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Abstract

This chapter presents the technique in producing the nanoporous silicon membrane using 
electrochemical etching technique. Electrochemical etching technique is a self-adjusting 
technique due to its ability to control transfer of ion to form pore by manipulating certain 
parameters. There are several parameters that have been manipulated to study the effect 
of each parameter to the pore formation by characterizing each component. The project 
starts with fabrication of silicon membrane and then continues with characterization of 
HF concentration, current density, doping and also alcohol diluents using field emis-
sion scanning electron microscopy (FESEM). The effect of each parameter is discussed 
in terms of pore size, pore formation and pore structure. Finally, the pore with size less 
than 100 nm and columnar structure has formed using this technique. The star-shaped 
structure is also formed through this experimental setup. Improved nanoporous silicon 
membrane can be applied for filtration and separating particles, especially in an artificial 
kidney.

Keywords: nanoporous silicon, membrane, electrochemical etching, self-adjusting 

technique, hydrofluoric acid

1. Introduction

Nanoporous silicon is widely used for separating gas or particle [1–3] and can be applied 

in biosensors [4], optics [5, 6], tissue engineering [7] and radiotherapy [8]. For those appli-

cations, the integration with other components like micropump can produce one complete 
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system. Silicon is chosen for this application because of its physical and chemical stability [9], 

especially in separating particles due to its biocompatibility and anti-biofouling. Polyethylene 

glycol (PEG) is used for surface modification for its biocompatibility. The usage of nanopo-

rous silicon membrane is widespread especially in biological filtration. Nanoporous silicon 
can be combined with micropump, microchannel and microfluidic modules to make a com-

plete device for bioMEMS and LoC applications. There are several methods of pore forma-

tion on silicon substrate like electrochemical etching process [10], focused ion beam, electron 

beam lithography and rapid thermal annealing [2]. Electrochemical etching process is chosen 

for producing pore on silicon membrane because of its simple experimental setup and easy 

replication of the pore formation and structure. Recently, the creation of the smallest pore 

size has been explored to suit various applications. There are various methods that can be 

explored to vary the pore formation in terms of size and structure of pore silicon [11–17]. The 

self-adjusting method can create the smallest pore by controlling and manipulating certain 

parameters during electrochemical etching process, which are current density [18–20], HF 

concentration [21], time, silicon orientation [22], doping level [23–25], lighting and electrolyte 

mixture [25]. The characterization of producing nanoporous silicon is discussed in terms of 

current density, HF concentration, dopant and diluents that influence the formation of pore 
structure and size of this nanoporous silicon membrane. Field emission scanning electron 

microscope (FESEM) is used to verify and examine the pore formation due to its capability 

to visualize the porous silicon structure in nanometer range with higher magnification. The 
FESEM results also verify the pore formation of porous silicon, whether uniform or non-

uniform, and the pore diameters.

2. Theory on electrochemical etching process

Porous silicon can be formed using electrochemical etching technique or anodization process 

in hydrofluoric solution. Commonly, porous silicon cannot be formed by dipping the silicon 
in HF solution. But the current flow between two electrodes, which is silicon at the anode 
and platinum at the cathode in the HF solution, will produce the pores on silicon membrane. 

Electrochemical etching process is a very simple and economical experimental setup in terms 

of apparatus and chemical used. Figure 1 shows different experimental setups used in this 
electrochemical etching process. Figure 1 is the simplest experimental setup, which used one 

Teflon bath to put the HF solution, and two electrodes were dipped in this HF solution, sup-

plying the current to produce pores. Normally, the silicon is placed in the anode and platinum 

in the cathode. Various other metals can be used at the cathode. But the metal used can hold 

it in HF solution without eroding it. Teflon cell is used because it has a high level of acid resis-

tance compared to the glass cell. The benefit of this experimental setup is simple and easy to 
modify. However, the pores are not uniform for both sides of the silicon due to the inhomo-

geneity resulting from lateral potential drop.

Meanwhile, Figure 2 shows the second type of electrochemical etching cell in the single-cell 

approach using a back-side contact. A metal contact is made at the back side of wafer and 

sealed with o-ring so that only front-side sample will be exposed to anodize electrolyte. This 
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type of experimental setup is well suited for the front using two cells containing electrolyte, 

and silicon is placed in the middle of the cell. Furthermore, the cell that leads to good unifor-

mity in porous silicon layers and the simplest interpretation of current-voltage characteristics 

is most commonly used and offers a good control of thickness and porosity. This cell is also 
well suited for the front-side illumination of the sample during anodization because of illumi-

nation that will affect the pore formation during the process [22].

Figure 1. Cross section of a lateral electrochemical etching cell [26].

