Journal of Electrical Engineering, Vol. 74, No. 3, 2023, pp. 218-227
$ sciendo
PAPER

Analysis of porous silicon structures using FTIR and Raman spectroscopy

Martin Kralik!, Martin Kopani?

This work deals with the production of porous silicon samples by electrochemical etching method and their analysis using FTIR and Raman
spectroscopy. Porous silicon samples were prepared under various conditions, such as etching time and current density. A p-type silicon substrate
was used to prepare the porous silicon structures. FTIR spectroscopy was performed to determine the chemical bonds formed during the etching
process. The structural properties of the prepared samples were investigated by Raman spectroscopy.
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1. Introduction

Porous silicon (pSi) is a material with a wide range of industrial applications, an example is its use in next-generation lithium-—
ion (Li-lon) batteries, as well as applications in the fields of biomedicine, photovoltaics, optoelectronics and sensors. The advantage
of pSi is its simple and low-cost production. There are several ways to produce pSi, with electrochemical etching being the most
commonly used technology.

In the case of next-generation Li-lon batteries, pSi is used as an alternative anode material to graphite, as it achieves more than
ten times the theoretical gravimetric specific capacity value (~4200 mA h g™). In the field of biomedicine, pSi may find its
application in the production of biosensors because of one of its significant properties, namely light emission in the visible region
of the spectrum. Further application of pSi in the field of biomedicine is, for example, disease diagnosis and targeted supply of
medicinal products to the body, as targeted and localized release of therapeutic substances can be ensured, [1-3]. As for photovoltaic
applications pSi, it can be described as one of the highly promising structures in this area. The advantage of pSi is mainly its low
spectral reflectivity in the relevant area of the electromagnetic spectrum (~ from 300 to 1000 nm), where its spectral reflectivity is
below 2.5 %.

Currently, there are several methods of pSi production, among the most common methods it is possible to include
electrochemical etching, metal assisted chemical etching and plasma etching. In the case of applications of porous silicon in the
field of photovoltaics, the use of the metal assisted chemical etching method is not desirable since after the production process it is
not possible to remove all metal residues from the porous structure, which could have a negative impact on the properties of the
solar cell. Plasma etching has an advantage over the above methods in the absence of toxic substances in the production process,
and another advantage is the ability to easily control the size and shape of the porous structure. However, plasma etching is a very
expensive method. At present it is possible to designate as the most used method of pSi electrochemical etching production, due to
the simplicity of this method.

Porous silicon can be divided into three categories based on the classification of porous materials as a function of their pore size
dp (IUPAC) by the International Union of Pure and Applied Chemistry: microporous silicon ppSi (dp < 2 nm), mesoporous silicon
6 mpSi (2 nm < dp <50 nm) and macroporous silicon MpSi (dp > 50 nm). Based on morphological details, pSi can be categorized
as sponge pSi (upSi and mpSi), pSi with cylindrical pores with rough or smooth walls (MpSi). The size and shape of the porous
structure may be affected by the technological process of production [4-6].

The following recommendations generally apply to the production of microporous silicon: the use of a lightly doped p-type
silicon substrate, the low current density in the etching process and the use of highly concentrated HF (> 40 %) [20-21], [24]. Based
on the published experiments, the microporous silicon can be prepared on the using the electrochemical etching of a silicon substrate
p-type doped with boron (p = 0.5 Qcm) in a solution of 49 % HF and ethanol in a ratio of 1:1 at a current density of 30 mAcm 2
and an etching time of 10 minutes [5].

