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Abstract

:

Humidity nanosensors play a vital role in modern technology industries, including weather forecasts, industrial manufacturing, agriculture, food and chemistry storage. In recent years, research on humidity sensors has focused on different materials such as ceramics, polymers, carbon-based materials, semiconductors, MXenes or triboelectric nanogenerators, each with their own advantages and disadvantages. Among them, anodic aluminum oxide (AAO) is a well-known ceramic humidity sensor material with a long history of research and development. AAO humidity sensors offer advantages such as simple manufacturing processes, controllable nanostructures, high thermal stability and biocompatibility. However, traditional AAO fabrication still has disadvantages like high costs and longer process times. Hence, finding a low-cost and efficient method to fabricate AAO for controlling different nanostructures to meet the requirements is consistently a major research topic. From our previous studies, we have studied the relationship between the AAO capacitive humidity sensor and its nanostructures. In this paper, we explore the effect of an AAO nanoporous structure controlled by an anodization voltage of 20–40 V on the resistive-type humidity sensor performance instead of a capacitive one. We efficiently apply one-step hybrid pulse anodization at 25 °C to significantly reduce the processing time compared to the traditional two-step process under 0–10 °C. The AAO nanostructures and their impact on sensor measurements of humidity at 20–80 RH% will be discussed in detail. An electrical resistive sensing mechanism is established for further performance improvement by controlling anodization voltage.
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1. Introduction


Research on humidity sensors is an important subject, finding applications in weather forecasting, agriculture, industry and the preservation of food and medicine [1,2,3]. As a result, precise humidity measurement has remained a hot topic in past decades. Humidity measurement can be categorized into optical and electrical sensing [4,5,6,7]. Optical humidity sensing can be further divided into visible light or using microfiber knot resonators for detection [8,9]. The humidity sensors based on visible wavelength shift offer real-time recognition advantages by the naked eyes, but unfortunately, the sensitivity of optical sensors remains lower in sensor performance, making them less mainstream in practical applications. On the other hand, electrical sensing can be categorized into six main types based on materials and principles: ceramics [10,11,12,13], polymers [7,14,15], carbon-based materials [16,17,18,19,20], semiconductors [21,22], MXenes [23,24] and triboelectric nanogenerators (TENG) [25,26]. Each category has its own pros and cons. Research on humidity sensing using ceramics is usually accompanied by thermal stability and biocompatibility, as well as with a relatively green process during fabrication. Polymer materials have been extensively explored, and their characteristics are well-suited for flexible or wearable devices. However, it is still challenging to enhance the sensitivity in both ceramic and polymer sensors. Carbon-based material and semiconductor sensors exhibit excellent sensitivity, but they come with longer processing times, higher costs and often involve the use of toxic chemicals. In terms of MXene, an emerging two-dimensional material undergoes structural changes with different humidity levels, but it also faces the issue of poor sensing performance. Triboelectric generator humidity sensing is innovative for boasting self-powered sensing potential. However, the current power generation performance is not yet fully self-sufficient, and sensor performance is still lower than the traditional materials. Hence, achieving a balance among various characteristics to develop a low-cost, time-efficient, non-toxic and high-performance humidity sensor would significantly contribute to accurate humidity measurement.



Ceramic materials possess good thermal stability among various types of humidity sensors, and their manufacturing processes are relatively environmentally friendly. Anodic aluminum oxide (AAO) is a well-known nanomaterial template for various electrical and optical sensing mechanisms and methods [27,28,29]. Also, AAO humidity sensors have gained significant research attention over the past several decades. In 2000, Nahar et al. [30] published the first comprehensive paper on measuring environmental humidity using AAO and established the measurement mechanism of AAO humidity sensors. By 2009, Park et al. [31] had proposed the use of interdigitated electrodes on AAO sensors to achieve better sensing performance. In 2012, Kashi et al. [32] suggested that different anodization potentials could yield an optimal pore size for achieving a high response, and this could be improved by pore widening. In 2014–2015, Chung’s team [33,34] introduced the improvement of sensor responses by applying an external magnetic field and changing the oxalic acid concentration during anodization, substantially enhancing humidity sensor responses. In 2015, Blade et al. [35] combined sputtering processes to produce AAO humidity sensors on paper, leveraging the flexible characteristics of cellulose. In 2021, Chung et al. [36] proposed that large areas and low voltage AAO structures possess a high specific surface area, leading to a better response of capacitive humidity sensing. Despite the comprehensive research on AAO, the fabrication process often involves time-consuming and costly two-step anodization [30,31,32,33,37,38] or sputtering [35] with a high-purity aluminum target. In addition, many studies employ a capacitive measurement approach, with limited exploration of resistance-based AAO humidity sensing. However, the signal of capacitive AAO sensors follows a natural function curve as relative humidity increases, with lower sensitivity at low humidity. In contrast, resistive humidity sensing exhibits better sensitivity at low humidity, making it worthy of investigation. Furthermore, AAO is able to directly grow on aluminum alloy substrates, providing better advantages for integrating sensors directly on the aluminum outer covering of industrial products for environmental detection.



