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ABSTRACT 

 
   Porous Silicon (PS) layers have been prepared from p-type 

silicon wafers of (100) orientation. SEM, XRD, FTIR and PL studies 

were done to characterize the surface morphological and optical 

properties of PS. The porosity of the PS samples was determined using 

the parameters obtained from SEM images by geometric method. The 

refractive index values of the PS samples as a function of porosity were 

determined by Effective Medium Approximation methods. The influence 

of current density on porosity and refractive index of PS, were discussed. 

SEM images indicated that the pores are surrounded by a thick columnar 

network of silicon walls. This porous silicon layer can be considered as a 

sponge like structure. The sizes of PS nanocrystallites were determined 

by XRD studies. FTIR spectra indicated that the porous layer contain 

SiHn complexes. PL study reveals that there is a prominent emission 

peak at 606 nm. No spectral shift was observed. These results suggest 

that this nanocrystalline porous silicon could be a potential candidate for 

optical as well as optoelectronic device applications. 

 

Keywords: Porous silicon; Current density; Porosity; Refractive index; 
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INTRODUCTION 
 

 Silicon has historically been the dominant material for 

electronics, while work in optoelectronics has relied almost entirely on 

III – V compound materials such as GaAs and InP.  The primary 

reason for this contradiction is due to the fact that light emission from 

silicon is impractical because of its indirect band gap structure [1]. The 

porous silicon (PS) has received increasing attention both from the 

experimental as well as the theoretical point of view [2-5]. Porous 

silicon has been studied intensively since the discovery by Canham [1] 

that even at room temperature PS can emit very bright 

photoluminescence (PL), in great contrast to crystalline silicon (c-Si).  
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 Porous silicon layers have been prepared 

by various methods such as electrochemical etching 

[6], strain etching [7] and laser assisted etching [8] 

etc., Porous silicon can also be formed by an anodic 

electrochemical etching technology on single 

crystal Si surface in hydrofluoric acid (HF) mixed 

solutions [9,10]. Porous Silicon can exhibit a large 

variety of morphologies and particle sizes. In all PS 

applications, information about the pore size, 

distribution and surface chemistry and their 

dependence on the fabrication conditions play a 

decisive role. Principal parameters (HF: ethanol 

concentration, current density, etching time) 

controlling PS macro pore formation depend on 

properties of silicon substrate wafer type, crystal 

orientation, doping element and resistivity, etching 

solution and temperature [11]. The main purpose of 

the present work is to study the influence of current 

densities on the physical properties of porous 

silicon, especially refractive index.  

 

 

EXPERIMENTAL 
 

 PS samples were prepared by electro-

chemical etching of boron doped p type (1 0 0) 

oriented Si wafer (ρ = 0 -100 Ω cm) in a 1:1 (48 % 

HF: 99 % C2H5OH) solution for 10 minute at 

different current densities of 30 mA/cm
2
, 40 

mA/cm
2
, 50 mA/cm

2
, 60 mA/cm

2 
and 70 mA/cm

2  

in a Teflon single tank anodizing system. In this 

system, the anode was p-Si wafer and the cathode 

was platinum rod. To characterize the 

microstructures of porous silicon Hitachi S – 3000 

N model Scanning electron microscope with an 

accelerating voltage of the electron beam of 20 kV 

was employed. The X-ray Diffraction (XRD) 

spectra were recorded by using Bruker D8 

advanced X-ray diffractometer using CuKα1 

(1.54060 Å) source. The photoluminescence 

excitation spectra of porous silicon were obtained 

with a Shimadzu RF 5301 luminescence 

spectrophotometer. A pulsed xenon lamp was built 

in the spectrometer as the excitation source. The 

Fourier Transform Infra Red (FTIR) spectra of the 

samples were recorded by using the Shimadzu IR 

affinity - 1 spectrophotometer. All measurements 

were carried out at room temperature. 

  

 

RESULTS AND DISCUSSION 
 

SEM analysis 
 The plane view SEM images of porous 

silicon prepared with p type silicon substrates of (1 

0 0) orientation using 30 mA/cm
2
, 40 mA/cm

2
, 50 

mA/cm
2
, 60 mA/cm

2
 and 70 mA/cm

2
 current 

densities are shown in Figure 1a - 1f. One of the 

most important characteristics of a porous silicon 

layer is its porosity. The porosity of PS is defined 

as the quantity of silicon removed during 

anodization compared with the silicon 

concentration before anodization evaluated in the 

same volume. The porosity (P) can also be defined 

as a function of geometrical parameters written as 

[12, 13], 

 

 

                                                   (1) 

 

 

 Where d is the average pore size and m is 

the distance between pores. The calculated porosity 

values from SEM images are tabulated in Table 1. 

