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Flexible and thin-film humidity sensors are currently attracting the attention of the scientific community due to their portability and reduced size, which are highly useful traits for use in the Internet o Things (IoT) industry. Furthermore, in order to perform efficient and profitable mass production, it is necessary to develop a cost-effective and reproducible fabrication process and materials. Green fabrication methods and biodegradable materials would also minimize the environmental impact and create a sustainable IoT development. In this paper, flexible humidity sensors based on a common salt (NaCl) sensing layer are reported. Our sensors and the fabrication techniques employed, such as dip and spray coating, provide a biodegradable, low cost, and highly reproducible device. One of the sensors reported presents a typical resistive behaviour from 40% RH up to 85% RH with a sensitivity of −0.21 (Z/%RH). The performance of the sensors obtained with several fabrication techniques is studied and reported at multiple frequencies from 100 Hz to 10 MHz, showcasing its versatility and robustness.
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INTRODUCTION
Monitoring environmental variables is gaining relevance in key trend technologies like the Internet of Things (IoT) (Bouzembrak et al., 2019). For instance, controlling humidity is fundamental for developing IoT solutions like smart food packaging and environmental control systems for industrial and manufacturing processes (Najeeb et al., 2018). In this context, fabrication of flexible and thin-film humidity sensors is an important field of research in terms of device portability and compatibility. To ensure the reproducibility and accuracy during the fabrication process, stability control of the surrounding atmosphere is one of the main issues to deal with (Chen and Lu, 2005).
A humidity sensor is characterized by several parameters such as sensitivity, temperature dependence, and lesser hysteresis (Najeeb et al., 2018). Flexible humidity sensors reduce device dimensions, to adapt them to more complex design, while at the same time decreasing the cost of fabrication. Unfortunately, the task is not trivial. In fact, the fabrication of a flexible humidity sensor with satisfying performance in a wide range of humidities and temperatures has become an important goal in the literature (Chen and Lu, 2005). In addition, characterizing the device performance at different frequencies is essential to differentiate between its capacitive and resistive behavior at several frequencies, to establish its range of operation and to integrate it into a more complex sensor.
For humidity control of the environment, the amount of water in gas needs to be determined (ICEweb, 2015). In this respect, relative humidity (RH) is defined as the ratio of the partial pressure of water in gas to the saturation vapor pressure of a gas at a given temperature, and it is one of the most commonly used values for high humidity ranges. A wide variety of fabrication processes for humidity sensors are reported in literature (da Costa and Choi, 2020; Delipinar et al., 2021). Inkjet and screen-printing processing techniques are well standardized as mass fabrication techniques (Molina-Lopez et al., 2012; Zhang et al., 2018; Zhou et al., 2020). Spray coating is another approach employed in literature in the fabrication of humidity sensors (Lipomi et al., 2011; Kim and Yun, 2013; Bu et al., 2016; Kim et al., 2018). Also, drop casting method is reported as one of the simplest fabrication techniques for humidity sensors (Wei et al., 2019; Wu et al., 2019). The range of possible materials to be employed for humidity sensing purposes spans from ceramics, such as Al2O3 (Chakraborty et al., 1999), TiO2 (Morimoto et al., 1969; McCafferty and Zettlemoyer, 1971), SiO2 (Lin et al., 1993; D’apuzzo et al., 2000; Kong et al., 1997), and spinel compounds, to modified polyelectrolytes (Rauen et al., 1993; Sakai et al., 1995; Gong et al., 2002a; Gong et al., 2002b; Lee et al., 2013) and conductive polymers (Macdiarmid, 1987). In addition, humidity sensors based on carbon materials such as carbon nanotubes (Han et al., 2012; Zhu et al., 2019), carbon ink (Duan et al., 2021), and graphene (Burman et al., 2016; Hassan et al., 2018; Park et al., 2018; Wan et al., 2018) have been previously reported in literature. A 2D rGO:MoS2 based humidity sensor with a sensitivity of 0.973 in the range from 30–80% RH is reported (Adib et al., 2021). In addition, a GO-based potentiometric humidity sensor shows a sensitivity between 5–20 mv/% RH in a range from 20–90% RH (Lei et al., 2021). Furthermore, in order to improve their water-resistive behaviour, some polyelectrolytes humidity sensors based on alkali salts are reported (Sadaoka et al., 1988; Sakai et al., 2001; Su et al., 2006). Impedance analysis is really useful in order to compare the resistive and capacitive behaviour of the moisture sensors and it constitutes the main procedure to electrically characterize a humidity sensor in literature (D’apuzzo et al., 2000; Kong et al., 1997; Sakai et al., 1995; Gong et al., 2002a; Gong et al., 2002b; Sadaoka et al., 1988; Sakai et al., 