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Abstract

’This work presents a nitrogen dioxide (NO;) gas sensor based on porous silicon with improved sensitivity,
selectivity, and cost-efficiency. Porous silicon is being researched as an alternative material for gas sensors
operating at room temperature (RT), making it suited for low-consumption applications. Meso-porous silicon
(meso-PS) films were prepared on p+ type Si (100) using an electrochemical method for NO, gas sensing.\[akl]

Morphology, structural and optical properties of meso-PS films were investigated using scanning electron
microscope (SEM), X-ray diffractometer (XRD), and UV-Vis spectroscopy. The gas sensing response of meso-
PS samples was performed at RT with top parallel Al electrodes in the range of 4 to 10 ppm of NO, gas. The tested
sensor showed high normalized response (Rair/Rgs =40 for 4 ppm to 100 for 10 ppm) thanks to its high
surface/volume ratio, good repeatability and reversibility, fast response (40 s) and recovery times (18 s), and good
selectivity for NO> vs. NH3, Oz and CO. All these performances obtained at RT are encouraging for low-power

devices.
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1. Introduction

A variety of sensors are required to meet today's high standards [1-2]. Gas sensors that operate at room
temperature and have dynamic features, good sensitivity, and high selectivity are in high demand for environmental
and human health protection. In particular, important efforts have been dedicated to silicon nanostructures research
for their high potential as a candidate for different applications such as porous silicon [3-4] and silicon nanowires
[5-6].

With the rapid rise of industry over the last few decades, the environment has been suffering from severe
problems produced by air pollution. These problems cause damaging effects to human health. Nitrogen dioxide

(NO») is one of the most common atmospheric pollutants. Excessive NO; in an atmospheric environment may



cause acid rain, photochemical smog and haze. For this purpose, there has been an increasing demand for high
performance gas detection systems.

Since the 1970s, some companies had industrialized sensors, with a trade-off between the different
characteristics of the sensor (price, consumption, difficulty of use, sensitivity, stability, size etc.). These sensors
were based on metal oxides as sensitive materials. Presenting some attractive properties, including easy operation,
convenient fabrication, low cost and good portability, metal oxides have been extensively studied and widely used
in the fabrication of gas sensors (MOx sensors) [7-10]. However, MOx sensors always need additional heating to
maintain adequate sensitivity, good selectivity and acceptable detection speed, limiting their application.
Therefore, the main objectives of the new generation of gas sensors are high sensitivity, selectivity and low
consumption. The development of a sensor operating at room temperature (RT) will be an important step forward
in the field of gas sensors. The high sensitivity could be reached by increasing the surface/volume ratio.

LPorous silicon (PS) is a suitable material for the development of gas sensors for various applications, including
environmental monitoring, indoor air quality control, and industrial process control, due to its large specific surface
[11-12], low cost, and the simplicity of its set-up [13-16]. ‘[akZ]

Interesting results have been obtained for PS gas sensors detecting NO, [16-19], NH3 [20-21] and CO,
gases [22-23]. M. Sik Choi et al. [17] have studied PS fabricated by electrochemical etching during different times
(30, 60, and 90 min) for NO, detection. The PS sensor etched during 60 min presented the highest response 0of 9.56
towards 10 ppm of NO» gas with fast response-recovery times. The NO, PS sensor was studied for other interfering
gases (acetone, ethanol, CO, SO») showing a high selectivity to NO» gas. Also, M. Li et al. [ 18] have investigated
the sensing performances of mesoporous silicon to 2 ppm of NO, gas using electrochemical etching process
presenting a response value of 2,5.

In this work, meso-PS gas sensing was studied towards NO», O3, NH3 and CO gases at room temperature and
has exhibited excellent selectivity for NO, gas with a high sensing response not reported yet in the literature and
good response repeatability.

