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Abstract
Nitrogen dioxide (NO2) gas detection is crucial for atmospheric environmental safety, industrial
productionmonitoring, and traffic exhaust emission control. Reported detection devices often suffer
frompoor portability, insufficient selectivity, and demanding application requirements.Herein, we
present a portable high-specificity and sensitivityNO2 gas sensor based on silicon nanowire array
field-effect transistors (SiNWFETs). TheNO2 gas sensor is fabricated on a (111) silicon-on-insulator
(SOI) by the standardMEMS technology, which achieving high consistency in the dimensions of
silicon nanowires. The experimental results demonstrated that the as-fabricatedNO2 gas sensor has a
high sensitivity of 20 kΩ ppm−1 and a detectableminimumNO2 concentration of 1.31 ppm. In
addition, theNO2 gas sensor exhibits a remarkable specificity, as evidenced by its significantly higher
response toNO2 compared to SO2, CO,NH3,O3, C2H5OHand air. The developed portable sensor
signal processing system achieves real-timemonitoring and display ofNO2 concentration in the
atmosphere. Furthermore, this research provides a high precision, easy installation and low costNO2

detector, indicating a good potential for industrial and civil applications in the future.

1. Introduction

NO2 is one of themajor gases emitted from industrial waste and automobile internal combustion engines,
contributing to air pollution and health issues [1, 2]. The hazardous concentration limit forNO2 exposure
within one hour is 200 μg m−3 (0.106 ppm), with awarning threshold of 400 μg m−3 according toWHO
clinical data. Acute exposure toNO2 at parts-per-million (ppm) levels can induce adverse health effects,
including respiratory irritation, ocular discomfort, and cephalalgia [1, 3, 4]. Consequently, the deployment of
highly sensitive and portableNO2monitoring systems is imperative for the timely identification of atmospheric
contamination and industrial leakages. Such proactive detection capabilities are critical for implementing
effectivemitigation strategies, thereby safeguarding public health andminimizing ancillary socioeconomic
burdens associatedwith healthcare and environmental rehabilitation [5–7].

Numerous research institutions and enterprises are actively developing novelmaterials to enhance the
sensitivity, selectivity, and stability ofNO2 gas sensors.Moreover, the global emphasis on environmental
protection and the increase inmarket demand have provided strong support for the development ofNO2 gas
detection technologies.However, several currently availablematureNO2 gas detection technologies all exhibit
certain limitations. For example, the chemiluminescencemethod detectsNO2 by generating a light signal
through a chemical reaction [8–10]. However, this technology is sensitive to environmental interference, which
may lead to false positives. Another example is the spectroscopicmethod, analyzing the characteristic
absorptionNO2 of peaks using ultraviolet or infrared spectroscopy.However, this technology is expensive and
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requires specialized operation andmaintenance [11–13].Most existingNO2 gasmonitoring sensors face
significant challenges, including low selectivity, stringent environmental requirements, and poor portability.
Therefore, realizing aNO2 detectionmethod that considers selectivity, portability and high sensitivity is of
great significance for future industrial applications and scientific research [14, 15].

Silicon nanowire (SiNW) array field-effect transistors (FETs) have emerged as a compelling sensing element
for biochemical detection systems, distinguished by their exceptional attributes [16]. These include a high
surface-to-volume ratio that amplifies analyte interactions, inherentminiaturization potential that facilitates
low-cost batch fabrication, and superior electronic properties that engender high signal-to-noise ratios and
remarkable sensitivity. Furthermore, the functionalization flexibility of SiNWsurfaces provides a pathway to
achieving high selectivity toward target gases.

In this paper, we propose aNO2 gas sensor systembased on a silicon nanowire array field-effect transistor
[17–19]. The nanowire structure has a higher aspect ratio and surface-to-volume ratio than thin films, resulting
in excellent high-sensitivity performance. The silicon nanowire field-effect transistor array is a resistive element
with a linear resistance change characteristic of 20 kΩ ppm−1, providing good environmental adaptability for
the system. The design of this systemwill address issues associatedwith existingNO2monitoring sensors such
as complex installation, high costs, strict environmental requirements, and inconvenient portability.