Figure 2. Cross section of a conventional single-tank cell [27].
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The third type of cell is the double-tank cell using an electrolytic back-side contact. Figure 3 

shows the equipment used in this process, which consists of two half cells in which platinum 

electrodes are immersed and the silicon used to separate and isolate the two cells. Both cells 

used HF solution for electrochemical etching for polished and a back-side contact. The chemi-

cal pump is used to circulate the electrolyte solution to remove the gas bubbles generated 

using anodic reaction and maintain the concentration of HF solution in the cell tank. A good 

and uniform pore can be obtained using symmetrical and large platinum plates as the cathode 

and the anode. These two platinum electrodes are connected to power supply, and the current 

flows from one half to the other through silicon membrane. The back side of silicon membrane 
acted as a secondary cathode where the proton reduction takes place leading to hydrogen 

evolution, while the front side of the wafer acted as a secondary anode to form porous silicon.

2.1. Electrochemical etching mechanism

Silicon is the material that is difficult to dissolve in HF solution except with the aid of the flow. 
Silicon reacts with HF solution to dissolve the H and F during power supply. In general, some 

solvents may be used to produce a hole in the surface of the silicon. Nanoporous silicon is formed 

using ethanoic HF solution that is a mixture between ethanol and HF. However, the organic solvent 

may also be used to obtain porous silicon like Dimethylformamide (DMF) and acetonitrile [28]. 

The concept of dissolution of silicon ions for the formation of the hole is the same, although any sol-

vent is used. Chemical reaction of the pore formation is expressed in the equation below [19, 29, 30]:

  Si + 2HF +  λh   +  →  SiF  
2
   + 2  H   +  +  (2 − λ)   e   −   (1)

   SiF  
2
   + 2HF →  SiF  

4
  +  H  

2
    (2)

   SiF  
4
   + 2HF →  H  

2
    SiF  

6
    (3)

where h+ and e− change between hole and electron and λ is a number of charge change at the 
first stage.

Figure 3. Cross-sectional view of a double-tank cell [22].
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This equation is also used by some researchers [31–34]. But other equations have been pro-

posed in the process of liquidation in accordance with the method of surface oxidation of sili-

con, exchange hole and electrons that become a source of divalent silicon on the oxidation level 

[35]. Figure 4 shows that model reaction of p-type silicon dissolution in HF solution is used. 

Ion dissolution measures the current flow caused by the electrochemical etching process that 
makes the transfer between electrons and holes. The ion is struggling to move in order to break 

the bonds of Si-O, Si-F and Si-H during the process. Thus, the idea for the formation of pores 

involves current densities studied to make the resulting hole narrower and straight [19, 36].

Pore formation involving the current density is discussed in Figure 5. During electrochemi-

cal etching process, the holes will be placed on silicon surface. When a high current density 

is given, the hole will focus and gather at the boundary layer between silicon crystal and 

HF solution. So, the electrochemical dissolution of silicon in HF will generate very smooth 

surface. This process is called electropolishing. On the other hand, if the low current density 

is applied, a lot of fluoride ions will be placed on the silicon surface rather than the holes. In 
this situation, etching process is limited because of the lack of hole in silicon surface during 

ion dissolution. The dissolution rate of fluoride ion to migrate to the electric field is limited 
because of the lack of hole. So, if the surface is rough, the hole will force out to make a large 

hole by the uneven pit surface [32].

Briefly, the electrochemical etching process is a process that involves the dissolution of the 
ion to form pore and electropolishing. Ion dissolution process is dependent on the current 

density during the electrochemical etching process. The current density also affects the pore 
structure like spongy or columnar structure [33]. The current density is also among the 

parameters that can be manipulated to produce the perfect pore structure. Pore formation is 

influenced by the current density based on graph IV to study either the formation of pores 
or electropolishing process. Graph IV involving current and voltage used in the formation 

Figure 4. Chemical mechanism of electrochemical etching [31].
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of pore is shown in Figure 6. For each pore formation process and polishing silicon electro-

chemical reaction has a different equation is divided anode depends on the ability of elec-

trode and HF solution [11]. At low current density, pore silicon can be formed. But the pore 

was only on the surface of the membrane and structured like a sponge. The current process 

called simple force of transition forms either pores or electropolishing.

Theoretically, the current density affects the pore formation in silicon. The current will create 
a line at the end of the pore using space-charge region (SCR) as shown in Figure 7 [35]. When 

the electric field is strong enough to build pore with the given current flow, oxide forms on the 
surface of the pores. The oxide layer will be dissolved by the electrolyte solution and forms 

pores below the existing holes. When the coating is completely dissolved by the electrolyte, 

the existing electric field produces a flow line to another, and this process will be repeated. 

Figure 5. The boundary layer between the silicon crystal and HF solution during ion transfer processes [32].

