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Abstract

:

ZnO thin films with a thickness of 300 nm were deposited on Si and Al2O3 substrates using an electron beam evaporation technique with the aim of testing them as low cost and low power consumption gas sensors for ozone (O3). Scanning electron microscopy and atomic force microscopy were used to characterize the film surface morphology and quantify the roughness and grain size, recognized as the primary parameters influencing the gas sensitivity due to their direct impact on the effective sensing area. The crystalline structure and elemental composition were studied through Raman spectroscopy and X-ray photoelectron spectroscopy. Gas tests were conducted at room temperature and zero-bias voltage to assess the sensitivity and response as a function of time of the films to O3 pollutant. The results indicate that the films deposited on Al2O3 exhibit promising characteristics, such as high sensitivity and a very short response time (<2 s) to the gas concentration. Additionally, it was observed that the films display pronounced degradation effects after a significant exposure to O3.
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1. Introduction


The increasing demand for monitoring air pollution, particularly due to greenhouse gases like CO2, NO2, SO2, and O3 [1], is a current challenge for human health care and environmental application. According to the World Health Organization’s air quality guideline for ozone [2], it is recommended that daily exposure to ozone, ensuring sufficient protection of human health, should not exceed 100 μg/m3, approximately equivalent to 50 parts per billion (ppb), as a maximum 8-h mean concentration. Since people spend most of their time in environments such as residences, schools, and offices, it is crucial to pay attention to indoor ozone exposure. Despite average ozone concentration levels in these spaces ranging from 4 to 6 ppb [3], peak concentrations during the day could exceed the WHO reference values [3].



Nowadays, the development of advanced gas sensors is fundamental to real-time monitoring of the ozone concentration in indoor environments. This latest generation of solid-state gas sensors reflects a transition from bulk materials with good intrinsic properties to materials with size- and shape-dependent surface properties, including nanostructured materials, nanoparticles, and ultra-thin films [4,5,6,7,8]. Thin films offer functionalized surfaces suitable for a wide range of applications [9,10,11], by combining different parameters such as the thickness, the substrate employed, and the deposition method used. With an increased surface-to-volume ratio, nanostructured thin films exhibit good performance in terms of sensitivity, selectivity, and quick response time [12,13,14].



Furthermore, the reduced size of thin films enables low-cost production processes and easy integration into devices, allowing for constant remote monitoring, wireless data collection, and processing using plug-and-play IoT (Internet of Things) technologies [15,16].



Thin film gas sensors can be produced using metal oxide semiconductors (MOXs). MOX sensors based on SnO2, ZnO, CuO, and WO3 stand out for their excellent performance in terms of sensitivity, selectivity, response time, and recovery time. Moreover, these materials are cost-effective and readily available, ensuring low production costs. The ability to synthesize these materials in nanostructure form ensures the occurrence of the surface conductance effect, thereby allowing for a reduction in the working temperature compared to bulk sensors. Working at lower temperatures, especially at room temperature, offers several advantages. It guarantees greater stability of the device, enabling the maintenance of sensitivity properties for an extended period in normal environmental conditions of temperature and humidity [17,18,19,20,21].



When exposed to gas, MOXs exhibit a chemiresistor behavior, where the electronic properties change upon gas molecule adsorption, enabling the detection of harmful gases through variation in the electrical resistivity [22]. While MOX-based gas sensors exhibit very short response times, high operating temperatures (300–500 °C) are typically required to achieve optimal sensitivity conditions [5,22,23,24,25]. However, ZnO can operate at lower temperatures, and it has been demonstrated that ZnO thin films can maintain high sensitivity even at lower temperatures (<100 °C down to room temperature) by optimizing film parameters such as grain size and porosity [5,26,27,28,29,30,31,32].



