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Abstract 

In this work, a piezoresistive sensor was fabricated by depositing a zinc oxide (ZnO) thin film onto a 

silicon wafer. Using the spray pyrolysis (SP) technique, several ZnO films with different electrical 

resistance values were deposited and subsequently analyzed by scanning electron microscopy 

(SEM) to reveal their morphology, a curve tracer to obtain the I�V characteristics, energy-dispersive 

spectroscopy (EDS) to confirm chemical composition, and a spectrophotometer for transmittance 

and absorbance tests. The fabrication of sensors on bakelite sheets with copper coating is also 

described, followed by comparative tests of mechanical pressure versus electrical resistance. Finally, 

the characterization data of the sensor are presented, along with its implementation through a 

voltage divider and an ESP32 microcontroller, one of the most widely used platforms for IoT system 

design.  
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1. Introduction. Piezoresistive Sensor 

Currently, Internet of Things (IoT) technology surrounds us and has become part of everyday life. 

From entertainment to the workplace, we use electronic devices that upload and download data 

from the internet to automate processes or ensure better service. Most of these devices are 

manufactured with semiconductor materials such as silicon [1]. A fundamental component for such 

automation processes is sensors, among which piezoresistive sensors are widely used in medicine, 

the metal-mechanical industry, and the automotive sector, among others, as pressure and vibration 

sensors [2,3]. Therefore, this work aims to present the fabrication of a ZnO-based piezoresistive 

sensor for IoT applications. 

1.1. Definition 

Piezoresistive sensors are devices that convert mechanical stresses (pressure, strain, vibration, or 

acceleration) into variations in electrical resistance due to the piezoresistive effect of certain 

materials such as ceramics (PZT or LiNbO), polymers (PVDF), composites (hydrogels), and crystalline 

solids like zinc oxide (ZnO) [4,5]. 



1.2.  Fabrication Techniques 

We focus on zinc oxide as the material for piezoresistive sensor fabrication because it is inexpensive, 

non-toxic, and easy to synthesize [6�8]. Current scientific literature reports several techniques for 

obtaining ZnO thin films, including Metal-Organic Chemical Vapor Deposition (MOCVD), Molecular 

Layer Deposition (MLD), sol-gel spin coating, and Spray Pyrolysis (SP) [9�12]. These methods range 

from sophisticated equipment such as the Annealsys MC-200 [9] to simpler systems like homemade 

spray pyrolysis setups with ultrasonic atomization [10]. The latter was chosen in this study due to 

its ease of use, efficiency in producing thin films, and cost-effectiveness. 

1.3.  Applications 

Regarding the application of ZnO piezoelectric and piezoresistive sensors in IoT systems, several 

studies stand out. For instance, ZnO films deposited by spin coating have been applied in 

meteorological sensing to detect wind force, with future work proposed to integrate the sensor 

signal into an IoT system [13]. Additionally, ZnO nanowires fabricated by atomic layer deposition 

have been used for energy harvesting to power low-power IoT devices [14]. In another case, flexible 

ZnO membranes were incorporated into a glove that, via Wi-Fi connection, controlled the 

movement of a small vehicle [15]. Similarly, ZnO nanotubes deposited on a flexible substrate were 

integrated into a glove to manipulate a hand-like mechanism, using microcontrollers with Wi-Fi 

connectivity to enable IoT functionality [16]. Thus, this project seeks to develop a piezoresistive 

sensor capable of wireless connection to mobile devices, such as smartphones or laptops, for real-

time monitoring of mechanical pressure. 

 

2.  Methodology. Spray Pyrolysis (SP) 

The technique employed in this project is spray pyrolysis, a simple, cost-effective, and versatile 

method that facilitates the fabrication of semiconductor oxide films used in sensors and 

photovoltaic devices, among other applications [17�19]. The general methodology of this technique 

can be divided into two stages, described below. 

