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HIGHLIGHTS ABSTRACT

e Preparation of porous Silicon (PS) by
Electrochemical etching method.

e Study of structural, morphological, and
electrical properties for porous Silicon.

o Fabrication of AI/PS/Si/Al as gases sensor.

In the present study, the layers of porous Silicon (PS) have been produced from
the p-type Silicon with a (100) orientation using the approach of electrochemical
etching. The samples were anodized in a solution of HF concentration 18% and
99% C2H20H. Samples characteristics of PS were studied by etching time constant
(15 min). In addition, the alteration of the current density value into (5, 10,15,20,
and 25) mA/ cm? was also studied. Samples were characterized by nanocrystalline

ARTICLE INFO porous Silicon via X-Ray Diffraction (XRD). The AFM (Atomic force
microscope) analysis of PS shows the sponge-like structure. Also, a 39.76 nm
Handling editor: Rana F. Ghani average diameter was coordinated in the rod-like temperature variation, fabricated
from prepared samples on the sensor's sensitivity, recovery time, and response
Keywords: Porous Silicon; Electrochemical time. The maximal level of the sensitivity has been approximately (20,11)% for
etching method; X-Ray Diffraction; gas sensor. porous Silicon of gas NO» and NH3, respectively.

1. Introduction

The PS composites provide modified functionality compared to the as-prepared PS and expand the applicability. The
formations of the layers of the PS on the crystalline Silicon wafers utilize the electrochemical etching ECE. This highly simple
and reliable method has been utilized for synthesizing the PS [1]. PS can be defined as one of the significant materials in the
sensor technologies due to its various applications in analyses detection [2]. The ‘anodization’ and the ‘anodic etching’ terms
were utilized to describe the formation of the pores. This is because the semiconductor plays the role of an anode in the
electrochemical reaction, where the atoms of the Silicon are separated from the crystal. Various approaches have been developed
for the manufacturing of the porous Silicon, including spark erosion, electrochemical anodization [3], and stain etching, vapor
etching, and sol-gel approaches. Particularly, electrochemical anodization etching has been considered the most common
approach for manufacturing porous Silicon. Generally, the illustrative equation of the general process throughout the PS ECE

process may be represented as [3]:
Si + 2HF + 2h+ —>SiF2 + 2H+ (D
SiF2 + 4HF — H2 + H2SiF6 (2)

Based on the chemical reaction equation, there are 2 main parameters affecting the fabricated porous silicon film’s etching
rate: the hole (h+) concentration of the utilized Silicon-wafer and the other is HF-based solution’s electrolyte concentration [4].
Porous silicon nanoparticles have been widely developed for different biomedical uses, for example, cancer cell imaging,
biosensors, drug delivery, radiotherapy, and photo thermal therapy because of their easy surface modification and optical
properties [5]. Electrochemical is an easy method for porous silicon formation which employs a gold cathode and silicon wafer
anode immersed in hydrofluoric acid (HF) electrolyte with a constant current source, which is usually implemented to ensure
steady tip concentration of HF resulting in a more homogenous porosity layer [6]. Porosity has emerged as an effective feature
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that controls the electronic and optical properties of Si quantum structures. The characteristics of the surface strongly affect the
properties of Si. Therefore, the quantum confinement effects are considered to control the mechanism of the luminescence in
nanocrystalline [7]. The porous silicon application as a sensor involves various sensor types like the optical sensor. The optical
sensing-based PS layer is a variation in the optical characteristics due to the interactions between the layer of the porous Silicon,
and solvent solution vapors that may be considered as PS is an inexpensive and convenient optical device for detecting the
organic solvents [8-9]. The porous Silicon has a distinctive characteristic, which makes it attractive for those applications,
including an increase in the surface interaction area, simplicity, and repeatability of the compatibility and fabrication with the
well-established [10]. Porous silicon (PS) is characterized as a semiconductor matrix co. The morphology, structure, and
chemical composition of PSi depend strongly on chemical reactions between HF and silicon. These reactions are affected by the
type of conductivity, wafer resistivity, current density, type of dopant, and solution composition. [11].

2. Experimental details

2.1 Porous silicon preparation

Porous silicon samples were prepared from a single-crystalline orientation of a p-type silicon wafer (100) and with a
resistivity of 1.50-4Q.cm (Germany made) [12]. All chemicals, hydrofluoric acid, and ethanol alcohol were purchased from
Sigma Aldrich (Malaysia).