2001; Su et al., 2006). Humidity sensors based on alkali salts have been reported with a linear impedance behaviour from 20% RH measured at 1 kHz and 30 °C (38). Also, a linear variation from 585 to 2.9 kΩ in the humidity range from 30 to 90%RH has been reported for moisture sensors based on two mutually reactive copolymers (Gong et al., 2002a). In addition, a textile humidity sensor based on metal-organic framework as a sensing layer is reported with a humidity range from 0.71–90% RH (Rauf et al., 2020). Developing biodegradable sensors is highly relevant so as to reduce electronics waste and CO2 emissions. However, some of the device’s residues might be toxins that can percolate through the Earth and contaminate the water and food we consume. Therefore, developing green electronics based on biodegradable and biocompatible materials, as well as green fabrication methods, benefits sustainable IoT development. There have been considerable efforts in recent literature to show the feasibility, functionality, and performance of such green electronics devices (Jung et al., 2017; Gao et al., 2019; Lu et al., 2019). In addition to that, the specific case of biodegradable moisture sensors is even more sought by the technical and scientific literature, because of its potentially disruptive impact in healthcare and food industry, and at the same time some humidity sensors and respiration monitoring sensors based on green materials have already been reported (Güder et al., 2016; Zhu et al., 2019).
In this direction, we present in this work humidity sensors based on common salt (NaCl) as the sensing layer. The devices have been fabricated and characterized at different frequencies in order to evaluate their performance as a hybrid humidity sensor. Dip coating and spray coating are compared so as to analyze the influence of the fabrication techniques device throughput. The physical characterization of the fabricated devices are performed by a scanning electron microscope (SEM) and optical microscope images in order to study the deposition of the salt dissolution on different materials. The sensors reported in this work were manufactured with cost-effective and reproducible techniques, which involve entirely biodegradable materials providing environmentally friendly devices.
MATERIALS AND METHODS
Sensor Fabrication
For the production of the sensors, two different substrates and two conductive pastes were employed. The common element of all the fabricated devices was the sensing layer: common kitchen salt (NaCl). In particular, we employed a solution made by dissolving 2 g NaCl in 10 ml of de-ionized water. While the solubility of NaCl in water is circa 3.6 g/10 ml (Haynes, 2014), we found it experimentally difficult to create a stable “ink”—especially in small batches—with more than 2.0 g/10 ml. Hence, the choice of the salt concentration was found empirically as the highest amount that would reliably not give any precipitation and be usable for multiple deposition sessions.
Such a solution was then deposited by means of spray coating and dip coating. Spray coating was carried out with a commercial airbrush. On fine setting, we deposited 4 ml of the salt solution over the IDEs with a uniform hand motion. The dip coating was performed by submerging the sensor in the solution for 2 min. The selected substrates were a bendable polyethylene terephthalate (PET) (Melinex® 506 from DuPont, Wilmington, DE, United States ) and Whatman paper.
All sensors were manufactured by depositing first the sensing layer (see Table 1 for deposition parameters) followed by the definition of the interdigitated electrodes (IDEs) by screen printing with a manual screen printer (Siebdruck Versand, Germany). Figure 1A and Figure 1B describe the two fabrication methods employed in the manufacturing of the sensors. In particular, interdigitated electrodes (IDE) were defined using a conductive paste made of poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) at a weight content of 1.3 wt% (viscosity: >14,000 mPa s) (Sigma Aldrich, St. Louis, MO, United States ). The drying of the conductive layer was done at 60°C for 10 min in a UF55 oven from Memmert (Schwabach, Germany). A schematic of the fabricated devices is shown in Figure 1D, highlighting the sensor’s dimensions. The layout was selected following a previous design (Falco et al., 2021) to ensure proper definition of the IDE fingers, avoiding short circuits, and ensuring connectivity.
TABLE 1 | Fabrication parameters.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) Spray deposition technique; (B) Dip coating fabrication technique; (C) Impedance analyzer setup; (D) Schematic of the manufactured sensors.
Characterization
In order to characterize the layers, sensor optical microscope images were taken with an Axiolab A1 MAT equipped with an Axiocam 105 color camera, both of Carl Zeiss AG (Germany). Field-emission scanning electron microscope (FESEM) images were recorded using an NVision40 from Carl Zeiss (Germany) at an acceleration voltage of 7.0 kV and an extraction voltage of 5.0 kV. In addition, scanning electron microscope (SEM) images were taken with an NVision40 of Carl Zeiss (Germany) at 5.0 kV beam energy and a magnification of 25.000.