The choice of the physical vapor deposition (PVD) technique during the growth phase, such as magnetron sputtering, pulsed laser deposition (PLD), and electron-beam deposition, allows for control of these parameters. Each PVD technique offers respective advantages: magnetron sputtering enables higher thickness control, which is useful for ultra-thin film deposition [33]; PLD, on the other hand, guarantees higher ZnO crystallinity [33]. However, a recent study has suggested that electron-beam deposition is the most suitable technique for gas sensor design, as it generates polycrystalline films with high surface areas [33]. Different deposition methods yield ZnO films with varying grain sizes. The porosity, indeed, can be induced by growing the film on a rough substrate. Therefore, as a direct consequence of enhancing the surface-to-bulk ratio, it has been demonstrated that gas sensors require a porous microstructure and that their sensitivity considerably increases as the grain size decreases [34,35].



Currently, ZnO-based sensors are recognized for their effective performance at room temperature, and they are primarily used for detecting reducing gases like H2, H2S, CO, and common solvents such as ethanol, methanol, and acetone, as outlined in the review [36]. However, in the context of ozone monitoring and oxidizing gases in general, devices developed in recent years, even if they show remarkable sensitivity (up to 35 ppb of ozone concentration), require operation at temperatures ranging from 200 °C to 400 °C [37,38,39]. This temperature demand poses a significant issue for the intended application in this research, which aims to continuously monitor ozone concentrations in indoor environments, such as schools and offices. Hence, this study aims to investigate the possibility of fabricating ZnO thin films for ozone sensing that are suitable to operate at room temperature and do not require the application of an external bias with good sensitivity. Achieving these working conditions would make the proposed devices a promising solution in terms of reduced maintenance times and costs and therefore demonstrate its applicability to daily environments such as schools and offices. To achieve this, the ZnO thin films were deposited by using electron beam deposition on Si and Al2O3 substrates and by optimizing the growth conditions. First, the substrate was selected by studying the morphology and surface roughness of the deposited ZnO thin films, using scanning electron microscopy and atomic force microscopy. Then, the structural and elemental analysis of the films were characterized by Raman and X-ray Photoelectron (XPS) spectroscopies, respectively.



The ZnO-based sensors were exposed to O3 gas for sensitivity testing. In addition to analyzing the variation of electrical properties, the effects of O3 gas exposure on the film surfaces were also studied to verify the induced effects onto the surface.




2. Materials and Methods


2.1. Films Deposition by Electron Beam Evaporation


Thin films of ZnO were deposited by electron beam deposition on silicon wafers and alumina substrates. The deposition was performed in a high vacuum chamber evacuated at a base pressure of ~1.0 × 10−6 mbar. The ZnO pellets (99.99% purity, Mateck Material-Technologie & Kristalle GmbH, Julich, Germany) were kept in a molybdenum crucible (Kurt J. Lesker Company GmbH, Dresden, Germany) and evaporated by an electron beam of 6.5 keV kinetic energy and 18 mA current, controlled through an electromagnetic lens system to homogenize the deposition process. During the deposition, the chamber pressure was maintained at a value of ~1.0 × 10−5 mbar. Those parameters led to a film of 300 nm thickness after 5 min of deposition (the deposited film thickness was verified using atomic force microscope profiles).



Due to the roughness of the alumina bare substrate, a thickness of 300 nm was chosen as the thinnest option, ensuring both total and homogeneous coverage of the substrate with ZnO. The choice of the deposition rate of 1 nm/s was made to have a fine control of the deposition process, since higher deposited rates provided uncontrolled kinetics and consequently a worst quality of the thin film properties.




