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Abstract 
The low efficiency of silicon solar cell is one of the 
most drawback which limit the advantage of silicon 
solar cells due to the high value of silicon reflectivity 
in the visible range so the overcome this problem 
thegradient porous silicon (GPsi) layer is the best 
way due to its low values of reflectivity.The 
performance of Silicon (p-n) junction solar cells with 
gradient porosity porousGPsi as antireflection layer 
were studied. Laser-assisted etching method with 
step-gradient illumination intensity between 20 

mW/cm2 - 100 mW/cm2; using2, 4 and 6 mA/cm2 
etching current density was employed to synthesis 
porous silicon layers. The process focuses on 
manufacturing efficient and low cost solar cells. 
Very low values of reflectivity of about 15%, 7% and 
16% of (GPsi) layer were obtainedrespectively.The 
topographic SEM images of the of the GPsilayer 
shows the presence of a circular pore – like 
structure and large-sized pores  consisted of very 
tiny pores. High conversion efficiency (14.95) solar 
cells were obtained at 4mA/cm2 etching current 
density compared with (11.56) at 2mA/cm2 and 
(10.83) at6mA/cm2 respectively. 
 
Citation: 
Wail H.A., Kamal M., Alwan M.A., Abdelrazek E.M., 2015. 
Synthesis and characterization of nanostructured silicon as anti-
reflection layers for optoelectronic applications. The Journal of 
Materials Science. Photon 121, 214-220 
 
All Rights Reserved with Photon. 
Photon Ignitor: ISJN62593864D788014092015  

 
 
1. Introduction 
  

 

The large value of crystalline silicon reflectivity 
(48%) prevents photo (electron–hole) pair 
generation and this would decrease the solar cell 
efficiency Hwang et al., 2011. The excellent optical 
properties of Nanostructured Porous silicon (Psi) 
layers have attracted great attention in many 
applications. Nanostructured Porous silicon is an 
excellent solar cell material as antireflection layer. 
This is attributed to its largesurface area to volume, 
controllable pore sizes and shapes, ability 
ofobtaining very small reflectivity (due to light 
trapping in pores) and the increase of its band gap 
(due to quantum confinement of charges) Lehmann 
et al., 1991; Lehmann et al., 1993.Nanostructured 
Porous silicon can be synthesized by chemical 
etching, electrochemical etching and photo-
electrochemical etching of silicon in HF-based 
solutions at room temperature.Morphological 
(Porosity, thickness, pore size), photoluminescence 
and optical properties of porous silicon depend on 
the preparation parameters (electrolytes contents, 

current density, crystal orientation, doping type and 
etching time) Canham et al., 1997. Many studies 
have used porous silicon as a top layer to improve 
the solar cellperformance Kolesar et al., 1996; 
Schirone et al., 1997; Aouida et al., 2004; 
Nansheng et al., 2009; Ramizy et al., 2011. Porous 
silicon (PSi) on Si solar cells; synthesized 
byelectrochemical and photo electrochemical 
etching methods, were investigated by Menna et 
al., 1995; Kolesar et al 1996. They created PSi 
layer as antireflection coating (ARC) to reduce 
reflection and enhance optical absorption. In 
another method, PSi was synthesized by photo 
electrochemical etching, and this reduced PSi layer 
reflectivity from by a factor 90% to 71% in the 
visible range. Mono and multicrystalline Si 
substrates were used and studied by Schironeet al., 
1997 to fabricatePSilayers by stain etching in 
aqueous HF/HNO3 solution. Optical properties of 
the prepared PSi layerswere investigated by 
reflectance spectroscopy and the results indicated 
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possible reduction of surface reflectance below 3% 
in the wavelength range beyond (400-800) nm. 
Aouida et al., 2004; Saadoun et al., 2004. 
studiedstructural and optical stability of PSi layer, 
prepared by chemical vapor etching (CVE), for use 
in solar cells. The Psi surface reflectivity has 
reduced from 10% to about 8%.Nansheng et al., 
2009. formedPSi layer by electrochemical etching 
in the emitter layer of a solar cell. By controlling 
the   current density and etching time, the obtained 
reflectivity was very low; approximately 1.42% in 
the wavelength range 380-1100nm. Ramizy et al., 
2011. Studied the enhancement in thesolar cell 
performance by increasing the surface roughness. 
The solar cell they fabricated had a conversion 
efficiency of about 15.4%.Abdelrazek et al., 2014; 
Abdelrazeket al., 2014. Prepared and studiedsome 
spectroscopic aspects of gradient porosity porous 
silicon; as an efficient layer, prepared by step-
gradient laser illumination intensity. 
 
