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Highlights 

 Presents capacitive sensor on micro-fabricated Si substrate to sense soil moisture. 

 Sensing demonstrated in three different soil groups with four different materials.  

 In-situ FTIR and KPFM are performed to understand the sensing mechanism.  

 These capacitive soil moisture sensors are durable, re-generable, and selective.  

 MoS2 based sensor exhibits an excellent sensitivity than the other three materials. 

 
 

 

Abstract 

The development of in-situ soil moisture sensors (SMS) with advanced materials is the 

requirement of the future autonomous agriculture industry. However, an open challenge for these 

sensors is to control changes in the capacitance rather than resistance while attaining reliability, 

high performance, scalability and stability. In this work, a series of materials such as Graphite 

oxide (GO), Molybdenum disulfide (MoS2), Vanadium oxide (V2O5), and Molybdenum oxide 

(MoO3) are tested in realizing a receptor layer that can efficiently sense soil moisture. Here, we 

found that MoS2 offers the sensitivity, which is nearly three times higher (1200 pF) than in the case 

of V2O5 for any given range of soil-moisture content outperforming both GO and MoO3 materials. 

The corresponding increase in the sensitivities for MoO3, GO, MoS2, and V2O5 are ~13%, ~11%, 

~30%, and ~9% respectively, for a variety of temperature up to 45 °C.  A temperature variation of 

25 °C to 50 °C showed a minimal increase in the sensitivity response for all the devices. We further 

demonstrated a record sensitivity of 540% with MoS2 in black soil and the corresponding response 

time was 65 sec.  Finally, the recovery time for the MoS2 sensor is 27 s, which is quite fast. 

 

Keywords: Soil moisture, capacitance sensor, optimum irrigation, 2D material, rapid analysis.  

 

1. Introduction 
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For a developing country, where dry farming is pervasive, there is a need for precise 

irrigation management, where optimum irrigation plays a vital role. Therefore, it is crucial to 

monitor and maintain the soil moisture level to increase crop yields [1]. For optimum irrigation, 

research is underway for soil moisture sensors and to understand the evapotranspiration of the 

plants in the agro-ecosystem, which also helps us in understanding the plant’s biology, disease 

identification, water uptake, and light wavelength tolerability [2]. Still, there is a dearth of sensor 

technology in the field of agriculture, where crucial demands need to be addressed with a multi-

disciplinary approach. Soil matrix is a mixture of different organic contaminants, minerals, 

nutrients, metals, and so on and thus analysis [3] of optimum irrigation for different soils is crucial. 

In the agriculture industry, to attain optimum irrigation, moisture level in the soil needs to be 

maintained between the field capacity (FC) and the wilting point (WP) concerning time. It helps 

in the conservation of water as well as in the increase of crop yield [3-6]. FC is a state of the soil, 

in which crops have a sufficient intake of water. The WP is an indication point that suggests crop 

need water, permanent wilting point (PWP) is another point that indicates water deficiency in the 

soil, and saturation is the stage at which excess water is present in the soil [6]. It is always essential 

to keep track of the soil moisture content; to understand the growth and to avoid potential dangers 

in different crops [7]. Apart from the above, other factors that influence the growth of plants are 

soil pH [8], soil nutrients [9-11], and temperature [12]. Recently, researchers have studied the 

effect of dimethyl selenide transport and transformation to non-volatile selenium and its role in 

crop yield [13]. Soil moisture stands at the top of this hierarchy and can be determined by two 

different techniques, namely volumetric and gravimetric measurements [14, 15]. For the former 

procedure, there exist technologies to perform tasks like time domain reflectometry (TDR) [16], 

neutron scattering probe method [17], frequency domain reflectometry (FDR) [18], heat–pulse 
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[19], and resistive method [20]. The first three techniques are expensive and complicated. Whereas 

the last two techniques are simple to use and affordable, but they need soil specific calibration and 

have a high response time. J. Fraden et al. discusses more on different types of probing mechanisms 

applicable to soil moisture sensing and associated advantages of each technique [21]. 

