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Abstract

We present a study on the formation of One-Dimensional Photonic Band Gap structure with electrochemical etching of p+-type
Si (100) with resistivity 0.01�.cm in HF/CH3COOH/H2O solution. The process can be precisely controlled by varying the
experimental parameter (current density, etching time, number of porous layer). The elaborated structures consisting of porous
layers with periodically modulated current densities provide an opportunity to create multilayer structures: Distribution Bragg
Reflector’s (DBR), Optical Micro-Cavities (OMC).To obtain a periodic porous silicon multilayer structure we switched the
current density between low (7-14 mA/cm2) and high (50-100 mA/cm2) values. Reflection spectra measured from DBR and
OMC are acquired by spectroscopy Cary 500. Morphological analysis of porous silicon surface was carried out by scanning
electron microscope. The reflectivity for DBR shows an increase reflectivity from 55% to 95%, when the periodic layers number
increases from 20 to 40. It is clearly shown that the changing of the experimental parameter induces a shift of the reflectivity of
OMC from 2030 nm to 1265 nm. Moreover, it is noted that the reflectivity increases from 65% for the 1st OMC to 70% for the
second one.
© 2009 Elsevier B.V.
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1. Introduction

Silicon was considered as a prohibitive material for a laser since it was assumed as physically inadequate to
amplify light. However, when silicon is shaped into nanocrystals their physical properties dramatically change [1].
The exact mechanism of electrochemical etching of silicon in HF solution is not yet well understood [2-4], what we
know is that holes are needed near the interface of the silicon/electrolyte junction to etch the silicon. The carriers can
interact with the oxidant (F-) to break the silicon bonds and promote the dissolution. Nanoporous silicon (nPS) is a
serious candidate for periodic index microstructures (Distributed Bragg Reflectors, Micro-Cavities….). Indeed, their
pores of nanometric size give rise to a homogeneous optical index. nPS can be approximated by an effective
medium, whose index of refraction (n) has an intermediate value between that of silicon and of air. A simple
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estimation of the effective dielectric constant 2

eff n=ε of nPS can be obtained by the Bruggeman effective medium

theory [1]:
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where f is the volumetric fraction of Si in PS- the porosity ( )f1−=℘ - and Mεε , are the dielectric functions of Si
and of the embedding medium (air), respectively. The value of ℘ is determined also by the pore sizes.

• Fabrication of One-Dimensional Photonic Band Gap (1D-PBG) Structure:
In the electrochemical etching, silicon wafer servers as the anode, the cathode is a platinum electrode immersed

in the solution. During the etching, the HF-bulk silicon interface moves in depth, giving rise to the formation of a
homogenous nPS layer, with porosity and thickness depending on the current density and the time of anodization,
respectively.

Fig. 1. Electrochemical etching cell for porous silicon elaboration.

Nano-Porous Silicon Optical Micro-Cavity (nPS OMC) is formed by electrochemical etching of doped Si in HF
based electrolyte. This nPs OMC is consisting of two DBR (periodic repetition of 4λ thick) separated by
a 2λ thick spacer layer of nPS .To obtain these multilayered structures we switched the current density between
low and high values during the electrochemical process.

• Electrochemical Process:

Porous silicon is known to form during electrochemical dissolution of bulk silicon. During this process, the exact
chemistry is still unclear, and different mechanisms have been proposed [2-4], but the important fact is that silicon
dissolution requires HF and holes (h+). For these reasons the electrochemical process takes place in HF-based
solutions, and the problem is reduced to the well-controlled creation of holes. The most common way consists in the
dissolution by an anodic current density. The silicon wafer serves as the anode, the cathode is a platinum electrode
immersed in the solution, and the holes are carried to the HF-bulk silicon interface. During the electrochemical
etching this interface moves in depth, giving rise to the formation of a homogenous (PS) layer, with porosity and a
thickness depending on the current density and the etching time, respectively. In order to improve the ohmic contact
we deposited onto back surface of samples a thin layer of Aluminum (Al) with physical vapour deposition (PVD).
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Fig. 2. Illustration of the electrochemical etching of Si p-type in the acid fluorhydric (HF) solution [4]:
(a) Hydrogen passivation of silicon surface, (b) Polarization of Si-H chemical bound by hole injection,

(c) Creation of Si-F bound, (d) Etching of SiF2.