2. Experimental details:

a. Sample preparation:

Meso-porous silicon (meso-PS) sample was prepared by electrochemical anodization process (Figure.1) of p*
type mono-crystalline Si wafer (100) with a resistivity of 0.01-0.02 Ohm.cm. An electrolyte composed of HF
(40%)/C2Hs0OH (99.9%) = (1:1) mixture solution under 30mA/cm? etching current density for 5 min was used to
anodize the silicon substrate. ]The main parameters for the porous layer are controlled by the porosity and the layer
thickness. Porosity is defined as the measure of the percentage of voids in a porous structure. The gravimetric
approach is an easy way to determine the average porosity (P) of the prepared PS.
_mi—mp

P

mi—ms3
Where m; and m, represent the mass of the mesoporous silicon sample before and after the anodization process,
respectively. “ms3” is the mass obtained after removing the porous layer with NaOH solution. It is about 68%. The
thickness of the porous silicon (PS) layer was measured with ImagelJ software using the SEM cross-sectional view
shown in Figure 3b. Its value is 5 um. These parameters are critical aspects that can influence gas sensing
performance.‘[ak3]
Al electrodes were deposited on the top surface of meso-PS gas sensor using thermal evaporation method

with a thickness of about 100 nm in a parallel configuration.



b. Characterization methods

The meso-PS morphology was performed by the scanning electron microscopy (SEM JEOL JSM-6340F).
The crystal structure of as-prepared films was examined by X-ray diffractometer (X’PERT MRD (PanAlytical)).
For surface reflectivity measurements, a PerkinElmer Lambda 950 UV/VIS/NIR spectrometer equipped with an
integrating sphere was used.

c¢. Gas-sensing measurements

The gas sensing performances of the sensors were evaluated in a dynamic gas-sensing test system. The
sensor was placed on a heating plate connected to a temperature controller used to adjust the operating temperature.
The sensor dynamic response was obtained by measuring the sensor resistance change under gas. The gas-sensing
test system is composed of different parts: gas cabinet, dry air generator, mass flow control, and ozone generator,
test chamber with a temperature regulator, control and data acquisition system (Figure.2 (a)).
Figure.2 (b) shows the photography of the test used. In this work, the gas sensor response is defined by the

following equation:
R
S=— (Eq. 1)

Where R, and R, are, respectively, the sensor resistance measured in air and under gas. The sensor performance
is also described by the response and recovery times. The response time is defined as the time required for the
sensor to reach 90% of the total response after gas exposure. Accordingly, recovery time is the time necessary to
return to 90% of the original baseline signal after gas removal. In this work, the sensing properties of meso-PS
sample towards nitrogen dioxide (NO;) and interfering gases as ozone (O3), ammonia (NH3), and carbon
monoxide (CO) gases were evaluated. The meso-PS sensor is tested toward exposed gas at room temperature
(25 £ 2°C) under variable gas concentrations.

3. Results and discussion:

a. Sample characterization:

The porous silicon layer was analyzed with Scanning Electron Microscopy to explore the morphology of
the meso-PS, as displayed in Figure.3. The SEM top view of meso-PS (Figure.3 (a)) shows homogeneous pores
with average diameters ranging between 7 and 15 nm confirming that the synthesized silicon layer is mesoporous.
A cross-section SEM image of the sample (Figure.3 (b)) also enables for the measurement of the porous layer's
thickness, which is around 5 pm.

Figure.4 shows the X-ray diffraction spectrum of meso-PS. We note the existence of two Bragg peaks:
The most intense peak corresponds to the silicon substrate, and the second peak, located at a smaller Bragg angle,
is relative to the PS layer. The reduction in the size of the silicon crystals towards the nanometric scale causes a
slight expanding of the diffraction peaks. In addition, the FWHM of the PS peak is not significantly different from
that of crystalline silicon, which confirms that the PS skeleton has the characteristics of an almost perfect crystal.