Micro-electro-mechanical systems (MEMS) platform is another alternative that is built-on 

Si substrates and micro-cantilevers of MEMS family are apt for sensing gas, moisture, humidity, 

and bio-analytes with different transduction capabilities [22]. S. Patil et al. used a piezo-resistive 

cantilever to detect moisture in soil with the help of a polymer called polyaniline. Similarly, T. 

Jackson et al. used the micro-cantilever platform for soil moisture sensing applications [23].  In 

the case of a piezo-resistive cantilever [22], the fabrication process is complicated (multi-level 

lithography). Also, the sensitivity depends on the thickness of the sensing element and its depth of 

burial. Resistive and transistor devices, on the one hand, are simple to build with the help of 

interdigitated electrode structures (IDEs) on multiple substrates [24, 25]. Nevertheless, they are 

prone to temperature drifts; other disadvantages include high response time (in hrs) and limited 

shelf life [26]. By contrast, capacitance-based sensing devices are more immune to temperature 

drifts and their response time is typically in minutes [27]. The advantage of IDE structures is that 

they can be realized with both cleanroom [28, 29] and non-clean room processes like laser 

engraving [30], inkjet printing [31, 32].  Additionally, water molecules have high relative 

permittivity (~80) compared to air, which improves the sensitivity of the sensor. Thus capacitance-

based micro-sensor systems are appropriate for humidity sensing applications due to dielectric 

constant dependency and tunable sensitivity (depending on material). Incorporation of 2D 

materials into such a system gives an edge over as compared to other platforms. Researchers have 

explored the potential use of the 2D nanomaterials for various sensing applications such as non-
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enzymatic glucose [33], NO2 gas [34], humidity [35], strain [36], organic compounds [37], liquid 

[38] and DNA hybridization [39]. Earlier, we have developed capacitive humidity sensors with 

MOFs [40,41], hydrochloride crystals [42] and hydrogels [43]. We thus anticipate an opportunity 

to explore other 2D materials, which offer more sensitivity, selectivity and stability for in-situ 

agriculture applications. Such 2D material based senor devices are easy to deploy, reliable, and 

power-efficient. Furthermore, they require minimal maintenance visits and at the same time, 

adheres to the user-friendly and reusability options. 

Hence, herein, we performed a comparative study of different materials to detect moisture in 

different soils. In the idea of developing the low-cost sensors, we engage oxides like graphite oxide 

(GO), vanadium oxide (V2O5), molybdenum oxide (MoO3) and a sulfur based molybdenum 

disulfide (MoS2) in a capacitive sensor platform with an interdigitated structure to evaluate the 

performance. Considering the diversity of the soil texture in the agriculture field, in this work, we 

studied and analyzed the fabricated sensor response in three different soil types, namely clayey 

soil (black), silt loam (red) and loamy sand. These soils have different water uptake capabilities 

and thus, we studied the fabricated micro-sensor’s sensitivity, response time and selectivity in 

accord with three soils, which illustrate the novelty of this work compared to our old work [26, 

27]. Towards the end, MoS2 proved to be an excellent candidate for the detection of soil moisture 

in all varieties of soils in a wide gravimetric range. We performed capacitance measurements with 

varying frequencies for different moisture range. In addition, 500 Hz (drive frequency) was applied 

for all the other experiments, as it proved to be sensitive quantitatively [26, 27, 44]. Furthermore, 

we studied the effect of temperature (25 °C to 45 °C) on the IDE based capacitive sensors in the 

laboratory conditions. Finally, at room temperature, MoS2 showed the best performance and we 

recorded the highest sensitivity for the clayey soil, which is 2 and 3 orders more as compared to 
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silt soil and loamy sandy soil, respectively.  

