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Abstract

The differences of properties for both single-layered and multi-layered porous silicon were investigated. Multistructured

porous silicons such as DBR or rugate porous silicon exhibit strong reflection resonances providing the reflection of a

specific wavelength in the optical reflectivity spectrum. DBR PSi displays a square varying porosity gradient in the

direction perpendicular to the plane of the filter but a sinusoidally varying porosity gradient was obtained for rugate PSi.
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1. Introduction

The development of new methods to build photonic

structures in a device is of great interest, since conven-

tional lithographic method is too complex to fabricate.

An electrochemical etch is one of lithographic methods

to fabricate a photonic structures into the materials.

Since the discovery of porous silicon (PSi)[1] multilayer-

structured PSi has been intensively investigated for a

variety of applications such as chemical[2,3] and biolog-

ical sensors[4], medical diagnostics, optical band pass fil-

ters, micro chemical reactors, and micro fuel cells[5-9].

Its importance is due to very high surface area as well

as their unique photonic properties. Multilayered PSi is

an attractive candidate for building photonic structure,

because the porosity and average pore size can be tuned

by adjusting the electrochemical preparation conditions

that allow the construction of photonic crystals[10,11].

Multilayer PSi such as distributed Bragg reflectors

(DBR) PSi[12] or rugate PSi[13] exhibit unique optical

properties providing a reflection band at specific wave-

length in the optical reflectivity spectrum.

 In this paper, the discriminations of properties of PSi

for sing-layered, and multi-layered porous silicon (DBR

PSi and rugate PSi) were described. 

2. Experimental Section

2.1. Synthesis of Porous Silicon

The single layered PSi was prepared by an electro-

chemical etching of Si wafer (boron doped, polished on

the <100> face, resistivity of 0.8 ~ 1.2 mO·cm, Siltro-

nix, Inc.). The etching solution consisted of a 1:1 (v/v)

mixture of absolute ethanol (ACS reagent, Aldrich

Chemicals) and aqueous 48% hydrofluoric acid (ACS

reagent, Aldrich Chemicals). Galvanostatic etching was

carried out in a Teflon cell using an electrode configu-

ration. The current density and etching time were 100

mA/cm2 and 60 sec. The anodization current was sup-

plied by Keithley 2420 high-precision constant current

source controlled by a computer to allow the formation

of PSi. To prevent the photogeneration of carriers, elec-

trochemical etching was performed the anodization in

the dark. All samples were then rinsed several times

with ethanol and dried under argon atmosphere prior to

use.

 DBR PSi samples are prepared by electrochemical

etch of heavily doped p++-type silicon wafers (boron

doped, polished on the (100) face, resistivity of 0.8 - 1.2

mΩ·cm, Siltronix, Inc.). The etching solution consisted

of a 3:1 volume mixture of aqueous 48% hydrofluoric

acid and absolute ethanol. DBR PSi samples are pre-

pared by using a computer-generated periodic square

wave current.DBR PSi samples exhibiting its reflect-

ance at 570 nm have been prepared by using 5 mA/cm2

for 60 s and 50 mA/cm2 for 3 s with 20 repeats.

 Rugate PSi samples were prepared by an electro-
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chemical etch of heavily doped p++-type silicon wafers

(boron doped, <100> oriented, resistivity of 0.8-1.2

mΩ·cm, Siltronix, Inc.). The etching solution consisted

of a 3:1 volume mixture of aqueous 48% hydrofluoric

acid and absolute ethanol. Rugate PSi samples were

prepared by using a computer-generated sinusoidal cur-

rent waveform with limits of 11 to 34 mA/cm2, 100

repeats, and periods on the order of 8 sec depending on

the desired wavelength of maximum reflectivity. The

porous layers generated in the electrochemical etch

were smooth enough to create high-quality 1D photonic

crystals.

2.2. Instrumentation and Data Acquisition

The entire electrochemical process is carried out

under constant current supplied by a computer control-

led Keithley 2420 power sourcemeter. Optical reflectiv-

ity spectra are measured using a tungsten 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 positioned at the focal plane of

the optical microscope. The morphology of PSi film and

polymer replica were observed with cold field emission

scanning electron microscope (FE-SEM, S-4700, Hitachi).

3. Result and Discussion 

3.1. Monolayer- and Multilayer- Structured Porous

Silicon

The multilayer structures based on PSi open the door

for a variety of new applications. Some pf the possilble

application of these structures are in the areas of inter-

ference filters[14], waveguides[15], photodiode[16], and

microcavities[17]. For all these application, strict control

over the reflectance and transmission properties of the

PSi multilayer is required. 

The advantage of a dielectric multilayer structure is

the multiple interference a light beam undergoes when

it is reflected at each interface. A qualitative represen-

tation of this is described in Figure 1, where interference

from a single film is compared to a multilayer structure.

The light beam is reflected at each interface between the

two materials containing two different refractive indi-

ces. In a single layer (neglecting the multiple reflections

of light between interface) the reflected light is com-

posed of two reflectivity beams, one across the air-film

interface and the other across the film-substrate inter-

face (in Figure 1 A). In the case of the multilayer struc-

ture, the reflected light is a combination of all the

reflectivity beams at each of the interface (in Figure 1

B, 5 reflected beams are observed). By simply choosing

the thickness and refractive index of each of the layers,

it is possible to control the constructive and destructive

interference of the light across a multilayer structure,

which dictates its reflectivity spectrum.