In this work, morphological and optical properties 
of efficient solar cells, prepared by adding gradient 
porosity porous silicon layer, as ARC, ispresented. 
The characteristicseffect of this anti-reflection 
layeron the performance of p-n junction solar cell 
is also explained. 
 
2. Objectives of Research 
 
The small value of the conversion efficiency of 
silicon solar cell because of the high reflection 
losses of the incident light intensity because of the 
high value of refractive index of crystalline silicon 
and thus lower the amount of light absorbed in 
solar cell and thus reduce the photovoltaic 
properties of solar cellto overcome this problem 
has to be reduce the reflectivity of the surface of 
the silicon to values too low and by use of gradient 
porosity porous silicon layer which is characterized 
by a low coefficient of refractive index.  
 
3. Experiment 
 
300 µm thick, p-n junction samples ofn-Si (10-3) 
Ω.cm and p-Si (0.1) Ω.cm resistivity were used as 
substrates.Before etching,the samples were rinsed 
with ethanol to remove dirt,and thendipped in 
diluted (10%) hydro fluoric acid (HF) for 10 
minutes to remove the native oxide layer. 
Thenanostructures silicon layers were synthesized 
by laser assisted etching process through the use of 
24% HF acid and ethanol mixture 
(HF:C2H5OH=1:1). Gradient - porosity layer was 
achieved using 405 nm, 1 cm2 beam area, diode 
laser-assisted etching, at different illumination 
intensities (20, 40, 60, 80and 100 mW/cm2) and 
current densities (2, 4 and 6 mA/cm2.Etching was 
materialized at room temperature in especially 
designed cell; consisting of two silicon 

combination electrodes, as an anode and a 2x2 mm 
gold mesh as a cathode; see figure (1). 
 

 
                           
The cell can provide a porous silicon layer of 
uniform cross sectional area. This PSiuniformity is 
recommended in optoelectronic applications. After 
etching, all porous samples were rinsed with 
ethanol and dried in air. Porosity size and thickness 
of the porous layer were determined 
gravimetrically. The PL spectrum was obtained by 
using a PL system (HR 800UV, JobinYvon) after 
exciting the synthesized layer with low intensity 10 
mW/cm2 (He-Cd) laser, operating at 325nm. SEM, 
reflectivity and PL measurements were carried out 
in the school of material engineering at the 
University Sains Malaysia in Penang. The porous 
layer reflectivity wasmeasuredusing an optical 
Reflectometer (Filmetrics, F20-USA). The solar 
cells were tested with 100mW/cm2 light 
illumination by using halogen lamp type (Philips) 
with 1200 power. This lamp was connected to a 
variac and calibrated by a light power meter. 
 
3.1 Morphological characteristics 
The GPsi samples,prepared at different etching 
current density of 2, 4 and 6 mA/cm2 with step-
gradient laser intensity are referred to GPsi1, GPsi2 
andGPsi3, respectively. Porosity P% has been 
calculated using reflectivity dependent porous 
layer,using Bruggeman'sequationShokrollahi et 
al.,2012. 
 
P%= ɛsi - ɛPsi/ ɛsi- ɛpore………………….…. (1) 
 
Where ɛsi, ɛPsi and ɛpore represent the relative 
permittivity of silicon, porous silicon and air 
respectively with values: 11.6 and 1 for silicon and 
air respectively. For porous silicon, ɛPsi is equal to 
(refractive index)2. Porous layer thickness (d) of the 
GPsi sampleswere determined gravimetrically 
Abdelazek et al., 2014. 
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…………  (2) 

 
Where A and ρ correspond to the illumination area 
(cm2) and (ρ = 2.33 g/cm3) to the density of bulk 
siliconand (m1& m2) are the weight of 
siliconsubstrate before and after removing the 
porous layer. The GPsithickness layer is a 
functionof absorption coefficient at the laser 
wavelength used. The absorption depth, and hence, 
the GPsi layer  is the inverse  of absorption 
coefficient (α) at which the layer synthesized 
carriers  e-h pairs are exponentially decreased by 
the factor 1/2.7Abdelrazek et al., 2014. 
Theabsorption depth is about 0.09µm, and 
therefore very thin porous layers were synthesized 
with the application of this short laser wavelength. 
The porosity values are based on the analysis of 
SEM images and GPsi layer as illustrated in table 
1. 
 

