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INTRODUCTION

Porous silicon is a two-phase composite material with a refractive index that can
vary from air to silicon (Si). Porous silicon, among other porous materials, is non-
toxic and is relatively more affordable to produce because of the abundance of
silicon. Porous silicon has been shown to produce photoluminescence despite its
base material’s indirect bandgap (Canham 1990), which paved the way for applications
in optoelectronics (Bisi and others 2000). Its high surface-to-volume ratio and high
reactivity to chemicals makes it a good candidate for gas (Naderi and others 2012)
and chemical sensors (Ozdemir and others 2010). Furthermore, its absorbance has
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made it a suitable material for photodetectors (Garcia and others 2008) and solar
cell devices (Ramizy and others 2011). Aside from the abundance of silicon, the
simplicity of its fabrication and its variable refractive index due to its controllable
porosity make it possible to create components or materials for photonic
applications without the use of vacuum chambers and expensive deposition
techniques. These applications include wave guides (Jelenski and others 2005),
dichroic mirrors (Diener and others 2001), rugate f ilters (Lorenzo and others 2005),
and Fabry-Perot f ilters (Vinegoni and others 2000).

The structure of porous silicon is dependent on the HF concentration, current density,
etch rate, substrate doping, type of electrolyte solution, and type of electrochemical
cell (Halimaoui and others 1995), among other parameters. The exact process of
formation is not yet clear; however, there are many proposed models as to how it is

 

 

 

Hole injection and attack on a Si-H bond by fluoride ion 

 

 

Second attack by a fluoride ion with hydrogen evolution and electron injection into the substrate 

 

HF attack  the Si-Si backbonds. The remaining Si surface atoms are bonded to the H atoms and a 
silicon tetrafluoride (SiF4) molecule is produced. 

 

 
Figure 1. Mechanism of the  electrochemical dissolution of Si in an HF based
electrolyte proposed by Gösele and Lehmann. Adapted from O. Bisi and others
(2000).
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formed. The model of Gösele and Lehmann (1991) posits that electronic holes
present on the surface of silicon cause the fluorine ions (F-) to attack the silicon
hydride (Si-H) bonds, forming hydrogen gas and SiF4 & H2SiF6 which are dissolved
in the solution. The etched silicon loses the holes in the process preventing further
reaction with the F- ions (see Figure 1).

In this work, PSi was fabricated from p-type (100) silicon by means of a simple
tabletop electrochemical etching setup. Etching parameters such as HF concentration,
etch time and current were varied to characterize their effect on the thickness and
refractive index of the PSi. These results are important in further exploration of
PSi for photonic applications.

(b)

Figure 2. Actual setup (a) and schematic diagram of the anodization cell (b) of the
electrochemical etching setup used in fabricating PSi f ilms.

(a)
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RESULTS AND DISCUSSION

Photonic materials greatly depend on the physical dimension and refractive index
of the material used. The variability of the morphology such as thickness and
porosity of PSi is essential.

PSi Film Thickness

Figure 3 shows the dependence of f ilm thickness on the HF concentration used in
the electrolyte. The increasing trend means that the production of PSi is faster for
higher HF concentrations. This can be attributed to the abundance of F- ions that
attack the Si-H bonds in the electrolyte. The increase in the F- ion population in the
etching solution lessens the time between reactions, thus hastening the etching
and producing PSi much faster. From the trend, we can predict that for concentrations

METHODOLOGY

The substrate used was a 500µm thick, polished on one side, monocrystalline
p-type silicon wafer with (100) orientation cut into 1x1.5cm samples. The silicon
substrates were subjected to standard degreasing procedures and the unpolished
surface was covered with an HF-resistant polymer before electrochemical etching.
The electrochemical etching was done using a simple tabletop setup shown in
Figure 2. The sample was attached to a plexiglass sample holder with a silver
metal cathode and the silicon sample as the anode. The sample holder was lowered
into the single tank anodization cell so that 1x1cm of the silicon was submerged
into a 1:1 solution of hydrofluoric acid (HF) and absolute ethanol. A Tektronix
PWS4721 programmable current source was used to drive the electrochemical
process in the system. After etching, the samples were rinsed with absolute ethanol
to reduce surface tension between the pores.

HF concentrations were varied (6%, 9%, 12%, and 24%), as well as the current
supplied (1mA, 5mA, 10mA, 15mA, and 20mA) and etch times (from 3mins to
20mins). Each parameter was varied while keeping the other two constant to
establish the effects of each on the morphology of the fabricated PSi and the
corresponding effect on its optical properties.

A Philips XL 30 FEG Scanning Electron Microscopy (SEM) was used to determine
the thickness and pore dimensions of the PSi. Reflectance Spectroscopy was also
used to determine the wavelength-dependent refractive index of the samples
through a Sellmeier equation f it. The reflectivity of the samples was characterized
in the range 400-1100nm.
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lower than 5%, PSi formation may not be possible because the applied anodic
current may not be suff icient to drive the etching reaction through the resistive
solution.

 

(a) 

 

 

 

(b) 

 
Figure 3. Thickness dependence of PSi f ilms on HF concentration (a) and their
corresponding cross sectional SEM micrographs (b).  All PSi f ilms are etched at
10mA for 10mins.
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Figure 4 shows the thickness variation of the PSi f ilms etched at different times
for two different anodization currents. For both PSi etched at 5mA and 15mA, it
was observed that as the etching time was increased, the thickness of the PSi f ilm
also increased but at different rates. The thickness of the f ilms fabricated with

 

(a) 

 

 

(b) 

 Figure 4. Cross-sectional SEM micrographs of PSi etch at 5mA (a) and 15mA (b) for
different etching times. All PSi was etched with 12% HF concentration.
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varying etch time and anodization current was plotted (Figure 5a) and the etch rate
was calculated. For each anodization current, the thickness depends linearly with
the etch time. The etch rate, however, depends non-linearly with the anodization
current (Figure 5b). The obtained results agree with the results of Berger and
others (1997).