Mesoporous silicon can be prepared by electrochemical etching of a highly doped silicon substrate of p-type, or n-type (p*-type,
p**-type, n*-type, n**-type). The resistivity of p**-type silicon is approximately 1 mQcm. The result of electrochemical etching of
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the silicon substrate p**-type is a smaller number of pores with a larger diameter. The diameter of the pores can also be controlled
by means of current density. Based on published experiments, mesoporous silicon can be prepared by electrochemical etching of
p-type silicon (p = 0.001 Qcm) in a solution of 48 % HF and ethanol in a ratio of 3:1 (HF/ethanol) at a current density of 200
mAcm-2 and etching time of 30 seconds. The result of this process is the formation of a porous structure with a thickness of several
nm, which is subsequently removed using sodium hydroxide (NaOH) solution. After removal of this porous layer, the
electrochemical etching process is continued in a solution of 48 % HF and ethanol in a ratio of 3:1 (HF/ethanol) at a current density
of 420 mAcm2 for 60 seconds. The result of this experiment is a ~12 pm porous structure with a pore diameter of ~50 nm and a
porosity of ~75% [5].

Macroporous silicon can be prepared by electrochemical etching of a silicon substrate of n-type, or p-type. In the case of
electrochemical etching of the n-type silicon substrate, it is necessary to illuminate the front or back side of silicon substrate during
the etching process. The silicon dissolving process and the associated pore formation are initiated by holes that are minority charge
carriers in the n-type silicon substrate. The illumination of the silicon substrate during the etching process ensures the holes
generation and subsequent the formation of the macroporous structure [6].

2. Experiment

Figure 1 shows the basic scheme of the electrochemical etching method that was used to prepare the pSi samples published in
this work. The basic components of this system are a platinum electrode, an etching cell, a rear electrode and an o-ring. The platinum
electrode is used due to its high chemical resistance. The etching cell is made of Teflon (PTFE), which is one of the most chemically
resistant material to hydrofluoric acid (HF). The o-ring serves as a seal to minimize the risk of unwanted leakage of the HF solution.
Among the most recommended materials for o-rings are perfluoroelastomeric compounds (FFKM) due to their high thermal and
chemical resistance. The back electrode is used to create ohmic contact on the back of the silicon substrate. In the case of p-type
silicon substrate, the use of an aluminum electrode is recommended and in the case of n-type silicon substrate, the use of the Au—
Sb electrode. The use of the back electrode is generally required for lightly doped silicon (< 10% cm3) [4-7].

Platinum
electrode

+|

O-ring

Back electrode (Al)

Fig. 1. Schematic diagram of electrochemical etching.

Boron-doped p-type silicon wafers with orientation 100, resistivity 0.0010 — 0.0015 Qcm, and a thickness of 525 + 15 um were
used to produce pSi samples published in this work. The front of the silicon wafers was polished and the surface of the back was
chemically etched. The back surface of the silicon wafers consisted of a 500 nm oxide layer that was removed by immersion of
wafers in the 49% HF solution for 10 seconds.. Porous structures were prepared by the electrochemical etching of silicon wafers in
a solution of 49% HF and 99.8% ethanol in a ratio of 3 (HF) : 1 (ethanol). The samples were prepared under different conditions,
such as etching time and current density. The parameters of the technological process are listed in the Tab. 1.
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Table 1 Parameters used in the production process of pSi samples

Samples Etching time (min) Current density (mAcm?) Current (mA)
S1 10 19.7 50
S2 15 19.7 50
S3 10 314 80
S4 15 314 80

3. Results and discussion

This part of the work deals with the analysis of experimental data obtained from FTIR and Raman spectroscopy. FTIR
spectroscopy was performed to identify chemical bonds created in the pSi samples. Identification of chemical bonds formed in pSi
is necessary for correct analysis of the optical properties of pSi structures. The analysis of optical properties includes the selection
of a suitable dispersion model and its optimization in order to determine the optical parameters such as refractive index, extinction
coefficient and optical bandwidth. Raman spectroscopy is mainly used to analyze the structural properties of pSi structures, such
as porosity and tensile stress.