3.2. Properties of Multilayer Structures

PSi multilayers consist of alternating layers of differ-

ent refractive index. PSi multilayer structures are easily

manufactured using a periodic current density square

waveform for distributed Bragg reflectors (DBR)[18-22]

and sinusoidal waveform for rugate[23-26] during the

electrochemical etching process as described in Figure

2. The difference in porosity profile, corresponding to

a variation in current density, is attributed to a difference

in refractive index. 

The single layered PSi was prepared by an electro-

chemical etching of silicon wafer with an etching solu-

tion consisted of a mixture of absolute ethanol and

hydrofluoric acid. PSi prepared by applying a current

density exhibits high reflectivity in a general wide spec-

tral region. The values of thickness and refractive index

satisfy the following relationship:

mλ = 2nL sinθ. (1)

Where λ is the wavelength of maximum constructive

interference for spectral fringe of order m, n is the index

of refraction of the porous layer and its contents, and

L is the thickness of the porous layer. The optical thick-

ness (OT) referred to as the quantity 2 nL, was obtained

Fig. 1. Multiple interference of thin film structure.

Representation of the reflection and transmission of light

by a single (A) and a multilayer structure (B).
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from Fourier transformation (FT) of the reflectivity

spectrum. FT arising from a sharp resonance indicated

the quantity 2 nL. The PSi displayed Fabry-Perot fringes

in the optical reflective spectra shown in Figure 3.

Multilayered porous silicon containing two distinct

porosities has been successfully prepared by using a

periodic galvanostatic electrochemical etch of crystal-

line silicon. The wavelength of a peak in the reflectivity

spectrum is given by the following equation:

mλBragg = 2 nidi

where m is the spectral order of the optical fringe, λ the

wavelength, ni the refractive index of the film, and di

its thickness. DBR PSi samples display a very sharp line

at 570 nm with sidelobes around the reflectance peak

in the optical reflectivity spectrum as shown in Figure

4. The spectral bands of DBR PSi samples have a full-

width at half-maximum (FWHM) of about 20 nm.

The waveform used in the present work involves a

sine component, which is represented by

Y = A · sin(kt) + B

where Y represents a temporal sine wave of amplitude

A, frequency k, time t, and an applied current density

B. The position of reflection band depends on the fre-

quency. Rugate porous silicon has been successfully

prepared using a periodic galvanostatic electrochemical

etch of crystalline silicon by applying a sine wave cur-

rent. The applied current density is modulated with a

pseudo sine wave to generate a periodically varying

porosity gradient. Rugate PSi samples display a very

sharp reflection line at 510 nm without sidelobes around

the reflectance peak in the optical reflectivity spectrum

as shown in Figure 5. The spectral band of rugate PSi

sample has a full-width at halfmaximum (FWHM) of

about 17 nm.

Multistructured PSi, DBR or rugate, exhibit unique

Fig. 2. Schematic pictures on the formation of PSi

multilayer structures. By pulsing between two different

current densities, two different porosity PSi layers can be

formed (left) and step-functions used to approximate the

sinusoidal variation of refractive index (right).

Fig. 3. Fabry-Perot fringes in the reflection spectra of PSi.

Fig. 4. Optical reflectivity spectrum of DBR PSi.
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optical properties providing the reflection of a specific

wavelength in the optical reflectivity spectrum. This

reflective wavelength can be controlled by tuning of

many etching parameters and can appear anywhere in

the visible range.

Figure 6 shows a cross-sectional SEM image of a PSi

multilayer where the different layers present alternating

porosity (refractive index) layers. The two parameters

that govern the optical properties of the multilayers are

the thickness and refractive index of the alternating lay-

ers, so control over these properties is critical. Other

properties like interface roughness and depth homoge-

neity also affect the quality of the multilayer structures.

SEM images shown in Figure 6 were obtained using a

cold field emission scanning electron microscope (FE-

SEM, S-4800, Hitachi). The cross-sectional image of

DBR PSi shown illustrates that the multilayer DBR PSi

has a depth of few microns. A repeating etch process

results in two distinct refractive indices and displays a

square varying porosity gradient in the direction per-

pendicular to the plane of the filter.

The cross-sectional FE-SEM images of rugate PSi

shown in Figure 7 illustrate that the thickness of rugate

PSi is about few microns. FE-SEM image of rugate PSi

displays a sinusoidally varying porosity gradient in the

direction perpendicular to the plane of the filter. FE-

SEM image of rugate PSi indicates that the prepared

rugate PSi has cylindrical mesopores with the average

pore size of few nanometers.

4. Conclusion

The properties of single-layered and multi-layered

porous silicon, such as optical properties and morphol-

ogy were investigated. Multistructured PSi, DBR or

rugate, exhibit unique optical properties providing the

reflection of a specific wavelength in the optical reflec-

tivity spectrum. A repeating etch process results in two

distinct refractive indices and displays a square varying

porosity gradient in the direction perpendicular to the

plane of the filter for DBR PSi. A sinusoidally varying

porosity gradient in the direction perpendicular to the

plane of the filter was obtained for rugate PSi 
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