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Abstract  

Semiconductor chemiresistive gas sensor is one of the most promising technologies for 

the development of next-generation chemical sensing, with applications ranging from 

explosive detection and environmental monitoring to industrial safety, healthcare and the 

Internet of Things (IoTs). Recently, there have been growing efforts in developing room 

temperature chemiresistive gas sensors with high sensitivity, selectivity, long-term 

stability, and low power consumption. In this thesis, we develop indium phosphide (InP) 

nanowire (NW) array based chemiresistive gas sensors and demonstrate that they 

represent a new and promising platform for achieving high-performance gas sensing for 

real-world applications. 

 

Firstly, by carefully engineering the NW geometry (i.e., diameter and pitch), we 

demonstrate a NO2 sensor with superior sensitivity (limit of detection 3.1 ppb) at room 

temperature, with outstanding selectivity and long-term stability. Kinetic analysis and 

electrical simulation reveal the array geometry correlated sensing mechanism. To 

minimize the device power consumption, a novel axial p-i-n homojunction self-powered 

photovoltaic (PV) NO2 NW sensor was further designed through numerical simulation 

and optimization. The fabricated InP NW array PV sensor achieved 84% sensing response 

to 1 ppm NO2 with a record limit of detection down to sub-ppb level even under <5% of 

1 sun illumination. With such high atmospheric light fidelity, the sensor was integrated 

onto a commercial microchip interface for dynamic self-powered monitoring of on-field 

motor vehicle exhaust. 

 

Not only for oxidizing gas such as NO2, we have also shown that by applying surface-

modification, the InP NW array can also be fabricated into highly sensitive sensors to 
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reducing gases such as acetone. This is critical for the development of breath ketone 

sensors for diabetes monitoring and diagnostics. This acetone sensor was then integrated 

into a breath testing apparatus, named Ketowhistle, and proven to be highly effective 

across an ultrabroad range of acetone concentrations from the simulated breath. 

 

Finally, a wearable multipixel InP nanowire array sensor was fabricated on a flexible 

substrate. A signal decoupling strategy was designed and implemented through careful 

device fabrication control, surface-functionalisation and different contact metal selection. 

This approach has led to the demonstration of a multipixel sensor device consisting of 

four sensing elements with integrated functionality, including NO2 and acetone sensing, 

as well as simultaneous pulse and body temperature measurements. 

 

The thesis work indicates that III-V compound semiconductor nanowire array presents a 

promising chemical sensing platform for the development of high performance, 

miniaturized, low power consumption, multiplexing on-chip sensing system for future 

large-scale implementation of IoT technology. 
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Chapter 1. Introduction  

This chapter begins with a general preview of gas sensors including their importance, 

categories and the corresponding sensing mechanisms. Subsequently, it provides a review 

of the current research progress of nanomaterial-based gas sensors and their advantages 

and disadvantages. The existing challenges of nanomaterial gas sensors for real-world 

applications are also discussed. Then, a promising III-V semiconductor nanomaterial, InP 

nanowires (NWs), is introduced to address those issues and the pathway to realise 

practical application as the next-generation high performance gas sensors is also 

discussed. Finally, the aim and scope for each of the chapters are presented.  

 

1.1 Development of nanostructured gas sensors and their applications 

Gas sensors are devices designed to identify and quantify the presence of various gases 

in the surrounding environment,[1] and find applications across various industries and 

sectors[2-3]. They serve vital functions in several key areas[4-5]:  

1. Industrial safety - In industrial processes, gas sensors are utilised to monitor gas 

concentrations, regulate reactions and enhance production efficiency. They ensure the 

well-being of workers by identifying hazardous gases such as H2S, CH4, CO, NH3 and 

volatile organic compounds (VOCs).[6]  

2. Environmental monitoring - Gas sensors can detect pollutants such as ozone (O3), NO2, 

SO2, etc., playing an important role in assessing and controlling air pollution levels.[7-8]  

3. Indoor air quality - Gas sensors are employed in residential, commercial, and 

institutional buildings to monitor indoor air quality. They detect harmful gases arising 

from activities like cooking, heating systems, smoking and other indoor processes.[9]  
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4. Automotive applications - Gas sensors are integral to vehicle emission control systems, 

helping to monitor and regulate emissions of harmful gases from automobiles to comply 

with environmental regulations.[10]  