 

2. Materials and Methods 

2.1 Materials  

Vanadium oxide (V2O5), and Molybdenum disulfide (MoS2) were purchased from Sigma-

Aldrich (WI, USA). Molybdenum oxide (MoO3, purity 99.95% was procured from Alfa Aesar 

(USA). All these materials were used as received. Printed circuit boards (PCBs) were made in 

KAUST (Thuwal, Saudi Arabia). Black soil, loamy soil, and silt soil were collected from different 

agriculture fields in different parts of India. Silicon wafers were purchased from Si-Mat 

(Kaufering, Germany). DI water (Milli-Q System, Millipore, Billerica, MA, USA) was used in all 

experiments.  

 

2.2 Device fabrication  

Initially, as received Si/SiO2 wafers were thoroughly cleaned in acetone and isopropanol (IPA) 

with ultrasonication for 15 min each.  Subsequently, the wafers were ultrasonically cleaned with 

DI for another 10 min before dehydrating them on a hot plate. The detailed fabrication process 

flow followed was reported in our previous work [27] except for metal deposition, where we used 

RF sputtering for Ti/Au contacts. Graphite oxide (GO) was synthesized as per the previous reports 

[45-47]. Subsequently, all the materials were drop cast over the individual dies. Fabricated micro-

sensor comprises of four sets of electrodes where MoO3, GO, MoS2, and V2O5 are deposited and 

one reference electrode set with no deposition. 

 

2.3 Soil-moisture sensor packaging and testing 
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Fig. 1 shows the measurement set-up for this study. It comprises Si chip with multiple IDEs 

and each IDE has GO, V2O5, MoO3 and MoS2 as the soil moisture sensing film. The whole chip 

deposited with corresponding sensing materials was mounted on top of a PCB and then 

encapsulated with the nylon mesh (with a feature size of around 150 µm). This mostly avoids any 

kind of interaction of soil/sand particles directly with the receptor material on the chip.  

 

Fig. 1. Schematic diagram of the developed soil moisture, deployment in the field and associated advantages. 

 

After the encapsulation, the contact leads are soldered to the external wires, these electrical 

contact from the sensor are taken out and performed the following testing. The safely packed 
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micro-sensor node is deployed in the mould containing soil samples whose gravimetric water 

content is readily measured [48] and maintained at different levels, as shown in Fig. 1. The devices 

connected to the CV measurements set-up are as reported in our earlier work [27]. We performed 

capacitive measurements for all active receptors (GO, MoS2, V2O5, and MoO3) deposited on 

electrode array using LCR meter (Agilent E4980) in the frequency range of 100 Hz -2 MHz with 

voltage bias of 1 V.  Among the entire range, 500 Hz frequency is fixed for all further studies due 

to high capacitance output and consistency.  In our research, we also varied the molar concentration 

of different salts, such as NaCl, KCl, MgCl2, and FeCl2 in soil and measured capacitance of the 

fabricated micro-sensor at 500 Hz frequency. All experiments are conducted under laboratory 

conditions at constant temperature and humidity of about 25 °C and 50% RH, respectively. It is 

important to understand the effect of diurnal temperature variation for the in-situ soil moisture 

measurements. Researchers have noticed the field temperature varies from 10 °C to 50 °C during 

field studies [49]. To analyze the sensor response for different temperatures, we have placed the 

fabricated micro-sensor in the environmental chamber and varied the temperature from 25 °C to 

50 °C keeping the humidity constant at 50% RH. In the case of response time measurements, we 

did transient analysis by obtaining the capacitance valued of the chips for 200 s.  

 

3. Results and discussion  

3.1 Soil moisture sensing 

Soil texture diversity has been considered in this work and thus we selected the soil sample 

with different soil texture, namely, clayey soil, silt loam and loamy sand soil collected from various 

parts of India. Fig. 1 depicts the importance of an SMS device in the field due to its associated 

advantages like a healthy plant and the crop-yield. Deployment of such sensors throughout the 

field area not only helps achieve better yield but also reduces the underground water depletion and 

Jo
ur

na
l P

re
-p

ro
of



9 
 

soil erosion issues [50,51]. Thus, for efficient usage of water, as can be observed in Fig. 1, a small 

hand-held prototype with the Internet of Things (IoT) capability was also developed in this work. 