2. Systemdesign

We fabricated a silicon nanowire array FET-based gas sensor system for real-timeNO2 concentration
monitoring in ambient air [20, 21]. The system exhibits a sensitivity as high as 20 kΩ ppm−1, enabling highly
sensitive and accurate detection ofNO2 gas. The silicon nanowires array FET exhibits good linearity in the
concentration range of 5 ppm to 20 ppm. The sensor can operate effectively at low concentrations, facilitating
early detection of air quality issues or industrial safety hazards (e.g., NO2 leaks), therebymitigatingNO2-related
environmental pollution and health risks. Additionally, the system is designed in a pen-like shape and compact.
This design enables its widespread application in various scenarios, including industrial environments, indoor
air qualitymonitoring and outdoor air qualitymonitoring.

The sensingmechanismhinges on the electron affinity ofNO2molecules. Upon adsorption onto the SiNW
surface,NO2 acts as an electron acceptor, extracting electrons from the p-type SiNWchannel. This surface
charge transfer phenomenondepletes themajority hole carriers, therebymodulating the channel conductance.
The resultant increase in source-drain current (ISD) is quantitatively correlatedwith the ambientNO2

concentration, providing the fundamental basis for detection [22]Bymeasuring the change in resistance, the
concentration ofNO2 in the gas can be inferred. The structure and reactionmechanismof the silicon nanowire
device are shown in figure 1.

The silicon nanowire array FET is utilized as the sensing element to detect theNO2 of concentration,
because it is a resistive element characterized by a linear resistance change at 20 kΩ ppm−1. The resistance signal
is then converted into a voltage output using aWheatstone bridge circuit. This output is processed through a
filter and a buffer to produce a smooth curve, ensuring isolation between the preceding and following stages of
the system. The voltage signal is submitted to the embeddedmicroprocessor control system through a high-
performance analog-to-digital converter (ADC). Themicrocontroller systemuses a series of digital signal

Figure 1. Structure and principle of the siliconnanowire arrayNO2 gas sensor. (a) components of the silicon nanowire arrayNO2 gas
sensor (b)Working principle ofNO2 gas sensor (c)MechanismdiagramofNO2 adsorption on the surface of the silicon nanowire
array.
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processing algorithms to transmit the obtained data via the I2C communication protocol, displaying the results
on anOLED screen for visualization.

2.1. Preparation and structural analysis of the sensing element
The performance of the sensing element is crucial to the system. The silicon nanowire arrayNO2 gas sensor is
used to detect changes inNO2 concentration in the air. The silicon nanowires exhibit a high degree of
uniformity in diameter by the designedmicrofabrication processes for (111)-oriented SOI siliconwafers.
Compared to single silicon nanowire devices, the detection signal capability of silicon nanowire array is
stronger andmore stable, with a significantly enhanced signal-to-noise ratio. This enables the detection of
subtle variations in ambientNO2 concentration and excellent dynamic response characteristics [16, 23].

First, the siliconwaferwas anisotropically etched in a 40 wt%KOH solution at 50 °C to formhexagonal
etch pits, with all sidewalls belonging to the (111) crystal plane family. Between two adjacent hexagonal pits, a
single-crystal silicon thin-wall structurewith a predefinedwidth of 500 nmwas formed.Next, a squarewindow
was etched in the silicon nitride layer at a specific region, followed by boron ion implantation and annealing.
The ion implantationwas performed at an energy of 40KeVwith a dose of 1E15cm−2, and the annealingwas
carried out at 1000 °C for 15 min. Subsequently, a gold electrodewas fabricated in this region, while a gate
electrodewas patterned on the suspended silicon nitride thin film.

We achieve Triangular-cross-section SiNWarrays by precisely controlling the parameters of thewet
etching process (wet etching time, wet etching rate, and dry etching depth). Additionally, a top gate electrode
was designed to safeguard the SiNW fromdamage. Subsequently, following the establishment of electrode
connections via ion implantation, the source and drainwere fabricated, culminating in the packaging of the
SiNWarray field-effect transistors. Themicrographs of the silicon nanowire array field-effect transistors and
the fabrication flowchart are shown in figure 2.