5. Medical and healthcare - Gas sensors are utilised in medical settings to detect and 

measure gases like CO2, O2 and anaesthetic gases during surgeries, patient monitoring, 

and in respiratory equipment.[6] Analysing exhaled breath samples through gas sensors 

is a new research frontier in healthcare and medicine.[11] Within every breath lies more 

than 1700 of VOCs produced from metabolic processes and inflammation,[12] providing 

valuable physiological information of our well-being.[13]  

6. Agriculture - Gas sensors monitor gases emitted by ripening fruits, spoilage of stored 

produce and in greenhouse environments to optimise crop growth conditions.[11]  

7. Mining - Gas sensors are employed in mining to detect potentially dangerous gases like 

methane, ensuring worker safety and preventing potential explosions.  

8. Food and beverage industry - Gas sensors monitor gases released during food 

processing and packaging, ensuring food safety and quality.[14]  

9. Environmental research - Gas sensors collect data on gas concentrations in different 

environments, contributing to climate studies and research.[15] 

 

There are a wide variety of gas sensors based on different principles to detect and measure 

different types of gases (Figure 1-1), including:  

a. Electrochemical gas sensors: This type of sensor reacts with the target gas, producing 

an electrical signal proportional to the gas concentration.[16] It comprises two electrodes 

(a working electrode and a counter electrode) and operates by allowing charge molecules 

to pass through a thin electrolyte layer. The chemical reaction between the target gas and 

the electrode generates an electric current proportional to the gas concentration.[17]  
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Figure 1-1. Schematic diagrams of different type of gas sensors: (a) electrochemical gas sensors, 

(b) catalytic gas sensors, (c) semiconductor gas sensors, (d) photoionization sensors, (e) infrared 

gas sensors, (f) pellistor gas sensors. (Adapted from [15-22]) 

 

b. Catalytic gas sensors: The sensor operates on the principle that oxidation of gas 

produces heat and converts the temperature change into a sensor signal proportional to 

the gas concentration.[18] Its components include a pair of heating coils, with the active 

element embedded in a catalyst. Combustible gases react exothermically with oxygen in 

the air on the catalyst surface, raising its temperature and resulting in a change of 

resistance. These sensors are designed to detect combustible gases like CH4 and H2.  

c. Semiconductor gas sensors (SGSs): This type of sensor relies on the change in electrical 

resistance of a semiconductor material when exposed to specific gases.[19] The resistance 

change is proportional to the gas concentration, making them suitable for detecting 

various gases like hydrogen, methane, ammonia, carbon monoxide and various VOCs.[20]  

d. Photoionization gas sensors: This type of device utilises high-energy photons, typically 

in the vacuum ultraviolet (VUV) range, to break molecules into positively charged 

ions.[21] As compounds enter the detector, they are bombarded by high-energy UV 

photons, resulting in ionisation. This process ejects electrons and forms positively 
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charged ions, producing an electric current, which serves as the signal output of the 

detector.[22] The concentration of the component correlates with the number of ions 

produced, amplifying the current displayed on an ammeter or digital concentration 

display. The ions can undergo various reactions, including reactions with oxygen or water 

vapour, rearrangement and fragmentation. While some ions may recapture an electron 

within the detector to reform their original molecules, only a small portion of the airborne 

analytes is typically ionised, making the practical impact negligible. These sensors are 

non-destructive, suitable for use before other sensors in multiple-detector configurations.  

e. Infrared gas sensors: Infrared (IR) gas sensor operates based on the absorption of IR 

radiation at specific wavelengths as it passes through a volume of gas.[23] This type of 

sensor relies on the ability of certain gases to absorb IR radiation.[24] IR sensors detect 

gases based on their unique absorption spectra, allowing identification and measurement 

of the concentration of target gases.[23] They are commonly used for detecting gases such 

as CO2, hydrocarbons and methane. Typically, two IR light sources and an IR light 

detector measure the intensity of two different wavelengths - one at the absorption 

wavelength and one outside the absorption wavelength. If a gas intervenes between the 

source and the detector, the radiation falling on the detector is reduced. Gas concentration 

is determined by comparing the relative values between the two wavelengths in this dual-

beam IR detector. Another type of optical gas sensor employs the innovative metamaterial 

approach to detect and identify specific gases or analyse the gas adsorption.[25] 

