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Abstract

Manufacture of an environmental polluting gas sensor with improved
properties by controlling the preparation conditions of the photo-
electrochemical etching technique (PECE). The amount of porosity, the
diameter of the pores, and the thickness of the prepared layer of porous
silicon (Psi) can be controlled by changing one or all of these conditions.
In this paper, n-type Si with a crystalline orientation (100) was used,
whereby PSi was prepared with the use of a red diode laser with a
wavelength of 650 nm, using different radiation intensity, and with the
constancy of etching time and current density. Through the results
obtained, it was noted that: the porosity increases significantly up to 75%
as well as the thickness of the PSi layer up to 1.45 pm with the increase
in the intensity of the laser beam. Also, examining the morphology of
the surface samples by field emission scanning electron microscope (FE-
SEM) besides, the average pore diameters of the prepared samples were
calculated. It is clear that the intensity of the laser beam used in the
irradiation process is one of the important factors in determining the
properties of the prepared PSi. PSi samples have been tested by FTIR to
investigate chemical bonds on surfaces such as, (Si-Si, Si-H, Si-Hz, Si-
0-Si, Si-0-Si, Si-H, Si-O-Si). Samples tested as gas sensors and noticed
that an increase in the sensing current to 5.3 pA has appeared with the
increase of porosity value where methanol gas is used as background.
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1. Introduction

The unusual physical and optical features of porous silicon (Psi) have attracted a lot of attention from researchers
in recent years. It has a wide range of applications in a variety of technology disciplines, including optical
electronics, sensors, medical, and other fields of study. [1, 2]. These features are the result of an increase in the
surface area about the volume, or, to put it another way, an increase in the number of pores per unit volume, as the
surface area increases. It is possible to produce PSi in a variety of ways, including by the use of metals, wet
methods, galvanic methods, and electrostatic methods. [3, 4].

2. Theoretical Part

PSi can be prepared in a cost-effective, easy, and efficient manner using these approaches. As a result of the
addition of new attractive characteristics to the PSi created using one of the ways, [5]. Typically, the area available
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or exposed to the target gases is the biggest in efficient gaseous sensors. This is due in part to the target gas
(absorbed by the area exposed to the gas) interacting with the PSi, modifying the PSi's electrical and optical
properties. [6]. To enhance the PSi surface area exposed to the gas, the percentage number of pores and roughness
of the nanostructures must be increased. As a result, the sensor will be more efficient. [7, 8]. In the present work,
a PECE technique was used. This method consists of an electrical cell with electrodes, the negative electrode of
platinum, Pt has been used because of its high chemical resistance, is connected to the negative part of the electric
source, and the anode is connected to the positive electrode of the electric current source and this electrode is made
of silicon to be prepared as PSi. When putting n-type with orientation (100) silicon inside the container, it is
connected to the anode, and this causes the wafer to be reverse biased, so the laser is used to generate a pair
(electron-hole) on the surface of the water, which leads to the passage of current through it and the start of the
reaction process. PECE technique is a suitable technique for preparing n-type PSi [9, 5]. The porosity has a great
influence in determining the application used for PSi, each porosity has its application [10, 4]. The amount of
porosity of the samples prepared in this way depends on several parameters, the most important of which are the
concentration of the solution, the current density, the etching time, and the intensity of the laser beam applied to
the sample [11-13]. The influence of laser beam intensity on the amount of porosity and pore diameter of the
sample prepared from n-type silicon has been studied in this work, as has the latter's effect on the amount of
sensitivity, which has been discussed with the usage of methanol gas [14, 15]. When used as a sensor for
environmental pollution with toxic gases, the PSi was prepared and studied to determine the effect of the
preparation conditions on its properties [16, 17].

3. Experimental Procedure

In Figure 1, the conventional cell diagram required for PECE is shown, where n-type silicon with a crystalline
direction of (100) is used. Si wafer is placed in the cell after the cleaning process and linked as shown in Figure 1.
In this process, a 650-nm red color diode laser is used to achieve the greatest penetration depth of silicon to produce
a thick layer of PSi if a short wavelength laser was used [18-19] where the maximum power of the diode laser is
100mw.
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Figure 1: The Schematic drawing of the PECE technique.