Figure 6. Graph of current density versus different potentials for pore formation and electropolishing [34].
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Thus, the current flow is capable of dissolving silicon and produces nano- or micro-sized 
pores depending on the dopant density either p or n. Dissolution will occur two times at the 

same area as there are currents to break down and encourage the maximum pore formation 

in the orientation <010> or <001> [35, 36].

However, the straight pores are influenced by other factors such as time and current density 
etching. The hole formation can be varied by manipulating etching time technique, which is 

called the current burst model. The current burst is conditioned when the current model is 

still reacting to the dissolution of the silicon surface. When no current burst model, the forma-

tion of a new model of current burst occurred and attacked the area around the edge of the 
pore caused by inhomogeneity in time and space [38]. When the etching time is increased, 

current flows in any area of pore tips occur. Figure 8 shows how the region acts current burst 

in any possible area during pore formation.

Figure 7. Existence of SCR and current lines bent toward pore tip at the higher electric field strength [37].

Figure 8. Forming a hole caused by the formation of a new model of current eruption which dissolves holes in different 
orientations [39].
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Electrochemical etching is a self-adjusting technique that manipulates several parameters to 

get various pore structures and sizes. The dopant-type silicon orientation and photolumines-

cence factor will affect the pore structure as shown in Figure 9. Pore-shaped structure inclined 

(b) due to the orientation of silicon. Oriented silicons 110 and 111 produce an inclined hole. 

In order to produce a vertical, straight or columnar pore structure, orientation of silicon 100 

can be formed using n-type dopant with back-side illumination. Figure 9 represents some 

symbols such as n+, n−, p+ and p− representing the dopant used. The symbols + and − repre-

sent the dopant level, which is the amount of charge carriers that exist on the silicon. Symbol 

+ has high density of n/p dopant compared to charge carriers, while the symbol −, a sign of 
the type of dopant n/p, is less than the charge carriers. Different silicon pore structures can be 
produced by changing these parameters.

The mechanism of dopant used that affects the formation of the pore structure is discussed. 
N-type silicon (phosphorus) has the ability to build vertical pore structure, while the p-type 

silicon (boron) produces uneven pore structure. This is due to the p-type silicon, which does 

not have a mechanism to control the accumulation of charge carriers to disperse the maxi-

mum pore anisotropic silicon and passivate the walls of the hole during the electrochemical 

Figure 9. Illustration of pore formation based on dopant factor [22].
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etching process. So, pore is difficult to form using this type of dopant [40]. In contrast, the 

n-type silicon is efficient in collecting minority charge carriers with the help of illumination. 
Illumination acts as a booster for the formation of a straight channel pore. In addition, the pore 

wall dissolution spontaneously passivated on dissolution of consequences of the reduction of 

the hole [41]. Based on the properties of dopants, some chemical reaction model to explain the 

formation of pores is influenced by the band gap caused by confinement charge during the 
formation of a small hole. Interstitial concentration decreases, further moving charges in the 

silicon structure [42]. The charge moves on the surface of the silicon dopant.

Dopant acts as impurities for semiconductor to improve the conductivity of semiconductor 

materials. The use of doping will facilitate the pore formation during etching process [43]. The 

difference of the two dopants is having a surplus or one less valence electron. Silicon without 
dopants also has the same number of electrons and holes. When it comes to the surface conduc-

tivity of silicon, the silicon resistance is lower because the conductivity is inversely proportional 

to the resistance of silicon. The conductivity depends on two parameters, namely, the concentra-

tion of charge carriers either electrons or holes and agility carrier. During electrochemical etching 

process, the reaction of Pt at cathode electrode makes a very small electron movement to balance 

the charge between silicon and Pt. The dopant will affect pore formation based on valence band 
on dopant to the electrolyte solution. Valence band is very important to make the charge carriers 

to the electrode erosion. P-type silicon is a majority carrier. Even without bias, the transport rates 

of the hole are small to move above the silicon surface. When there is positive bias applied to 

the silicon electrode, the barrier between the charge transports diminishes, and the valence band 

of the hole becomes focused onto the surface of the interface. In this situation, this kind of bias 

terms is used in semiconductors. The majority carriers are electrons, which are n-type silicon.

N-type silicon is exposed to lighting to produce more vent holes formed in the silicon. This is 

because the light will generate electron-hole pairs near the silicon surface and sweep vent holes 

on the surface of silicon. Thus, the n-type silicon can produce a straight hole if lighting is given 

continuously to the silicon surface. Dopant silicon obstacles will affect the formation of the hole 
because the structure depends on the homogeneity and the size of the hole depends on the cur-

rent density and time [43]. To produce a sharp, straight or columnar pore structure by using the 

space-charge region, high lighting and dopant silicon whether n-type or p-type are required 

[44]. The use of low resistance dopant material will produce a star-shaped hole and a structure, 

which is not straight even when using the same experimental procedure [37]. Resistance dopants 

also affect the pore size based on the density of dopant. Silicon with a pore size of 2–4 nm can be 
formed using silicon-type n and p dopants that have low and medium density, silicon with pore 

size of 5–50 nm can be generated using a dopant with high density and silicon with pore size of 

50 nm to several 10 m can be formed using a dopant with medium density [45]. This is because 

the mechanism of formation of the vent holes needs to justify the dissolution of the ion [19].

