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Abstract

:

The present article studied gas sensor sensing characteristics based on surface-modified porous silicon (PS) by depositing the metal oxide semiconductor layer. The PS layer was prepared through the electrochemical etching of crystalline silicon in an HF-based solution. DC magnetron sputtering technology was used to obtain the p-CuO layer on the surface of the p-PS. The obtained material’s structural, morphological, and sensing behavior were investigated using SEM, XRD, Raman spectra, and the current–voltage characteristics. For the detection of toluene and chloroform vapors, a planar structure was used. The sensing response value revealed that the CuO/PS-based gas sensors have good sensitivity for toluene and chloroform vapors. The sensing mechanism is explained using schematic energy band diagrams. Therefore, this approach is helpful for the development of a simple, cost-effective sensor for detecting non-polar chemical analytes.
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1. Introduction


Our environment contains various types of gases that can harm human health. They pollute the atmosphere and contribute to industrial harm and medical conditions [1,2].



Among the various harmful gases, toluene and chloroform are extensively used in pharmaceuticals, laboratory solvents, fuels, paint thinners, and inks [2,3]. Chloroform is a powerful anesthetic, euphoriant, anxiolytic, and sedative when inhaled or ingested [4]. Additionally, toluene vapors at high concentrations have a narcotic effect on a person, causing severe hallucinations [3,5]. Therefore, the fabrication of high-precision toluene gas sensors with high sensitivity, fast response, good selectivity, low limit of detection (LOD), and in situ and real-time monitoring tools is paramount to ensure the safety of healthcare. Nowadays, toluene and chloroform vapors can be detected using various gas sensors including metal oxide, electrochemical, organic compound, optical, and carbon-based gas sensors [2,3,4,5].



Most gas sensors are made from metal oxide semiconductors (MOS). P-type MOS, such as NiO [6], Co3O4 [7], and CuO [8,9], have their own characteristics. As CuO is one of the most essential p-type semiconductors, a few articles have reported on the sensing performances of CuO nanopowders, nanorods, and nanowires. Wang et al. [10] reported that CuO/WO3 composites showed great sensing performance at 10 ppm H2S at 70 °C and excellent selectivity. Bhowmick et al. [11] indicated that CuO/ZnO bilayer thin films exhibited good CO2 sensing characteristics at 375 °C. Steinhauer et al. [12] reported that CuO nanowires decorated with Pd nanoparticles showed high sensitivity to CO at 350 °C. Gas sensors based only on MOS, currently used in practice, in most cases, work at high temperatures and are also poorly compatible with modern silicon-based electronic devices. They also suffer from low sensitivity, limited selectivity, and slow response. Although these sensors have a high sensitivity to toluene vapors, they usually have a high operating temperature, which can increase power consumption, and have complex and expensive production technologies [13].



The large surface area of porous silicon (PS), its tendency towards chemical reactions, and other unique optical and electrical properties allow it to be used in various gas sensors at room temperature [14]. Unlike metal oxides, gas sensors based on PS do have good compatibility with current electronic technologies [15]. Manakov et al. [16] used PS material as a sensitive material for a capacitive gas sensor to detect some organic compounds such as acetonitrile and chloroform. However, the PS material is usually unstable; that is, the material’s surface is degraded over time under the influence of various factors [17]. Thus, by depositing CuO on the PS surface and creating a heterojunction structure, it is possible to improve its sensing performance at room temperature [18].



Yan et al. reported on the NO2 gas sensing performance of WO3/PS heterojunctions at room temperature [19]. Other researchers have studied PS/Cu2O [20], PS/TeO2 [21], and PS/V2O5 [22]. In such structures, the high surface area provided by PS, together with p–n or p–p heterojunctions, act as a strong source of resistance modulation, which ultimately can enhance their gas-sensing properties.



The main purpose of this work is to investigate the sensing performance of CuO/PS heterostructure as a cost-effective, simple gas sensor for toluene and chloroform vapors.




2. Materials and Methods


The porous silicon (PS) samples used to perform the experiments described in this work were obtained via the electrochemical etching method, as described in our previous work [13,14]. The porous layer was obtained on the surface of a p-type silicon wafer with the orientation <100> and resistance 10 Ohm·cm. Pieces of the silicon wafer with the dimensions 1 × 1 cm2 were cut for ease of operation. Before starting the etching process, the silicon surface was soaked in HF solution for 10 s and then cleaned with ethanol. The electrochemical etching process was carried out in a fluoroplastic Teflon cell in an electrolyte containing HF and ethanol in a volume ratio of 1:1. The etching current was 5 mA, and the etching time was 40 min. Samples were then washed with deionized water and dried in the air. The porosity was measured with the gravimetric method [23].