Table 1: Porosity and layer thickness of GPsi layer 
Porous –layer 
type 

Porosity% Porous layer thickness 
µm 

GPsi1 54 0.19 
GPsi2 67 0.21 
GPsi3 73 0.33 

 
Figure ( 2-a,b andc ) shows SEM images (top-
view) of the p-n junction GPsi samples prepared 
bylaser-assisted etching, at different illumination 
intensities(20,40,60,80  and 100 mW/cm2) and 
different etching current density (2, 4 and 6 
mA/cm2). The topographic SEM images of porous 
silicon surface shown in figure (2) indicate quasi-
circular pores with the following geometric forms: 
1. Completely grown pores with large diameters 
2. Incompletelygrown pores with small diameters 
3. Large sizestructure; integrating small 
incompletely grown pores. 
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Figure 2: (top-view) of the p-n junction SEM images of (GPsi) porous silicon sample (a) GPsi1 (b) 
GPsi2 and (c) GPsi3. 
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This variation in pores size and shape is the finger 
print of varyingthe etching current density during 
the etching process.  The completelygrown pores 
are generated at high etching current density, as 
shown in figure (2c), where the structure is a pore – 
like structure with cylindrical and rectangular 
shapes. By using low current densities, figure (2-a 
and b), the pores generated on the silicon surface 
will be incompletelygrown, due to the reduced 
number of positive charge (h+) generated on the 
porous silicon surface. The 
positivelychargedcarriers generated after 
theabsorption of 405 nm laser photons will be 
distributed over the porous silicon surface in an 
inhomogeneous way; leading to an irregular silicon 
atoms removal rate from the surface Starkov et al., 
2007. 

Figure 3.Illustrates the statistical distributions of 
pore diameter size of the p-n junction in SEM 
images of GPsi porous silicon samples. As seen, 
the distribution is nearlysymmetrical for p-n 
samples. For  GPsi1, the pore size varied from 0.26 
to 2.28 µm with an average pore diameter of (1.33) 
µm. For gradient-porosity porous silicon sample 
GPsi3, the pore size varied from 0.4 to 2.38 µm 
with an average pore diameter of 0.4 µm. For 
gradient-porosity porous silicon sample GPsi2, the 
pore size has two statistical distributions: tiny pores 
inside large size 0.36 to 1.2 µm pores, with an 
average pore diameter of (0.36) µm, and large 0.7 
to 3.15 µm pores with an average pore diameter of 
0.96 µm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Statistical distributions of pore diameter size for of the p-n junction SEM images of (GPsi) porous 
silicon sample (a) GPsi1, (b1,b2) GPsi2 and (c) GPsi3. 
 

C
  

b2  b1 

a 



Ph ton                                                                                                                                                                  218                                                                                                                                           
 

3.2 Reflectivity Characteristics 
The reflectivity of n-type upper layers of p-n 
junction (GPsi1 (b) GPsi2 and (c) GPsi3) at 
different etching current density of 2, 4 and 6 
mA/cm2were  studied as a function of light 
wavelengthand shown in figures (4, 5 and 6) 
respectively. The results indicate a sharp drop in 
reflectivity of the surface from 48% in case of 
crystalline silicon Abdelrazeket al., 2014. To a very 
low values of about 15%, 7% and 16%for the 
GPsi1, GPsi2 and GPsi3 respectively at a short 
wavelength; of about 400 nm. This sharp change in 
reflectivity of GPsi surface is due to the very low 
refractive indexof porous layers which varies with 
porosity of the porous layer. The alternative change 
in the values of reflectivity of porous layers leads 
to varying the refractive index. Based on the results 
in figures (4, 5 and 6), the refractive index (n) of 
the GPsi1, GPsi2 and GPsi3 was calculated using 
the equation Khaldun et al., 2012. 
 

n= 1+R1/2 /1-R1/2 ……………….. (3) 
Where R is the reflectivity of gradient porosity p-n 
junction. For figure (4), the values of refractive 
index varied from (2.26) to (1.4) which correspond 
to porosity from 48% to 88%. For GPsi layer in 
figure (5), the refractive index varied from (1.7) to 
(1.399) which corresponds to porosity from 82% to 
90%. Finally, for GPsi layer in figure (6) the values 
of refractive index varied from (2.33) to (1.91) 
which correspond to porosity from 58% to 75% 
within the spectral range (400 to 580 nm). This 
variation in refractive index may be due to the 
heterogeneity of porous silicon layer Seljiet al., 
2011. The increase in the porosity declines the 
refractive index of the GPsi layers. The gradient 
porosity porous silicon is a special form of porous 
layer in which pore sizes vary when increasing the 
porous layer thickness and this implies a change in 
optical properties across the whole porous layer 
Khaldun et al., 2012. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Reflectivity of the p-n junction GPsi1 sample prepared by step-gradient laser 
illumination intensity between 20 - 100mW/cm2 and etching current density of 2mA/cm2. 
 