Pore formation depends on the dopant density. Figure 10 shows the schematic of pore formation 

mechanism, which starts with the orientation of crystallization of silicon. Figure 10(a) shows that 

the (100) crystallographic face contains strained Si–H bonds, and it tends to be more disposed 

due to dissolution compared to other faces. In contrast, the (111) face contains Si–H bonds that are 

more stable and perpendicular to the surface. The differential reactivity of the crystal faces leads 
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to crystallographic pores in order to propagate primarily in the <100> direction. Figure 10(b) 

shows that high radius of curving at the tip, especially at the bottom, of a pore generates a region 
for enhanced electric field, which can attract valence band holes. Figure 10(c) shows that the 

space-charge region is a region in which carriers are depleted due to band bending while inter-

facing between silicon and electrolyte. Band bending increases by decreasing the dopant density, 

so this mechanism is a primary determinant for macropore size formation especially for low-

doped n-type Si. In Figure 10(d), as the diameter of a silicon filament decreases, the resistance for 
transporting the valence band holes increases. At a critical filament diameter (typically a few nm 
for p-type silicon), injection of the hole into the solution becomes more favorable, and holes do 

not propagate further down the length of the nanowire. This mechanism is responsible for the 

lack of electrochemical dissolution of a microporous layer when it has been formed. Figure 10(e) 

shows that the result of increasing the band gap from the quantum confinement excludes the 
valence band holes from the smallest regions of the porous silicon matrix. (f) If there are no fluo-

ride ions available at the silicon/solution interface, silicon oxide forms at the interface. Valence 

band holes are then excluded from this region, and they continue to oxidize the silicon/porous 

silicon interface. This causes pore widening and produces electropolishing porous layer [46].

In short, the pore formation is influenced by many factors for producing holes of various sizes 
and shapes. The details on pore formation will be discussed further by characterization of 

these parameters.

Figure 10. Schematic of pore formation mechanism in porous silicon [46].
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3. Fabrication process

Double-sided polished 400 μm thick silicon nitride specimens with <100> orientation were 

prepared by cutting the substrate to a dimension of 2.54 × 3 cm. The silicon substrates are 
then cleaned with the standard cleaning procedure. The substrates are dipped in acetone 

and methanol for 5 minutes in an ultrasonic bath. Then, the samples were dipped into 10% 

hydrofluoric acid (HF) for 1 minute to remove the stain on the silicon surface. The samples 
were then rinsed using deionized (DI) water and blasted with nitrogen gas to dry the samples. 

Finally, the samples were put on a hot plate with the temperature set to 120°C for 15–20 min-

utes for the hard-bake process to ensure no water remains on the silicon surface.

The silicon samples then undergo the lithography process to pattern the square frame on the 
substrate. The positive photoresist AZ 4620 was first coated on the silicon substrate using a 
spin coater with a setting of 500 rpm for 10 seconds and then 2000 rpm for 20 seconds. Next, 
the substrates were put on a hot plate at 120°C for 1 minute. Only then will the samples be 

ready for the lithography process. The mask aligner Karl Suss MJB 3 was used to transfer the 

square pattern on a mask to the silicon substrates. Then, the samples were exposed to UV 
light for 90 seconds. Afterwards, the substrates were dipped for 4 minutes in an AZ 400K 

developer to develop the square patterns. After that, the samples went through a hard-bake 
process for 15 minutes. Next, they were dipped into a buffer oxide etch (BOE) solution to 
remove unwanted nitrides at the opening frame. The schematic of BOE process is shown in 

Figure 11. The Teflon clamper is used to hold the silicon nitride for this process. The BOE 
solution is put on the silicon surface for 4 hours in room temperature to produce a mask for 

KOH etching process.

Then, the substrates were dipped in acetone again to remove the photoresist. For thinning the 

silicon substrates, 45 g of potassium hydroxide (KOH) pallet was mixed well with 55 ml DI 

water to make a 45% concentration solution. Next, the KOH solution was put into a beaker 

containing just DI water. The double-boiling method was used for this etching process as 

shown in Figure 12. This is a repeating process to get the silicon membrane thickness of 5 μm. 

The KOH process is a very crucial part to get the smoothed surface roughness. The admixture 

of 45% with isopropyl alcohol (IPA) will improve the surface roughness of the membrane [47]. 