Before the Electrochemical etching process, the silicon wafers were rinsed with ethanol and action to remove dirt for
removing the native oxide layer and dried by air. Then, the sample was etched in an electrolyte containing Ethanol (C,HsOH
99.9%). The concentration of the HF acid in this solution was 18%, a current density (5, 10, 15, 20, and 25mA/cm?) for a 15min
etching time. The ethanol has been utilized in the electrolyte to reduce the surface tension and improve the homogeneity porous
silicon layer by promoting the removal of the hydrogen bubble. Teflon cell resistant to the hydrofluoric acid was used to achieve
the anodization etching as shown in Fig (1) The sample of the Silicon plays the role of the anode. In contrast, the cathode has a
gold mesh that has resistance to the hydrofluoric acid. The conducting material after the anodization sample was rinsed in ethanol
and pentane and dried with the use of nitrogen.
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Figure 1: Schematic diagram of the porous silicon anodization

2.2 Gas sensor

Thermal evaporation deposited aluminum electrodes on a surface for samples. Prepared samples were tested as gas sensors.
The gas sensing mechanism depends on surface reaction for chemisorbed oxygen, oxidation, and gas reduction. There are two
forms of oxygen adsorption on a film surface: physisorption and chemisorption. Chemisorption is dominant at higher
temperatures. The transition from physisorption to chemisorption requires activating energy that increases operating temperature
can accomplish. The amount of oxygen adsorbed on a sensor surface increased as the temperature increased. Electric physicals
and gas sensing properties of PS films between (100-300) temperature range are dominated via molecular oxygen and atomic
oxygen, where oxygen is adsorbed on metal oxide surface, allowing electron trapping. Therefore, the density for load carriers is
reduced, increasing PS resistance. The following reaction is possible:

0, (atm) +2e” (cond band) —20 (ads) 3)
O~ is the chemisorbed oxygen, and e- is the pinned electrons for the surface of PS, where O, is an adsorbed oxygen molecule.
O ~ Surface species act as electron receivers and cause a depletion layer that extends both to particles and a surface Barrie. Gas

sensitivity can be calculated from the following relationship:

S % = (Ron (2)-Roff (Q))/Ron () x100% 4)
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Response time and recover time was also measured as follows:
Response time (sec) = ABS ((t gas (on) - t gas (off)) x0.9) (5)
Recover time (sec) = ABS ((t gas (off) - tgas recover) x0.9) (6)

3. Results and discussion

3.1 XRD analyses

Patterns of XRD silicon and PS are shown in Figure (2). A separate distinction between the bulk and porous Silicon is that
the peak is broad. This is because the mismatch between the Silicon and the porous Silicon is wide, so in the porous Silicon, the
ray diffraction between pores is caused by nano-sized crystals. Thus, it can be confirmed that the porous silicon layer stays
crystalline. However, it is somewhat pushed towards a smaller angle of diffraction. PS .
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Figure 2: XRD pattern of (A) c-Si, (B) PS layer preparing at 15 mA/cm?, etching time 15 min and HFc 18%

This result is the effect of a strain that results in a little expanded lattice parameter. After that, it pushes the porous Silicon's
peak to a small diffraction angle and decreases the crystalline size. As reported by Nayef et al. [13]. The crystallite size of PS
was calculated through the DebySherrer formula, and the size was equal to (16.1nm).

0.94

D= (7)

_Bcose

Where D is the Nanocrystal diameter, A is the wavelength of light, B is the peak in radian of the full width half maximum
(FWHM), and ©is the angle of Bragg.

3.2 AFM

AFM has been utilized to examine the surface morphology of porous silicon samples. AFM measurement was focused on
the morphological at a nonmetric scale of the PS layers. The AFM images of the structure of the porous Silicon that obtained for
a variety of the current densities (5, 15, and 25 mA/cm?) at a scan area of 500nm x 500nm of PS layer p-type, with constant
etching time at 15 min and 18% HF concentration, as shown in Figure (3). The Surface and distribution of the diameter values
of the prepared samples of the PS under various current densities of the PS in which randomly distributed and irregular
nanocrystalline Si pillars and voids over the whole surface may be observed. This Figure exhibits that PS with tightly branched
pores has a sponge-like structure with diameters ranging from 24.98 - 39.76 nm. Morphology properties of the PS samples are
shown in Table (1) when an average pore diameter shows in good agreement with the classification of the mesoporous. Table
(1) also indicates that the increase in density increases the average diameter of the pores. As the current (5, 15, 25 mA/cm?)
increases, the average pore diameter increases due to increased Si dissolution occurring in the porous layer.

Table 1: Results of AFM images for PS

Samples Average Diameter(nm) Average Roughness (nm)
PS (SmA/ch) 24.98 1.48
PS (15mA/Cm2) 33.46 1.92
PS (25rnA/cm2) 39.76 2.79
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Figure 3: AFM images of PS at etching current density (A) 5, (B) 15 and (C) 25 mA/cm?, etched time 15 min and HFc= 18%

3.3 J-V properties

Figure (4) studies J-V properties in Dark of ¢-Si and PS at different current densities for the etching and applies biases and
reverse voltage at range—5 to +5V. Curves of the measuring output current were obtained. In comparison to PS, c-Si has a higher
output current than PS. In the PS samples, we can see the output current diminution as a current density increases for the etching
due to increased resistivities (c-Si and PS) and thickness for the PS layer. Ideality factor and barrier height ®g, of PS/c- Si
sandwich structureand their values are tabulated in Table 2 can study by J-/ measurement according to the following equation
[14]:

n=(q/KsT) (dv/d (1n.J)) (8)