Metamaterials are engineered materials with unique electromagnetic properties, differing 

from naturally occurring materials.[26] The two-dimensional arrangements of 

subwavelength structures in metamaterials manipulate electromagnetic waves, exhibiting 

resonant behaviour at specific frequencies within the electromagnetic spectrum. 

Depending on the target gases and sensor design, these resonant frequencies may be in 

the IR, terahertz or other relevant parts of the spectrum. The sensing properties arise from 
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changes in the optical properties (e.g., refractive index, absorption, scattering) due to 

adsorption of gas molecules and their interaction with the metasurface[27] which is 

related to the gas concentration and detectable through spectral analysis.[28] 

f. Pellistor gas sensors: A pellistor is a solid-state device utilised for detecting gases that 

are either combustible or exhibit a significant difference in thermal conductivity 

compared to air.[29] The word "pellistor" is a combination of pellet and resistor.[30] The 

detecting element comprises small pellets of ceramic loaded with a catalyst, and its 

resistance changes in the presence of gas. Many pellistors require some heating during 

operation, making them four-terminal devices with two connections for a small heating 

element and two for the sensor itself. To mitigate the risk of explosion, the sensitive 

element is typically enclosed in a wire mesh housing. In more robust sensors designed for 

high-risk environments, a solid steel housing may be employed, featuring a gas port with 

sintered metal granules.  

 

Each type of gas sensor presents its own set of advantages and limitations. The choice of 

an appropriate sensor depends on factors such as the target gas, sensitivity requirements, 

environmental conditions, cost and the intended applications. Many of these sensors have 

drawbacks, including relatively high costs, low sensitivity and selectivity, sophisticated 

design, and the need for additional equipment, sometimes lacking portability. However, 

SGSs stand out with several advantages compared to other types, making them a preferred 

choice for various gas sensing applications.[31] The most notable advantage of SGSs is 

their cost-effectiveness in manufacturing, surpassing other sensor types like 

electrochemical or solid-state sensors.[32] This affordability makes them accessible for a 

wide range of applications.[33] Also, they can be fabricated in small sizes and integrated 

into compact and portable devices, suitable for applications such as wearable technology, 

Internet of Things (IoT) devices and mobile gas detectors.[34] The fast response and 
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recovery times could also be achieved by SGSs, allowing for real-time gas monitoring 

and detection with continuously signal collection, which is crucial in safety monitoring 

related applications where immediate action is required.[35] Many SGSs operate at low 

power, making them suitable for battery-powered applications or energy-efficient 

systems. This property can be further leveraged to create self-powered devices by 

incorporating energy harvest devices or structures, facilitating implementation in remote 

and wireless sensor networks.[31] Semiconductor-based sensors often exhibit good long-

term stability and durability due to their intrinsic chemical properties, ensuring reliable 

and consistent performance over time.[36] This stability allows them to operate over a 

wide temperature range, under various environmental conditions, from indoor settings to 

harsh industrial environments - vital for continuous monitoring and industrial applications. 

The highly tuneable nature of semiconductors, in terms of chemical composition, scale, 

heterojunction, etc., enables SGSs to be designed for detecting a wide range of gases, 

including toxic gases, combustible gases, and VOCs across different sensing applications. 

 

While SGSs may not be as inherently selective as some sensors like electrochemical 

sensors, they can achieve selectivity by using specific sensing materials, surface-

functionalisation, or by analysing sensor response patterns, ensuring targeted gas 

detection and minimising false alarms.[37] The electrode-based configuration of SGSs is 

relatively easy to integrate into electronic circuits and systems, allowing connection with 

microcontrollers, signal processing units and data communication devices.[38] In recent 

decades, there has been a rapid increase in the number of studies on gas sensors, as 

depicted in Figure 1-2a, an indication of growing interest and research efforts in this field. 