2.2. Structure and Morphology Characterization


The morphology of the ZnO thin films has been investigated by Field-Emission Gun Scanning Electron Microscopy (FEG-SEM- Zeiss Leo Supra 35, Germany) and by Atomic Force Microscopy (AFM) carried out with use of an OmegaScope platform (HORIBA Ltd., Kyoto, Japan). AFM imaging was performed in tapping mode, setting the operational amplitude at 60 nm, and using a silicon pyramidal tip (MikroMasch HQ:NSC14/Al BS; Wetzlar, Germany) with a characteristic radius of ~8 nm. The resonance frequency was of 137 kHz. The scan rate was fixed at 0.6 Hz. All the AFM data were acquired, filtered, and analyzed using the AIST-NT.v3.5.160 SPM control software. Raman measurements were carried out by using a Horiba Scientific LabRam HR Evolution confocal spectrometer equipped with a 100 mW Oxxius (λexc = 532 nm) and 17 mW He-Ne (λexc = 633 nm) laser sources and a computerized XY-table, an electron-multiplier CCD detector, an Olympus U5RE2 microscope with a 100× objective (laser spot on the sample surface 0.7 μm) with a numerical aperture (NA) of 0.9, and a grating with 1800 grooves/mm. All Raman spectra were recorded in backscattering geometry focusing 10% of the laser sources power at the sample, and twenty spectra with an accumulation time of 10 s were averaged. Samples were measured before and after the gas exposure. XPS enabled the investigation of the composition of the ZnO films, and it was carried out by using a spectrometer ESCALAB 250 Xi (Thermo Fisher Scientific Ltd., East Grinstead, East Grinstead, UK), equipped with a monochromatic Al Kαsource (hν = 1486.6 eV) and a hemispherical analyzer with six-channeltron as the detection system. The XPS characterizations were performed in an ultra-high vacuum chamber at a base pressure of about 1 × 10−9 mbar. The binding energy (BE) scale was calibrated by positioning the C 1s adventitious carbon peak at BE = 285.0 eV with an accuracy of ±0.1 eV.




2.3. Gas Sensing


The ozone sensitivity tests were conducted only on the device comprising a thin film of ZnO (the receptor part of the sensor) deposited on an alumina (thickness: 1 mm) printed-circuit board (PCB) produced by CERcuits BV (Geel, Belgium) based on the specific design shown in Figure 1. This substrate was chosen for its suitability in microelectronics applications due to its good thermal conductivity, mechanical resistance, low dielectric constant, and dielectric loss.



To transduce the surface phenomena of film–ozone interaction, the substrates were equipped with two copper (Cu, 35 µm) electrodes. The inter-electrode gap at the minimum point between the two electrodes is 10 µm. A dedicated connector was soldered directly to these contacts, allowing for a convenient push-and-pull connection of the electrical contacts to the signal conditioner.



The gas sensor tests were performed using a commercial glove box (Cole-Parmer Instrument Company, LLC, UK) with a volume of about 0.25 m3, suitable to keep the gas concentration confined. Thanks to a customized ozone generator system (IONVAC Process srl, Pomezia, Italy), it was possible to regulate the flow of O3 in the chamber, which is evacuated by a membrane pump (pressure of ~10−1 mbar) to assure stable conditions and fast removal of ozone. The current measurements were carried out by connecting the sensor to an electrometer (Keithley 487 Picoammeter/Voltage Source), recording the data in an automated way through the management of the signals with the GPIB protocol and a software specifically developed with the LabVIEW (National Instruments, Austin, TX, USA) language. The measurements were carried out by observing the measured electrical current at zero-bias voltage in response to different pollutant concentrations inside the glove box. The experimental setup of the gas-sensing measurements is shown in Figure 2.





3. Results and Discussion


The ZnO thin films were deposited on the Si and alumina substrates by applying the declared deposition parameters to obtain homogenous and continuous thin films. To achieve this, it was found that the best conditions were able to maintain a deposition rate of 1 nm/s and were able to fix a thickness of 300 nm. Figure 3 illustrates the morphological differences between the films grown on Si (Figure 3a) and on alumina (Figure 3b) under the same conditions. The film deposited on Si appears smoother compared to the film grown on alumina. The average grain size was found to be 53 ± 13 nm for the Si-deposited film and 24 ± 5 nm for the alumina-deposited film.



Furthermore, the atomic force microscopy (AFM) analysis, as shown in Figure 4, confirmed the smoother surface of the film deposited on Si compared to the film grown on alumina (the bare substrates are shown in Figure 4a,b). The roughness parameters Ra and RRMS (i.e., Ra = the arithmetic average of the absolute values of the profile height deviations from the mean line, and RRMS = the root mean square average of the profile height deviations from the mean line) of the films were estimated using Aist.v3.5.160 software, analyzing images of an approximately 25 µm2 area with a lateral resolution of 500 × 500 pixels (Figure 4c,d). The results of the roughness analysis are summarized in Table 1.



