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Two electrochemical cells design (designed single tank cell and double tank cell) with three specific 

alcoholic solvents at constant anodization time and current density have been utilized to perform 

anodization  in p-type silicon  to prepare porous silicon nanostructures. Morphology and pore 

formation of porous silicon layers were characterized by Atomic Force Microscopy (AFM) and 

current-voltage (I-V) measurement, photoluminescence emission by ultraviolet-lamp (254-366)nm, 

three main types of pores could be obtained for both cells; mesopores, mesopore fill of mesopores, and 

macropore fill of mesopores. Single tank cell has been differentiated from double tank cell in showing 

stable red-orange ultraviolet photoluminescence emission increases with increasing carbon numbers in 

the alcohol with an improvement in  current–voltage measurement.   
 

 

Keywords: Electrochemical cells design, porous silicon nanostructure, atomic force microscopy 

(AFM), Ultraviolet emission (UV).  

 

 

 

1. INTRODUCTION 

Porous silicon (PS) is a nanostructured material prepared by various chemical and 

electrochemical etching processes in hydrogen fluoride (HF) solution [1]. The electrochemical etching 

cell has been designed and made in various ways in the past [1]. The most common electrolytic single 

cell used in the production of porous silicon layers (PSLs) is very simple and based on the technique 

originally used by Uhlir [2,3]. Another type of etching cell consists in a double tank in which the 

electrolyte of one of the tanks is used as a back side contact of the silicon wafer [3,4]. Careful design 

of the electrochemical cell is required to achieve good lateral film uniformity [5, 6].  A number of 
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factors; such as the type and doping level of the silicon substrate, the electrochemical parameters, and 

solution composition determine the pore morphologies dramatically [9]. According to current 

definitions from the International Union of Pure and Applied Chemistry (IUPAC) [10], porous 

structures are typically sorted into three categories by the size of the pores: micropores (<2 nm), 

mesopores (2-50 nm), and macropores (>50 nm) [9, 10].  

For micro or mesoporous silicon formation, an electrolyte usually contains alcohol as a solvent; 

the effect of the presence of alcohol has been considered that it helps to reduce the surface tension or to 

keep away from coverage of H2 bubbles on the porous layer, alcohol has also became to be used for 

macropore formation [11]. The effect of organic solvents has been discussed from various points of 

view over the years; it has been shown that some organic solvents can act as a mild oxidizing reactant 

for silicon [11-13].  All three kinds of pores have found their numerous applications in energy micro-

sources [9] (Micro-fuel cells, micro- supercapacitors, Li-ion battery anodes) [9,10], photonic crystals 

[14,15], sacrificial layers [16,17], Bragg reflectors [18,19],  solar cells [20,21], and biological 

applications [9,22–24].  

The ultraviolet (UV) photoluminescence (PL) emission in PS has been extensively studied [31]. 

PL emission in p-type PS is usually in the near-infrared and visible regions [25-28]. Thus, in order to 

achieve UV luminescence emission in p-type PS, various post treatments should be involved including 

thermal oxidization or HF etching procedures [29-31]. And the performance of UV PL emission in the 

post-treated PS is yet unstable, the stable UV luminescence in proper PS is of great importance for 

applications [31]. This study concentrates on highlighting the functional difference between two 

electrochemical cells design (designed single tank cell and double tank cell) through different alcoholic 

solvents with constant anodization time and current density on the formation of porous silicon 

nanostructures in p-type silicon. The morphology of PS samples (pore size and type) were examined 

by Atomic force microscopy (AFM) whereas the electrical property by I-V characterization. The UV 

PL emission of PS  was tested by a UV- lamp at (254-366) nm wavelength. UV PL emission at about 

254nm and 366nm could be seen by naked eye and has been achieved with both cells design with a 

notable difference in UV emission and its stability in designed single tank cell in compare with the 

double tank cell. 

 

 

 

2. EXPERIMENTAL  

Two electrochemical etching cells (designed single tank and double tank cells) as can be seen 

in figure (1) were utilized  to perform  anodization of highly doped p-type, Si (100),  boron doped, 

resistivity of (1-10 Ω cm)  substrates in order to prepare porous silicon , the etching surface  area that 

was exposed  to the electrolyte; for double tank cell is 0.785cm
2
, whilst  for designed single tank cell is 

