the 
nature of damage on the frontal contact system have shown 
that during electrochemical treatment, the contact fingers of 
the current-collecting comb are mainly detached (Fig. 3a).  

            

(a)    (b) 

Fig. 3. Photos of the ruler with fingers of the front current-collecting comb 
after electrochemical anodizing of the SC structure in solution 
C2H5OH:HF=1:1 for 45 sec. Scale 500 µm (a) and 50 µm (b), respectively. 

Since contact metallization residues are observed at the 
point of contact with the silicon surface (shown by the arrow 
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in Fig. 3b), and only a thick layer of silver undergoes peeling, 
it is likely that this phenomenon is not the result of 
unsatisfactory adhesion or lateral etching of the contact 
fingers from the silicon surface. 

It is most likely that in this case, the Ti adhesive layer, 
which is unstable to hydrofluoric acid (HF), is being etched. 
The Ag and Pd layers do not undergo etching in HF (in a 
series of stresses (Fig 3a), Ag and Pd are located to the right 
of hydrogen) and deform both due to their own mechanical 
stresses and due to intense gas release during the anodizing 
process (Fig.3b). 

Analysis of the results of the study of the effect of 
electrochemical anodizing on the state of the frontal contact 
system suggests that the growth of an antireflective layer of 
porous silicon on the surface of the SC structure can also be 
carried out in the presence of a current-collecting comb on 
the working surface. To prevent its damage during anodizing, 
it is necessary to minimize the time spent by the SC structure 
in the electrolyte as much as possible and reduce the content 
of hydrofluoric acid in it. However, the results of studies 
indicate that an excessive decrease in the concentration of HF 
in the electrolyte leads to a deterioration in the anti-reflective 
properties of the created layers of porous silicon. Therefore, 
it is more appropriate to optimize the conditions of 
electrochemical anodizing by reducing the duration of anode 
processing. 

Thus, in order to eliminate damage to the contact comb 
during anodizing, the duration of electrochemical treatment 
is reduced to 3÷6 sec. At the same time, the magnitude of 
ensuring the value of the anode charge remained in the range 
of optimal values, which was achieved by increasing the 
value of the anode current. Thanks to the improved design of 
the electrochemical cell, the duration of stay of the SC 
structure in the electrolyte was increased to 12÷15 sec. Thus, 
the described and carried out improvements in the 
technological process made it possible to avoid damage to the 
SC contact comb during the formation of an antireflective 
coating based on a layer of porous silicon on its frontal 
surface. 

Using optimized conditions of the electrochemical 
anodizing process, an antireflective coating based on a layer 
of porous silicon was formed on the surface of mono- and 
multicrystalline silicon SC structures. Table 1 shows the 
technological sequence of creating these structures, Fig. 2, 
Fig.3(a), Fig.3(b). 

TABLE I.  COMPARISON OF MANUFACTURING STAGES OF MONO - 

AND MULTICRYSTALLINE SILICON SOLAR CELLS WITH ANTI-REFLECTIVE 

COATING BASED ON POROUS SILICON  

Technological Step 
Type of silicon 

Monocrystalline Multicrystalline 

Standard chemical cleaning of 
silicon wafers + + 

Anisotropic chemical texturing 
of the frontal surface 

+ - 

Forming of n+-p junction with a 
depth of 0.4 µm 

+ + 

Aluminum metallization of the 
back SC structure 

+ + 

Creating a front contact comb 
based on Ti/Pd/Ag layers 

+ + 

Formation of anti-reflective 
layer based on porous silicon 

+ + 

 

Measurement of the initial electrical characteristics of SC 
before and after the formation of an anti-reflective coating 
based on a layer of porous silicon on their surface was carried 
out using a sunlight simulator for the spectrum AM 1.5. The 
measurement results were processed by a specialized 
software and reproduced in the form of current-voltage 
characteristics of SC with indication of the maximum values 
of the photo-current and output voltage, short-circuit current 
and open circuit voltage, as well as the fill factor and 
efficiency of the SC. All SC parameters are presented in 
Table 2. 