3.1 FTIR spectroscopy

In order to identify the chemical bonds formed during the etching process, experimental absorbance measurements in the
600 cm* to 3300 cm~* spectral region of prepared pSi samples were performed. Experimental measurements were performed using
a Nicolet™ iS™ 10 FTIR spectrometer. Experimental data of the absorbance obtained from FTIR spectroscopy and identification
of the absorption peaks are shown in Fig. 2. Baseline correction of the FTIR spectra was performed before absorption peaks analysis.
FTIR absorption spectra of prepared pSi samples after baseline correction are shown in Fig. 3.
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Figure 4 shows the absorbance FTIR spectra of the samples S1, S2, S3 and S4 in the 2840 cm to 2980 cm™ spectral region
and multiple peak-fitting of absorption peaks. The absorption peaks located in the 2840-2980 cm* spectral region are specific for
CHy bonds. Multiple peak—fitting were realized using the five Gaussian functions. The symmetric CH; stretching vibration ca be
observed at ~2853 cm™?, symmetric CHs stretching vibration at ~2878 cm™2, antisymmetric CH; stretching vibration at ~2923 cm~
! and antisymmetric CHjs stretching vibration at 2959 cm. The position of the absorption peaks and identification of CHy bonds in
the spectral range from 2840 to 2980 cm* are listed in Tab.2. Identification of CHyx bonds was performed on the basis of the results
published in [8].

Table 2 Identification of the absorption peaks in the spectral range from 2840 to 2980 cm™

Symmetric CH;

Symmetric CHs

Antisymmetric CH: Antisymmetric CHs

Samples stretching (cm™) stretching (cm™) stretching (cm™?) stretching (cm™1)
S1 2853.4 2877.6 2922.3 2959.5
S2 2853.2 2878.1 29225 2959.2
S3 2854.0 2878.4 2922.9 2959.9
34 2852.9 2877.1 2922.6 2959.3

A significant decrease in the intensity of the absorption peaks specific for CHyx bonds is observed with increasing current density
during etching process. A decrease in intensity of absorption peaks is also observed with increasing etching time, but this decrease
in intensity is not as significant as in the case of increasing current density. The CHx bonds in pSi samples come from ethanol,
which is part of the etching solution.
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Fig. 4. FTIR absorption spectra in the 2840 cm™ to 2980 cm™* spectral region and multiple peak—fitting of absorption peaks.

Figure 5 shows the absorbance FTIR spectra of the samples S1, S2, S3 and S4 in the 2050 cm™ to 2150 cm™ spectral region
and multiple peak—fitting of absorption peaks. The absorption peaks located in the 2050-2150 cm spectral region are specific for
SiHy bonds. Multiple peak—fitting were realized using the three Gaussian functions.
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The above spectral region consists of three absorption peaks at ~2081 cm™, ~2110 cm™* and ~2141 cm™?, which are specific for
SiH, SiH; and SiHz bonds. The SiH stretching vibration can be observed at ~2081 cm2, SiH; stretching vibration at ~2110 cm™*
and SiHj3 stretching vibration at 2141 cm™. The absorption peaks position and identification of SiHy bonds in the spectral range
from 2050 to 2150 cm™ are listed in Tab. 3. Identification of SiHy bonds was performed on the basis of the results published in [9—
10].

Table 3 Identification of the absorption peaks in the spectral range from 2050 to 2150 cm™

Samples SiH stretching (cm™) SiH, stretching (cm™) SiHj stretching (cm™)
S1 2080.6 21104 21404
S2 2081.4 2110.2 2141.3
S3 2080.8 2109.2 2138.9
34 2080.4 2110.1 2140.2

The formation of SiHx bonds is with high probability caused by the release of hydrogen gas during the etching process. In the
case of samples S1 and S2, a decrease in the intensity of absorption peaks in the SiHy region was observed with an increase in
etching time. In the case of samples S3 and S4, an increase in the intensity of the absorption peaks was observed with increasing
etching time.
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Fig. 5. FTIR absorption spectra in the 2050 cm™ to 2150 cm™* spectral region and multiple peak—fitting of absorption peaks.