The Silicon surface is immersed in the HF solution is initially passivated with hydrogen (Figure 1a). The
chemical bound is polarized. The silicon surface remains inert to the F- in the absence of current. If a hole is injected
by the anode, this one polarize more the chemical bound (Si-H) (Figure 1b), and makes possible the substitution of
chemical bound (Si-H) weakened by (Si-F) one. This chemical bound polarizes the adjacent chemical bound (Si-H)
and allows the creation of other bound (Si-F) and release H2 and electron (Figure 1c). The chemical bound Si-F is

strongly polarized than Si-Si, a molecule SiF4 is released under the attack of by HF or H2O (Figure 1d).
Resulting surface is passivated again by H2.

2. Experimental details

Multilayered structures were prepared by electrochemical etching of 0.01�cm p-Si(100) wafers in anodic cell
containing a HF/CH3COOH /H2O solution in dark at room temperature. The current densities were switched
between high current density (50-100) mA/cm2, and low current density (7-14) mA/cm2, respectively. The current
and the anodization time were controlled by a computer. An etch-stop step of zero current was applied for 1s after
each layer formation to allow HF concentration regeneration. Then the samples were rinsed with Hexane and dried
with Nitrogen. The experimental parameters were determined using a preliminary characterization of single porous
silicon layers.

3. Results and discussion

In order to achieve the maximum index modulation, p+ type doped substrates are good than p type. Typically p+

porosity can range between 25 to 80% yielding n values between 3 and 1.4 (at 800 nm) whereas p type only
corresponds to indices between 1.9 and 1.2 [5].
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In the first part, we have elaborated DBR, with two different current densities, JH=50mA/cm2 and JL=7 mA/cm2

for 20 and 40 porous layers. Cross-section views SEM images of these DBR’s are shown on figures 3.

Fig. 3. Cross-section views SEM images of DBR elaborated by different etching parameters:
JH=50 mA/cm2 for tH =8.44 s and JL=7 mA/cm2 for tL=30.8s. (a) 20 porous layers, (b) 40 porous layers.

Figures 3a and b, show the formation of multilayer structures of 20 and 40 layers, respectively. The structure
consists of layers which are periodic stacks of two quarter wavelength optical thickness of different refractive index
(n1, n2). In the case of a multilayered structure there is a periodic alternation of two current densities. Each time we
change the current density, a new porous layer will be created starting from the last interface, so the quality of this
interface is a crucial parameters. In our work we have introduce the acetic acid as surfactant agent in the electrolyte
solution. It can be noted that the layers interface (Figure 3a and b) are well defined where the roughness and
undulation of the interface are not apparent. This can attributed the catalyst effect of acetic acid. Many studies show
that the roughness and waviness of multilayered interfaces are decreased in lowering the temperature [5] which was
explained by the increase of the viscosity of the electrolyte solution [6]. In 1999, Chazalviel et al show that the PSi
formation regime to be more stable (smoother) the electrolyte resistivity should be larger than that of the substrate
[7].

In the second part, we have elaborated nPS OMC structure. Cross-section view SEM images of these nPS OMC
are shown on Figure 4.

Fig. 4. Cross-section views SEM of Micro-Cavities elaborated at different etching parameters:1st DBR and 2ndDBR are formed by 10 and 08
porous layer, respectively. The anodization parameters are: (a) JH=50 mA/cm2 for tH= 4.22s and JL=7 mA/cm2 for tL=15.4s, respectively. Spacer:

J = 50 mA/cm2 for t = 8.44 s. (b) JH=100 mA/cm2 for tH=8.44s and JL=14 mA/cm2 for tL=30.8s, respectively. Spacer: J = 100 mA/cm2 for
t = 16.88s.
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Our structures consist of either 10 or 8 layers of DBR. We have shown that we can easily obtained OMC with
best layer interfaces quality with electrochemical etching; same to those obtained with other process more complex
(MBE for Molecular Beam Epitaxy, or MOCVD for Metal-Organic Chemical Vapor Deposition). Such
multilayered structures offer also an efficient way to confine the light. These characteristics (thickness, porosity,
refractive index) can be chosen to obtain the cavity mode (resonance) in the spectral region of interest.