In order to characterize the performance of the device in frequency, LabVIEW 2016 was used to automate the electrical measurements (see Figure 1C where the characterization setup is detailed). This software controls an impedance analyzer (Keysight E4990 A) that uses an impedance probe kit (42941 A) for the sensor readout. To perform the electrical measures a SubMiniature version A (SMA) male connector was glued to the end points of the electrodes using silver paste. The excitation voltage applied in all measurements was VDC = 0 and VAC = 500 mV in the frequency range from 100 Hz to 10 MHz. In order to compensate the parasitic elements, a calibration was done before the measurements, just as in the one performed previously (Rivadeneyra et al., 2014). The temperature and humidity control were obtained placing the sensor in a climatic chamber (VLC4006) and the monitoring was performed over the climatic chamber sensor system. In order to ensure a stable value in the whole chamber volume for the RH sensing, the moisture content was ramped up in 10% steps and held for 1 h.
RESULTS AND DISCUSSION
Physical Characterization
In the following section the physical characterization of the devices is performed by the analysis of optical microscope and SEM images. Figure 2 shows SEM images of the deposited salt layer on the fabricated devices for the different substrates used. It can be seen that for paper-based sensors the salt crystals are wrapped around the celulose fibers, becoming part of the substrate itself, while for the devices manufactured on PET the salt agglomarates are on the substrate surface. The morphological properties of the Whatman paper induce a sort of “trapping” of the salt crystals, which are prone to remain in their position even under stress. This is also found in the characterization of the devices: while PET-based devices lack measurement reproducibility, multiple measurement cycles on the paper substrate have shown significant change in the electrical characteristics.
[image: Figure 2]FIGURE 2 | SEM images for the different fabricated devices. (A) Whatman paper-based device and (B) PET-based device.
To further confirm this point, we acquired optical microscope images of the paper-based humidity sensor Figure 3 along its entire life-cycle: before and after salt deposition and after the use of the sensor. From the images, it can be obversed that there is no significant optical change before and after using the devices, indicating that the salt crystals are still in place and can be reused multiple times.
[image: Figure 3]FIGURE 3 | Optical microscope images for a paper-based device. (A) After salt deposition and (B) After use of the device.
Response to Moisture Content
Relative Humidity (RH) response of the device has been performed for a range of frequencies from 100 Hz up to 10 MHz. Deposition techniques of the sensing layer aforementioned in Table 1 have been compared. The analysis of the impedance variation with relative humidity has been performed in order to study the magnitude and phase along the entire range of interest frequencies and its dependence with the substrate. Figures 4A,B shows the impedance characterization curves for a humidity sensor printed on Whatman paper without deposition of salt sensing layer. The magnitude and phase of the sensor impedance is measured for a range of relative humidity from 25 to 85% at 40°C.
[image: Figure 4]FIGURE 4 | Impedance response of PEDOT:PSS IDE on Whatman paper: (A) Magnitude and (B) Phase. Impedance response of PEDOT:PSS IDE on PET: (C) Magnitude and (D) Phase.
An increase of the magnitude of one order of magnitude per decade, as frequency falls, is evident from Figure 4A, consistent with a capacitive behavior. The magnitude response with RH is constant for the entire range of RH for 10 and 1 MHz. Nevertheless, as frequency decreases the magnitude becomes more sensitive to high RH. At 10 kHz, the magnitude starts falling at 50%RH, while for 100 Hz this behavior occurs at 30%RH. A phase increment as humidity grows is noted in Figure 4B. This variation of the phase is more pronounced as the frequency decreases. At 1 MHz phase varies from -88° up to 83° over the entire range of RH, however at 100 Hz this phase change significantly increases from -79° to -3°. These results confirm that at low frequencies, from 100 Hz to 10 kHz, the device presents a linear humidity response, which leads to a good performance as a capacitive humidity sensor. Nevertheless, as frequency increases the impedance response with respect to RH tends to stay constant.
The impedance characterization of PEDOT:PSS IDE on PET without any sensitive layer is shown in 4c and 4 days. The magnitude remains constant through the entire humidity range and the phase follows a similar behavior, showing a capacitive response in all cases. This last finding shows that the weak relationship between the impedance of the paper-based sensor and the humidity must be related to the substrate itself and not to a variation of the electrodes’ impedance—although PEDOT:PSS electrodes are partially water soluble. The IDE structure, however, is expected to behave as a humidity sensor as soon as it is covered with the salt solution. The underlying concept is that whenever the humidity increases, the salt will be dissolved in a superficial water layer. This layer will contain the dissolved salt and relative ions and will work as thin layer of standard saline solution, with a conductivity far greater than air’s (Sauerheber and Heinz, 2015).
