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Chemical and Physical Properties of Porous Silicon
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Abstract

The properties of porous silicon, such as substrate properties, porosity, thickness, refractive index, surface area, and

optical properties of porous silicon were reviewed. Some properties, such as porosity, refractive index, thickness, pore

diameter, multi-structures, and optical properties, are strongly dependent on the anodization process parameters. These

parameters include HF concentration, current density, anodization time, and silicon wafer type and resistivity. 
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1. Introduction

Porous silicon (PSi) material, an electrochemical

product of silicon, is a natural nano-structured material

that can be prepared easily without much sophistication.

PSi was discovered by Ulhir[1] at Bell Labs, USA in

1956, followed by Turner[2] during a study on the elec-

tropolishing of silicon wafer in hydrofluoric acid solu-

tion. In the 1970's, it was reported that the silicon of PSi

in the porous structure could be easily transformed into

silicon dioxide by thermal oxidation, and used as a die-

lectric material[3-6].

In 1990, L. T. Canham first reported that PSi is effi-

cient, tunable, room temperature luminescent materials

in the visible range[7]. Afterward, the interest in the field

of porous silicon grew exponentially. From this point

on, a large number of academic and industrial research-

ers from all over the world began to study the pore

structure of PSi[8,9], light emission mechanism and prop-

erties[10,11], surface modification chemistry[12,13], and fea-

sibility for optoelectronic and other possible appli-

cations[14,15].

The many favorable characteristics and the great

interest in PSi have given rise to a variety of new appli-

cations such as light emitting devices[15], multi-layer

structure for photonic crystals[16], energy conversion for

solar cell [17], chemical and biological sensors[18-23], drug

delivery system[24], ultrasound generators[25], micro-

engineering[26], astrophysics[27], signal processing[28], and

nuclear science[29]. Due to these multi-functional appli-

cations of PSi, recently it has been proposed to be an

educational vehicle for introducing nano-technology

and inter-disciplinary materials science by eminent sci-

entists in the field[30].

In this paper, the properties of PSi, such as substrate

properties, porosity, thickness, refractive index, surface

area, and optical properties of PSi were reviewed and

reported.

2. Experimental Section

2.1. Preparation of PSi

The anodization cell is made of Teflon, which is resis-

tive against attack from the hydrofluoric acid electro-

lyte. The aluminum foil serves as the anode and it is

sandwiched between the top and bottom parts of the

Teflon cell. For a better contact, a platinum wire is

placed against the silicon wafer where leads can be con-

nected. The cathode is a circular platinum wire that is

submerged in the hydrofluoric acid electrolyte. The

cathode is held in place, three wing nuts hold the entire

anodization cell together during the electrochemical

etching process. The hydrofluoric acid electrolyte is

placed inside the top part of the Teflon cell. Enough

electrolyte must be present to supply the required fluo-

rine ions and to cover the platinum wire cathode. The

top part of the Teflon cell has a circular window of area

1.2 cm2 which exposes the silicon to hydrofluoric acid

and forms the PSi. The entire electrochemical process
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is carried out under constant current supplied by a com-

puter controlled Keithley 2420 power sourcemeter. 

2.2. Instrumentation and Data Acquisition

Optical reflectivity spectra are measured using a tung-

sten halogen lamp and an Ocean Optics S2000 CCD

spectrometer fitted with a fiber optic input. The

reflected light collection end of the fiber optic is posi-

tioned at the focal plane of the optical microscope. 

3. Result and Discussion

Some properties, such as porosity, refractive index,

thickness, pore diameter, multi-structures, and optical

properties, are strongly dependent on the anodization

process parameters. These parameters include HF con-

centration, current density, anodization time, and silicon

wafer type and resistivity.

3.1. Substrate Properties

Silicon substrates are identified by properties such as

dopant type (i.e., n-type or p-type), substrate resistivity,

dopant concentration, and substrate orientation. During

anodization, dopant of the silicon substrate plays a sig-

nificant role. Since holes (h+) are the most important

element in the chemical reaction leading to the forma-

tion of PSi, the use of p-type wafer is the most popular.

However, n-type wafer can be used with external illu-

mination. 

Substrate resistivity determines the achievable thick-

ness of PSi. For example, a very low resistivity wafer

(<0.01 Ω-cm) is capable of producing thicker PSi com-

pared to a wafer with a higher resistivity (>10 Ω-cm)

under same anodization conditions.