Figure.5 shows the reflectivity spectra of silicon before and after porosification, performed in the range
0f 300 nm to 1200 nm. The reflectivity drops dramatically from 56% for the silicon sample to around 38% for the
PS sample. This reduction is due to the rough and irregular shape of the nano-structured surface of meso-PS

compared to that of bulk silicon.



b. Gas sensing properties:

Table.1 illustrates the different gas sensing characteristics. Mesoporous silicon sensor showed a high
sensitivity of Ro/Rg =40 for 4ppm of NO; justified by the high porosity of 68%. In fact, the high surface roughness,
the high porosity, and the optimized morphology of meso-PS, make the adsorption rate between the porous layer
and the NO» gas molecules more effective. In order to show the stability of the sensor, the gas testing was repeated
towards 4 ppm of NO; at RT for four cycles (Figure.6). A complete recovery of initial resistance for each test is
observed. Meso-PS sensor presented excellent stability of response. Further measurements were taken for different
NO:; concentrations (4, 6, 8 and 10 ppm) during an exposure time of 1 min at RT (Figure.7), where for 4, 6, 8§ and
10 ppm NO; gas, the response values are 40, 70, 90 and 100 respectively. As the NO, concentration increased
from 4 ppm to 10 ppm, as shown in Figure.7, the meso-PS sensor response also increased from 40 to 100
respectively, indicating that the sensor may be able to detect NO; gas at RT at low concentrations. This result is
very significant as compared to the results shown in the literature. [18-19]

Fig. 7 depicts the variation in the meso-PS sensor response exposed to a different NO2 concentration
during an exposure time of 1 minute at room temperature. It indicates that the meso-PS sensor can detect trace
amounts of NO; as low as 4 ppm and exhibited a good response in the range of 4-10 ppm at RT.

As the NO; concentration increased from 4 ppm to 10 ppm, the meso-PS sensor response also increased from 40
to 100 respectively, indicating that the sensor may be able to detect NO, gas at RT at low concentrations. ’This
result is very significant as compared to the results shown in the literature (table.2). As an example, S. Peng et al.
[19], studied the gas sensing properties of macro- and meso-porous silicon (PS) at room temperature, examining
the influence of microstructure on sensitivity. They reported a response of 188 to 50 ppm of NO, gas. However,
considering the health effects of NO,, there are worldwide standards for the concentration of NO> in the air that
must not be exceeded. As a result, the detection measure at high concentrations is not of great interest.

Moreover, the response of porous silicon is dependant on many parameters such as the electrode configuration
[26], the porosity, the porous layer thickness [27], the fabrication technique [15] justifying the difference in the
obtained results.

This remarkable response can be documented by the optimized morphology of meso-PS sensor; its high porosity
and large surface area. As a result, such nanostructures may facilitate the rapid transfer of mobile charge carriers
and active sites during gas adsorption and desorption. Moreover, in comparison to compact thin layers, porous
film microstructures have substantially better gas sensitivity thanks to the presence of grain boundaries in all
directions, providing additional surface area for reactions with gas molecules to occur. The presence of gas
molecules, on the other hand, affects just a small portion of the exposed surface area in a compact film. As a result,
porous films are better for gas sensing. \[ak4]

The selectivity of a gas sensor is a very important property. In this work, the gas selectivity of meso-PS
sensor was studied for 4 ppm of different interfering gases (NHsz, CO and ozone O3) (Figure.8). PS sensor showed
the highest response for NO; gas, a very low response for O3 and no response for NH3 and CO. The synthesized
meso-PS sensor presented an excellent selectivity for NO» gas. It could be due to porous silicon's high penetration
coefficient for NO, gas.

Gas sensor response is due to the adsorption-desorption reaction between materials surface and gas
molecules. It is found that the surface states and oxygen adsorption play an important role in NO, detection. NO»,

acts as an oxidizing gas, will capture the electrons from the meso-PS sensor. Figure.9 presents the NO,-sensing



mechanism at RT of the presented sensor. In the first step, the atmospheric oxygen molecules, adsorbed onto the

meso-PS surface in the form of 02_ , are extracting electrons from the meso-PS ((Eq. (2)—(3)). In the case of the p-

type porous silicon sensor, it leads to the formation of a hole accumulation layer (Figure 9 (b)), which reduces the

material's resistance [24].
0,(gas) — O,(ads) (Eq. 2)
O,(gas)+e — O, (ads) (Eq. 3)

It is well known that NO is a strong oxidizing gas acting as acceptor centers. In the second step, when

the meso-PS sensor is exposed to NO», the gas molecules may be directly adsorbed onto the PS surface by trapping

electrons (Eq. 4), and interact with the chemisorbed oxygen 02_ ((Eq. 5) [24]. The resistance of meso-PS will

decrease. This is explained by the increase in hole concentration in the shell layer due to the ionosorption of
oxidizing gas (Figure.9 (¢)).