 Figure 1b shows the initiation of silicon 

etching at 30 mA/cm
2
 with larger grains. The 

etching of the layer has already begun and uniform 

small pores have been developed in the layer. 

Using the equation (1), the porosity of 30 mA/cm
2 

current density PS, has been estimated as 35 %. At 

40 mA/cm
2
(Figure 1c), the pores of slightly larger 

diameter were found to be formed and the pores are 

surrounded by a thick columnar network of silicon 

walls. The porosity of this sample is 53%. Further 

increasing the current density to 50mA/cm
2
, the 

entire surface shows sponge like structure. These 

observations confirm the presence of 

nanocrystalline silicon particles around the pores. 

Figure 1d shows that the pore size distribution is 

relatively uniform and the columnar silicon walls 

are very thin and appear to have fairly uniform 

thickness. The nanocrystalline morphologies were 

observed all over the surface of the etched Si. A 

high value of 75 % porosity was obtained in the 50 

mA/cm
2 
sample. At 60 mA/cm

2
, it can be seen from 

the SEM image (Figure 1e) that some pore walls 

are broken. The calculated porosity value for this 

sample is about 40 %. This decrease in porosity 

value may be due to the reason that the value 

obtained is the porosity of the second layer of the 
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surface as a portion of the top layer could have 

been etched away, exposing the next layer. At the 

current density of 70 mA/cm
2
, the estimated 

porosity value is 65 % and the Figure 1e & 1f show 

thicker silicon walls which are observed after the 

dissolution of the top fine porous layer at higher 

current densities beyond 50 mA/cm
2
 [14, 15]. 

 

 

 
 

Fig. 1. SEM images of a) single crystal Si and porous silicon structures formed at current densities of b)30 mA/cm2, 

c) 40 mA/cm2, d) 50 mA/cm2, e) 60 mA/cm2 and f) 70 mA/cm2 
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Table 1. Calculated porosity values of different 

current densities 

 

Current density Porosity 

30 mA/cm2 35 % 

40 mA/cm2 53 % 

50 mA/cm2 75 % 

60 mA/cm2 40 % 

70 mA/cm2 65 % 

 

 

Refractive index determination based on effective 

medium approximations 

 The porous silicon is a composite 

material with a mixture of single crystal silicon (c-

Si) and voids. When the void spaces in the host 

material are much smaller than the wavelength of 

incident light, the two phase composite material 

can be considered as a single effective medium. 

The widely used method to model the optical 

properties of composite materials is the effective 

medium approximation (EMA). 

 In two components system of porous 

silicon (silicon + air), the refractive index is 

expected to be lower than the bulk silicon. The 

Bruggeman [16], Maxwell-Garnett [17] and 

Looyenga [18] methods are used here to determine 

the refractive index (n) of porous silicon. These 

appropriate effective medium models depend on 

the porosity and morphology of the porous silicon. 

 The expressions (2), (3) and (4) given by 

Bruggeman, Looyenga and Maxwell-Garnett 

describe the refractive index as a function of 

porosity. 

 

 

                                                                        (2) 

 

 

         

                                                                       (3) 

 

And 

 

                                                                       (4) 

 

 

 The calculated refractive index values are 

given in Table 2 along with the literature values. 

Figure 2 shows a comparison between refractive 

index values of Bruggeman, Maxwell-Garnett and 

Looyenga effective medium approximation 

methods linking the porosity to refractive index. 

 The plot (Figure 2) between porosity 

versus refractive index shows that as the porosity 

increases the refractive index decreases. Of the 

three effective medium approximation methods the 

refractive index values obtained from Looyenga 

method matches well with the literature values. 

From Table 1 & 2, it could be understood that the 

porosity is tunable which in turn makes refractive 

index also tunable and because of the control 

capability of its refractive index, the application of 

PS as an antireflection coating is very important. 

 Figure 3 illustrates the lower refractive 

index nanocrystalline PS layer which includes air 

pores, silicon networks over bulk Si in view of 

optoelectronic and optical device applications. 

