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Abstract: In the present work p-type (1 O 0) oriented silicon wafers were used to form porous structures by
electrochemical anodization method. Electrochemically etched porous silicon (PS) samples were exposed to an HCI
solution for set time intervals, resulting in a stable and enhanced luminescence from this material. SEM, EDAX, XRD,
FTIR and PL studies were carried out to understand the role of HCI on the PS substrates. Scanning electron micrographs
demonstrate the profound change that accompanies the HCI treatment of the PS surface. The porosity of the PS was
determined using the SEM images by geometric method. Effective medium approximation method reveals that the
refractive index decreases with porosity. When the samples are anodized with HCI content in the electrolyte; there is a net
decrease in the concentration of the Si-H groups on the material surface. Strong visible emission peak at 498 nm, with no
apparent shift with respect to variation in etching parameter, is observed in photoluminescence study.
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1 Introduction

Porous silicon (PS) consists of a network of nanoscale sized silicon wires and voids which formed when crystalline silicon
wafers are etched electrochemically in hydrofluoric acid based electrolyte solution under constant anodization conditions.
The precise control of porosity and thickness allows the tailoring of optical properties of porous silicon and has opened the
door to a multitude of applications in optoelectronics technology.

Porous silicon has attracted great attention due to its room temperature photoluminescence in the visible light range [1].
However, two different hypotheses are reported on photoluminescence from porous silicon surface. The first includes the
quantum confinement effect which is due to the charge carriers in narrow crystalline silicon wall separating the pore walls
and the second is due to the presence of luminescent surface species trapped in the inner walls as the source light emission
and the third one is due to the presence of surface confined molecular emitters i.e. siloxene [2-5]. The role of the surface
passivation is very important in determining the radiative efficiency of the porous layer [6]. Porous silicon structures have
good mechanical robustness, chemical stability and compatibility with existing silicon technology and therefore have a
wide area of potential applications such as waveguides, 1D photonic crystals, chemical sensors, biological sensors,
photovoltaic devices etc. [7-13]. Several physical quantities of porous silicon such as refractive index, photoluminescence
and electrical conductivity change drastically on exposure of chemical substances.

In this work, synthesis and characterization study of electrochemically anodized nanocrystalline porous silicon layers were
done. The influence of post etch treatment of HCI1 over the properties of porous silicon (PS) is also studied.

2 Experimental Methods
2.1 Fabrication of Porous Silicon

PS samples were prepared by electrochemical etching using silicon as the anode and platinum as the counter electrode in
an acid-resistant Teflon single tank system. Boron doped, single crystalline, 0 -100 Qcm resistivity, p-type (1 0 0) silicon
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wafer was used for preparing PS. The wafers were cleaned in acetone for 5 minute ultrasonically and then with deionized
water. The PS synthesis was done at 50 mA/cm? current density under 10 minute etching time in an electrolytic solution of
aqueous hydrofluoric acid and ethanol. The role of ethanol during the etching process is to lower the surface tension of the
electrolyte. It also minimizes hydrogen bubble formation at silicon/electrolyte interface during anodization and does not
disturb the transport of ions towards and away from the interface, thereby, improving layer uniformity. Good homogeneity
within the PS layers was obtained because the electrical contact to the silicon substrate is made on the entire back surface
of the wafer which prevents lateral potential variation across the wafer that would cause changes in the local current
density. In the present work the electrochemical etching of silicon was done at room temperature. The schematic of
electrochemical etching setup used in the work is shown in the Fig. 1.
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Figure. 1. The schematic of porous silicon etching setup
2.2 Formation of Hydrochloric acid Treated Porous Silicon (PS/HCI)

The surface passivation of porous silicon plays a significant role in emission efficiency of the material. Therefore, the
electrochemically etched porous silicon (PS) samples were exposed to 3 M HCI solution for set time duration such as
1, 5, 10, 20, 40 and 60 minute seperately. The method includes treating the PS substrate with an aqueous hydrochloric acid
solution and then the etched PS substrate is rinsed with alcohol. The development of porosity produced by the chemical
activation yields an increase in the volume of micropores.