Figure 11. Buffered oxide etchant process to remove unwanted photoresist.
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Furthermore, IPA acts as a catalyst to increase the etching rate during bulking away of the sili-

con substrate. The cross section of silicon membrane is shown in Figure 13. The thickness of 

the membrane is 35 μm after immersing the silicon in KOH solution for 6 hours. So, to obtain 

a thickness of 5 μm, the silicon will be immersed in KOH solution.

The silicon membrane needs to be handled carefully because the thin membrane is easy to 

break during the electrochemical etching experiment stage. Electrochemical etching process 

starts after the membrane is immersed in electrochemical bath in order to remove nitride that 

Figure 12. Schematic of double-boiling technique for KOH etching process.

Figure 13. The cross section of silicon membrane after 6 hours of KOH etching process.
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remains on the silicon surface using BOE solution. The silicon membrane must be in hydro-

phobic condition before the process starts. If not, silicon membrane will be dipped again in 

10% HF to remove all stains on silicon membrane. Any impurity will affect the pore formation 
throughout the process. An illustration of the process flow is shown in Figure 14.

Electrochemical etching was performed to form pores on the silicon membrane surface using 

hydrofluoric acid (HF) solution [21, 39, 46, 48]. The experimental setup was shown in Figure 15 

by supplying a constant current between two electrodes immersed in a Teflon cell contain-

ing an aqueous solution of HF or diluted HF. An ethanol and HF solution is commonly used 

among researchers as an electrolyte aqueous solution for electrochemical etch. Ethanol will act 

as the surfactant in reducing the hydrogen bubble throughout the process [46, 48]. Fluorescence 

light is put facing the silicon membrane during electrochemical etching process as a catalyst 

in producing a well-forming pore during pore formation mechanism [15, 17]. Furthermore, 

photoluminescence is used to assist an electron to attack silicon surface in order to produce 
the best pore distribution. So, the pore formation will become more uniform toward the end 

of the process. Finally, FESEM is used to observe and verify the pore structure of the silicon 

membrane.

Figure 14. Fabrication process for producing nanoporous silicon membrane.

Self-Adjusting Electrochemical Etching Technique for Producing Nanoporous Silicon Membrane
http://dx.doi.org/10.5772/67719

137



4. Characterization of nanoporous silicon membrane

A few experiments have been conducted to study the effect of HF concentration, current den-

sity, doping and diluents to the pore formation. The pore formed will be inspected and exam-

ined under FESEM Supra VVP5. The pore structure and pore size are examined, and each 

effect will be characterized in this part.

4.1. HF concentration

The first study is on hydrofluoric acid concentration. The experimental setup used various 
HF concentrations by differentiating the volume ratio between HF solution and ethanol. This 
section will discuss the pore formation and size after electrochemical etching process. Forty-

nine percent of HF and ethanol are mixed in Teflon beaker with different volume ratios, which 
are 3:7, 5:5, 7:3 and 9:1. The platinum is placed at the cathode, and undoped silicon is placed 

at the anode. The current density has been set at 25 mA/cm2 for 20 minutes. 3 mL of ethanoic 

HF will be put in the single-tank cell. During the process, the top membrane was faced with 

photoluminescence of 5 W. After 20 minutes, the silicon has been inspected under FESEM 

Supra VVP5 to examine the pore size and structure on silicon membrane. Figure 16 shows 

that the pore has been formed after electrochemical etching process. FESEM shows that low 

concentration of HF produces a large pore size compared with high concentration of HF. This 

is because high-volume HF contains more fluoride ion.

The second experimental setup will study the pore formation by varying time. Other sam-

ples were put in this single-tank cell and electrochemical etching process was performed for 

varying time (30, 40 and 50 minutes). The result will be examined under FESEM to study 

Figure 15. Electrochemical etching process.
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the pore size. The average pore sizes are counted by inspecting this sample under Atomic 

Force Microscope (AFM). The AFM is able to count the pore size by grain/pore analysis. 

Then, the data will be analysed to study the effect of HF concentration and time to the pore 
formation. Figure 17 shows the relation of HF concentration to the pore size at variant time 

of immersed silicon in electrolyte solution. The graph shows that the pore size becomes 

wider at low HF concentration. Furthermore, time taken for electrochemical etching process 

Figure 16. The pore structure of a different volume ratio of HF/ethanol.

Figure 17. The effect of HF concentration in terms of pore size at different times.
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is one of the factors that make the pore become wider. Low HF concentration produces non-

uniform pore structure. This pore formation mechanism starts with migration between elec-

tron and holes in order to attract charge carrier when applied in electric field. The migration 
of electron and holes happens in competition between Si–O, Si–F and Si–H bond formation. 

The small amount or volume ratio of HF in electrolyte solution will generate the oxide. The 

oxide layer is generated on the silicon surface. F− ions are trying to attack rapidly to avoid 
oxide layer to grow and to avoid the water molecules to take over the role of nucleophile. 