The data from the sensors can be read and logged to a centralized server and further analysis can 

be done. In the future, with a little tweak in the SMS device configuration, other studies like soil 

nutrient monitoring and soil pathogen identification can be achieved with the same prototype. The 

developed handheld system is capable of spot measurement and IoT capabilities (Fig. 2[a]). The 

prepared soil samples are contained in a laboratory chamber that gives provision to add water and 

can be seen in Fig. 2(b). Since all the materials were commercially available and were at least of 

few microns in size. We made different solutions with the help of IPA by sonicating them. We 

subsequently drop-casted the material on top of devices and subjected them to a voltage bias to 

extract the capacitance. As shown in Fig. 2(c-f), SEM images were commonly taken in top-view 

for all the materials on top of devices. The need of the hour is a distinctive device that is highly 

sensitive and selective, which can concomitantly transduce moisture concentration into 

capacitance readings. We conducted the experiments on a gravimetric scale in the laboratory with 

an LCR meter. Here, just like the sensors, the soils have varied absorption and desorption rates of 

moisture and, hence, can be considered as interesting study. Initial tests were conducted in the 

clayey soil, as it is known to retain more moisture as compared to other soils used in this work. 

The measurements were conducted in the range of 0% to 55% (clayey soils) of soil moisture for 

all the oxides and a record sensitivity of 540% is obtained with MoS2 for black soil at 500 Hz 

Alternating current (AC) signal. The fabricated micro-sensor was deployed in a mould containing 

soil samples with different water content. Change in the sensor capacitance when exposed to the Jo
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Fig.  2. (a) Hand-held prototype image (b) soil mould for experiments; FESEM images of all the four metal-oxide 

samples (c) MoS2 (d) V2O5 (e) MoO3 and (f) GO; (g-i) Capacitance-Frequency studies of MoS2 sensor for different 

moisture levels in three soils. 

 

  

different soil moisture levels is recorded using LCR meter. Fig. 2(g, h, i), shows the response of 

fabricated micro-sensor on three different soils at different frequencies ranging from 100 Hz to 1 

MHz for the sensor deposited with MoS2. We conducted similar experiments for GO, V2O5, MoO3, 

and results are included in the supporting information (Fig. S2). From Fig. 2(g, h, i), it can be 

inferred that the capacitance of the sensors decreases with the increase in frequency. The plausible 
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reason for this could be that the direction of the electrical field varies rapidly with an increase in 

the frequency, and the polarization of the adsorbed water does not catch up with this high-

frequency rate and hence dielectric constant is small and becomes independent of soil moisture 

[44]. Thus among all frequencies, 500 Hz was frozen for all the other experiments, as it proved to 

be quantitatively sensitive. 

In this work, we tested the response of the fabricated micro-sensor on three different soils 

(clayey, silt loam, and loamy sand soil) with four different materials as the sensing film, which 

indicates the significance of the present work, when compared to our previous work [27]. Fig. 3(a-

c) shows the response of the fabricated micro-sensor in three soils for different materials MoS2, 

V2O5, MoO3 and GO. From this data, it is evident that for all the materials, sensor capacitance 

monotonically increases with an increase in the soil water content, which is in agreement with the 

reference [27]. An increase in the soil water content increases the adsorbed water molecule at the 

oxide surface, which strengthens the polarization and thus the capacitance of the sensor increases 

[44]. As can be seen in Fig. 3, the sensor capacitance showed a minimal variation (error bar) in 

black soil as compared to the other two soils and the reason is upfront that is high water uptake 

capability of black soil. MoS2 was highly sensitive among all the four materials and attained a 

540% increase in sensitivity in clayey (black) soil. Hence, we focused on the analysis of MoS2 and 

carried out in-situ Fourier-transform infrared spectroscopy (FTIR) as shown in Fig. 3(d) to identify 

the –OH bonds. FTIR with in-situ relative humidity generation capability was used in this work. 