Figure 6 shows the absorbance FTIR spectra of the samples S1, S2, S3 and S4 in the 960 cm™ to 1240 cm™ spectral region and
multiple peak—fitting of absorption peaks. Multiple peak-fitting were realized using the three (four in the case of sample S4)
Gaussian functions. The absorption peaks position in the spectral range from 960 to 1240 cm and its identification are listed in
Tab. 4. The identification of absorption peaks (~1030 cm™, ~1120 cm™?) was realized on the basis of the results published in the
work of M. Kopani et al [12].
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Table 4 Identification of the absorption peaks in the spectral range from 960 to 1230 cm™
HySiOx complexes Si—O stretching (cm™2) [10]

Samples H,SiOx complexes

(cm™) (cm™)
Sl 1037.4 1074 1123.3
S2 1025.8 1067.6 1125
S3 1034.2 1072.8 1117.9
S4 1030.3 1070.6 1117.8
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Fig. 6. FTIR absorption spectra in the 960 cm™ to 1230 cm* spectral region and multiple peak—fitting of absorption peaks.

Figure 7 shows the absorbance FTIR spectra of the samples S1, S2, S3 and S4 in the 600 cm* to 690 cm~* spectral region and
multiple peak-fitting of absorption peaks. Multiple peak—fitting were realized using the two Gaussian functions. The absorption
peaks position and its identification in the spectral range from 600 to 690 cm™ are listed in Tab. 5. The peaks identification presented
in the Tab. 5 were obtained based on the results of work published by Y.Ogata et al [10].

Table 5 Identification of the absorption peaks in the spectral range from 600 to 690 cm2.

Samples SiH bending (cm™) SiH, wagging (cm™)
S1 617.3 660.9
S2 617.9 660.4
S3 619.6 659.9

S4 618.9 662.7
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Fig. 7. FTIR absorption spectra in the 600 cm~ to 690 cm~ spectral region and multiple peak—fitting of absorption peaks.

Figure 8 shows the absorbance FTIR spectra of the samples S1, S2, S3 and S4 in the 830 cm~ to 930 cm™ spectral region and
multiple peak—fitting of absorption peaks. Multiple peak—fitting were realized using the three Gaussian functions. The identification
of absorption is listed in Tab. 6 and was realized on the basis of the results published in the work of M.Kopani et al [12].

Table 6 Identification of the absorption peaks in the spectral range from 830 to 930 cm!

HySiOx complexes

Samples (cm ) SiH; (cm™) SiH (cm?)
S1 846.8 874.8 906.2
S2 849.2 873.4 905.5
S3 847.6 874.1 904.5
S4 851.8 873.6 904.7




Journal of Electrical Engineering, Vol. 74, No. 3, 2023 225

0,15 - 0,16
O Experimental data of S1 N O Experimental data of S2 o
Fit Peak 1 8 0,14 Fit Peak 1 <
—— Fit Peak 2 =3 Fit Peak 2 B
— FitPeak 3 | ~ o121 Fit Peak 3 >
—~ —— Cumulative Fit Peak N S v —— Cumulative Fit Peak !
S 0,10 ] \ <
P © ~ 0,10
~ N ]
& o
3 | S 0,08
g : 3
Qo 5 0,06
5 0,054 2
2 < 004+
<
0,024
0,00 +=—— : : T : T T - r 0,00 +—— : : : T : T T T
830 840 850 860 870 880 890 900 910 920 930 830 840 850 860 870 880 890 900 910 920 930
-1 -1
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)
0,12 0,12
O Experimental data of S3 O Experimental data of S4 ~
Fit Peak 1 Fit Peak 1 ©
0,10 — FitPeak 2 . 0,10 —— Fit Peak 2 S
~ —— Fit Peak 3 S —— Cumulative Fit Peak °
S —— Cumulative Fit Peak S - Fit Peak 3 b
@ 0,08 © S 0,08
) 1 <
q) R N
o
C 0,06 8 0061
1Y) c
Q ]
5 o
Q 0044 = 0,04
o
Qo ]
< o)
0,021 << 0,02 x
0,00 T . : r r r T r r 0,00 : ; : ; : : : T T
830 840 850 860 870 880 890 900 910 920 930 830 840 850 860 870 880 890 900 910 920 930
-1 -1
Wavenumber (cm™) Wavenumber (cm™)
(c) (d)