In this paper, we plan to study and measure the resistive-type AAO humidity sensors prepared through one-step anodization at 20–40 V within a relative humidity (RH) of 20% to 80%. Also, deep investigation of the influence of anodizing voltage dependent AAO nanostructures on sensor performance is performed. Simultaneously, the pros and cons are discussed for resistance and capacitance-based AAO sensors, and methods are proposed for improving the measurement and process structure of AAO humidity sensors. Achieving good sensor performance by improving the traditional two-step and high-purity aluminum for AAO fabrication through low-cost material and rapid processing with performance enhancements will be helpful in this field.




2. Materials and Methods


In our experiment, 1050 aluminum alloy with a thickness of 1 mm was used as the substrate. It was initially cut to a size of 2.5 × 2.5 cm to match the dimensions of the custom-made electrochemical mold. The aluminum substrate was then electropolished in a perchloric acid and ethanol solution to reduce surface roughness, allowing for the smooth growth of AAO nanopores in subsequent anodization. Based on our previous research, the first step of electropolishing was performed for 1 min using a perchloric acid and ethanol solution in a 1:1 volume ratio at 0 °C. The second step involved electropolishing for 5 min using a perchloric acid and ethanol solution in a 1:4 volume ratio at 0 °C. Both steps were conducted using a two-electrode system with a potential of 20 V applied between the positive and negative electrode at a distance of 5 cm. Once it was confirmed that the aluminum surface was approaching a mirror-like status, the anodization process was initiated. In this anodization process, a three-electrode system supplied potentials of 20/−2 V, 30/−2 V and 40/−2 V in 0.3 M oxalic acid for 2 h at 25 °C. The AA1050 specimen served as the working electrode, platinum mesh as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. The unique hybrid pulse anodization (HPA) method developed by our laboratory [33,36] was used for the anodization process. It effectively reduces the Joule heating generated during the anodization process, allowing the process to take place at room temperature. Following the anodization process, the prepared AAO was coated with a Pt membrane of 10 nm in thickness, forming a metal–ceramic–metal structure of the AAO sensor.



Regarding humidity measurement, we assembled an analysis system consisting of the AAO sensor, a custom-made chamber, dry and humidified air pipelines, an LCR meter and a computer. The upper electrode (Pt) and lower electrode (Al) were connected with wires to create the AAO humidity sensor, and resistance values were measured using an LCR meter. The completed structure of the AAO sensor is shown in Figure 1a. From top to bottom, it consists of the thin film of Pt, the AAO membrane and the aluminum substrate. For the relative humidity control, a commercial humidity sensor was used as a reference, and the airflow to the dry and humid air pipelines was adjusted to achieve a stable humidity environment within the chamber. Resistance measurements were taken at five points for each relative humidity level, and an average value was calculated. The sensors were tested at relative humidity levels of 20%, 40%, 60% and 80%, with the starting point set at 20% relative humidity. On the other hand, the surface and cross-sectional nanostructures of the AAO sensor were observed by scanning electron microscopy (SEM). SEM images were analyzed using the commercial software ImageJ (version 1.51j8) to calculate parameters such as pore size (Dp), thickness (l) and porosity (α), as illustrated in Figure 1b, and their relationship with the measurement results was discussed.