The morphology of the PSi can be grouped into four

categories based on doping concentration: p, p+, p++, n,

n+, and n++ [31]. For p-type silicon wafer, the pore diam-

eters and interpore spacing are very small (20-100 Å).

As the dopant concentration increases, the pore diame-

ter and spacing increase slightly (100-1000 Å). For n-

type silicon, the pore diameters are considerably larger

than those of the p-type substrate.

Substrate orientation is also important in the structure

of the PSi morphology. The main pore growth direction

is essntially the same irrespective of the substrate ori-

entation, dopant concentration or anodization condi-

tions[32-33]. 

The pore shape, pore size, and orentation of porous

siliconlayers depend on the surface orentation and dop-

ing level and type, temperature, the current density, and

the composition of the etching solution. For mono-lay-

ered PSi, an anodic etch of p-type silicon wafer with

resistivities of 0.1~10 Ω·cm in ethanolic HF solution

generally produced PSi single layer with a network of

micropores, rather than meso- or macropores. The

shape, size, and orientation of pores of PSi layers

depended on surface orientation and the dopant level of

the crystalline silicon substrate as well as the applied

current density, the temperature, and the concentration

of the HF etching solution. The pore size of p-type PSi

can be increased by increasing the concentration of the

dopant and decreasing the aqueous HF concentration.

High current densities resulted in the desired well-

defined cylindrical macropores, rather than the random

Fig. 1. Surface morphology of porous silicon.

Fig. 2. Cross sectional morphology of porous silicon.
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orientation of highly interconnected micropores.

The surface morphology of PSi was obtained with

cold field emission scanning electron microscope (FE-

SEM) and shown in Fig. 1. The surface image of PSi

indicated that the distributions of pores were even.

The cross sectional morphology of PSi was obtained

with with cold FE-SEM and shown in Fig. 2. FE-SEM

image of PSi indicated that the prepared PSi had cylin-

drical mesopores and a depth of a few microns.

3.2. Porosity

The most important quantity when characterizing a

porous materials is the porosity which is defined as the

ratio of the empty pore volume to the total volume. The

porosity of a PSi can be calculated gravimetrically using

following equation[34]: 

Porosity (%) =

Where m1 is the mass of the initial silicon wafer in

grams, m2 is the mass of the silicon wafer after anodi-

zation in grams, m3 is the mass of the silicon wafer after

dissolution of the porous layer in grams. The dissolution

of PSi is performed using a 0.1 M aqueous solution of

sodium hydroxide (NaOH). 

This gravimetric method is applicable in cases where

the PSi layer is sufficiently thick (> 5 µm). The dif-

fernce in masses is larger than the amount of error

induced in the measurements. However, when the PSi

layer is thin (< 200 nm), the mass difference is the same

order of magnitude as the error in measurements, and

the porosity value obtained is unreliable.

3.3. Thickness

The thickness of PSi can be determined using either

non-destructive or destructive techniques. One non-

destructive technique is the use of an ellipsometer

which requires the extensive understanding of the

refractive index. For the PSi samples, the index is dif-

ficult to determine since the porosity varies vertically

with depth. There are two available destructive tech-

niques that can be used with significant ease. One deter-

mines the approximate PSi thickness using following

equation:

Thickness =

Where M1 is the mass of the original silicon wafer, M3

is the wafer with anodized material removed, S is the

area of the PSi sample, and d is the density of the silicon

substrate.

The second and more accurate technique uses a field

emission scanning electron microscope (FE-SEM) after

scribing the PSi sample to visualize a cross sectional

view. This technique can resolve the thickness of PSi to

a few nanometers as well as provide additional infor-

mation on the PSi morphology.

3.4. Refractive Index

The refractive index is one of the important property

of PSi. This property controls the reflection and trans-

mission of waves incident on the PSi-air interface.

There are many approximations that predict the refrac-

tive index of PSi based on porosity[35-36]. However, none

of them covers the entire porosity range with the same

degree of high accuracy. 

The refractive index of PSi is calculated by using the

Bruggeman approximation as described below: 

(1-P)

where P is the porosity of porous silicon, εsilicon is the

dielectric constant of silicon, εair is the dielectric con-

stant of air, and εporous silicon is the dielectric constant of

porous silicon.

3.4. Surface Area

PSi has a very large surface area (1-500 m2/cm3)

defined as the accessible area of solid surface per unit

of material. This characteristic gives PSi the ability to

act as a host to many inorganic and organic materials,

resulting in many potential applications. A standard

method used to measure the specific surface area is the

BET (Brunauer-Emmett-Teller) method[37]. This method

is based on the adsorption of gases by the porous struc-

ture.