In these conditions, the conductive IDEs will not be bridged anymore by the high impedance air path, but they will be connected by a shallow conductive layer, Transforming the sensor from a capacitive structure to a mostly resistive one. Furthermore, this simple operating principle is based on a reversible physical reaction, which then ensures multiple operations and does not rely on any pre-treatment of the device before exposure.
To support this claim and to define it with precision, the impedance characterization of PEDOT:PSS IDE on Whatman paper dip coated on salt has been performed and shown in Figure 5. The effectiveness of the functionalization can only be judged on whether the salt treatment can expand the sensor’s frequency response or not. As expected, the behavior at low humidity levels is purely capacitive, similar to what happened in the sensor without any functionalization. In this case, however, there is a significant difference when the device is exposed to higher RH levels and analyzed at higher frequencies. The PEDOT:PSS IDE on Whatman paper dip coated with salt presents better resistive humidity sensor behavior for higher RH values. At 1 MHz, the magnitude begins to decrease from 5.6 kΩ all the way down to 1.3 kΩ at RH of 70%, while for the device without the salt sensing layer the magnitude was constant in this frequency range. Figure 5B shows an increase of the phase at higher frequencies with respect to the device without dip-coating functionalization. Furthermore, a decrement of the phase is noted for low frequencies at high RH in Figure 5B. A linear tendency is noted at low RH in magnitude, becoming exponential at higher RH. However, in phase a linear behavior in the entire range of RH overall at low frequencies is noted.
[image: Figure 5]FIGURE 5 | Impedance response of PEDOT:PSS IDE on Whatman paper dip coated on salt: (A) Magnitude and (B) Phase.
Figure 6C and Figure 6D show the impedance characterization of PEDOT:PSS IDE on PET with salt solution type 3. Similar to Figure 4, the magnitude and phase of the impedance changes as RH increases. The magnitude begins to decrease at 40%RH at 100 Hz unlike the PEDOT:PSS IDE on Whatman paper dip coated on salt, which shows this behavior at 25%RH at the same frequency. A similar phenomenon is observed at all frequencies, which causes the operation range to drift as frequency increases. The phase of the impedance shows a similar drift of the operation range with respect to the frequency. Figure 6D denotes an operative range between 40% and 70%RH, while in Figure 5B this useful range was wider and comprised humidity values between 25% and 70%RH.
[image: Figure 6]FIGURE 6 | Impedance response of PEDOT:PSS IDE on PET with salt solution type 2: (A) Magnitude and (B) Phase. Impedance response of PEDOT:PSS IDE on PET with salt solution type 3: (C) Magnitude and (D) Phase.
The fabrication method is not the only factor affecting the sensor’s performance, as the processing parameters might also have an impact on it. The main parameters able to affect the deposition are the nozzle-to-substrate distance and the substrate temperature (Lavernia and Wu, 1996). The nozzle-to-substrate distance, however, also defines the area where it is possible to obtain a uniform deposition. The deposition cone originates at the orifice, and it is denser in its central sections with respect to its fringes. With a simple static setup like the one considered in this work—i.e., the airbrush is kept stable and there is no automated scanning motion—the distance is then dictated by the area of the sample. The remaining parameter that can play a significant role is then the temperature of deposition. A very high temperature allows for instant drying of the droplets, with the formation of a rough and reproducible layer. On the other extreme, a “wet” deposition allows for slow drying, which will assume patterns similar to “coffee stains”, leading to lower reproducibility. Operating in an “intermediate” regime allows for accurate layer control and for the formation of closed layers, which are smoother and extremely reproducible (Vak et al., 2007). In this context, we reduced the deposition temperature and proceeded with the impedance characterization for PEDOT:PSS IDE on PET with salt solution type 2, presented in Figure 6A and Figure 6B The target temperature of 70 °C was found on the basis of previous works (Falco et al., 2015) and on an iteration process, as the lowest temperature at which it was possible to avoid wet layers. In this case, the range of operation as resistive humidity sensor, referent to the magnitude of the impedance, for 100 Hz covers all the humidity range characterized, between 25% and 85%RH. The phase of the impedance presents a shift of the operation range towards lower RH for frequencies up to 10 kHz where the curves tend to saturate. At 100 Hz the starting point of the phase is -41°, which provokes a lower saturation RH point at this frequency unlike the other devices.