Fig. 8. FTIR absorption spectra in the 830 cm~ to 930 cm~* spectral region and multiple peak—fitting of absorption peaks.

3.2 Raman spectroscopy

Raman spectroscopy is one possible way to analyze structural properties of porous silicon structures. In investigating the
structural properties of prepared samples, we focused on the first—order Raman profile, which is located in the region of
~ 520 cmL. Figure 9 shows the Raman spectra of the prepared samples in the 300 cm to 1100 cm spectral region. First-order
Raman profile is significantly affected by the etching time and current density.
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Fig. 9. Raman scattering spectra.

In the case of the first-order Raman profile, two parameters were analyzed, namely the peak position and its intensity. From the
experimental data of Raman spectroscopy, a red-shift (compared to ¢-Si: 520 cm™) and change in peak intensity of the Raman
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profile can be observed. Based on the change in the peak position of the first—order Raman profile, the average size of the crystallite
and the tensile stress can be determined by the following relations [14]

D=2x(B/4w)°?, (1)
TS=-2504w, )

where D is the average size of the crystallite (nm), B is constant (2.21 nm2cm™2), TS is biaxial tensile stress (MPa) and A is shift
of central 1% order Raman profile position of the etched silicon layer compared to c-Si. Peak fitting of the 1% order Raman profile
in the 490 cm to 530 cm™ spectral region was performed in order to determine the Aw and TS values. The calculated values of
average size of the crystallite and is biaxial tensile stress are listed in Tab. 7. The increase in etching time and current density in
addition to the red-shift also significantly reduced the peak intensity of the 1%t order Raman profile. The results of the work published
by F. Zhong et al [14] suggest that decrease in the peak intensity of the 1% order Raman profile can by caused by reduction of SiHx
bonds. These considerations are also confirmed by the results of experimental measurements of FTIR spectroscopy.

Table 7 Parameters of the first—order Raman profile

Samples Raman shift (cm™) TS (MPa) D (nm)
S1 514.6 1357.5 2.6
S2 513 17475 2.0
S3 511.2 2205 1.6
sS4 510 2500 1.4

With increasing of etching time and current density the values of the biaxial tensile stress increase, which is caused by
deformation of crystal lattice during the substrate etching. As the etching time and current density increase, it is also possible to
observe a decrease in average size of the crystallite.

4 Conclusion

In this work, studies and analyzes of porous silicon structures produced by electrochemical etching were presented. Porous
silicon structures were prepared under various conditions, such as etching time and current density. The porous silicon structures
were investigated by FTIR and Raman spectroscopy.

FTIR spectroscopy is the first step in analyzing the optical properties of porous silicon structures. Experimental data obtained
from FTIR spectroscopy indicate a significant concentration of SiHx and CHx bonds in the prepared samples. There is also
a significant concentration of H,SiOx complexes in the prepared samples. The intensity of the absorption peaks of above bonds and
complexes decreases with increasing etching time and current density. The identification of the formed chemical bonds in the
prepared samples can provide a basis for the construction of a suitable theoretical model describing the refractive index dispersion.

Raman spectroscopy provided information about the structural properties of the prepared samples. First-order Raman profile
analysis provided information about average size of the crystallite and deformation of crystal lattice during the substrate etching.
Calculations of biaxial tensile stress and average size of the crystallite were based on the shift of the 1%t order Raman profile.
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