Figure 2.Preparation process of the silicon nanowire arrayNO2 gas sensor. (a)The SEM image of SiNWarray, the siliconnitride film
of the device is removed to show its internal structure. (b) Local amplification diagramof the SiNWarray. (c) SEM image of a single
SiNW (d)Process for the preparation of silicon nanowire array. (e) Statistical chart of the diameter distribution for 50 silicon
nanowire arrays.
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The system employs a silicon nanowire array as the sensing element. Upon adsorption ofNO2molecules on
the silicon nanowire surface, electrons transfer from the nanowire to the unpaired orbitals ofNO2. This charge
transfer increases the hole carrier density in the nanowire, therebymodulating the sensor’s conductivity. A
Wheatstone bridge circuit converts the resistance signal into a voltage output forMCU-compatible signal
processing. TheNO2 concentration is quantified based on the calibrated voltage-concentration relationship.

2.2. Signal processing anddetection system
The resistance change signal of the silicon nanowire arrayNO2 gas sensor is not easilymeasurable directly by
themicrocontroller system. Therefore, signal conditioning through an analog circuit is necessary to convert the
resistance signal into ameasurable voltage signal.

The high sensitivity of the bridgemeans that evenminor changes in resistance can be detected, and the
Wheatstone bridge circuit can eliminate the effects of common-mode noise on themeasurement results.
Therefore, this can enhance the sensitivity of theNO2 concentration detection system and improve the
accuracy of the test results.

When theWheatstone bridge is in an unbalanced state, the resistance of the silicon nanowire array can be
calculated by usingKirchhoff’s voltage law (KVL) andKirchhoff’s current law (KCL). From there, the
concentration ofNO2 can be inferred.

Additionally, we designed a voltage follower circuit and a second-order Sallen-Key low-pass filter using the
LM358 to achieve isolation between stages and remove high-frequency noise from the signal, thereby
improving signal quality. The LM358 adopted is awidely used dual operational amplifier, compatible with a
broad range of power supply voltages and commonly selected for implementing voltage followers and filters.
The cutoff frequency of the low-pass filter can be calculated using the values of the resistors and capacitors. For
the Sallen-Key low-pass filter, the formula for the−3dB cutoff frequency is:

( )=f
R R C C

1

2
1c

1 2 1 2

In equation (1), R1 serves as the input-stage resistor, connecting the input signal to the operational
amplifier’s non-inverting input. R2 functions as the feedback-stage resistor, linking the op-ampoutput to the
capacitive node. C1, bridging R1 andR2, creates the filter’s first pole. C2, connected between the op-amp’s non-
inverting input and ground, establishes the second pole. Substituting the values of the resistors and capacitors
yields a−3dB cutoff frequency of 50 Hz, which can reduce power frequency interference.

Themicrocontroller systemneeds to collect, encode and transmit ADC signals to the serial port. Therefore,
moreADCchannels are required to enhance theADCconversion accuracy and processing rate. To balance
cost-effectiveness and performance, we selected the STM32F103C8T6. Itsmaximumclock frequency is
72MHz and it is equippedwithDMA (DirectMemoryAccess) functionality, which improves data transfer
efficiency. Additionally, thisMCUhas two 18-channel 12-bit ADCs, capable of achieving amaximum sampling
rate of approximately 1MSPS. The signal processing flow is displayed in figure 3(a).

Themicrocontroller system is powered by a 5 V battery. For powermanagement, theHT7333 LDO (Low
Dropout) linear regulator is adopted to step down the 5 V input to 3.3 V. It is amultifunctional LDO (Low
Dropout). Its current output is 300 mA , theminimum standby current is only 2 μAand the output voltage
accuracy is within±2%.HT7333 helps to reduce the standby power consumption of the sensor system and
improve themeasurement accuracy. The PCB rendering and the structural diagramof the sensor system are
shown in figures 3(b) and (c).

3. Results and discussion

3.1. The dynamic gasmixing test system
The gas sensitivity ofNO2 gas sensor is key to ensuring accuratemeasurements in the system. The experimental
setup employs a dynamic gasmixing test system. The dynamic gasmixingmethod generates standardized gas
streams by precisely blending a calibratedNO2 sourcewith a dilution gas at programmable flow ratios. The
dilution ratio can be calculated based on the flow ratio of the two gas streams, allowing for the determination of
the concentration of the standard gas.We control the gas flow via a computer and a high-precisionmass flow
controller (AB-700) to flexibly configure the desired concentration of target gas. The systemmainly consists of
three parts: the gasmixing system, the test circuit board and the data acquisition system [24–26].