PS samples were analyzed in a Hitachi scanning microscope (models 450) operated at 15 kV and photographed. X — Ray
diffraction (XRD) patterns were obtained using X’PERT PRO X - ray diffractometer, which was operated at 40 KV and
30 mA with CuKa, radiation of wavelength 1.5407 A. The Fourier Transform Infra Red (FTIR) spectra of the samples have
been obtained using the Shimadzu FTIR-8400S spectrometer in the wave number range of 2800 — 400 cm! with a
resolution of 4 cm™. The photoluminescence (PL) spectra of the samples were recorded using Perkin Elmer LS 55
Luminescence Spectrometer in the emission wavelength range of 400 — 800 nm, fixing the excitation wavelength at
450 nm. All the measurements were carried out at room temperature.

3 Results
3.1 SEM and EDAX Analysis

Fig. 2 shows the scanning electron micrograph images of porous silicon sample with HCI content in the electrolytes for
different etching time. Scanning Electron Micrograph of PS shows well - defined pores created due to anodic etching with
very distinct boundaries.

Porous silicon samples are composed of sponge-like network channels, which support a myriad of microscopic
protuberances in the form of clusters located all over the internal surfaces of the pores. Such pores may be expected to
exhibit quantum confinement effects leading to increase in the effective energy gap. Scanning electron micrographs
demonstrate the profound change that accompanies the HCI treatment of the PS surface.

Fig. 3 shows the EDAX spectrum of HCI treated Porous Silicon. In the spectrum, the chlorine could possibly from residues
of the HCI acid used for pore widening treatment.
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Figure. 2. SEM images of HCI treated Porous Silicon a) 1 minute b) 5 minute c) 10 minute
d) 20 minute e) 40 minute f) 60 minute
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Figure. 3. EDAX spectra of HCI treated Porous Silicon
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The porosity plays a key role in photoluminescence properties of the porous silicon layer. The porosity of the porous
silicon is defined as the quantity of silicon removed during anodization compared with the silicon concentration before
anodization evaluated in the same volume [14]. The porosity (P) can also be defined as a function of geometrical
parameters and it can be written as,

P =(f*1.732j{;} (1)
2 L+m/d)

where ‘d’ is the average pore size and m is the distance between the pores. The calculated porosity values from SEM
images with respect to etching time are plotted in Fig.4. It was found that the porosity increases by the treatment of HCI.
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Figure. 4. Variation of porosity with HCI etching time
3.2 Refractive index determination using an effective medium approximation

The porous silicon with uniformly distributed pore is modeled considering it as a two or three phase system. In cases where
the typical length scale characterizing feature sizes of the topology is much smaller than the light wavelength one can
neglect the retardation effects and apply an effective medium theory to replace the two component system of pore walls

and pores by associating an effective medium with a macroscopic so called effective dielectric function &, [15].

Theoretical determination of & depends on the dielectric constants of the constituents and the nanostructure of the system

consisting of the silicon, voids and passivated surfaces. Various assumptions about the pore morphology may lead to
different model predicting dielectric constant as a function of the porosity. The equations given by Maxwell-Garnett [16],
Bruggeman [17] and Looyenga [18] methods are used to determine refractive index as a function of porosity and are given
below as equations (2), (3) and (4) respectively.
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nPS% = (1_P) nSi% + P nair% (4)

where P is the porosity, nps, nair and ns; is the refractive indices of porous silicon, air and silicon respectively. The
calculated refractive index values are given in Table 1.

Fig. 5 shows a comparison between refractive index values of Maxwell-Garnett, Bruggeman and Looyenga effective
medium approximation methods as a function of porosity. From this graph, it is clear that the refractive indices of porous
particles decrease with the growth of porosity.
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Table. 1: Calculated values of refractive index using effective medium approximation methods

Refractive Index n
Porosity P (%) Maxwell-Garnett Method | Bruggeman Method | Looyenga Method
58 1574 1.845 1.913
61 1.546 1.807 1.841
76 1.329 1.344 1.490
81 1.235 1.299 1.389
88 1.133 1.153 1.220
93 1.084 1.091 1.138
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Figure. 5. Refractive index as a function of porosity
3.3 XRD Analysis
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Figure. 6. XRD spectra of HCI treated porous silicon for different etching time
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The XRD pattern of all the PS structures (Fig. 6) exhibited a dominant diffraction peak at 20 = 68.9° corresponding to the
(4 0 0) plane (JCPDS File No. 89 — 2955) and is due to crystalline Si substrates. Another trivial peak at 69.1° is due to the
porous layer [19]. The crystallite size was calculated using Debye—Scherrer formula.