The lack of F ions makes the oxide unremovable from the silicon surface. It is because the 

insulated oxide terminates the pore propagation [46].

Table 1 shows that the pore size range was measured under FESEM. The effect of volume 
ratio of HF and ethanol during electrochemical etching process is studied by measuring the 

pore size. It has been found that the HF volume is a key in order to form nanosized pores. 

The highest HF amount will reduce the thickness of space-charge layer and increase the 

pore-tip current density [39]. The high volume of HF can prevent the native oxide growth 

throughout the process because dissolution silicon oxide rate is increased by increasing 

the HF volume, which automatically increases the critical current density at the covered 

oxide layer on silicon. In this case, the small pore structure is formed by increasing the HF 

concentration.

The immersed time also affects the pore formation. Table 1 shows the longest immersed time 

that makes the pore diameter wider. 20 and 50 minutes as immersed time are compared. The 

result shows that 20 minutes of the uniform pore formation produced is compared to 50 min-

utes. It is because the longer immersed time makes the pore become wide due to the breakage 

of the pore wall.

The pore size formed in different HF concentrations using dopant boron has been studied [21]. 

For the dopant silicon, pore size depends on dopant concentration to produce variant size of 

pore. For example, mesoporous (5–50 nm) is produced using highly doped level. Meanwhile, 

a macroporous (50 nm–10 μm) can be produced using medium-doped level and microporous 

(2–4 nm) using low dopant. Figure 18 shows that the finding of pore formation using highly 
doped boron has been inspected under FESEM and the visual color observation on silicon 

surface. A volume ratio of 3:7 produces a pore size of 10 nm; 4:6, 8 nm; and 6:4, 3 nm. From the 

result, the HF concentration can affect pore formation for various silicon substrates, regard-

less of their being doped or undoped.

Time (minutes) Pore diameter

3:7 5:5 7:3 9:1

20 60–200 nm 30–50 nm 9–19 nm 5–10 nm

30 220–360 nm 40–100 nm 16–34 nm 13–25 nm

40 200–500 nm 50–150 nm 57–101 nm 17–30 nm

50 600 nm–1 μm 50–300 nm 58–120 nm 30–50 nm

Table 1. The range of pore size with different amounts of HF and ethanol.
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4.2. Current density

Current density is one of the factors that affect the pore formation. The previous experimental 
setup demonstrates that the HF concentration affects the pore formation in terms of pore size. 
This experimental setup examines the current density affecting the pore structure, etching 
rate and also pore size. This study used the aforementioned experimental setup using p-type 

silicon membrane with resistivity of 1–100 Ωcm. The first set of experiments is to gauge the 
etching rate of porous layer by manipulating the current density. The current density is var-

ied from 5 to 30 mA/cm2 using ethanoic HF as electrolyte solution. The porous layer is mea-

sured using FESEM by cutting the silicon membrane to get the cross section of porous layer. 
The silicon membrane is immersed in ethanoic HF solution for 1 hour. A 5 mA/cm2 current 

density gives an etch rate of 12.6 nm/h, while a 30 mA/cm2 current density gives an etch rate 

of 1.3 μm/h. It was observed that etch rate increases linearly with the applied current, as 

illustrated in Figure 19. In this experimental setup, there are certain parameters that have 

been fixed in order to gauge the sole effect of current density on the etch rate, which include 
photoillumination, HF concentration, distance between anode and cathode and stirring time.

Ethanoic HF electrolyte solution etching rate is very slow. In contrast, the HF solution has a 

quick etching rate. The etch rate of μm/h is observed for current density changing from 5 to 

20 mA/cm2 for 5% HF electrolyte solution [19]. The ethanoic HF shows the same trend graph 

between etching rate and current density. However, the ethanoic HF etch rate became slower 

due to the effect of ethanol which acts as surfactant in decreasing the hydrogen bubble [20, 21].

Figure 18. Effect of pore formation for variant HF concentration using p-type silicon [21].
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Next, the effect of current density to the pore size is studied by grouping current density by three, 
which is the low current density (5–30 mA/cm2), medium current density (60–100 mA/cm2) and 

high current density which is set at 200 mA/cm2 upwards. Electrochemical formation of silicon 

membrane is observed within this current level.

The pore size for various current densities has been plotted in Figure 20 for different current 
density levels used for electrochemical etching process. The pore size is less than 30 nm for 

Figure 19. Correlation between the porous layer etching rate and current density in ethanoic HF solution.

Figure 20. The size of pore by variation of current density.
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different current densities applied. The current density that has less effect on the pore size has 
been observed due to the doping level effect. The p-doped silicon substrate has been used to 
perform this electrochemical etching process. From previous studies, pore size was affected 
by concentration of HF solution [14] and doping level [22, 23].