2.1.  Precursor Solution Composition 

The precursor solution must be chemically stable, soluble in common solvents, and thermally 

decomposable. Several studies have demonstrated that the nature of the solution�its viscosity, 

density, pH, and concentration�directly affects the optical and electrical properties of the resulting 

product, as it influences thermal decomposition, atomization, structure, and particle size of the 

deposited film [20]. Commonly used precursors include tin chloride, copper nitrate, ferric nitrate, 

zinc nitrate, zinc acetate, zinc chloride, and titanium isopropoxide. Solvents typically include 

ethanol, acetic acid, water, distilled water, or isopropanol [21]. It should be noted that not all 

precursors can be dissolved in the same solvent. In this project, zinc acetate was used. To determine 

the required amount of zinc acetate, calculations were performed using the following formula [22]: 

𝑍݅݊ܿ ݁ݐܽݐ݁ܿܣ [𝑍݊(ܿܣ)2] =
ܯܲ × ܥ × ݌ܸ ܯܲ     = Molecular weight of zinc acetate Zn(Ac)₂ (g/mol) 



ܥ = Target ZnO concentration (mol/L) ܸ = Prepared solution volume (L) ݌ = Purity factor of the commercial precursor 

𝑍݊(ܿܣ)2 =
219.5 × 0.05 × 0.2

0.98
= 2.23݃ 

Subsequently, 2.23 g of zinc acetate were dissolved in 50 mL of methanol. The solution was 

subjected to ultrasonic agitation for 30 minutes and then allowed to rest for 24 hours to ensure 

complete homogenization. 

1.2. Aerosol Generation and Transport.  

This stage involves converting the precursor solution into a fine mist of microdroplets, which are 

subsequently directed toward a heated substrate maintained between 300 and 500 °C, depending 

on the intended application [23]. Several atomization methods are commonly employed: 

 Pneumatic (airbrush): utilizes compressed air to fragment the solution into droplets ranging from 

10 to 50 µm [24]. 

 Electrostatic: employs strong electric fields to generate droplets with diameters below 1 µm [25]. 

 Ultrasonic: relies on vibrations in the 20�1700 kHz range to produce droplets between 1 and 10 

µm [26]. 

Following atomization, the aerosol must be transported to the substrate using carrier gases such as 

air, diatomic nitrogen (N₂), or argon (Ar). Critical parameters—including flow velocity, direction, and 
the nozzle-to-substrate distance (10�20 cm)�must be carefully controlled, as they significantly 

influence film dispersion and thickness [27,28]. 

In this work, ultrasonic atomization was employed to generate microdroplets of the precursor 

solution. The deposition process was carried out under controlled conditions, with a nozzle-to-

substrate distance of 1.5�2 cm, a substrate temperature of 450 °C, and a deposition time ranging 

from 5 to 10 minutes. The precursor aerosol was transported to the substrate using an air pump 

and a flowmeter, maintaining a constant flow rate between 328 and 492 L/min. Prior to deposition, 

the silicon wafer substrates were subjected to a cleaning protocol to eliminate impurities and ensure 

the formation of high-quality ZnO thin films. 

3. Characterization.  

3.1. SEM Morphology.  

Figure 1 presents SEM micrographs acquired with a FlexSEM 1000 at Instituto Tecnológico de 

Apizaco, Tlaxcala, Mexico. In Figure 1(a), recorded at a magnification scale of 3 μm with an 
accelerating voltage of 20 kV and a working distance of 6.7 mm, a pronounced agglomeration 

of quasi-spherical ZnO nanoparticles is observed, with diameters ranging from approximately 

100 to 500 nm. No evidence of cracks, voids, or large-scale discontinuities was detected, 

consistent with the typical morphology of ZnO films [26�28]. Figure 1(b), obtained at a scale of 

1 μm, further confirms the uniform and homogeneous coverage of the substrate by the ZnO 
layer. 



 

 

 

 

 

 

 

 

 

 

3.2. Profilometry 

Complementary thickness measurements were performed using a Dektak 150 surface profilometer 

at Benemérita Universidad Autónoma de Puebla. The analysis reported a step height of ~440 nm 

and revealed morphological valleys in the range of 380�920 nm, indicative of the irregularities 

commonly associated with spray pyrolysis deposition [29�32]. 

Based on the profilometry data, the curve presented in Figure 2 was obtained. A plateau is evident 

in the central region between 3,150 and 7,020 μm (highlighted in red). The average vertical 
displacement calculation yielded a film thickness of approximately 489 nm (highlighted in green). 

Using these same data, surface roughness parameters were subsequently determined by applying 

the following well-established formulas [33�35]. 

ܴ௔ =
1ܰ ௜ݔ|∑ − |ݔ̅

ே
௜=1                  

a) b) 

Fig.  1. SEM micrographs obtained with the FlexSEM 1000: (a) 3 μm scale, (b) 1 μm scale 

Fig.  2. Profilometry curve showing the thickness and surface roughness of the ZnO 

thin film. 