6.15cm
2
, in that respect the silicon wafer cut in two different areas: 1cmx1cm and 2cmx2cm, for 

double tank cell and designed single tank cell, respectively. The silicon wafers were cleaned with 

absolute  ethanol and deionized water  for 3 min, an ethanolic solution containing 1% HF was used to 

remove the native SiO2 [7], the anodization electrolytes  consisted of  an alcoholic 48wt% hydrofluoric 

acid mixture; at ratio (1:1) in volume, with the following alcohols: 99.8wt% ethanol (C2H5OH), 
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99.8wt% methanol (CH3OH) and 99.8wt% 2-propanol (CH3CHOHCH3) under constant current density 

30 mA/cm
2
 [7] provided by  current source Keithley 200-60-2 (Programmable DC power supply. 60 V, 

2.5 A, 1 channel, USB, GPIB for 60 min of anodization time. After the anodization; porous silicon 

samples rinsed with methanol many times and dried with pentane.  Pentane has a much lower surface 

tension than either methanol or ethanol, and has been shown to reduce PS cracking during drying [8]. 

 

a) 

 

b) 

 

 

Figure 1. Experimental set-up of (a) the home-made Teflon single cell, and (b) double tank cell.  

 

Atomic Force Microscopy (AFM XE-100 Park Systems) was used to investigate the pore 

formation and the morphology of porous silicon samples, Keithley Semiconductor characterization 

system model 4200-scs was used to measure current-voltage characteristics, the ultraviolet 

photoluminescence emission of porous silicon was tested by a UV- lamp at (254-366) nm wavelength. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Atomic Force Microscopy  

The morphology of PS samples (pore size and type)  examined by Atomic force microscopy 

(AFM). Figure 2(a)-(c), figure 3 (a)-(b) and figure 4 (a)-(c) show three dimensional AFM images  (500 

nm x 500 nm) of porous silicon layers with three specific  alcoholic solvents at constant etching time 

60min and current density 30mA/cm
2
 with two electrochemical cells design. It can be found that the 

surface was covered with a dense porous layer of hillocks and holes [36]. AFM can determine the 

surface nature of samples under contact mode employing section analysis [32]. Section analysis 

analyzes a profile of the scanning area of the sample, revealing the undulating vertical distance and 

surface roughness along the section, and thus measures the diameter and depth of pores [32-35]. 
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Figure 2. 3-D AFM image of PS layer in Single tank Cell,  at etching time 60 min. with different 

alcoholic etching solvents used : (a)HF: MeOH, (b) HF:EtOH, and (c) HF:PrOH , at ratio (1:1) 

in volume.  

 

When a 3D-image of PS layer was observed with AFM, there was a difference of surface levels 

between the original wafer surface and the top surface of anodized part. The dissolution behavior of 

the top surface varies depending on the type of alcohol [11]. Fig. 2(a)-(c): Shows the morphology of 

PS layer anodized for 60 min in 48 wt. % HF solution with MeOH, EtOH and PrOH  by using 

designed single tank cell .  It can be found that the diameters and depths of pores when MeOH is used 

as solvent were: meso pores between (9-30) nm, and (0.13-1) nm, respectively. 

 
a) HF: MeOH,                                                                                                       b)  HF: EtOH 

 
c) HF: PrOH  
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With EtOH , the diameters and depths of pores were: meso pores between  (9-37)nm, and (0.3-

1.25)nm, respectively; meso pores fill of meso pores between (24-45)nm , and (1.25-1.63)nm, 

respectively; and macro pore fill of meso pores (63)nm, and (0.9)nm, respectively. The depths of 

dissolved part at the top surface and porous layer depend on the type of alcohol [11]. The polarity and 

the surface tension of alcohol become lower with the increasing number of carbon in alcohol [11]. 

 

 
 

Figure 3. 3-D AFM image of PS two layers in Single tank cell, etched with HF: PrOH at ratio (1:1) in 

volume at etching time 60minute.   

 

Surprisingly, fig. 3(a)-(b): Shows two different layers of porous silicon PS with two different 

surface roughness (Rq.) (a) 0.518nm and (b) 0.231nm. When PrOH is used as solvent, the diameters 

and depths of pores obtained from fig. 3(a) were: meso pores between ( 6-27)nm, and (0.13-1)nm, 

respectively; meso pore fill of meso pores (40)nm, and (0.63)nm, respectively. While the diameters and 

depths of pores obtained from fig.3 (b) were: meso pores between (9-22) nm, and (0.1-0.5) nm, 

respectively; meso pores fill of meso pores (23-31) nm, and (0.2-0.51) nm, respectively. PrOH has the 

highest viscosity at room temperature and the lowest surface tension [42] among EtOH and MeOH. 