It was found that the morphology of the ZnO films strongly depends on the substrate, with a different porosity and grain size that play a significant role in the film properties. Since a higher effective area obtained by the small grain size and high roughness is required to obtain better sensor performance [34,35,40], the morphological analysis led to the selection of alumina as the preferred substrate for growing the films to be used in the gas sensitivity tests.



The XPS measurements were performed to analyze the chemical composition of the most promising ZnO film. The C1s spectrum revealed the presence of contaminants, including adventitious carbon (C1) at a binding energy (BE) of 285.0 eV and carboxyl groups (C2) at a BE of 288.2 eV, due to exposure to air (XPS survey spectrum is shown in Figure 5). A 30 s-duration ion sputtering process with Ar+ at 2 keV effectively removed all contaminants from the film surface, as shown in Table 2. The XPS analysis confirmed the presence of stoichiometric ZnO films, with a slight excess of Zn observed after Ar+ cleaning due to the preferential sputtering effect described in the literature [41,42].



Raman spectroscopy provided additional information compared to XPS revealing the Al2O3 interface. Figure 6a shows the normalized Raman spectrum of the ZnO film deposited on an Al2O3 substrate using the excitation wavelength λexc = 532 nm. The predominant band in the spectrum, centered around 560 cm−1, is attributed to the B1(high) vibration. This vibration, typically silent, can occur in the presence of a cubic structure (zincblende) formed by the growth carried out by e-beam evaporation [43]. The band centered at 430–470 cm−1, related to the E2 phonon due to hexagonal wurtzite ZnO, is not observed. Figure 6b shows the normalized spectrum using the λexc = 633 nm. Again, the predominant band is centered around 560 cm−1 and thus confirms the zincblende structure of the film.



Following the morphological, structural, and elemental composition characterizations, the sensitivity tests were conducted at room temperature and with zero-bias voltage on the ZnO thin films deposited by using electron beam deposition on the alumina PCB sensors described above.



To preliminary understand what could happen under the experimental conditions of this study, it is necessary to consider the ozone sensing mechanism from both a chemical and a physical point of view. The mechanism of interaction between ZnO and ozone at room temperature was discussed in more details in previous studies [20,31,44,45]). In general, the ZnO grains at room temperature exhibit both oxygen and ozone adsorption on the surface in the form of O−2 (this specie occurs at temperatures below 147 °C [20]). The main reactions in this regime are the following:


O2 + e → O−2



(1)






O3 + e → O−2 + O



(2)







This adsorption induces the creation of a double Schottky barrier at the grain boundaries [45]. In fact, the interaction with the molecules present in a standard ambient condition leads to the formation of a surface layer of oxygen/ozone species that traps the conduction electrons belonging to the ZnO. These trapped electrons are extracted from the conduction band and confined to the surface, leading to the establishment of an electron depletion space charge layer. If only oxygen is present, an equilibrium state of the surface oxygen reaction is achieved. The introduction of ozone into the chamber induces an alteration in chemisorbed oxygen at the ZnO surface that leads to a modification in the conductivity of the ZnO-based sensor. The sensing mechanism, driven by a change in the surface electronic charge, is notably influenced by two main factors: the microstructure and the size of the grains. In general, at room temperature, upon the introduction of ozone into the chamber, two competing events emerge: surface adsorption due to oxygen and that due to ozone. This action can be described by the following relationship:


k1 P(O2) [e] + k2 P(O3) [e] = [O−2 ]



(3)




where k1 and k2 are the equilibrium constants of oxygen and ozone adsorption, respectively, and [O−2 ] is the density of O−2 species per unit area, P(O2) is the partial pressure of oxygen, and P(O3) is the partial pressure of ozone [44]. Hence, the variation in the electrical current is due the modification of the surface charge distribution, which changes in the presence of ozone. However, this system cannot be completely explained by this simplified model, which assumes that there are no electron-trapping sites other than O−2 on the surface. In this context, an important role could be played by the film/substrate interface. In fact, it has been demonstrated that the alumina substrate itself could interact with the ozone, thus inducing oxygen vacancies [46,47] that could contribute to the overall modification of the surface charge density of the system. Due to the granular nature of the films, which can present high levels of porosity, the film/substrate interface could largely influence the sensing mechanism. Further studies will be conducted in the near future to investigate this aspect in detail.