ܴ௤ = √1ܰ ௜ݔ)∑ − 2ே(̅ ݔ
௜=1  

ܴ௭ =
1

5
௝݌)∑ − ௝)5ݒ
௝=1    

The roughness formulas were implemented in Jupyter using Python3. The analysis yielded an 

average roughness of ܴܽ = 109.2 ݊݉, an RMS roughness of ܴݍ = 131 ݊݉, and a peak-to-valley 

roughness of ܴݖ = 577.5 nm, values consistent with the morphological irregularities observed in 

ZnO films deposited by spray pyrolysis. 

3.3. Chemical Composition.  

Figure 3 shows the results of Energy Dispersive X-ray Spectroscopy (EDS) mapping conducted at 

Instituto Tecnológico de Apizaco. The analysis confirmed the homogeneous distribution of zinc 

(cyan) and oxygen (red) within the ZnO thin film, demonstrating compositional uniformity in the 

deposited layer. Additionally, silicon (green) was detected, originating from the substrate. The 

atomic percentages obtained were: 

 Oxygen: 29.4% 

 Zinc: 15.3% 

 Silicon: 57.7% 

These results are consistent with the expected stoichiometry of zinc oxide, confirming that a 

significant proportion of the compound is uniformly distributed across the silicon substrate.  

3.4. Optical Properties.  

The optical behavior of the ZnO films was evaluated through UV�visible spectroscopy using the 

spectrophotometer at Instituto Tecnológico de Apizaco. Figure 3(a) displays the transmittance 

spectrum, where the intersection of the green lines highlights a high transmittance (>70%) within 

the visible range (400�800 nm), indicative of excellent transparency. Finally, Figure 3(b) illustrates a 

wide band gap of approximately 3.2�3.3 eV, confirming the semiconducting nature of ZnO and 

aligning with values reported in previous studies [36�39]. 

Fig.  3. EDS mapping results indicating the presence of silicon, zinc, and oxygen in the analyzed sample. 



 

 

2. Fabrication of the Piezoresistive Sensor.  

Following the deposition of ZnO thin films onto silicon wafers, the assembly of the piezoresistive 

sensor was carried out by coupling the silicon substrate with a copper plate, which acted as the 

positive electrode. A silver contact was deposited on the ZnO layer to establish the negative 

terminal. Figure 5 illustrates the schematic representation of the assembled heterostructure, 

consisting�top to bottom�of silver, ZnO, silicon, silver, and copper layers. 

It is important to highlight that zinc oxide exhibits photosensitivity [36,37], which represents a 

challenge for the objectives of this study, as the resistance values vary not only with mechanical 

pressure but also with the intensity of incident light on the sensor�s surface. To mitigate this effect, 

the sensor was shielded with dark tape, thereby eliminating light interference during mechanical 

pressure measurements.  

Fig.  4. Optical characterization graphs: (a) transmittance spectrum and (b) band gap estimation. 

Fig.  5. Diagram showing the assembly process of the piezoresistive sensor 

b) a) 



Each sensor fabricated displayed distinct electrical resistance values. These were determined using 

a FLUKE 18B+ digital multimeter, while the applied load was quantified with a precision scale. The 

corresponding results are summarized in Table 1. 

Tabla 1.  Electrical resistance values obtained from the four fabricated sensors. 

Sensor 

Resistance 

without applied 

mechanical load 

Resistance 

under 10 

kg load 

Sensor 1 332 kΩ 175 kΩ 

Sensor 2 500 kΩ 12.5KΩ 

Sensor 3 2.84 MΩ 1.10 MΩ 

Sensor 4 4 MΩ 1.47 MΩ 

 

1. Electronic circuit designed for IoT applications. 

Prior to data acquisition, it is essential to properly sample the analog signal generated by the sensor. 

For this purpose, an ESP32 development board was employed, equipped with a 12-bit 

analog-to-digital converter (ADC). Consequently, the input analog signal, varying between 0 and 3.3 

V, is discretized into integer values spanning the range of 0 to 4095. The ESP32 architecture supports 

sampling rates of approximately 6 kHz. Considering the Nyquist-Shannon Sampling Theorem [40,41], 

the condition can be expressed as follows:  

If a signal x(t) is bounded by a maximum frequency f_max, then the sampling process must satisfy: 

௦݂ ≥ 2 ∙ ௠݂௔௫ 

where: ௦݂ = the sampling frequency. ௠݂௔௫ = the maximum frequency component contained in the signal. 