The initial run (black in Fig. 3[d]) was obtained without any humidity in the chamber at room 

temperature. It is crucial to notice that the devices were directly taken from the heating chamber 

to avoid any moisture being around. Then the red curve was obtained after passing the humidity 

into the holder containing a sensor inside the chamber, and we used an externally connected 
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bubbler to generate humidity. Scan was conducted from 400 cm-1 to 4000 cm-1 wavenumbers as 

the significant peaks for MoS2 are near 3900 cm-1 and for OH, it is broad range. The sample loaded 

for experiment was dried under inert ambience before analysis and thus corresponding –OH peaks 

are low in intensity as observed at the beginning. We saw an increase in the intensity of OH peaks 

in 1500 cm-1 to 1600 cm-1 range (Fig. 3[e]) and in 3640 cm-1 to 3900 cm-1 (Fig. 3[f]) range, thus 

confirming the adsorption of H2O molecules on the surface. As the receptor material was wholly 

packed in a nylon mesh to avoid any soil particles barging in, the response can be attributed entirely 

to moisture entering the sensor and the FTIR study also shows corresponding changes accordingly.  

 

 
Fig.  3. Sensitivity response of all devices exposed to (a) Black soil (b) Red soil (c) Loamy sand at multiple moisture 

concentrations (measurement frequency 500 Hz) at different moisture levels and (d) In-situ FTIR study for 60 min 

exposure time (e) zoom-in of FTIR between  1500 cm-1 and 1600 cm-1 
and (f) zoom-in of FTIR between  3600 cm-1 

and 3900 cm-1. 

 

 

From Fig. 3(a, b, c) it can be inferred that the sensor’s sensitivity decreases with a decrease in 

Jo
ur

na
l P

re
-p

ro
of



13 
 

the saturation limit of the soil and is attributed to the water holding capacity of the soil matrix. 

Soils having a larger saturation limit will have a higher water retention capacity and thus the 

amount of water molecule amiable for the sensing will be significant. As the saturation limit 

decreases the water retention capacity of the soil decreases and therefore sensitivity drops due to 

lack of availability of water molecules [6]. 

 

For in-situ soil moisture measurements, it is of the highest importance to understand and a

nalyze the hysteresis of the sensor.  Fig. 4 shows a reversible dynamic response of the IDE sensor

s of materials with varying water content in both conditions of adsorption and desorption. Fig. 4(

a-d) depicts the hysteresis behavior of the fabricated micro-sensor and showed a small hysteresis. 

The lag in the SMS is attributed to the presence of retained water molecules after the desorption p

rocess. Supporting information details more on the reason for hysteresis and comparison with oth

er soils. 

 

3.2 Sensor transient analysis and effect of temperature 

Real-time screening of moisture content in soils is of utmost importance to ward off 

potential dangers like the growth of fungi and other pests. So far, MoS2 proved to be a potential 

material for the detection of soil moisture in all the soils with a reasonable response and recovery 
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Fig.  4. Hysteresis study of (a) MoS2 (b) V2O5 (c) MoO3 and (d) GO samples at moisture levels of (7%, 18%, 29%, 

39% and 55%) in black soil at 500 Hz frequency 

 

time at 23% gravimetric moisture content. In the case of black soil (as shown in Fig. 5[a]), to reach 

90% of the maximum response, MoS2 took 65 s, V2O5 took 50 s, MoO3 took 93 s and GO 85 s. 

Whereas, the recovery times are 27 s, 17 s, 14 s, and 15 s for MoS2, GO, MoO3, and V2O5, 

respectively. Although the MoS2 response time lags behind V2O5 by 15 s, the sensitivity attained 

is excessively high for MoS2, confirming the presence of more deep traps.  