The values of crystallite size obtained from XRD pattern were 140 nm, 124 nm, 118 nm, 99 nm, 97 nm and 81 nm for HCI1
treated PS layer for the different HCI treating times given by 1, 5, 10, 20, 40 and 60 minute respectively. It is also observed
that the FWHM value of the PS increases with the etching time of HCI and these values are listed in Table 2.

Table. 2: Calculated values of crystallite size and FWHM of PS with HCI etching treatment

HCI etching time (minute) | Porosity P (%) | Crystallite Size (nm) | FWHM
1 58 140 0.0717
5 61 124 0.0810
10 76 118 0.0851
20 81 99 0.1013
40 88 97 0.1032
60 93 81 0.1048
3.4 FTIR Analysis
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Figure. 7. FTIR spectra of HCI treated porous silicon for different etching time

Fig. 7 shows the FTIR spectra of HCI treated porous silicon samples prepared with different etching times. The observed
surface bonding and their corresponding vibration modes are given in Table 3. The vibrational modes presented in Table 3
represent a clear silica fingerprint. Strong peaks were observed at 1085 cm™ and some weak peaks of lower intensities were
observed at around 422 cm’!, 665 cm’!, 808 cm! and 927 cm!. The strong peaks observed at 1085 cm™ and 1405 cm™ are
assigned to the Si—O-Si stretching mode and CH3 asymmetric deformation respectively. Other interesting characteristics
are related to the oxidation and hydrogenation of the silicon matrix induced by the wet etching process.

The weak band at 808cm™! can be attributed to the Si-H bending vibrational mode of SiH,. These results indicate that the
surface of PS contains the chemical species Si-H,, which passivate the dangling bonds and play a key role in the efficiency
of the luminescence process in porous silicon [20, 21]. The bending vibration of O in the Si-O-Si group is located at
422 ¢cm! as a small double band.

The FTIR transmission peak intensity of Si-H, complexes increases with increase in HCI treatment. The large hydrogen
concentration in freshly prepared material has led to the suggestion that a silicon—-hydrogen alloy effect is responsible for
the luminescence.
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Table. 3: Observed surface bonding in the HCI treated Porous Silicon layer

Wave number (cm™) Bonds Vibration mode
2358 Si-H Stretching
2106 Si-H Stretching
1405 CHs Asymmetric deformation
1085 Si-O-Si Asymmetric stretching
927 Si-H2 Scissors
808 Si-H> Vibration mode
664 Si-H Wag
422 Si-O-Si Bending
3.5 PL Analysis
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Figure. 8. PL spectra of HCI treated porous silicon for different etching time

Photoluminescence (PL) studies were carried out on chlorinated porous silicon to understand the effect of surface
passivation on porous silicon. Treatment with HCI is found to produce the most efficient enhancement of the PL signal.
Fig. 8 shows the PL spectra of HCI treated porous silicon samples for different etching time. The emission peak was found
at about 498 nm for all the samples [22]. However, it can be seen that the PL emission intensity is drastically reduced on
chlorination using HCI etching treatment. The occurrence of strong PL spectra at room temperature in the visible range
may be attributed to the transitions among the quantum-confined states in nanoscale Si, which are influenced by the surface
bond [23].

Hory et al [24] observed that when porous silicon is treated in boiling CCl4, there is a net decrease in the concentration of
the Si-H groups on the material surface, even without noticeable oxidation, and, in that case, a very large decrease in the
photoluminescence intensity was also found.

4 Conclusion

Porous Silicon samples were prepared by electrochemical anodic etching of p — type (1 0 0) silicon wafers in a HF: Ethanol
solution. The synthesized PS samples have been exposed to HCI solution for various etching time. SEM studies confirm
the presence of silicon nanocrystallites and networks in the PS structure. EDAX spectra reveal chloride incorporation into
the PS surface at strongly photoluminescent regions. Effective medium approximation method shows that the refractive
indices of porous samples decrease with the growth of porosity. XRD study reveals that the crystallite size decreases as the
etching time of HCI increases. FTIR results indicate that the surface of PS contains the chemical species Si-H,, which
passivate the dangling bonds and play a key role in the efficiency of the luminescence process in porous silicon. PL studies
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show that a strong visible emission peak is observed for all samples. The obtained variation of intensity in PL emission
may be used for intensity varied light emitting diode applications. These results confirm that the PS is a versatile material
with potential for optoelectronic application.
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