Consequently, the maximum frequency component (fmax) of the signal to be sampled must be less 

than or equal to half of the sampling frequency. In this case, the limit is 3 kHz, which is adequate for 

the intended application of this sensor in electric motor diagnostics based on mechanical vibration 

analysis [42�44].  

To achieve proper signal conditioning within the 0�3.3 V input range, a voltage divider circuit was 

implemented, as illustrated in Figure 6. Considering that the sensor operates as a variable resistor, 

and based on the resistance values reported in Table 1, the output voltage of the voltage divider 

connected to the microcontroller can be determined. As an illustrative case, Sensor 2 exhibits 

resistance values ranging from 500 kΩ to 12.5 kΩ. With a supply voltage (VCC) of 3.5 V and a fixed 
resistor of 100 kΩ, the calculation is performed using the following well-established formula [45–
௫ݒ :[47 =

ܴ௫்ܴ  ܧ

In this case:  ݒ௫ =   the voltage across the fixed resistor,  



ܴ௫ = the fixed resistance,  ்ܴ = the total resistance of the circuit. ܧ = the supply voltage (VCC). 

For the lower bound of the output voltage (ݒ௫௠௜௡), the total resistance is calculated as: ்ܴ = 500 + 100 = 600 ݇ 

 Yielding: ݒ௫௠௜௡ =  ݒ 0.5

 Conversely, for the upper bound (ݒ௫௠௔௫), the total resistance is: 12.5 + 100 =  ߗ݇ 112.5

resulting in:  ݒ௫௠௔௫ =  ݒ 3.1

Accordingly, the voltage range produced by the sensor�s resistive variation spans from 0.5 to 3.1 V. 

These values lie well within the manufacturer�s specified input range for analog signals (0 to 3.5 V) 

[48]. 

 

7. ESP32 Programming   

After confirming that the analog signal produced by the sensor lies within the required range, the 

next step involved designing the program, structured according to the algorithm illustrated in Figure 

7. 

Fig.  6. Voltage divider circuit 

implemented for sensor signal 

acquisition 



The section of the algorithm highlighted in red was implemented as a dedicated routine, illustrated 

in Figure 8. Within this routine, the constrain function defines the upper and lower bounds of the 

sensor signal. The parameters for this function were obtained through preliminary testing, in which 

the sensor was connected to the ESP32 analog input and the serial monitor was activated to record 

the detected values. The sensor output was approximately 2700 units without applied load and 3200 

units under a 10 kg load. 

Subsequently, the map function was employed to rescale the values from the original range of 

2700�3200 into a normalized range of 0�100%. Once the percentage corresponding to the 

measured signal is determined, the value is returned and transmitted via the internet to both the 

application interface and the LED visualizer. Data management in the cloud was enabled through 

Blynk Inc., whose free service provides the essential functionalities required to validate and test the 

performance of the proposed sensor. 
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Fig.  7. Routine implemented for sensor signal processing. 

Fig.  8. Algorithm developed for ESP32 programming. 



7. Conclusions  

Overall, the experimental results were satisfactory. Figure 9(a) illustrates the Blynk platform 

interface, confirming successful recognition of the sensor, while Figure 9(b) presents the sensor 

output expressed as a percentage within the Blynk application. A delay of 500 ms was programmed, 

resulting in data updates every 0.5 seconds; this parameter can be reduced if faster response times 

are required. Final validation involved applying finger pressure, which was readily detected by the 

sensor and simultaneously displayed both in the app and on the LED array.  

From these findings, it can be concluded that ZnO deposited on Silicon+ exhibits excellent 

performance as a piezoresistive sensor, and that spray pyrolysis is an effective fabrication technique 

for this application. Nevertheless, the method revealed non-uniformity in film thickness, as 

evidenced by profilometry measurements. The sensor�s sensitivity and detection range proved to 

be reasonably good, with performance adaptable to specific applications through ESP32 

programming. 

Future work will explore the sol-gel technique combined with spin coating, aiming to achieve 

improved material uniformity and thereby assess potential impacts on sensor sensitivity, accuracy, 

and precision. Furthermore, enhancements to the microcontroller programming are envisioned, 

incorporating functions to express results in standardized pressure units (Pa, PSI), from which force 

(N, kgf) or mass (kg) can be derived 

 

 

 

(b) (a) 

Fig.  9. (a) Recognition of the sensor within the Blynk platform interface (b) Real-time visualization of sensor 

readings through the Blynk application 
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