Copper oxide (CuO) was deposited on the surface of the PS with the magnetron sputtering method. The magnetron sputtering process was performed on the Kurt J. Lesker LAB-18 magnetron system (Kurt J. Lesker Company, Dresden, Germany). A CuO target with a purity of 99.999% was used. The distance between the target and the sample was 13 cm. The initial vacuum pressure was 5 × 10−6 Torr, and the working pressure was 10.5 mTorr. In addition, Ar and O2 gases were introduced into the magnetron sputtering system, with flow rates of 40 sccm and 10 sccm, respectively. The deposition power was 100 W and the deposition time was 30 min. After the formation of CuO on the surface of the PS sample, the sample was kept in a furnace at a temperature of 650 °C for 4 h in order to crystallize. The thickness of the CuO on the surface of the PS was determined using a profilometer Dektak XT Stylus profilometer (Bruker, Billerica, Massachusetts, USA).



The morphology of the samples was studied using a scanning electron microscope JSM-IT2000 (JEOL Ltd., Tokyo, Japan). The XRD spectra used to study the phase formation of the samples were obtained on a Rigaku Miniflex 600 diffractometer (Rigaku, Tokyo, Japan). Moreover, the reflectance spectra of the samples were measured on a Shimadzu UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan) in the wavelength range of 240–830 nm. Two ohmic contacts of InGa alloy in the coplanar configuration were deposited on the samples’ surface by thermal installation to obtain electrical characteristics. The sensitivity of the samples to toluene and chloroform vapors was calculated as in [13].




3. Results and Discussion


The porosity of the PS substrate amounted to 72.7%. The thickness of the CuO layer defined by the profilometer was 130 nm.



The surface morphologies of the PS and the CuO/PS samples are shown in Figure 1. From Figure 1, it is clearly observed that the PS surface is porous in nature and pore-like structures are spread throughout the surface. Figure 1b displays the surface of CuO deposited on PS, and it can be seen that it also has a uniform porous structure.



Figure 2a shows the XRD pattern recorded in the 10–90° 2θ range to verify the crystal structures of the PS and CuO/PS. A sharp diffraction peak can be seen at 69.2° for the as-prepared PS sample, corresponding to the plane reflection of Si [24]. Additionally, there is a broad hump in the region of 15–30° and it is likely related to the formation of an amorphous SiO2 phase [25]. The strong diffraction peaks of CuO appear at 35.662°, 38.853°, and 48.954° in the red pattern in Figure 2. They correspond to <−1 1 1>, <1 1 1>, and <2 0 0> planes, respectively [26]. The peaks of the PS still exist because CuO does not entirely cover the surface of the PS. The values match precisely with the standard data (PDF Card No.: 00-041-0254).



Figure 2b shows Raman spectra of the PS sample and CuO/PS heterostructure material.



It can be noted that the Raman spectra of the samples exhibit peak intensity at 520 cm−1. It is described as first-order scattering on the phonon in the middle of the Brillouin zone (Γ), obeying the selection rule |k| ≈ 0. The frequency of the Raman band corresponds to the frequency of phonons in Γ, which is 15.56 THz (520.7 cm–1) [27]. In summary, this is the main combination scattering band that occurs from the action of monochromatic light with a crystal lattice of PS. Raman analysis of CuO revealed peaks at 296 cm−1, 346 cm−1, and 631 cm−1, which are widespread in this material [28].



The current–voltage characteristics of the samples were measured at a constant concentration of toluene and chloroform gas at room temperature using the special sealed box and NI Elvis II+ module. The desired gas concentration in the sealed box is determined by the formula (2) in [13]. It can be seen from Figure 3 that the current strength of the sample changes under the influence of ethanol, ammonia, toluene, and chloroform vapors.



Figure 4 shows sensitivity diagrams of gas sensors based on PS and CuO/PS to ammonia, ethanol, toluene, and chloroform vapors. It can be seen that the PS-based gas sensor has good sensitivity to ammonia vapor, but it cannot be used to detect non-polar gases such as toluene and chloroform. From Figure 4b, it is clear that the CuO/PS heterostructure-based gas sensor has a sensitivity value of up to 33.9 to toluene vapor and 27.6 to chloroform vapor. The CuO/PS gas sensor exhibited the response and recovery time of 50 s and 60 s, respectively, to 0.1 ppm toluene and chloroform vapors at room temperature.



Figure 5 shows the dynamic response curves of the sensor to 0.1 ppm toluene and chloroform vapors measured at constant voltage U = 2 V. Table 1 compares the sensing characteristics of the CuO/PS sensor to toluene and chloroform vapors with other metal oxide-based gas sensors.



The energy band diagram shown in Figure 6 can be used to understand the gas sensing mechanism of the CuO/PS semiconductor heterostructure. The bandgap energy (Eg) of PS is greater than that of crystalline silicon (1.12 eV) due to the quantum size effect. The electron affinity of PS is close to that of silicon (χ = 4.01 eV) [26,32]. For p-type CuO material, these values are Eg = 1.35 eV, χ = 4.07 eV [26]. When PS and CuO bond together, a p-p heterostructure is formed, as shown in Figure 6.