TABLE II.  CHARACTERISTICS OF SOLAR CELL BASED ON 

HYDROGENATED POROUS SILICON WITH ANTI-REFLECTIVE COATING  

Characteristics Value 

Lighting Power (AM 1.5) 1000 W/m2 

Short-circuit current (Isc) 94.08 mA 

Open circuit voltage (Voc) 0.6 V 

Fill factor (FF) 0.786 

Efficiency (Eff) 14.5% 

 
Based on the generalization of the obtained experimental 

results, the mechanism and degree of influence of the frontal 
layer of porous silicon on the initial parameters of the studied 
SC was revealed. It is established that for both single-crystal 
and multi-crystal SC, the greatest effect of using a layer of 
porous silicon in their structure is achieved for the short-
circuit current (Isc). For both types of SC, the photo-current 
gain exceeds 50%. At the same time, a decrease in the open 
circuit voltage (Voc) within 2.5% was observed for all studied 
samples. The fill factor FF was more significantly degraded 
– 10.7% and 18.8% for mono- and multicrystalline SC, 
respectively. Despite this, a significant increase in efficiency 
was obtained for all samples of the experimental series. For 
the best multicrystalline SC sample, the efficiency of 
photovoltaic conversion after the formation of a layer of 
porous silicon on their surface increased from 11.3% to 
14.5%, which is approximately 31%. 

The reflection spectra of textured samples with an anti-
reflective coating based on porous silicon formed at optimal 
anode charge values are shown in Fig. 4. 

 

Fig. 4. Reflection spectra of porous silicon layers formed on a silicon 
substrate with a textured surface at different values of the anode charge: 1 – 
0.4 C/cm2, 2 - 0.5 C/cm2, 3 - 0.59 C/cm2. 
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From the obtained spectral characteristics, it can be 
concluded that the illumination of a textured surface with a 
layer of porous silicon is more effective than the use of 
typical anti-reflective coatings. Thus, when using a layer of 
porous silicon, the integral reflection coefficient reduces to 
2.4% in the range of 400÷1100 nm. At the same time, the 
application of the SiO2 [19, 20] layer allows reducing the 
integral reflection coefficient in the aforementioned range 
only to 3%. Hou et al. [21] considered multijunction solar 
cells with double-layer antireflection coatings consisting of 
two materials combinations MgF2/ZnS and Al2O3/TiO2, 
which were used to minimize the reflection in a wavelength 
range of 300÷1800 nm.  

The minimum reflection of 0.77% for a textured surface 
with an antireflective coating based on porous silicon was 
observed at the wavelength of 550 nm, which is comparable 
with the values for a structured surface with an antireflective 
coating based on other materials typically used in solar cells 
[9, 22, 23, 24]. In particular, the authors [4, 9, 23, 24] reported 
the decrease of reflectivity up to 0.75% of the porous silicon 
layers in a wavelength range of 350÷750 nm.  

Ⅳ. CONCLUSIONS 

Taking into account results obtained, the process of 
electrochemical formation of porous silicon layers on the 
frontal surface of SC was optimized. The best results are 
achieved when using electrolyte C2H5OH:HF=1:1 and anode 
charge values ~ 0.46 C/cm2. Electrolytes with different ratios 
of components have been used in other technologies [4, 9]. 
Reducing the anodizing time for this electrolyte to 10 seconds 
made it possible to obtain layers of porous silicon without 
significant damage to the current-collecting comb. 

Based on the generalization of the obtained experimental 
results, the mechanism and degree of influence of the frontal 
layer of porous silicon on the initial parameters of the studied 
SC was revealed. For both types of SC, the photo-current gain 
exceeds 50%. At the same time, a decrease in the open circuit 
voltage was observed for all the studied SC samples, which 
was within 2.5%. The efficiency of photovoltaic conversion 
after the formation of porous silicon by the frontal contact 
system increased from 11.3% to 14.5% 
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