 

 
 

Fig. 2. Comparison of Literature (×) and calculated values of  P and n 

values using Bruggeman (●), Maxwell-Garnett (■) and Looyenga (▲) 

Effective Medium approximation methods 

 

 

 
 

Fig. 3. PS/c-Si layers for device applications 
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Table  2. Comparison of Calculated and Literature values of P and n values using Bruggeman, 

Maxwell-Garnett and Looyenga Effective Medium approximation methods 

 

Porosity P 

(%) 

Refractive Index (n) 

Bruggeman 

Method 

Looyenga 

Method 

Maxwell – Garnett 

Method 
Literature Values 

35 2.58 2.50 2.03 1.98 (Kordas et al.,[19]) 

40 2.44 2.37 1.92 2.35 (Theiss et al.,[20]) 

53 2.05 2.04 1.66 2.10 (Salem et al.,[21]) 

65 1.61 1.68 1.42 1.78 (Jia et al.,[22]) 

75 1.39 1.48 1.29 1.48 ( Jia et al.,[22]) 

 

 

XRD analysis 
 The XRD patterns of porous silicon 

prepared on p-type silicon single crystal wafers 

with      (1 0 0) orientation using different current 

densities of 30 mA/cm
2
,40 mA/cm

2
, 50 mA/cm

2
, 60 

mA/cm
2
 and 70  mA/cm

2
 are shown in 

Figure 4(a-c). 

 The 30 mA/cm
2
 sample shows a 

dominant peak (P1) at 2θ = 69.1260
o
 along with a 

peak of lower intensity (P2) at 2θ = 69.0668
o
. The 

peak P1 is due to the crystalline Si substrate 

corresponding to the reflections from the (4 0 0) set 

of planes (JCPDS File No.89-2955) [23]. The 

shorter peak P2 at a lower 2θ position arises from 

the porous layer and these observations are in 

accordance with literature reports [24-26]. 

 When the current density was increased 

to 40 mA/cm
2
, there is an enormous fall in the 

intensity of both the peaks P1 and P2 and the peaks 

also shift to lower 2θ position. 

 The grain size (D) of the porous 

silicon was calculated using the Debye-

Scherer’s formula [27], 

 
 

                                                         (5) 

 

 

 The grain size value of the porous silicon 

was found to decrease, from 73 nm for 30 mA/cm
2 

sample to 20 nm for 40 mA/cm
2 .

This fall in gain 

size is due to increase in the pore size and porosity 

as shown by SEM study. 

 

 
 

 
 

Fig. 4. XRD pattern of porous silicon structures formed at 

(a) different current densities and  

(b) P1, P2 peaks view of 30 and 40 mA/cm2 samples. 
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 At 50 mA/cm
2
, the XRD plot shows a 

single broad peak indicating small and uniform 

grain sizes of particles all over the etched layer. 

The grain size was 18 nm for 50 mA/cm
2 

sample. 

Increasing current density further to 60 mA/cm
2
, 

the peak intensity shoots up giving much higher 

grain size of 128 nm .This may be due to the reason 

that when the current density was increased above 

50 mA/cm
2 

the upper layer could have been etched 

away and the grain size value corresponds to grains 

of the next layer [28]. The SEM image (Figure 1 e) 

also shows that some pore walls were broken at this 

current density. At a higher current density of 70 

mA/cm
2 
the grain size falls to 102 nm (Table 3). 

Photoluminescence analysis 
 Visual observation of the PS layer 

showed a greenish yellow reflection for all the 

current densities. PL spectra were recorded by 

using an excitation wavelength of 400 nm. Figure 5 

shows the room temperature PL spectra obtained 

for the porous silicon structure formed at 30 

mA/cm
2
, 40 mA/cm

2
, 50 mA/cm

2
, 60 mA/cm

2
 and 

70 mA/cm
2
 current densities. The observed PL 

spectra at room temperature for all the current 

densities confirm the formation of porous silicon 

structures with nanocrystalline features. 

 

 
Table 3. XRD data of porous silicon samples prepared at various current densities 

 

Current Density 

(mA/cm
2
) 

2θ 

(Degree) 

Peak Height 

(a.u) 
FWHM 

Grain size D 

(nm) 

30 69.0668 175216 0.1380 73 

40 69.1062 34252 0.5128 20 

50 69.1062 21285 0.5719 18 

60 69.1260 279622 0.0789 128 

70 69.0865 861611 0.0986 102 

 

 

 
 

Fig. 5. PL spectra of current density varied porous silicon samples
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 The Figure 5 shows that there is intense 

room temperature PL in the visible region for all 

the current densities employed. Further it can be 

seen that the maximum PL intensity occurs at 606 

nm for all the samples. It is interesting to note that 

when the current density increases, the PL intensity 

increases and reaches a maximum for a current 

density of 50mA/cm
2
 and then falls for further 

increase in current density. At the lower current 

density of 30mA/cm
2
, the SEM image shows the 

formation of small pores on the surface and in the 

PL spectrum, this is indicated by relatively low PL 

intensity.  When the current density is increased to 

40 mA/cm
2
, uniform pores with increased diameter 

were obtained and this is reflected by a rise in the 

PL intensity. SEM study shows that at 50 mA/cm
2
 

current density the porosity is maximize and this is 

supported by maximum PL intensity. This indicates 

that 50 mA/cm
2
 current density is the best suited 

for the p-type silicon to prepare PS in order to 

obtain maximum PL emission. It is highly likely 

that the increase of the PL intensity is caused by 

increase in the total volume of the nanocrystallites 

on the surface of the PS [29].
 