Figure 5 shows high reflectivity of DBRs. The periodic layers of alternating high current density JH=50mA/cm2

(or JH=100mA/cm2) and low current density JH=7mA/cm2 (or JH=14mA/cm2) display a plateau of reflectivity centred
at ( ) 2*** λndndn LLHH =+ . With nH and nL are the refraction index for the low current density and high
current density, respectively. n is the entire number (n= 1, 2, 3….).

The multilayered structures of 20 porous layers present a reflectivity 55% centred at �=2180 nm as shown in
Figure 5a. This value is higher compared to that of Silicon Poli Miror. Increasing the periodic layers number to 40,
the reflectivity increases to 95% centred at �=2130 nm, these results are similar with those obtained in the literature
[8-10].
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Fig. 5. Reflection spectra of DBR structures elaborated by the following parameters: JH = 50 mA/cm2 for tH = 8, 44 s and JL = 7
mA/cm2 for tL = 30,8 s. (a) 20 porous layer, (b) 40 porous layer,(c) Silicon Poli Miror

Figure 6 shows three reflectivity spectra for two different DBRs and reference one, the spectrum 5a presents two
reflectivity peaks at 2180 nm and 1100 nm. However, the second spectrum shows a very high plateau of reflectivity
in range 1000- 2500 nm. These spectra display that the increase of the current densities value to two times, increase
the reflectivity and enlarged the spectrum. Those experimental values will be used to realize the nPS OMC.
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Fig. 6. Reflection spectra of 20 porous layers DBR structures elaborated by the following parameters:
(a)DBR1 :JH = 50 mA/cm2 for tH = 8, 44 s and JL = 7 mA/cm2 for tL = 30,8 s, (b) DBR2 :JH = 100 mA/cm2 for tH = 8, 44 s and JL = 14

mA/cm2 for tL = 30,8 s, (c) Silicon Poli Miror
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Figure 7 shows the absolute reflectivity for the two elaborated nPS OMS. It is clearly shown the changing of the
experimental parameter induces a shift of the absolute reflectivity from 2030 nm to 1265 nm. Moreover, it is noted
that the reflectivity increases from 65% for the first OMS to 70% for the second one. The same Figure displays that
the full width at half maximum (FWHM) of the cavities mode decrease from 184 nm for 1st OMS to 83 nm for 2nd

OMS. Thus, it can be concluded the width and the position of the resonance peak of nPS OMC can be changed
within broad ranges by varying the etching times and the etching current densities during the electrochemical
process. This can explain by the high sensitivity of those multilayered structures; any slight change in the effective
optical thickness modifies the reflectivity spectra causing a spectral shift in the interference peaks.
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Fig. 7. Absolute Reflectivity for Optical Micro-Cavities. 1st DBR and 2ndDBR are formed by 10 and 08 porous layer, respectively.
The anodization parameters are: (a) JH=50 mA/cm2 for 4.22s and JL=7 mA/cm2 for15.4s. Spacer: J = 50 mA/cm2 for t = 8.44 s. (b)

JH=100 mA/cm2 for tH= 8.44 s and JL=14 mA/cm2 for tL= 30.8 s. Spacer: J = 100 mA/cm2 for t=16.88 s.

4. Conclusion

The obtained results show that we can elaborate multilayered structures: DBR, nPS OMC by electrochemical
etching in solution containing CH3COOH. It is shows that the layer interfaces are well defined, the roughness and
waviness are not apparent. We have obtained DBRs with reflectivity 55% centred at �=2180 nm for 20 porous
layers, increasing the periodic layers number to 40, the reflectivity increase to 95% centred at �=2130 nm. When we
increase the current densities value to two times, the reflectivity increases and the spectrum becomes larger.

It is clearly shown the changing of the experimental parameter induces a shift of the reflectivity from 2030 nm to
1265 nm. Moreover, it is noted that the reflectivity increases from 65% for the first OMC to 70% for the second one
and full width at half maximum (FWHM) of the cavities mode decrease from 184 nm for 1st OMC to 83 nm for 2nd

OMC. We conclude that the etching time and the current density are crucial parameters where their variation
induced a shift and increase of the reflectivity.
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