The specific calculation formula for standard gas concentration is as follows:

( ) ( )/= × +q q q 2V V V0 1 2 1
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In the formula: ρ, ρ0—mass concentrations of the prepared standard gas and the test gas of a specific
concentration (units:mg/m3), qv2, qv1—flow rates of the dilution gas and the test gas (units:ml/min).We have
constructed a dynamic testing systemusing silicon nanowire array devices to test different concentrations of
NO2. Themodel of the testing system shows in figure 4(a) and the physical diagram is shown in figure 4(b). The
sensing element of the sensor systemwas connected to a sealed container via silver wires, whilemaintaining
constant illumination, temperature, and humidity parameters. The concentration of test gaswas controlled
through the host computer of the dynamic gasmixing system. The gas is introduced into a sealed container
after preparing a specific gas of concentration using the dynamic gasmixing device.Once stabilized, the
resistance changes across the silicon nanowire device are recorded.

Figure 3.The process of how the systemworks. (a) Signal processing (b)PCBof the sensor system (c)Constitution of the sensor
system.

Figure 4.Test environment and system. (a) Schematic diagram (b)Real object.
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3.2. Signal processing anddetection algorithm
The framework is established by configuring timers (to generate specific baud rates) and registers related to the
ADC.When data is transmitted by theADC, it is blocked due towaiting for register access. To optimize data
throughput, a dual-buffer architecture is implementedwith global interrupts, enabling continuous data
acquisitionwhile preventing access conflicts. Consequently,DMA is configured for theADC to automatically
transfer sensor data from theADC register to buffer array 1, allowing theCPU to handle other tasks. Once the
data transfer is complete, the contents of buffer array 1 are copied to buffer array 2 andDMA immediately
begins the next data acquisition cycle.With the introduction ofDMA, data transfer does not require CPU
intervention, significantly reducing theCPU load.

In digital signal processing, this system employs amedian average filtering algorithm. First, N samples are
taken continuously, removing onemaximumandoneminimumvalue and then calculating the arithmetic
average of the remainingN-2 samples. This algorithm effectively eliminates sampling value deviations caused
by sporadic impulse interference. It also provides good suppression of periodic interference, resulting in a high
smoothness of the generated voltage data curve.

Then, in the test environment, firstmeasure the resistances of the silicon nanowire arrays corresponding to
five concentrations, namely 5 ppm, 10 ppm, 15 ppm, and 20 ppm, to obtain a straight-line relating
concentration to resistance. Then, through the formula of theWheatstone bridge, inversely deduce that
different ADC sampling values correspond to differentNO2 concentrations.

3.3. Sensor system sensitivity
As established in our previouswork [27], the SiNWdevices exhibit distinct humidity response characteristics.
Considering this established humidity sensitivity, all NO2 sensingmeasurements in the current studywere
conducted under strictly controlled humidity conditions to eliminate environmental interference.

In the dynamic testing system, the gas under test is in a flowing state, which requires a longer time to reach
equilibrium.As shown in figure 5(a), it can be observed that the resistance of SiNWdecreases with the increase
in the concentration of the target gas, exhibiting good linearity in the range of 0–20 ppm. In the repeatability
experiment of figure 5(b), it can be observed that the response time of SiNW is 156 s, the recovery time is 251 s,
and the repeatability is good.

3.4. Sensor selectivity
The test results and selectivity coefficients during the stable response period, processed byMATLABfiltering,
forNO2, SO2, CO, air, NH3,O3, and ethanol are shown in figure 5(c). The resistance changes during the test
were comparedwith the concentration of the targetNO2 gas to evaluate the response of the gas to the sensing
element. As shown in figure 5(c), the response value toNO2 gas is significantly higher than that of other tested
gases.