When the current 

density is further increased to 60 mA/cm
2
, the peak 

intensity of PL is decreased. It is caused by the 

decrease in the volume of fraction of the 

nanocrystallites and due to the breaking of pore 

walls exposing the next layer.  However 

there is no apparent shift in the PL peak position in 

spite of the pore widening (Table 4). The samples 

exhibit a PL band in the red region. 

 

 
Table 1. Calculated porosity values of different current 

densities 

 

Current density Porosity 

30 mA/cm
2
 35 % 

40 mA/cm
2
 53 % 

50 mA/cm
2
 75 % 

60 mA/cm
2
 40 % 

70 mA/cm
2
 65 % 

 

 

FTIR studies 
 The FTIR spectra of the porous silicon 

samples with different current densities of 30 

mA/cm
2
, 40 mA/cm

2
, 50 mA/cm

2
, 60 mA/cm

2
 and 

70 mA/cm
2
 are presented in Figure 6. 

 The spectral peaks give information 

about the changes in chemical composition of the 

PS structure. It is necessary to know the chemical 

composition of PS because the optical and 

electrical properties depend on impurity content 

and surface passivation. The original impurity 

which is always found in PS layers is hydrogen. 

Infrared absorption experiments have shown the 

presence of Si ± Hx groups (x = 1, 2, 3….n) on the 

internal PS surface during the etching process [30, 

31]. 

 In Figure 6, strong peaks are observed in 

the 2000 to 2200 cm
-1

 region which is assigned to 

Si-Hx bonds [32].
  

The strong peaks observed at 

2250 and 2190 cm
-1

 are due to the O3SiH stretching 

mode and SiH-SiO2 structural group respectively. 

The strong absorbance bands observed at 2140, 

2106 and 2087 cm
-1

 are associated with silicon 

hydride and dihydride bonds. The presence of 

hydrogen complexes SiH, SiH2, SiH3………SiHn 

was suggested to explain the luminescence of PS 

[13, 33].
 
These Si-Hn bonds provide a very good 

passivation of the defects and allow very attractive 

radiative efficiencies to be obtained [32].
 
From the 

Figure 6, it can be seen that the porous silicon 

structures formed in the present study are mainly 

hydrogen passivated. Such results have been 

reported by Zhang et al.[34] and Kim et al.[29] 

They have established that hydrogenation not only 

eliminates the dangling bond states from the energy 

gap, but also widens the energy gap. 

 The FTIR absorption peak intensity of 

SiHn complexes increases with current density and 

is maximum for 50mA/cm
2
 and then the intensity 

falls for further increase of current density. Thus 

the chemisorptions of SiHn in the PS layer appear 

to be closely linked to the variation in PL intensity. 

The results of the present study also indicate that 

SiHn plays a key role to the observed luminescence 

process. 
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Fig. 6. FTIR spectra of PS samples prepared using different current densities 
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CONCLUSIONS 
 

The porosities of the current density 

varied PS samples were determined from SEM 

images by geometrical method. The corresponding 

refractive indices were obtained through effective 

medium approximation methods and of the three 

EMA methods the Looyenga method fit well for 

the PS samples of different porosities. Since the 

Looyenga method is applicable for densely packed 

composites and it considers an interconnected 

network for all porosities the results for refractive 

index obtained by this method are better than other 

methods particularly for PS. SEM analysis also 

show a uniform distribution of pores in the porous 

layers. Visible PL was observed at 606 nm for all 

the PS samples prepared with different current 

densities. The sample exhibits a PL band at red 

region and intensity increases with respect to 

current density, suggesting that hydride related 

luminescence process may be active in PS. The 

occurrence of strong PL & FTIR spectra may be 

attributed to the transition among the quantum 

confined states in nanoscale Si, which are 

influenced by the surface bonds. The XRD and PL 

studies confirm the presence of silicon 

nanocrystallites and networks in the PS structure. 

The observed variation in refractive index and PL 

emission intensity with respect to current density 

shows that porous silicon can be a promising 

candidate to be used as antireflection layer in solar 

cells and in intensity varying light emitting diode 

applications. 
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