3. Results and Discussion


The SEM images of the AAO nanopore structures prepared at 20 V, 30 V and 40 V are shown in Figure 2. Figure 2a–c represent the top view of the AAO pore structure, while Figure 2d–f are the cross-section views of the AAO thickness. Specifically, Figure 2a,d correspond to AAO prepared at 20 V, Figure 2b,e at 30 V and Figure 2c,f at 40 V. The commercial software ImageJ is used for AAO morphology analysis, the average pore diameters after one-step anodization for 2 h at 25 °C in 0.3 M oxalic acid were determined to be 19.89 ± 5.2 nm, 25.33 ± 5.0 nm and 32.56 ± 4.4 nm for 20 V, 30 V and 40 V, respectively. The images clearly reveal that the AAO pore structures are complete without burning. It is attributed to the use of the self-made holder, which ensures the stability of the entire AAO formation process, and the HPA method effectively suppresses Joule heating. Generally, in traditional DCA anodization, the accumulated heat during the reaction would lead to burning of the nanostructures. Therefore, most processes are carried out at low temperatures (0–10 °C). However, the HPA preparation method ensures that there is no current generation during the negative period of anodization, thereby significantly reducing the generation of Joule heating and allowing the entire reaction to be carried out at room temperature. This greatly enhances the growth efficiency of AAO, approximately three to five times faster than traditional AAO growth rates. In our experiments, it can be observed that AAO prepared at 40 V exhibits the fastest growth rate, which is attributed to the quicker dissolution and deposition rates. When the voltage is increased, it enhances the carrier driving capability in the electrolyte, leading to faster ion diffusion into the AAO pore’s barrier layer. Additionally, as the current passes through the barrier layer, resistance generates a heating effect, further increasing the reaction rate. This higher anodization voltage contributes to improved reaction efficiency in AAO anodization. On the other hand, pore density is also a crucial indicator of AAO nanostructures because both density and diameter directly impact the sensor’s specific surface area. We have previously verified in our earlier papers that specific surface area is an important structural factor affecting sensor performance. According to the ImageJ software calculations from Figure 2a–c, the pore densities at 20 V, 30 V and 40 V are approximately 2.4 × 1010 pores/cm2, 1.56 × 1010 pores/cm2, and 9.5 × 109 pores/cm2, respectively. Generally speaking, the interpore distance of AAO is directly proportional to anodization voltage. Therefore, in the same area, a higher anodization voltage will result in lower pore density, which aligns with our image analysis results.



The humidity measurements for the AAO resistive sensors are shown in Figure 3a, and detailed resistance values are listed in Table 1. Each point represents the average of five measurements. At relative humidities of 20%, 40%, 60% and 80%, the resistance values for AAO sensors prepared at 20 V are 4834, 3021, 2057 and 1764 Ω, respectively. For the 30 V samples, the resistance values are 6621, 4829, 3666 and 3071 Ω, and for the 40 V AAO, the resistance values are 8321, 6532, 4852 and 4288 ohms. It is evident that as humidity increases, the resistance values decrease significantly.



Furthermore, the AAO sensor prepared at 40 V exhibits higher resistance values, which can be explained using the following resistance formula:


  R =   ρ l   A    



(1)




where ρ represents resistivity, l in this case is the thickness of the AAO, and A is the measurement area of the sensor. In the AAO sensor system, the thickness increases with the anodization voltage, as observed in the SEM image in Figure 2, where the 40 V AAO has the greatest thickness, resulting in the highest l and consequently the highest resistance values. Conversely, the 20 V AAO has the smallest thickness, leading to the lowest measured resistance values.



Figure 3b represents the response of AAO resistance sensors to relative humidity, where the response is defined as shown in Equation (2):


  R e s p o n s e   %   =     R −   R   0       R   0        



(2)







Here, R refers to the resistance value at a specific humidity level, and R0 is the resistance value at the initial measured humidity, which is 20% relative humidity in this case. The response signifies the change in signal proportion, where a higher proportion indicates that the sensor can better distinguish different humidity levels. It is important to note that the proportion is not only related to the absolute change in resistance values but also to the magnitude of the initial value. The signal change proportion, in the context of AAO nanostructures, represents either the specific surface area or the total circumference, as confirmed by our previous findings [36]. To predict the impact of different AAO nanostructures on sensing performance, we can define the resistance values R0 at low humidity and the resistance R at a specific humidity as follows:


    R   0   =   R   A A O    



(3)






  R =     R   A A O     R     H   2   O       R   A A O   +   R     H   2   O      



(4)







At low humidity, the AAO nanopores are predominantly filled with air. Since the resistivity of air is extremely high, it can be virtually ignored. The resistance is nearly determined by AAO, as shown in Formula (3). As humidity increases, the sensor transforms into a parallel structure of AAO and water molecules in the pores, as indicated in Formula (4). Substituting Formulas (3) and (4) back into Formula (2), the response is primarily influenced by the resistance contributed by the water molecules, as expressed in Formula (5). Furthermore, according to Formula (1), as the area A occupied by the water molecules increases, the resistance decreases and results in a higher response. The area occupied by moisture in the AAO nanopores is mainly influenced by the rise in humidity or an increase in the total pore circumference (PCtotal).