However, during the day, temperature variation is always the concern for most of the in-

situ soil moisture sensors, which may alter the sensor response deployed in the field. For the in-

situ measurements, the sensors should be dependent on the diurnal temperature variations to 

maintain the accuracy of the soil moisture measurements. In this work, we studied and analyzed 
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the effect of temperature on the fabricated micro-sensor and maximum error introduced in the soil 

moisture measurements for each type of soil. To analyze the sensor response for different 

temperatures, we have placed the fabricated micro-sensor in the environmental chamber and varied 

the temperature from 25 °C to 50 °C and the humidity was maintained at 50% RH. Fig. 5(b) shows 

the response of the fabricated micro-sensor for different materials used for the soil moisture 

measurements. It can be observed that for V2O5, GO, MoS2, MoO3, the percentage change at 25 °C 

is around 13%, 16%, 26%, 16%, respectively. Table S1 tabulates the maximum difference in the 

soil moisture measurements for maximum soil moisture values, calculated at 50 °C. Further, the 

two-cycle experiments, in Fig. 5(c) shows the characteristics of the device in a continuous-time 

format. Here, we observed that during the second cycle the response time increased slightly. 

Hence, from Fig. 5(c), it is evident that all materials offer excellent repeatability. Surface analysis 

was performed on the devices coated with different 2D materials with a specialized surface probing 

microscope (SPM), which measures the surface potential. Here, Kelvin probe force microscopy 

(KPFM) was used to understand the moisture interaction with MoS2 and is depicted in Fig. 5(d). A 

change of 213 mV in the contact potential difference (CPD) was observed on moisture exposed 

MoS2. Complete details on the operation conditions and calibration of KPFM are provided in the 

supporting information. 
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Fig.  5. Transient analysis of soil with a single gravimetric moisture content (23%) (a) MoS2, V2O5, MoO3 and GO 

(b) Temperature effect on sensor performance in the range of (25° C to 45° C) in black soil. (c) Two cycles of 

transient analysis (d) Work function changes in the MoS2 sensors after exposure to moisture.  

 

 

Fig. 6(a) corresponds to the surface topology captured for pristine MoS2, whereas Fig. 6(b) 

corresponds to the surface potential of the area in Fig. 6(a). Similarly, Fig. 6(c) corresponds to the 

surface topology captured for MoS2 exposed to moisture, whereas Fig. 6(d) corresponds to the 

surface potential of the area in Fig. 6(c). From these images, it is evident that there is a change in 

the surface topology and the contact tip observes the same in the form change in VCPD values.  To 

confirm the hypothesis of KPFM, we have explored the effect of moisture on the elemental 

compositions of MoS2 material with the help of X-ray photoelectron spectroscopy (XPS) 

instrument as shown in Fig. S5(a & b). The deposited sample of as procured MoS2 was investigated 
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with XPS for chemical composition and to quantify the individual elements. The composition of 

oxygen and carbon atoms is presented in Table S2. At the same time, we also obtained spectrum 

of other elements like Mo, S, O, and C. The survey spectrum indicates that a significant reduction 

in the oxygen component of MoS2 was observed after moisture exposure (Fig. S5[b]). This can in-

turn, help in reducing the work function of the material that exactly synchronizes with the recently 

witnessed KPFM results. The C1s peaks observed in the XPS spectrum may be due to the 

contamination effect.  

 

 

 

 
Fig.  6. Surface topography image of MoS2 (a) before and (c) after moisture exposure; (b) and (d) corresponds to 

surface potential between probe and sample (CPD), respectively. 

 

(a) (b) 

(c) (d) 
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3.3 Sensing mechanism 

As presented in Fig. 3 and Fig. 5, our experimental data from steady-state and transient analysis 

of capacitance measurements suggest that MoS2 based sensor outperformed other sensing 

elements. We can understand the reason for reasonable sensing mechanism in the two active 

materials as follows: In the case of graphite oxide, it is known that hydration characteristics are 

mainly attributed to the amount of oxygen and hydrated ions in inter-planar spacings, edges and 

interplanar gaps between the layers. When water molecules are in contact with GO, it makes 

hydrogen bonding with carboxide and carbonyl functional groups [52]. It was reported that water 

remains tightly bound in GO interlayers, even as it varies with the magnitude of hydration levels. 