As described in the Introduction, the focus was on developing a sensor applicable in indoor environments such as schools and offices. For such applications, it is important that the sensor should maintain a low power consumption and minimal maintenance costs (achievable with operations at room temperature and with zero-bias voltage). Additionally, it is crucial for the sensor to retain a high sensitivity to the monitored gas even after prolonged exposure to O3, without the need for frequent replacements. For this reason, a typical test was performed by using the same film through the application of concentrations of O3 from 50 to 1150 ppb successively by increasing the gas concentration. The response R of the sensor was defined according to the following equation:


  R =      I  g a s   −  I  a i r      I  a i r        



(4)




where Iair and Igas are the electrical currents before and after the O3 exposure derived from the measured electrical current Imeas.



Figure 7 illustrates the response R of the film as a function of the O3 concentration obtained by applying the zero-bias voltage. As it is possible to see from Figure 7a and Figure 8, the ZnO films tested in this work exhibited a very fast response to the gas concentration (<2 s) and a good recovery time (<15 s). The high speed of the response can be related to a very high equilibrium constant k2 in Equation (3), probably induced by the reduced diameter of 24 nm of the ZnO grains of the proposed system. However, a decrease in the sensor sensitivity is detected after the exposure of 450 ppb of O3, after that the signal saturation occurs. This behavior could be attributed to two main factors. Firstly, the operations at room temperature may not allow the sensor to fully recondition itself when quickly exposed to gas in close cycles. Secondly, the absorption/desorption mechanisms of the gas and its degradation effects may contribute to reduce the sensor sensitivity. To verify this, an investigation of the surface morphology was performed, revealing significant changes in the nanostructured surface of the ZnO films after the exposure to the pollutants of interest. The action of the gas led to the formation of larger-sized features (up to a few µm) with degradation effects within the formed structures. The surface topographic imaging with nanoscale resolution shown in Figure 9 demonstrates the degradation effects particularly pronounced after O3 exposure.



In addition, the XPS analysis confirmed the significant effect of the degradation on the film surface. The atomic concentration of Zn in the most superficial layer of the film was reduced by more than 80% (from 42.3% to 6.7%) after a massive exposure to O3 gas.



The Raman results after the O3 gas exposure (see Figure 10), for both laser excitation sources, show a signal similar shape to the unexposed sample (blued solid line), but the main band centered at about 560 cm−1 appears broader, less intense, and shifted by 3 to 10 cm−1 (depending on the observed point).



Comparing the Raman measurements with the morphological changes observed form the AFM characterization (see Figure 9), it is possible to suppose that, initially, the polycrystalline ZnO film is uniformly distributed on the surface of the alumina substrate, in the form of a cubic structure. However, when the film interacts with O3, part of the film is removed, leaving uncovered areas of the substrate, while what remains reassembles in the form of ZnO nanowires [48,49,50,51,52,53]. In other words, it is reasonable to assume that the interaction with the gas modifies the rearrangement of ZnO from small polycrystalline grains to nanowires (and bare areas of alumina) but does not change its chemical nature as a cubic zincblende. What has been deduced from all the analyses is that the impact of the degradation effects on the ozone seems to be irreversible, resulting in the removal of a substantial portion of the film. Despite this, it is notifiable that the ZnO-based sensor still performs well, i.e., the current signal can be clearly discriminated at room temperature and zero-bias, even after exposure to a continuous dose (i.e., the integrated concentration of pollutant during the exposure) of approximately 4500 ppb of ozone. This performance ensures an operational lifespan for the related device exceeding one year (taking into account that the average ozone concentration detected in offices and schools is around 4–6 ppb), making it a favorable compromise for its utilization in such applications. However, further studies to monitor the sensor behavior as a function of time at lower concentrations (<50 ppb) will be conducted to confirm the promising performance observed in the measurement range investigated in this work.