  R e s p o n s e =     R   A A O       R   A A O   +   R   H 2 O      



(5)







Since AAO nanostructures grow vertically downward, the size of the PCtotal can also represent the specific surface area. The calculation of the PCtotal can be simplified as explained in Equation (6):


    P C   t o t a l   = n ×   D   p   × π  



(6)




where PCtotal represents the total circumference length, n is the number of AAO nanopores per unit area, and Dp is the diameter of AAO nanopores. Calculating by the formula, the total circumferences within 1 square centimeter sensing area for AAO prepared at 20 V, 30 V and 40 V are 1.5 × 1012 nm, 1.24 × 1012 nm and 9.7 × 1011 nm, respectively. It is evident that the AAO produced at 20 V has the highest water vapor adsorption ratio. Therefore, as humidity increases, the proportion of signal change is faster compared to other samples. This is also reflected in Figure 3b, where the AAO prepared at 20 V shows the highest response. At relative humidities of 20%, 40%, 60% and 80%, the responses for 20 V AAO are 0%, 33.3%, 57.4% and 63.4%, respectively. For 30 V AAO, the responses are 0%, 25.6%, 44.6% and 53.6%, and for 40 V AAO, the responses are 0%, 21.5%, 41.9% and 48.5%, respectively. Indeed, despite having the lowest signal in terms of resistance values, the 20 V AAO demonstrates the highest response, which aligns with the predictions based on the formula.



Figure 3c depicts the differential sensitivity of the AAO resistance sensor, as defined by Equation (7):


  D i f f e r e n t i a l   S e n s i t i v i t y =     R −   R   0       R H − R H   0        



(7)




where RH represents the specific humidity during measurement, and RH0 is the initial humidity, which in this system is 20%. Differential sensitivity refers to the change in resistance for every 1% humidity variation, making it a reference based on the absolute change in resistance. Unlike the response, which emphasizes the percentage of change and is influenced to a considerable extent by the initial value, differential sensitivity focuses on the absolute value, and its relationship with the initial value is not as pronounced. Furthermore, differential sensitivity relates to the overall surface area of the AAO sensor, as the absolute signal value is associated with the total surface area, not the responsive specific surface area. The total surface area (    S A   t o t a l    ) of the AAO sensor can be straightforwardly calculated using Equation (8):


    S A   t o t a l   =   P C   t o t a l   × l  



(8)




where PCtotal is the total circumference mentioned in Equation (6), and l represents the thickness of the AAO. Since AAO grows vertically downward, multiplying the total circumference by the thickness provides the surface area. By calculating the values using Formula (8), the total surface areas for AAO prepared at 20 V, 30 V and 40 V are 7.5 × 1015 square nanometers, 9.7 × 1015 square nanometers, and 1.05 × 1016 square nanometers, respectively. Therefore, it can be concluded that AAO prepared at 40 V exhibits the best differential sensitivity due to having the largest total surface area, which is consistent with the measurements shown in Figure 3c. At relative humidities of 20%, 40%, 60% and 80%, the differential sensitivities of the 20 V AAO sensor reach 0, 141.2, 121.4 and 89.4 Ω/RH%, while those of the 30 V AAO are 0, 148, 129.3 and 103.6 Ω/RH%, and finally, the 40 V AAO has sensitivities of 0, 156.6, 151.7 and 117.6 Ω/RH%. The data show that the AAO resistance humidity sensor prepared at 40 V exhibits the highest differential sensitivity, which aligns with the predictions from the formula. Furthermore, the resistance-based AAO humidity sensor demonstrates a higher differential sensitivity at low humidity levels and a faster increase in response. This is in contrast to capacitive sensors, which present higher differential sensitivity and larger signal changes at high humidity, indicating that resistance-based sensors perform better at low humidity levels. To predict the impact of the nanostructure on the differential sensitivity from Formula (7), we can identify that R-R0 is a critical parameter, as shown in Formula (9). In the calculation of response, it is observed that the area and thickness of the sensor do not have an impact. However, differential sensitivity is different. Substituting Formula (1), it is evident that both the area and thickness of the sensor are important parameters. A greater thickness increases sensitivity, while a larger PCtotal increases the water absorption area (A), leading to a decrease in differential sensitivity. Therefore, we can observe that the 40 V AAO, which has the smallest total circumference, exhibits the optimal differential sensitivity due to it having the largest     S A   t o t a l    .