Also, PrOH is considered as a proper solvent material to help form a homogeneous-etched 

surface[42].In particular, the porosity increased with decreased surface roughness and the stability of 

porous layers increases with the increasing carbon numbers in the alcohol at constant etched time [11-

13] [42]. 

 
a) Rq. (0.518nm)                                                                                b) Rq. (0.231nm)                                                                               
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Figure 4. 3-D AFM image of PS layer in Double tank Cell,  at etching time 60 min. with different 

alcoholic etching solvents used : (a)HF: MeOH, (b) HF:EtOH, and (c) HF:PrOH , at ratio (1:1) 

in volume.  

 

Fig.4 (a)-(c): Shows the morphology of PS layer which anodized by using double tank cell. We 

have found that the diameters and depths of pores when MeOH is used as solvent were: meso pores 

between (7-26) nm, and (0.1-0.48) nm, respectively; meso pores fill of meso pores (45)nm, and 

(0.5)nm, respectively. With EtOH, the diameters and depths of pores are obtained : meso pores 

between (6-26)nm, and (0.1- 0.95)nm, respectively;  meso pores fill of meso pores between ( 20-

 
a) HF: MeOH,                                                                                                            b) HF: EtOH,  

 
c) HF:PrOH,  
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34)nm, and (0.2- 0.51)nm, respectively; macro pores fill of meso pores between ( 52-55)nm, and (0.95-

1)nm, respectively. When using PrOH, the diameters and depths of pores are obtained: meso pores 

between (6-32) nm, and (0.13-0.36)nm, respectively; meso pore fill of meso pores (25)nm, and 

(0.25)nm, respectively. In this study, fig.2 (a)-(c), fig. 3(a)-(b) and fig. 4(a)-(c) provided us with a clear 

demonstration about the effect of the etch cell engineering, which exert a profound influence on the 

formation of PS layers for constant anodization time with different alcoholic solvent.   For both etching 

cells, three main types of pores were obtained, in spite of the difference in the diameters and depths of 

pores were: mesopores, mesopore fill of mesopores, and macropore fill of mesopores [37], with 

spongy morphology were successfully produced using constant current density 30mA/cm
2
 and 

constant anodization time  60 min by varying the composition of etching solvent 48 wt.% HF solution 

with the following alcohols  MeOH,  EtOH, and  PrOH at ratio (1:1) in volume. The sensitivity of pore 

diameter to HF concentration strongly depends on solvent [37,38]. A wider range of pore diameters 

can be obtained in organic solvents than in aqueous solutions [37]. Jager et al. reported an interesting 

fact of the degree of filling of the macro pores formed on p-Si depends on the oxidizing nature of the 

solution[37]:  macro pores are filled with micro PS in non-oxidizing electrolyte such as acetonitrile 

(MeCN), while they are not filled for oxidizing electrolytes such as dimethylformamide (DMF) [37]. 

In other words, macro pores formed in organic solvents tend to be more filled than those formed in 

aqueous solutions[37]. However, Walls of the macro pores are not always covered by a micro PS layer 

[37-41]. 

 

3.2 Ultraviolet Photoluminescence Emission of PS layer:  

A significant stability of UV PL emission at (254-366) nm  is achieved when p-type Si is 

anodized in three specific alcoholic solvents used: HF: MeOH ,  HF:EtOH,  and HF:PrOH , at ratio 

(1:1) in volume, etched at 60 min. by using  designed single tank cell as shown in table (1). From the 

above results obtained by AFM and table (1), PS samples exhibited clear and significant stable red-

orange UV PL emission increases with increasing carbon numbers in the alcohol with slightly 

difference could be attributed to the diversity of type and size (diameter and depth) of  pores obtained 

within the same cell with three specific alcoholic solvents; for MeOH were  meso pores; for EtOH 

were  meso pores,  meso pores fill of meso pores and  macro pore fill of meso pores; for PrOH were 

meso pores,  meso pore fill of meso pores. The mesoporous layer exhibits a very rough texture, the 

mesoporous layer shows photoluminescence, whereas the macroporous layer does not [49].  

Photoexcitation with blue or UV light generates confined electron–hole pairs in the 

nanocrystallites of porous silicon [7,50].whose dimensions are small enough to exhibit quantum 

confinement effects [26,51].Luminescence from PS is most frequently discussed in terms of a quantum 

confinement model [43]. As the characteristic size of a semiconductor is reduced to the nanometer 

regime, confinement of the electron and hole wave functions effectively increases the band gap of the 

material and hence the luminescence energy [52,53]. The energy of the luminescence to increase as the 

feature size is decreased [44]. 