Figure 7 presents a comparison, at 100 Hz, of the impedance for the different fabrication techniques used. A linearity study can be performed extracting the RH range where the phase is linear. Table 2 summarizes the RH range for the phase linear zones together with the slope (sensitivity) and its linear coefficient (R2). All of the devices present a linear coefficient of circa 0.99. The device, which presents the largest RH linear range in phase, is the device without sensing layer deposition with RH range from 25.24% up to 65.36% RH. The device fabricated by dip coating shows the highest slope (2.46°/%RH) but it also shows a limited linear range from 25.13% up to 56.16%. The device fabricated using spray type 3 shows the best compromise between the RH range, 34.87% up to 70.57% RH, and a slope of 2.40°/%RH.
[image: Figure 7]FIGURE 7 | Comparison between different fabrication techniques at 100 Hz: (a) Impedance Magnitude and (b) Phase.
TABLE 2 | RH range where the phase is linear and the regression parameters for each kind of fabricated device at 100 Hz.
[image: Table 2]Table 3 presents some relevant points at 100 Hz from Figure 7. The magnitude conduction point represents the RH when the magnitude begins to decrease exponentially. The phase conduction point is defined as the RH value when the phase is near to -10° when reactance losses can be negligible and the sensor behavior can be modelled as a simple resistor. The spray type 2 technique reports a 24.95% RH at the beginning of the magnitude linear behavior and the phase is near −10° at 40% RH. Thus, this device can be modelled as a resistive sensor from 40%RH that is the lowest starting point of conduction measured for all the techniques at this frequency. The highest conduction point is reported by the spray technique type 3, since this presents a magnitude linear behavior at 47.54%RH and the phase shows a conduction point at 65%RH. Therefore, this device can be modelled as a purely resistive sensor from 65%RH. A wider range of resistive behavior is desirable, as it would allow for a simple design of the measuring electronics: if the sensor can be assimilated to a resistor, there is no need for measuring and elaborating complex impedance. Complexity, cost and ease of integration of resistive sensors are a clear advantage over their capacitive counterpart. The salt functionalization, hence, succeeds into expanding the “resistive range”, allowing for an inherently capacitive sensor (IDEs with no conductor in between) to be employed as a cost-effective resistive sensor.
TABLE 3 | Magnitude and phase conduction points.
[image: Table 3]In order to evaluate the outcome of our devices, Table 4 presents a comparison with some humidity sensor reported in literature. The Type 2 sensor shows a good operation range for impedance magnitude compared to other devices in Table 4. Among the impedance-based sensors, our spray coated Type 2 device presents a comparable sensitivity with the PMMA and salt-based sensor (Su et al., 2006). Regarding fabrication techniques, spray-coating process employed in our sensor is more reproducible than the others techniques presented in Table 4. Regarding the low-cost commercial humidity sensors, products with a humidity range from 20 to 90% RH can be found (Multicomp, 2019; MulticompPRO, 2021). In addition, a humidity sensor with an operating range from 0 to 100% RH with a resolution of 0.03% RH can be found (I. S. Technology, 2016). There are also humidity sensors based on a capacitive response, a sensitivity of 0.31 ΔC/%RH in a humidity range from 33 to 75% RH (T. connectivity, 2021). In conclusion, Type 2 sensor presents an outcome comparable with others sensor reported in literature, which also presents an easy fabrication method with cost-effective processes and biodegradable materials. Notice that the main drawback to the sensors realized on PET with spray deposited sensing layer is the adhesion of the film to the substrate without employing any binder. In the case of the dip coated ones, however, the sensing layer is attached to the paper fibers, leading to a robust layer. Nevertheless, even if the sensor on PET might be impaired if incorrectly manipulated, it can certainly still be used in applications where the sensing film and the electronic components are not expected to be touched.
TABLE 4 | Comparison between different humidity sensors reported in literature. n.d. = not determined.
[image: Table 4]CONCLUSIONS
Flexible humidity sensors based in a common salt (NaCl) sensing layer have been reported with a typical resistive behavior from 40% RH up to 85% RH at 100 Hz. A study of several fabrication techniques has been studied, such as dip coating and spreading by spray at different frequencies. Using common salt in moisture sensors provide a low-cost and highly reproducible device, able to function in a wide resistive regime, which yields ease of integration in simple sensing nodes. All the fabrication process proposed in this paper are feasible and widely accessible. In addition, this is a fully biodegradable sensor since all the materials employed (paper-based substrate and salt as a sensing layer) and the fabrication techniques are environmentally friendly. Nowadays, the use of biodegradable, low-cost, and effective thin-film humidity sensors is fundamental to develop novel applications promoting sustainable development in a practicable way.
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