It does not show any translational motion, whereas it is distributed in non-interlayer voids when 

there is excess water, leading to the observation of additional movement of confined water [53]. 

The water uptake capacity of GO is high due to its inherent hydrophilic nature but it is unable to 

retain more water molecules may be due to non-conformality on IDE configuration. By contrast, 

the response of MoS2 based soil moisture sensor is a two-fold process, a) availability of edge and 

surface sites from MoS2 with a distinct density of states. It is worthy to note that due to the size 

confinement, MoS2 nanomaterial surface charge leads to interfacial polarization of water 

molecules at edge atoms. It creates the dipole environment around the sulfur layer which has a 

higher tendency to absorb the water molecules with greater affinity.  The higher capacitance 

observed can be attributed to the resultant of orientation polarization and interfacial polarization. 

At this moment, it is exceedingly difficult to quantify the contributions from each material, 

however, it is insignificant in this work to know since the higher response is required from the 

sensing element for the deployment in soil sensing. b) The other reason is hydrophobicity of MoS2 

flakes, which mostly accepts water molecules by physisorption on the surface leading to loose 
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bonding, consequently, when the water content is reduced, within a short period, it recovers to low 

capacitance. It is also interesting to note that, when the water content is increasing on MoS2 sensor 

surface, a continuous physisorption water layer is formed and it might become even thicker where 

water molecules can form a film on the surface (Fig. S7). According to the ion transfer mechanism, 

adjacent water molecules exchange proton by converting each water molecule into hydronium ion 

and this process continues and increases the charge transfer with an increase in water content. This 

proton transfer process that occurred at low frequencies may cause an increase in capacitance 

abruptly and this process is reported for MoO3-NiO composite sensors [54] where they understood 

the sensing mechanism with the help of impedance analysis.  

 

Table 1 tabulates the comparative analysis of different advanced materials used in this work, 

which compares the various micro-sensors parameters. From Table 1, it is evident that MoS2 offers 

the advantage of being the highest sensitivity and has less effect of ion concentration present in 

the soil among the other materials. Though one can see the impact of temperature change was 

obvious, it was an order less as compared to the usual response of the device to soil moisture. 

Similarly, the effect of ion concentration present in the soil was negligible on the sensor response 

(maximum 2%).  

Table 1. Comparison of different sensors parameters   

 

Material 

under 

test  

Crucial Parameters 

Sensitivity for 

clayey soil 

Hysteresis Response 

time (Sec) 
* 

Effect of 

temperature 

Effect of ion 

concentration 

MoS2 540 ±5 % 65 26 % 1.1% 

V2O5 109 ±5 % 50 13% 1.7% 

GO 380 ±3 % 85 16% 1.8% 

MoO3 222 ±3 % 93 16% 1.3% 

*(to reach 90% of the maximum response) 
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4. Conclusion 

In summary, advanced and different types of low-dimensional materials are tested and 

analyzed their sensor’s capacitance in IDE device configuration and demonstrated their application 

for sensing soil-moisture in black, red and loamy soils. 500 Hz is used as the optimized frequency 

for all the devices under test. When compared to other materials MoS2 coated device has shown a 

sensitivity as high as 540% in black soil. We also maintained gravimetric water content as low as 

7% for black soil while taking measurements and the device responded with good sensitivity at 

such low concentrations. In-situ FTIR and KPFM results confirmed the presence of physisorbed 

moisture on top of the MoS2.  Furthermore, a change in sensor response with the change in 

temperature (25 °C to 50 °C) is studied on these devices. We observed that temperature in this 

range has minimal effect as compared to actual soil moisture and such response can be 

compensated with onboard electronics. Similarly, other salts present in the soil have minimal effect 

on the response of the device. We anticipate that in-situ soil moisture sensors are highly essential 

to automate the agriculture industry helping farmers for better and healthy plants and to protect 

the plant from other water-borne diseases.  
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