®p,= (KpT/q) Ln (4™ T%/J) 9)

Where V: represents the applied voltage, J represents forward current density (uA/cm?), kB: represents the Boltzman
constant (1.38x102% J/K), A** (32 for p-type Silicon) represents Richardson constant (A/cm?K) [15-16].
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Figure 4: J-V characteristics of c-Si and PS prepared with different current densities 5, 10, 15, 20, and 25mA/cm? etching time
15min and HF. 18%

Table 2: The study results from c-Si and PS, ideality Factor value (n), barrier-height (Js) derived from J-J characteristics Fig
(4) with various current densities (j), at the etching timel5min and 18 %

Sample Js (nA/cm?) n @ g (eV)
c-Si 80 1.54 0.628
PS J mA/cm? 5 50 3.09 0.641

10 20 4.96 0.604

15 55 1.65 0.638

20 40 2.89 0.646

25 45 2.06 0.643

Figure (5) represents the J-V characteristics illumination with various power intensity values (5, 20, 60, and 125mW/cm?)
at room temperature of the Al/PS/p-Si/Al sandwich structure. The photocurrent curves have been obtained by applying a varying
reverse bias (between 0V and -3V) and measuring the output current. When the structures are illuminated, the electron-hole pairs
are formed in depletion of PS/c-Si. In forward bias, this will not have any effect because the current is limited by the resistance
of the PS layer. However, in the reverse bias, the current increases, especially at a high voltage where the barrier is the main
illumination for the current. In addition, it is noticed that increasing the light intensity results increase the photocurrent. This
can be ascribed to increasing the generated photo carriers. Consequently, an increasing PS porosity and thickness of the sample
and decreasing conductivity the same can be seen with the current density.
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Figure 5: Jon-V proprties under illumination for (a) c-Si and PS samples with different current densities (b) J=5, (¢) J=10, (d)
J=15, () J=20, and (f) J=25 mA/cm? at etching time 15min and HF=18%

3.4 Gas sensor

Figures (6) show the sensitivity as an operating temperature function in the range between (100°C and 300°C) for the porous
silicon (15min) substrate. The results show that the sensitivity decreased with increasing operating temperature up to 200°C and
slowly increased. The porous Silicon has a higher level of sensitivity in the operating temperature of up to 100°C-150°C for NO»
gas (20.3%) and (11.26%) for NH3 gas. It can be seen from the figure that the surface area of the thin films has been increased
when Porous Silicon is made, which has increased the surface area increased NO, and NH; gases sensitivities. The higher
sensitivity may be attributed to the optimum number of misfits on the surface, porosity, largest surface area, and the larger rate
of NO; oxidation and reduction of NH3. Figure (7) show the Response time is a sample response time of gas. Also, time recovery
is the time a sample consumes to return to the normal state, i.e., a sample state before pump gas. Response time variation and
time alteration recovery for ps are shown in Tables 3 and 4.
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Figure 6: Sensitivity for PS prepared at current density 15mA/cm?, etching time 15min. and HFc 18%
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Figure 7: Response and recovery time of PS samples prepared at current density 15mA/cm?, etching time 15min. and HF.

18%
Table 3: Values of R () before and after exposure to NO2 gas, sensitivity(S %), response time, and recover time (sec) for PS
sample
Samples T (Rg) (Ra)(Q2) S Response Recover
°O) Q) (%) time (sec) time (sec)
J 100 0.247 0.222 11.26126126 20.7 66.6
15(mA/cm?) 150 230.1 223.7 2.860974519 21.6 59.4
200 165.2 159.6 3.50877193 20.7 48.6
250 93 86.1 8.013937282 18 51.3
Table 4: Values of R (Q) before and after exposure to NHs gas, sensitivity (S %), response time, and recover time (sec) for
PS sample
Samples T (°C) (Rg) (Ra)(R2) S (%) Response time Recover time (sec)
(D)) (sec)
J 100 0.216 0.26 20.37037037 18 72
2
I3(mA/em?) 5 201.8 241.6 19.72249752  17.1 612
200 180.2 178.4 0.998890122 17.1 49.5
250 105.2 107.5 2.186311787 13.5 39.6

4. Conclusions

When preparing porous Silicon (PS ) via Electrochemical etching (ECE), various current densities results conclude with
current density in the ECE method can be considered extremely useful tools to prepare PS for gas sensor application. The
structure of the PS has been formed by the anodization hydrofluoric etching of the p-type (100) Si wafers. The study of the
electrical characteristics has revealed that the porous layer's resistivity is considerably larger than that of the crystalline Si. Such
resistivity increases with the increase of current density. The maximum variation of resistances to NO, NH3; was found at an
operating temperature of around 100-250°C.
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