The essence of the sensor detectingNO2 is themigration of electrons.UponNO2 adsorption on SiNW
surfaces, twonew transmission peaks emerge near the Fermi level (EF), indicating the introduction of new
electronic states. These states likely originate from coupling between the LUMOofNO2 and the conduction
band of SiNWs, thereby enhancing electron transport. Acting as a strong electron acceptor, NO2 extracts
electrons from the SiNWsurface, increasing hole concentration (p-type doping effect). The presence of
unstable single electrons inNO2 gasmolecules facilitates themigration of electrons from the silicon nanowires
to the gasmolecules. This charge transfer significantlymodifies the conductive properties of SiNWs,
consequently reducing their resistance. In contrast, since the central atoms of SO2 andCOpossess no unpaired
electrons, these gasmolecules can only undergo physical adsorption on the silicon nanowire array. This results
in a lower probability of electron transfer and consequently smaller resistance variations in the silicon nanowire
array. Thus, this sensor exhibits good gas selectivity.

In summary, the sensor demonstrates high sensitivity exclusively towardsNO2 gas, with significantly lower
responses to SO2, CO,NH3,O3, C2H5OHand air [28].

3.5.Data processing algorithms
The resistance curve lacks sufficient smoothness. This is due to the existence of high-frequency noise
interference in the collected voltage signals. Therefore, this system employs an FIR digital low-pass filter to
remove high-frequency noise spikes, achieving a smooth voltage curve. Since FIR filters are based on finite
impulse response, they are always stable and do not exhibit instability due to feedback. Additionally, they offer
high design flexibility, allowing adjustments to frequency response by selecting different window functions and
filter orders, which is beneficial for future systemupgrades.
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3.6. Visualization of sensor system
This systemuses a 0.96-inchOLED screen to display themeasurement results, which is based on the
comprehensive consideration of cost and display effect. Each pixel of theOLED screen is an individual light-
emitting diode, which does not require backlighting like an LCD,making theOLED screenmore energy-
efficient. Additionally,OLEDhas a higher refresh rate and faster bus timing, which helps avoid blocking our
program.

Figure 5.Gas selectivity and output performance testing. (a)Dynamic response of SiNW toNO2with different concentrations and
linear transformation of resistance corresponding toNO2with different concentrations (b)Experimental results on the repeatability
of SiNWarrays (c)Gas selectivity test results and selectivity coefficients.
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TheOLED screen used in this systemhas four pins: power, ground, SDA (Serial Data) for data transmission,
and SCL (Serial Clock Line) to control the timing of data transmission. This screen uses the I2C communication
protocol for data transfer.

The I2C bus in this systemhas two types of signals during data transmission: the start signal and the stop
signal. Start signal:When SCL is high, SDA transitions fromhigh to low, indicating that the system starts
transmitting data. Stop signal:When SCL is high, SDA transitions from low to high, indicating that the system
ends the data transmission.

3.7. System test results
The silicon nanowire arrayNO2 gas sensor of the systemwas placed in a dynamic gasmixing test system to
measure different concentrations ofNO2, with the data displayed on theOLED screen recorded. As shown in
figure 5, when theNO2 concentrationwas as low as 5 ppm, the systemwas still able to accuratelymeasure the
NO2 concentration in the air. Theminimumdetection limit is calculated to be 1.31 ppmusing 3σmethod, the
sensor demonstrated excellent sensitivity.

4. Conclusion

In this study, we have developed a portable, highly sensitive and highly specific sensor system,which
demonstrates high precision and reliability inmonitoring andmeasuring the concentration ofNO2.Numerous
experiments, including gas selectivity tests of the sensor, detection tests with varyingNO2 concentrations, and
monitoring ofNO2 concentrations in the air near factories, have validated the system’s ability tomaintain
consistency under different conditions.

This system exhibits high sensitivity (20 kΩ ppm−1) and excellent selectivity, enabling rapid and accurate
detection ofNO2 gas. The high sensitivity of this systemdemonstrates its great potential in environmental
detection and helps people discover air quality problems or industrial safety hazards in advance.

Additionally, through optimizingmanufacturing processes and establishing a network ofNO2 gas
monitoring sensors, the systemhas significantly reduced costs, demonstrating great potential for widespread
adoption.

Futureworkwill focus on enhancing sensor accuracy, reducing response/recovery times, and further
improving the system’s dynamic response capability. Successfully integrating this system into practical
applications in the industrial and agricultural sectorswill provide new solutions for these fields, thereby
advancing related scientific research and technological applications.
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