Since the Fermi energies are not on the same level, the CuO electrons move towards the PS, and the holes move in the opposite direction until the Fermi energies are equal. This leads to the formation of a depletion layer of holes on the PS side, and an accumulation layer of holes on the CuO side [26].Due to the different dielectric constants of CuO and PS, the bending energy bands near the junction in the energy band diagram are broken. The effective separation of charges provides a high concentration of charge carriers in the accumulation layer. Therefore, the exchange of electrons with the adsorbed gas is easy [33]. When the sensor is in the air, oxygen is adsorbed on the material’s surface. Due to the large surface area of the material, it can provide many active centers for adsorbing gas molecules. The higher the specific surface area, the higher the number of oxygen vacancies on the material’s surface. Thus, the sensor adsorbs many oxygen molecules at room temperature. Oxygen molecules adsorbed on the surface exchange with electrons on the sensor surface to form oxygen ions    O 2 −    which are stable at the working room temperature [34].





    O 2    →    O 2    ( ads )   










    O 2  +  e −    →    O 2 −    ( ads )   











As a result, the energy band of the CuO/PS heterojunction is further bent. When gas molecules affect the sensor, an acidification reaction takes place between gas molecules and oxygen anions, the concentration of defects in the accumulation layer increases, and the material resistance decreases [35].



The chemical reactions of ammonia, ethanol, toluene, and chloroform gas molecules with    O 2 −    oxygen ions on the CuO/PS surface can be written by the following expressions [2,36,37,38]:


  4  NH 3  + 5  O 2 −    ( ads )   →   4 NO + 6  H 2  O + 5  e −   










   C 2   H 6  O + 3  O 2 −    ( ads )   →   3  H 2  O + 2  CO 2  + 3  e −   










   C 7   H 8  + 9  O 2 −    ( ads )   →   4  H 2  O + 7  CO 2  + 9  e −   










  2  CHCl 3  +  O 2 −    ( ads )   →   2  COCl 2  + HCl +  e −   











Accordingly, more electrons are extracted from the surface of the sensor, and the resistance of the CuO/PS sensor decreases. In fact, due to an increase in the width of the hole in the accumulation layer, more holes participate in the material’s conductivity, and the conductivity increases. When the concentration of gases increases, more electrons can be extracted by gases, and a higher response can be observed.




4. Conclusions


To summarize, this work demonstrates the sensing performance of the CuO/PS heterojunction structure obtained by the DC magnetron sputtering method on the PS surface for toluene and chloroform vapors. The structure and morphology of the etched and sputtered nanomaterials were studied using XRD, Raman spectra, and SEM analysis; they confirmed the deposition of CuO on the PS surface. From the gas sensing results, CuO/PS demonstrated a better toluene and chloroform response at room temperature than PS. Therefore, the modification of the PS surface with the CuO layer led to the enhancement of their sensitivity to vapors. This study shows that it is possible to fabricate a highly sensitive, inexpensive gas sensor device based on CuO/PS heterostructure for determining toluene and chloroform vapors in concentrations up to 0.1 ppm at room temperature. However, it is obvious that many studies are needed prior to the application of this material as a toluene and chloroform sensor.
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Figure 1. SEM images of samples: (a) PS; (b) CuO/PS. 






Figure 1. SEM images of samples: (a) PS; (b) CuO/PS.



[image: Coatings 13 00190 g001]







[image: Coatings 13 00190 g002 550] 





Figure 2. XRD (a) and Raman (b) spectra of PS and CuO/PS. 
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Figure 3. The current–voltage characteristics of CuO/PS-based gas sensor in the presence of various gas types. 
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Figure 4. Sensitivity diagrams of gas sensors based on PS (a) and CuO/PS (b) to different gas types. 
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Figure 5. Dynamic response curves of the sensor to 0.1 ppm toluene and chloroform vapors. 
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Figure 6. Energy band diagram of the CuO/PS [26]. 
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Table 1. Comparison of toluene and chloroform gas sensors.
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	Sensing

Material
	Target Gas
	Sensitivity
	Working

Temperature, °C
	Concentration, ppm
	Reference





	(C3N4)0.12Co3O4
	Toluene
	17.02
	220
	100
	[29]



	Ag/Bi2O3
	Toluene
	89.2
	26
	50
	[2]



	Ag0.4Pd0.6@In2O3
	Toluene
	15.9
	180
	1
	[30]



	rGO-MWCNT

(5 mg)- α-Fe2O3
	Chloroform
	16
	26
	1
	[4]



	RGO
	Chloroform
	4.3
	26
	800
	[31]



	CuO/PS
	Toluene

Chloroform
	33.9

27.6
	26
	0.1
	This work
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