 



Int. J. Electrochem. Sci., Vol. 11, 2016 

  

2480 

Table 1. Shows the images of PS samples prepared by using designed single tank cell, under white 

light and UV (254-366) nm., with different alcoholic etching solvents used: HF: MeOH,  

HF:EtOH,  and HF:PrOH , at ratio (1:1) in volume, etched at 60 min. 
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Table 2. Shows the images of PS samples prepared by using designed single tank cell and double tank 

cell, under white light and UV (254-366) nm., with HF:MeOH etching solvent  at ratio (1:1) in 

volume, etched at 60 min. 
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Table 3. Shows the images of PS samples prepared by using designed single tank cell and double tank 

cell, under white light and UV (254-366) nm., with HF:EtOH etching solvent  at ratio (1:1) in 

volume, etched at 60 min. 

 

 White light UV-254nm UV-366nm 

S
in

g
le

 C
el

l 

 
  

D
o
u

b
le

 C
el

l 

  

none 

 

Table 4. Shows the images of PS samples prepared by using designed single tank cell and double tank 

cell, under white light and UV (254-366) nm., with HF:PrOH etching solvent  at ratio (1:1) in 

volume, etched at 60 min. 
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As a comparison, the UV PL emission of porous silicon samples prepared by controlling three 

specific alcoholic solvents and two electrochemical cells at constant etched time are shown in tables 2, 

3 and 4.  From the above tables we can notice a clear difference in the UV PL emission, despite the 

fact both cells have the same type of pores for (MeOH and PrOH alcohols )  but this slight difference 

in sizes ( width and depth)  in few nanometers scale and in case of EtOH alcohol, formation of 

macropores fill of mespores, could be seen clearly reflected in the UV PL emission of both cells. This 

evident difference could be attributed to the structural factors related to the electrochemical cell design, 

volume of the cell (larger volume of the electrolyte is more accurate for homogeneous etching), distant 

of the counter electrode from the working electrode, kind of etching (vertical in case of single tank, 

horizontal in case of double tank), electrolyte composition (HF concentration, alcohol concentration), 

current density and  anodization time[54-59].  

 

3.3 I–V characteristics 

I-V curve characterization has been used to inspect the pore formation in porous silicon layers. 

The current–voltage (I-V) characteristics of the PS samples without any treatment prepared by utilizing 

two electrochemical cells with two alcoholic solvents at constant etched time and current density are 

shown in figure 5. 

 

 

Double Tank cell Designed single tank cell 

a)HF: 

MeOH

 

c) HF: 

MeOH
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b)HF: 

PrOH

 

d)HF: 

PrOH

 

Voltage (v) 

 

Figure 5.  I-V measurement performed on prepared PS samples by using double tank cell (a)-(b), and 

designed single tank cell (c)-(d), with two different alcoholic solvents at current density 

30mA/cm
2
 and etched time 60 mint.   

 

Fig.5 (a) the I-V curve of PS sample prepared by using double tank cell with HF:MeOH 

solution shows good agreement to the experimental I-V response of the characteristics of the previous 

reports [46,47]. Whilst, Fig. 5(b) the I-V curve of PS sample prepared with HF:PrOH solution shows 

different behavior in which we could notice,  as the potential is increased; the current exhibits a peak 

and then remains at a relatively constant value[37] .   

Fig.5 (c) and (d) show the I-V curves of PS samples prepared by using designed single tank cell 

with HF:MeOH  and HF:PrOH . Their behavior show basic similarity to the normal Schottky diode 

behavior expected from a semiconductor/electrolyte interface, but there are some important 

differences[45, 48]. Electropolishing region does not occur in anhydrous organic solutions due to the 

lack of water which is required for the formation of oxide film [37].  

Accordingly, it is believed that the design of the electrochemical cell has a significant effect on 

the pore formation. Not only current density or concentration of HF solution but also the type of 

alcohol and the etch cell engineering affects the morphologies, I-V characteristics and the UV PL 

emission. 

 

 

 

4. CONCLUSION  

From the above results and to the best of our knowledge and depending on the recent literatures 

there is not any research has been reported about the actual difference between the two electrochemical 

cells design (designed single tank cell and double tank cell) in the matter of anodization parameters 

effect. For both etching cells, three main types of pores were obtained, in spite of the difference in the 

diameters and depths of pores were: mesopores, mesopore fill of mesopores, and macropore fill of 

mesopores. PS samples exhibited strong and stable red-orange  UV PL  emission increases with 

increasing carbon numbers in the alcohol for designed single tank cell at room temperature than double 
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tank cell . Furthermore, the current–voltage (I-V) measurement showed basic similarities to the normal 

Schottky diode behavior.  
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