3.5. Optical Properties

The optical properties of PSi are discussed in a wide

spectral range from the infrared to the ultraviolet. PSi

has two optical properties such as photoluminescence

(PL) for n-type with external illumination (300 W tung-

sten lamp) and optical reflectivity (Fabry-Perot fringe)

for p-type as shown in Fig. 1. The ability of PSi to emit

m1 m2–

m1 m3–
----------------

M1 M3–

S d⋅
------------------

εSilicon εporous silicon+

εSilicon 2εporous silicon+
------------------------------------------------ P( )

εair εporous silicon+

εair 2εporous silicon+
-----------------------------------------+ 0=
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and reflect in visible range is the most attractive prop-

erty of the material. One explanation for the visible

luminescence is based on the nanometer-size crystalline

structure for PSi[38-40].

PL spectrum of PSi shown in Figure 3 has been

obtained with Ocean Optics LS-1 (blue LED). Typical

photoluminescence wavelength appeared as strong red

emission whose wavelengths range between 500 and

800 nm. The wavelength of the photoluminescence

maximum of porous silicon can be readily tuned by

adjusting the preparation conditions such as etching

times and the concentration of etching solution. An

important feature of this material is that its photolumi-

nescence properties can be controlled by interfacial

electron-, hole-, and energy-transfer processes. For

example, many organic aromatic molecules have been

shown to efficiently quench photoluminescence from

porous silicon. Comparison of the quenching data with

the oxidation potentials, reduction potentials, and triplet

energy levels led to the conclusion that the quenching

process for aromatic molecules is predominantly driven

by energy transfer. 

Optical reflectivity spectrum of PSi showing Febry-

Perot fringe pattern has been measured by using tung-

sten-halogen lamp and an Ocean Optics S2000 charge-

coupled detector (CCD) spectrometer fitted with a fiber

optic input. The reflected light collection end of the

fiber optic is positioned at the focal plane of the optical

microscope as described in Fig. 4.

The interference or fringe patterns could be obtained

from porous silicon layers anodized at different current

densities. Fabry-Perot fringes using visible light illumi-

nation are observed on samples prepared at current den-

sities between 150 and 600 mA/cm2. Anodization of p-

type silicon at a current density of 600 mA/cm2 results

in an obvious matte surface with a barely discernible

fringe pattern, due to the increased light scattering

occurring at the surface of the upper porous silicon

layer. Electropolishing occurs at a current density higher

than 700 mA/cm2. The number of fringes in the

observed wavelength range depends on the porosity as

well as the thickness of the porous layer. Samples with

thicknesses of approximately 3000 nm typically display

9-12 fringes in the 500-1000 nm wavelength region

depending on the effective refractive index. The higher

the current density, the fewer fringes are observed, con-

sistent with the observation that higher current densities

lead to samples with greater porosities. 

3.6. Characterization of Porous Silicon

Diffuse reflectance FT-IR spectroscopy was used to

monitor the oxidation and functionalization reactions of

the porous silicon support. The FT-IR spectrum of the

porous silicon layer immediately after anodization of

the silicon wafer displays a characteristic broad band

centered at 2118 cm-1 (Fig. 5) (overlap of the νSi-H2 and

νH-Si-O stretching vibrations). The νSi-H and νSi-H3

stretching bands are not visible since backbone oxida-

tion of the Si-Si bonds took place immediately after

etching. Oxidation of the porous silicon layer with

ozone results in the appearance of the characteristic

large and broad Si-O-Si vibrational band around 1110

Fig. 3. Photoluminescence spectrum of porous silicon. Fig. 4. Reflectivity spectrum of porous silicon.
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cm-1 in the FT-IR spectrum. As expected, ozonolysis

also leads to complete disappearance of the Si-H vibra-

tional bands. A small band at 887 cm-1 assigned to δSi-

OH is also observed. Exposure to ozone for longer peri-

ods led to complete disappearance of the Si-OH band

because the formation of the Si-O-Si bonds is thermo-

dynamically preferred.

4. Conclusion

The properties of porous silicon, such as substrate

properties, porosity, thickness, refractive index, surface

area, and optical properties of porous silicon are

strongly dependent on the anodization process parame-

ters. These parameters include HF concentration, cur-

rent density, anodization time, and silicon wafer type

and resistivity.
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