  R −   R   0   =       R   A A O     2       R   A A O   +   R   H 2 O      



(9)







Figure 4 illustrates the response–recovery time of the AAO humidity sensors, where Figure 4a–c correspond to AAO prepared at 20 V, 30 V and 40 V, respectively. The humidity is switched by introducing dry air to a humidity of 25% and indoor humidity (60%), and the response–recovery time is defined as the time it takes for the resistance to reach 90% of the stable value. In Figure 4a, the response–recovery time is the fastest, taking approximately 9 s to reach near the stable value. This result is attributed to the thinner AAO thickness prepared at 20 V, resulting in a shorter diffusion path for moisture. In Figure 4b,c, the response–recovery times are approximately 11–12 s and 14–15 s, respectively. This is primarily due to the greater thickness of the AAO, leading to a longer diffusion path.



The measurement mechanism of the AAO humidity sensor at different humidity levels is illustrated in Figure 5. Since AAO is a ceramic material rather than a semiconductor or carbon-based material, the electrical properties of the pore walls do not change significantly from water vapor adsorption. Therefore, the principle can be broadly explained using the adsorption theory [30] and a parallel system [3,36]. According to the adsorption principle, at a relative humidity below 45%, only a single chemisorbed layer is formed. As humidity increases, multiple physisorbed layers of water vapor molecules will stack on the chemisorption layer. In the AAO humidity sensor, water vapor adsorption can be explained as a parallel system to the AAO pore walls. In the case of capacitance measurement, the signal contribution comes from the sum of the capacitance from both AAO and water vapor. Therefore, as humidity increases, the capacitance rapidly increases following a natural function curve. However, in the resistive AAO sensor measurement system, the total resistance comes from the reciprocal of both the AAO pore walls and the water vapor, as shown in Equation (4). As the humidity rises, the change in resistance due to water vapor has a relatively small impact, which makes the resistive AAO humidity sensor less responsive at high humidity levels. At the same time, it enhances the sensitivity of the resistive AAO sensor at low humidity levels, as shown in Figure 3c.




4. Conclusions


The relationship between the AAO nanostructures and resistive humidity sensors is discussed in detail from our research. In the anodization process, voltage is the most significant parameter and the focus of our research investigation. We successfully applied the HPA method to produce AAO at room temperature using voltages ranging from 20 V to 40 V in a one-step process with AA1050 substrate, addressing the high-cost and time-consuming disadvantages from the traditional two-step process by high-purity Al at low temperatures. The impact of the anodization potential on the morphology of nanopores and its interplay with humidity sensing performance are thoroughly explored in this experiment. The resistance measurement primarily depends on the thickness of AAO, so the higher anodization voltages contribute to greater signal intensity under the same processing time. Sensor response indicates the change in signal ratio from different relative humidity, and therefore sensors with a higher specific surface area exhibit a better response. In the AAO sensor system, the total pore circumference is directly proportional to the specific surface area. Therefore, AAO sensors prepared at low voltages with high pore densities result in higher response values. However, in terms of sensor performance based on differential sensitivity, the main structural factor is the surface area. With AAO prepared at 40 V, the highest surface area is calculated with the largest signal change, leading to the highest differential sensitivity. Furthermore, the AAO humidity sensor can be categorized as a parallel system of aluminum oxide and water molecules. Therefore, as humidity increases, the decrease in the total resistance of the sensor tends to slow down at high humidity levels, which results in higher sensitivity at low humidity levels from resistive AAO sensors. In the future, it is worth studying the lifetime of AAO humidity sensors and their integration into industrial applications.
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Figure 1. (a) The AAO humidity sensor structure and (b) the AAO nanopore morphology parameters. 
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