<

The current density was fixed at 8 mA/cm? and during 20 min, different laser intensities (10, 15, 20, 25 mw/cm?)
is changed and after the completion of the etching process, the amount of porosity (p) is calculated for each sample
according to the following weight equation [20] :

Py = =2 1)

my_mg3
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Where m; is the weight before the etching process, m, is the weight after the etching process and m5 is the
weight of the sample after removing the porous layer, using a (NaOH) solution, and is shaken for 20 min to remove
the formed PSi layer [21]. After calculating the percentage of porosity, the effect of the intensity of the laser beam
on the thickness of the PSi layer can be calculated through the following equation [22]:

_my—mg
d= Ay 3]

Where (d) is the thickness of PSi, (A) is the area of PSI that is exposed to irradiance, (p) is the density of silicon is
about 2.3 gm/cm3. Field Emission scanning electron microscopy (FE-SEM) was used to investigate the surface
morphology of porous silicon. (Per Kin —Elmer spectrometer) was used for the Fourier transfer infrared (FTIR)
spectrometer studies. Finally, the sensitivity current was measured in a methanol atmosphere using a locally-made
system.

4. Results and Discussion

4.1. Morphology of PSi Layer (porosity& layer thickness)

Porosity, porous layer thickness, and surface topography dependent on the etching conditions are the most
significant morphological factors of the PSi layer. Through the calculation of the porosity of the sample according
to Eqg. (1) above, we note the relationship between the intensity of the laser radiation and the amount of porosity
is a growing relationship as shown in Figure 2. Where the increase in the porosity was observed with the increase
of the laser intensity. This is consistent with the research [8, 23]. In addition to that, the thickness of the porous
layer is calculated in different laser intensities according to Eq. (2). Through the results that were reached and
according to the graph in Figure 3, it was observed that the thickness of the PSi layer increases with the increase
in the intensity of the laser beam and this is consistent with the research of S. Polisski et al. [19]. This indicates
that the laser intensity parameter has a significant impact in determining the thickness of the PSi layer.
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Figure 2: Porosity vs etching laser intensity. Figure 3: layer thickness vs etching laser intensity.

Figure 4 shows four images of the PSi that have been prepared with different values of the intensity of the laser
10, 15, 20, and 25 mW/cm?. On the other hand, it can be seen the effect of the intensity of the laser beam on the
diameter of the pores produced during the etching process is illustrated in Figure 4. Where the increase in the
diameter of the pores resulting from the increase in the intensity of the laser beam was observed, and this is
consistent with the research [22]. Figure 4(a) illustrated that the pores size of the porous layer was estimated in the
range (250-1000 nm) at etching laser intensity equal to 10 mW/cm?, and the high percentage of pores numbers
was at 850 nm. We can note here a wide distribution range of pores sizes with silicon structures surrounding the
pores (walls) of approximately 500-700 nm, as these regions are considered ineffective as gas absorption regions.
When the laser intensity is increased to 15 mW/cm? as shown in Figure 4(b), the silicon dissolution process will
increase and thus increase the electron-hole pair generation [8]. The PSi layer appears with a pore diameter ranging
from 200 to 700 nm and a maximum percentage number of this pore size reaching 500 nm. It can be observed a
formation of the second gradation in a formation of the porous layer leads to an increase in the surface area of the
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PSi layer, and thus increases the area exposed to the gas [19]. Another thing that contributes to the effectiveness
of the area exposed to the gas and the increase in the efficiency of the silicon sensor is the apparent roughness in
the surface and the smallness of the silicon nanostructures (pores walls). When using a laser intensity that ranged
from 20-25 mW/cm? as in Figures 4c and 4d. We notice that the increase in the silicon dissolution process has
reached its peak so that it becomes an overlap between the small pores to produce pores with a diameter of between
1-5 um. As well as increasing the sizes of silicon nanostructures, which leads to a decrease in the surface area of
the PSi surface, where we exclude the use of these surfaces as gas sensors.
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Figure 4: lllustrates the morphology and statistical distributions of samples that are prepared in different laser
intensities; a) 10, b)15, ¢) 20, and d) 25 mw/cm?, all samples etched with a current density of 8 mA/ cm? and
during 20 min.
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4.2. Fourier-transform infrared spectroscopy (FTIR) Analysis