Furthermore, the effect of current density to the pore structure is studied by varying 
the current density. This experimental setup is used to study the cross section of porous 

layer. The low and medium current densities that produce spongy porous silicon lay-

ers have been observed as shown in Figures 21 and 22. For filtering particle use, the 
columnar silicon structure is the most appropriate structure to confirm that all particles 
can be penetrated through the silicon membrane without any clogging in the middle of 

separating process.

The dissolution process is affected by current density during electrochemical etch. Usually, 
pore formation mechanism begins with the migration of electron and holes in order to attract 
charge carriers by applying electric field. The chemistry reaction that occurs on the silicon 
surface involves the competition between Si–O, Si–F and Si–H bond formations [24].

Pore formation is formed by the number of holes on the silicon substrate. It enables to align 

themselves toward the chemical reaction to follow the trend of current line according to the 

high current density [25, 26]. The strong electric field can be gained by high current density 
that tries to utilize a polarizing effect on the substrate. Holes intend to gather at defective sur-

face site. Based on an electron excitation, silicon or dopant atom is able to move into the lattice 
or non-lattice sites of the silicon crystallites.

Figure 21. Scanning electron micrographs (SEM) of porous silicon for p-type doped <100> silicon [19].
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The F− ions in the electrolyte aqueous solution are encouraged to transfer to the silicon sub-

strate, with the succeeding reaction resulting in dissolution. These holes prefer to gather ions 

at the pore-tip border in silicon bulk because of the low potential energy as compared to 

the wall area [8, 27]. Figure 21 shows the porous layer under different current densities and 
time immersed to HF solution by varying the dopant density. Highly doped p-type silicon is 

able to produce the columnar porous layer. Meanwhile, n-type silicon is capable to produce 

columnar structure using high current density at low to medium dopant density.

4.3. Doping

Doping can be affected by pore structure of silicon, changing from being undoped to being 
doped to either phosphorus or boron, as shown in Figure 23. The pore structure is observed 

by varying the silicon substrate which is undoped, phosphorus doped and boron doped. 

Undoped silicon membrane is used as an indicator to verify the doping effect. It shows that the 
square pore structure can be formed on silicon membrane surface. Undoped silicon formed 
a scattered pore with different sizes. But phosphorus-doped silicon observed the irregular 
pore formation. The circular pore shape can be formed when irregular shape breaks the exist-

ing pore structure and finally forms a larger pore. For this matter, it was observed that the 
immersed time affects the pore formation. However, the immersed time will not affect to the 
doped silicon bulk because the doped level can determine the range of pore size [14, 18, 19].

The effect of time on pore structure is studied during immersion of silicon substrate in HF 
electrolyte. The pore size increases consistently when increasing immersed time for undoped 

silicon substrate as shown in Figure 24. In order to gauge the sole effect on doping type, the 

Figure 22. Scanning electron micrographs of porous silicon for n-type doped <100> silicon [19].
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Figure 23. Shape of porous on different doping.

Figure 24. Pore formation by varying immersed time during electrochemical etching process.
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amount of HF, distance between anode and cathode and stirring rpm were fixed. For this setup, 
pore formation for boron- and phosphorus-doped silicon substrate is not affected by time. The 
pore size with range of 12–20 nm has been formed for doped silicon substrate. The pore size 

diameter has been affected by doping density. As aforementioned, the doping density can be 
used to categorize the pore size diameter which is mesoporous, microporous and macroporous 

that has been classified by International Union of Pure and Applied Chemistry (IUPAC).

4.4. Diluents

The surface morphology of silicon membrane is discussed in this part to examine the effect of 
alcohol to the pore formation. Methanol, ethanol and propanol are used in this experimental 

setup. The pore formation after electrochemical etching process is observed when a current 

density of 25 mA/cm2 is supplied for 30 minutes. The quantity of holes in electrode surface and 

the diffusion of fluoride ion will control the mechanism of pore formation. The passivation of 
pore wall can be boosted by electric field supplied during the pore formation [12, 14, 49]. In 

this experimental setup, three types of silicon substrate are used, namely, undoped (>80 Ωcm), 
n-type (resistivity 0–100 Ωcm) and p-type (resistivity 0–100 Ωcm).

Figures 25–27 show the effect of alcohol diluents for variant silicon substrate. It indicates 
that pore formation not solely depends on the alcohol diluent, but the dopant also gives 

the effect too. It has been examined that p-type silicon substrate is hard for pore creation 

Figure 25. The pore structure for the mixture of HF + methanol as electrolyte solution: (a) undoped, (b) n-type (c) p-type.
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Figure 26. The pore structure for the mixture of HF + ethanol as electrolyte solution: (a) undoped, (b) n-type and (c) 

p-type.