Figure 6: Reflectivity of the p-n junction GPsi3 sample prepared by step-gradient laser 
illumination intensity between 20 - 100mW/cm2 and etching current density of 6mA/cm2. 
 

Figure 5: Reflectivity of the p-n junction GPsi2 sample prepared by step-gradient laser 
illumination intensity between 20 - 100mW/cm2 and etching current density of 4mA/cm2. 
 



Ph ton                                                                                                                                                                  219                                                                                                                                           
 

Where R is the reflectivity of gradient porosity p-n 
junction. For figure (4), the values of refractive 
index varied from (2.26) to (1.4) which correspond 
to porosity from 48% to 88%. For GPsi layer in 
figure (5), the refractive index varied from (1.7) to 
(1.399) which corresponds to porosity from 82% to 
90%. Finally, for GPsi layer in figure (6) the values 
of refractive index varied from (2.33) to (1.91) 
which correspond to porosity from 58% to 75% 
within the spectral range (400 to 580 nm). This 
variation in refractive index may be due to the 
heterogeneity of porous silicon layer Seljiet al., 
2011. The increase in the porosity declines the 
refractive index of the GPsi layers. The gradient 
porosity porous silicon is a special form of porous 
layer in which pore sizes varywhen increasingthe 
porous layer thickness and this implies a change in 
optical properties across the whole porous layer 
Khaldun et al., 2012. 
 
3.3 Solar cell characteristics 
Optoelectronic characteristics are of great 
importance to nano structured solar cells efficiency. 
When the solar cell structure is illuminated with 
photon s from solar spectrum, the hole-electron 
pairs are generated as an external photocurrent. The 
effect of etching current density on the solar cell 
properties was examined. The etching current plays  
 
 

a significant role in controlling the porous layer 
structure.  Figure (7), illustrates the characteristics  
of nanostructured solar cells; synthesized by laser 
assisted etching. It showsp-n junction samples 
which employ GPsi1, GPsi2 and GPsi3 anti-
reflection layerscompared with low efficiency 
(4.82%) p-n junction with no anti- reflection layer. 
The experimental results show    that  the p-n 
junction with GPsi2 layer give a higher short 
circuit current density Jsh(mA/cm²) and open circuit 
voltage Voc(mV) of about 32.2 mA/cm2 and 574 
mV respectively. The obtained solar cell 
conversion efficiency is about 14.95% as indicated 
in table 2. Other p-n junction solar cells samples: 
GPsi1 and GPsi3 produced lower short circuit 
current density (29.1 mA/m2 and 25.8 mA/cm2) 
respectively and open circuit voltage of about 
510mV and 489 mV respectively. This 
improvement of photovoltaic parameters could 
have been taken place by increased solar cell light 
absorption after reducing the GPsi reflectivity. The 
higher porosity (82% to 90%) GPsi2 surface (high 
energy gap) will make the porous layer actingas an 
optical window; especially for short wavelengths, 
leading to improved synthesized solar cell 
characteristics. The solar cell efficiency (η) and fill 
factor (FF) were calculated by using equations 4 
and 5 Shokrollahi et al., 2012. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Characteristics of nanostructured solar cell synthesis by laser assisted etching process 
with step-gradient laser intensity at (a) (2mA/Cm2), (b) (4 mA/Cm2), and (c) (6mA/Cm2) 
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Table 2: Photovoltaic parameters of solar cell with different gradient porosity porous silicon antireflection coating layer 

 
4. Results and Discussions 
 
The GPsi parameters; like porosity, layer thickness, 
morphological aspects, reflectivity and solar cell 
characteristics of p-n junctionwith GPsi, as ARC 
layer, were studied. 
 
Conclusions 
 
According to all previous results we conclude that 
Gradient- porosity porous silicon (GPsi) acts as 
antireflection layer for   p-n junction solar cell. 
This layer has been synthesized by a simple and 
inexpensive laser - assisted etching with step 
gradient laserintensity illumination. The results 
reflect the dependence of solar cell specifications 
on the porous surface finish. High efficiency solar 
cells; up to 14.95%were prepared with 7% 
reflectivity (GPsi) surface; consisted of  large size 
pores which accommodate small incompletely 
grown pores. Minimum efficiency of 10.3 has 
resulted when the porous surface consisted of large 
diameter completely grown pores. 
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Solar Cell type Vm(mV) Jm(mA/cm²) Voc(mV) JSh(mA/cm²) FF % Efficiency 
Without PS layer 340  14.2  367 19.6  67.12  4.82  
With GPS₁ layer 470  24.6  510 29.1  77.36  11.56  
With GPS₂ layer 538  27.8  574 32.2  81.1  14.95  
With GPS₃ layer 420  21.2  489 25.8  70.5  10.83  