NO,(gas)+e — NO, (ads) (Eq.4)

NO,(gas)+ O, (ads)+2e — NO, (ads)+ 20 (ads) (Eq.5)

4. Conclusion :

In summary, we have synthesized meso-PS sample using electrochemical anodization technique. We focused,
first, on the study of porous silicon morphological, structural and optical properties using scanning electron
microscope (SEM), X-ray diffraction (XRD) and UV-Vis spectroscopy. The gas sensing properties of meso-PS
sensor were studied at room temperature. This work demonstrates the highly sensitive response of 40 towards 4
ppm of NO, with fast response-recovery times. The tested sensor presented good selectivity for NO, vs. NH3, O3
and CO. These results exhibit the real field application of meso-PS as highly sensitive, selective NO, gas sensor
and instantly regenerated without heating. Therefore, the meso-PS based sensor systems introduce a novel strategy
for the design and construction of a promising, low-cost, lower-power and simple gas sensor with excellent
performance for low concentrations of NO; detection. In further work, the effect of relative humidity and storage

on the fabricated sensor would be studied.
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Figure Caption

Fig.1 Electrochemical Anodization cell.

Fig.2 (a) Schematic illustration and (b) photography of the gas-sensing test system.

Fig.3 SEM top views (a) and cross sectional views (b) of meso-PS sample.

Fig.4 X-Ray diffractogram of meso-PS sample.

Fig.5 Reflectivity spectra of silicon and porous silicon samples.

Fig.6 Response of the meso-PS sensor exposed to 4 ppm of NO, at RT: (a) variation for successive cycles (b)
enlargement of one cycle

Fig.7 Response of meso-PS sensor as function of NO, gas concentration.

Fig.8 Response of meso-PS sensor for different gas.

Fig.9 Sensing mechanism of meso-PS sensor.

Table:

Table 1 The different properties of meso-PS layer.

Table 2 Comparison with previous works based on porous silicon gas sensors.
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Table 1: The different properties of meso-PS layer

Sensor Porosity (%) | Porous thickness Response Response time (s) | Recovery time (s)
layer (um) R =Ra/Rg
Meso-PS 68 % 5 um 40 40 18
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Table 2: Comparison with previous works based on porous silicon gas sensors.

Gas concentration Temperature Response Fabrication
Sensor Ref
(ppm) °O) R =Ra/R¢ method
Gas
Electrochemical
Meso-PS NO2 4 RT 40 o This work
anodization
Macro-PS NO2 4 RT 2,35
Stain etching [15]
Nano-PS NO2 4 RT 1,5
Meso-PS NO2 2 RT 2,5 Electrochemical [18]
Macro-PS NO2 3 RT 7,55 anodization [17]
laser-assisted
Macro-PS NH3 150 RT 3.5 ) [26]
etching
Electrochemical
Nano-PS NH3 0.1 RT 33.25 o [27]
anodization
NO2 4 100 °C 1.4
WO3/nano-PS Stain etching [9]
NH3 100 100 °C 2.23
WOs /(Macro- electrochemical
2 RT 3,37 [28]
PS NO2 corrosion
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Fig.1 Electrochemical Anodization cell
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Fig.3 SEM top views (a) and cross sectional views (b) of meso-PS sample
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Intensity (a.u)

Fig.4 X-Ray diffractogram of meso-PS sample
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Reflectivity (%)

Fig.5 Reflectivity spectra of silicon and porous silicon samples
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Fig.6 Response of the meso-PS sensor exposed to 4 ppm of NO; at RT (a) variation for successive cycles (b)

enlargement of one cycle
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Fig.7 Response of meso-PS sensor as function of NO; gas concentration
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Fig.9 Sensing mechanism of meso-PS sensor
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