 

(a) 

 

 

(b) 

 
Figure 5. Thickness dependence of fabricated PSi f ilms on etching time for different
anodization currents (a); Etch rate vs. anodization current density (b).
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where A, B, C, and D are f itting parameters.

(1)

Pore Size and Refractive Index

Being able to tune the refractive index of porous silicon is one of its most important
characteristics in order for it to act as a waveguide. The results obtained show that
the refractive index of porous silicon can be tuned by changing one or more of its
etching parameters to effectively vary the pore size.

The observed increase in pore size as the HF concentration decreases (Figure 6) is
due to the favored chemical etching (lateral) rather than electrochemical etching
(vertical) because of the consequent increase in the resistivity of the solution.
Therefore, lower refractive index is expected for PSi etched at lower HF
concentrations because of the decrease in optical density (higher air-to-silicon ratio
because of larger pore size). The refractive indices of PSi f ilms were obtained
using reflectance spectroscopy at normal incidence. Using the local minima and
maxima observed in each reflectivity spectrum, we can compute the refractive
indices through

(2)

where i is the number of complete cycles between two local minima or maxima (ë0

and ëi) and d is the f ilm thickness (Schroder 2006). The reflectivity spectra for
f ilms with small d are expected to have fewer oscillations over the chosen scan
range of 400-1100 nm, and thus less computed n values.

From the calculated refractive indices, a Sellmeier f it (2) is used to obtain the
wavelength-dependent refractive index or dispersion curve of the samples,

 
Figure 6. Pore size dependence of PSi etched for different HF concentration. All
PSi f ilms are etched at 10mA for 15mins.
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%HF 

Figure 7. Computed refractive ind  ices of PSi f ilms fabricated at different HF
concentrations. Each dot represents the refractive index n computed from equation
(1) for each of the 3 samples, fabricated at 10mA for 15mins using different HF
concentrations (6%, 12%, 24%).

Since PSi is considered a two-phase composite material of air and silicon, we
expect that its refractive index varies between air and silicon (1.00 to 3.44). We
can describe the quantity of air and silicon in the PSi by the porosity, formally
def ined as the volumetric ratio between the air in the pores and the bulk silicon
before it was etched. However, since Si exhibits wavelength-dependent refractive
index or chromatic dispersion, we also expect PSi to exhibit this property. Figure 7
shows the dependence of the refractive index of porous silicon on the HF
concentration used. It can be noted that higher concentrations produce higher ranges
of refractive indices. This result agrees with the decrease in pore dimensions at
higher concentrations as shown earlier. Since pores are much larger in less
concentrated solutions, their refractive indices are expected to approach that of air;
the samples etched in higher concentrations form smaller pores and are expected
to have a refractive index closer to that of silicon. The f igure also shows the
24%HF samples reaching up to a refractive index twice of that obtained for the
6%HF concentration, where the dispersion curves are shifted upward as concentration
is increased.
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Figure 8 shows the computed refractive indices for different etch times. The
computed refractive indices for varying etch times follow roughly the same
dispersion curves for both 5mA and 15mA anodization currents (Figure 8). This
result supports the assumption that as etch time is increased, the porosity of the
sample remains fairly constant. The pore size is unaffected by longer etch times.

 

(a) 

 

(b) 

 Figure 8. Computed refractive indices of PSi f ilms fabricated at 5mA (a) and 15mA
(b) for different etching times in a 12% HF solution.
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 Figure 9. Chromatic dispersions obtained through Sellmeier equation for PSi etched
at different anodization currents.

Figure 9 shows the f itted dispersion curves for different anodization currents. The
refractive index was observed to decrease as current density increased due to the
increase in porosity of the PSi layer. This agrees with the result regarding the pore
dimensions as discussed earlier.

When higher anodization currents are used, an increase in the electron hole population
in the Si surface occurs. As a result, sites for pore formation are increased, thereby
increasing the average number of pores. This, in effect, increases the ratio of air-to-
silicon of the sample, which translates to the lower refractive indices for higher
current densities used.

SUMMARY

Porous silicon was successfully fabricated from p-type silicon (100) substrates
using a simple tabletop electrochemical etching setup with HF as the electrolyte.
Fabrication parameters such as HF concentration, etch time, and anodization current
were varied to establish a relationship with these parameters to the thickness and
refractive index of porous silicon.
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PSi f ilm thickness increases for longer etch times and higher HF concentrations.
Constant etch rates have been observed for different anodization currents. Etch
rates follow a nonlinear increase as the anodization current is increased. The
refractive index of the fabricated PSi depends on the pore size, which is dependent
only on the HF concentration and anodization current. Lower HF concentration
produces larger pore sizes that decrease the refractive index due to higher air-to-
silicon ratio, producing lower dispersion curves. PSi fabrication with high anodization
currents tends to have lower dispersion curves due to the increase in the sites for
pore formation.

Photonic devices such as distributed Bragg reflectors and photonic crystals can
thus be made from porous silicon using a simple electochemical etching setup due
to the ease in controlling f ilm thickness and refractive index.
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