4. Conclusions


Ozone sensors based on the ZnO thin films deposited on rough alumina substrates were developed for use at room temperature and zero-bias applications. The thickness of the film was set to 300 nm film through e-beam evaporation. The XPS measurements and Raman spectroscopy highlight the formation of stoichiometric films with a hexagonal wurtzite structure. From the SEM and AFM analyses, it was possible to quantify the high roughness (61.2 nm) and the small grain sizes (24 nm) of the developed thin films. These morphological features made it possible to obtain promising results in terms of sensitivity in the range 55–1150 ppb, fast response (<2 s), and recovery time (<15 s) for indoor ozone monitoring. However, the exposure to ozone was found to cause the removal of part of the film. Although the surface degradation is irreversible, the sensor application can be used for continued monitoring in extended periods (almost one year), making this prototype a promising candidate for low-maintenance applications in schools and offices.
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Figure 1. Design for the ZnO-based ozone sensors on alumina PCB. The values shown in the sketch are reported in mm. 
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Figure 2. Scheme of the gas-sensing measurement setup: (1) the ozone gas flows in the glove box (2) to interact with the sensor, whose electrical signals are collected by the electronic chain (3,4). 
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Figure 3. SEM micrographs of ZnO deposited on (a) Si and (b) Al2O3 (the bare Al2O3 is shown in the yellow square) with corresponding size distribution of crystal’s grain diameter D. 
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Figure 4. AFM topographies of Si (a) and Al2O3 (b) bare substrates and ZnO films deposited on Si (c) and Al2O3 (d). 
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Figure 5. XPS survey spectrum of ZnO film deposited on Al2O3. 
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Figure 6. Normalized Raman spectra of a typical ZnO thin film on Al2O3 before the exposure to O3 using λexc = 532 nm (a) and λexc = 633 nm (b) as excitation wavelengths in comparison with ZnO hexagonal wurtzite and Al2O3 references. The B1(high) vibration band at ~560 cm−1 is due to the presence of cubic zincblende structure. 
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Figure 7. (a) Real-time current signal |Imeas| recorded without (in air) and with ozone for concentrations of O3 applied progressively from 55 to 1150 ppb (below each peak is indicated the exact ozone concentration in ppb applied). (b) Response (R) of the ZnO-based sensor at zero-bias and room temperature as a function of gas concentration. 
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Figure 8. Real-time current |Imeas| of the ZnO-based sensor tested at 115 ppb for 10 s with active pumping system. 
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Figure 9. Comparison between AFM images of ZnO deposited on Al2O3 before (a) and after (b,c) O3 exposure. 
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Figure 10. Normalized Raman spectra of ZnO thin film on Al2O3 before (solid blue line) and after (dashed red line) exposure to O3 using λexc = 532 nm (a) and λexc = 633 nm (b) as excitation wavelengths in comparison with ZnO hexagonal wurtzite and Al2O3 references. The B1(high) vibration band at ~560 cm−1 is due to the presence of cubic structure (cubic zincblende) and nanowires. 
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Table 1. Roughness parameters: comparison between Ra and RRMS for bare substrates of Si and Al2O3 and ZnO thin films deposited on the two different substrates.
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	Si
	Al2O3
	ZnO on Si
	ZnO on Al2O3





	Ra (nm)
	3.7
	62.3
	10.3
	61.2



	RRMS (nm)
	5.4
	78.1
	12.8
	75.5










 





Table 2. XPS quantification of 300 nm thick ZnO film deposited on Al2O3 before and after 30 s of Ar+ ion sputtering.
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	Nome
	BE (eV)
	at. %

as Grown
	at. %

after 30 s of Ar+
	Bond





	C1s–A
	285.0
	11.2
	-
	C–C



	C1s–B
	288.2
	2.6
	-
	C=O



	O1s–1
	530.0
	30.9
	37.8
	ZnO



	O1s–2
	531.8
	13.0
	5.9
	Zn(OH)2



	Zn2p3
	1021.5
	42.3
	56.3
	ZnO
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