Considering that the FTIR study is perhaps one of the most powerful tools for determining the types of functional
groups (chemical bonds) on surfaces, this technique was used to find out these bonds on the PSi surface. The
Characterization of chemical species on PSi layers has been done. The FTIR signals from (high surface area) PSi
were stronger compared to the signals obtained from the (low surface area) PSi. The hydrogen bonds are a result
of the etching process, so the Si-H, silane groups (x= 1, 2, and 3) were formed on the surface of the PSi layers.
The type of Si-Hy silane groups (1, 2, and 3) undergo a surface morphology consistent with the results of [8, 23,
24]. The absorption band intensity (FTIR) was correlated with the vibrational pattern of the (H) chemical bond,
then the range used to absorb PSi was from 400-1500cm~1. Figure 5 illustrates FTIR absorption spectra as a
function of (etching power density) which are (10, 15, 20, and 25) mw/cm?. The spectra contained monohydride
(Si-H) bonds, di-hydride (Si-H,) bonds, and tri-hydride (Si-Hz) bonds.
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Figure 5: FTIR absorption spectra of PSi prepared in different laser intensity; a) 10 mw/cm?,b) 15 mw/
cm?, ¢) 20 mw/cm?and d) 25 mw/cm?

The intensity of the absorption due to the di-hydride (Si-H,) and the tri-hydride (Si-H;) increased with increasing
etching power density. The morality was stated in fact that with increasing surface area of the PSi layer, the
crystallized silicon within the porous structure becomes smaller and changes the nature of the surface. Peak
absorption variance and associated wave number as a function of etching power density are tabulated in Table 1.
Therefore, the density (amount) of boned hydrogen and consequently the absorption increased with an increase of
the surface area of the PSi layer in the same way as the absorption increased due to the termination of Si-O-Si with
an increase of the porosity. Thus, the PSi surface layer, which is prepared with 15 mW/cm2 etching power density
at s constant current density of 8 mA/ cm? and during 20 min has higher absorption peak intensity, especially for
the CH;, Si-O-Si, Si-H, chemical bonds.
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Table 1: Peak position of chemical bonds of the prepared PSi with different laser intensities; a)10, b)15, c) 20,
and d) 25 mw/cm? at a fixed etching current of about 8 mA/cm? 8 and with etching time of 20 min.

Power density mW/ cm? | Peak of absorption red | Chemical bonds | Wave number cm™?
0.67 Si-Si 615
0.54 Si-H 661
0.61 Si-H; 740
10 0.63 Si-O-Si 852
0.68 Si-O-Si 887
0.67 Si-H 966
0.82 Si-O-Si 1112
0.49 Si-Si 615
0.43 Si-H, 659
0.48 Si-H; 742
15 0.47 Si-O-Si 823
0.46 Si-O-Si 881
0.48 CH, 989
0.50 Si-O-Si 1112
0.33 Si-Si 615
0.29 Si-H, 659
20 0.31 Si-H 734
0.32 Si-O-Si 823
0.34 Si-O-Si 891
0.38 Si-O-Si 1116
0.25 Si-Si 615
0.21 Si-H, 659
25 0.26 Si-H; 740
0.25 Si-O-Si 819
0.28 Si-H, 1026
0.27 Si-O-Si 1114

4.3. Sensing current of PSi samples

Figure 6 shows the amount of the sensing current relative to the time, the sensor was exposed to a specific amount
of methanol, where four PSi sensors were examined respectively (a, b, c, d), each sensor was prepared with a
different laser intensity (10, 15, 20, 25) mw/ cm? respectively.
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Figure 6: Illustrated the sensing current to exposer time for different power densities (10, 15, 20, 25) mW/cm?.
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Where it was found that the highest sensitization current is for sample B, which has the highest porosity, then
sample C, which has a lower porosity than the previous sample, and then sample D, and then the least sensitivity
is the share of sample A, which has the lowest porosity. As the sensor having less porosity leads to having the least
surface area (poor capturing for gas molecules) and this is consistent with the research of [25], where sensitivity
to reagents is effectively linked to the surface area, meaning that increasing the surface area leads to an increase
in the sensitivity current. The impact of the laser intensity on the amount of porosity and therefore the surface area
of the sensor is what regulates the degree of sensitivity, as shown in Figure 6.

4. Conclusions

It was discovered in the work that the etching laser intensity played a significant role in changing the properties of
the formed PSi layer; when the laser intensity was increased to its maximum, the porosity and layer thickness of
the formed PSi layer increased to greater heights, resulting in an increase in the surface area of the formed PSi
layer and the formation of new effective chemical bonds in the porous layer, as shown in the results. Optimization
of the laser parameters and acid percentages utilized in the etching process, together with a consistent etching
duration and etching current, demonstrated the controllability of the shape and properties of the PSi surface.
Finally, due to the higher capture of gas particles evaluated for the PSi sensor, an increase in the sensing current
to 5.3 A was observed.
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