Figure 27. The pore structure for the mixture of HF + propanol as electrolyte solution: (a) undoped, (b) n-type and (c) 

p-type.
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compared to others which are undoped and n-type silicon substrate. This is because of 

the disability of p-type substrate to control the charge carrier collection at the pore tips 

for anisotropic dissolution of silicon. So, ion can hardly attack the silicon during the pore 
formation [40]. Besides that, n-type silicon substrate is more efficient to collect the charge 
carrier with the assistance of photoluminescence to promote columnar pore structure due 

to the depletion of holes during pore passivity against dissolution [41]. P-type silicon sub-

strate is suggested to use high current density to get the columnar and well-ordered pore 

structure [33].

In the first part, methanol and 49% hydrofluoric acid that are mixed become electrolyte 
solution. Under FESEM inspection shown in Figure 25, it is found that star-shaped pore is 

observed using undoped silicon substrate with less than 40 nm pore size. Meanwhile, non-

uniform pore is examined on n-type substrate with less than 40 nm pore size. The pore is 

formed on the undoped and n-type silicon surface. However, pore is not observed on p-type 

silicon substrate due to its mechanism, which is hard to control and collect the charge carrier 

as mentioned before [50].

In the second part, electrolyte solution is changed to the mixture of hydrofluoric acid and 
ethanol with the aforesaid parameters. As shown in Figure 26, pores are formed on all silicon 

surfaces with variant pore structure and uniformity. An irregular-shaped pore with 150 nm 

size is observed on undoped silicon substrate. Then, the irregular-shaped pore with circu-

lar pore structure is examined on n-type silicon substrate. According to FESEM, the circular 

pore has larger size compared to irregular-shaped pore due to its breakage during the pro-

cess. Besides that, an irregular shape is observed with well-ordered pore on the p-type silicon 

membrane surface.

In the third set of experiment, the mixture of propanol and hydrofluoric acid as electrolyte 
solution is used. The current density is set at 25 mA/cm2 for 30 minutes for each silicon sub-

strate. The pore formation becomes unstable for the three silicon substrates. The undoped 

silicon substrate gives non-uniform pore structure. It is the same with n-type substrates 

which observed the irregular shape plus the bad pore structure. Then, for p-type substrate it 

is observed that pore cannot be formed well in electrolyte aqueous solution. Figure 27 shows 

a micrograph of the structure of pore when using this solution.

Based on a few experiments shown, alcohol diluents affect the pore formation. By altering this 
electrolyte aqueous solution, the variation of pore-like circular and star-shaped pore struc-

tures has been explored in this setup. Besides, in a mixture of HF and propanol, it is difficult to 
identify clearly the pore structure using this electrolyte solution. Normally, alcohol diluents 

are called as amphiphilic surfactants. The amphiphilic surfactants are hydrocarbon-based 

surfactants that are absorbed on silicon surface with their non-polar tails attached on hydro-

phobic silicon surface [40]. The shortest hydrocarbon chain is methanol, which results nearly 

in well-ordered pore structure. Furthermore, variant diluents, whether organic or nonorganic, 

can alter the pore structure. An organic surfactant like DMF and Tetramethylammonium 

hydroxide (TMAH) also gives a different shape [51].
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The combination of HF and ethanol is the most stable due to the sharp pore structure and 

formation [52]. On the other hand, the worst pore formation is observed using the mixture of 

propanol and hydrofluoric acid. The highest etching rate can be observed using propanol due 
to the fastest etched rate which is 20 nm/minute by inspecting the porous cross section. Even 

though faster time produces pore structure, the pore is difficult to observe using these diluents 
on the silicon substrate surface. The surface roughness also can be inspected to observe the 

pore structure on the silicon surface [25].

A star-shaped pore structure is studied to find out whether this pore structure can be repli-
cated again. This process is conducted to optimize this parameter whether star pore can be 

formed. The aforementioned parameter is used for this experimental setup. The immersed 

time is varied for each 10-minute start, from 20 to 50 minutes. In Figure 25, star-shaped pore 

structure was formed in this electrolyte aqueous solution with aforementioned parameter. 

The well-ordered pore is formed in immersed time between 30 and 50 minutes. However, 

wide star shape is formed by increasing immersed time due to pore breakage. The pore struc-

ture becomes wider as shown in Figure 28 by increasing immersed time.

Figure 28. The pore formation by varied immersed time for ethanol HF + methanol solution.
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5. Conclusion

Pore formation that can be varied by manipulating parameters like dopant, current density, 

HF concentration and diluent is discussed in this topic. This technique is called a self-adjusting 

technique because the ion will move by itself to produce various pore structures. The pore can 

be used in various applications like filtration system, biosensor and microfluidic modules. For 
filtration system, the columnar pore structure gives the most advantages to ensure the particle 
can be separated efficiently. The pore size can be varied depending on the size of particles 
to be sorted out. According to this study, the electrochemical etching process is a very easy 

technique in producing pore due to its simple experimental setup and the chemicals used.
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