Significant progress has been made in sensing performance, operational conditions and 

evaluation methods to bridge the gap between laboratory research and targeted real-world 

applications. The bulk of the effort is concentrated in the field of sensing materials, which 
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form the core part of gas sensors. The development of sensing materials and/or catalysts 

has been focused on exploiting novel materials for high-performance gas sensing. 

Examples in Figure 1-2b include metal oxides (such as SnO2, WO3, and ZnO), carbon 

materials (carbon nanotube,[39] and graphene[32]), and quantum dots[21]. For SGSs, the 

sensing performance is greatly enhanced by employing nanostructured materials, such as 

nanowires, nanopores, and nanoparticles[40] as shown in Figure 1-2c.[41] It is crucial to 

note that different gases may have varied interactions with semiconductor materials, 

resulting in different sensitivity levels and response times. Therefore, these sensors are 

often designed and calibrated for specific gases or gas families. 

 

Figure 1-2. (a) Number of published papers versus year of publication (Source: ScienceDirect). 

(b) The types of 0D, 1D, 2D, and 3D structures used for gas sensing. (c) Materials used for the 

active layer of SGSs. (Adapted from [39]) 
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Among the various sensing materials, nanomaterials, defined as materials with a single 

unit sized between 1 and 100 nm in at least one dimension, exhibit significant potential 

for the development of high-performance SGSs, facilitated by advancements in 

nanotechnology as shown in Figure 1-2b.[42] Materials with nanoscale structures often 

possess unique optical, electrical, thermo-physical and/or mechanical properties,[43-44] 

which, combined with their small size, high surface area and quantum effects, making 

them ideal candidates for gas sensing applications.[45] Key aspects and advantages of 

nanomaterial-based gas sensors include:  

1) Increased surface area: The large surface area-to-volume ratio of nanomaterials 

facilitates gas molecules interaction. This enhances sensitivity, enabling the detection of 

gases at lower concentrations. Nanomaterials are particularly suitable for detecting trace 

amounts of hazardous or toxic gases.[46]  

2) Fast response speed: Due to their small size and efficient gas-molecule interactions, 

nanomaterials exhibit fast response and recovery times, leading to real-time monitoring 

and reduced power requirements and energy-efficient operation.[47]  

3) Tailored selectivity: Nanomaterials can be engineered to exhibit high selectivity 

towards specific gases by modifying their surface or functionalizing them with specific 

chemical groups.[48]  

4) Miniaturisation: The nanoscale dimensions and high surface-to-volume ratio of 

nanomaterials allow for the miniaturisation of SGSs. This enables their integration into 

small devices and systems for various applications. Moreover, nanomaterials can be 

seamlessly integrated into existing semiconductor fabrication processes, enabling cost-

effective mass production. 

 

In addition to progress in sensing materials, advancements in gas sensors have been 

focused on the development of sensors capable of detecting multiple gases 



9 

 

simultaneously. Multiplexed-gas sensors offer improved applicability and sensitivity 

tunability.[49] Miniaturisation of sensors can also be achieved through 

microelectromechanical systems (MEMS) technology, creating compact and highly 

sensitive MEMS-based gas sensors.[50] These sensors offer advantages such as low 

power consumption, fast response times and compatibility with integrated circuits. Sensor 

arrays consisting of multiple sensors with different selectivity have been employed to 

enhance gas recognition and discrimination. Furthermore, multiplexed gas sensor arrays 

benefit from advanced data analysis techniques, including machine learning and pattern 

recognition algorithm,[51] to interpret sensor responses and identify specific gases or gas 

mixtures and achieve improved performance. 

 

1.2 Recent progress on nanomaterial-based gas sensor research  

The development of nanotechnology and nanomaterials has driven the miniaturisation of 

gas sensors, making them portable and wearable. These devices are now capable of 

monitoring personal exposure to gases and for a variety of applications, in particular for 

industrial safety.[52] These sensors can be integrated into small handheld devices such as 

smart watches, wristbands or even clothing,[53] offering real-time personal monitoring 

of air quality and potential hazards. These user-friendly device design could also be 

employed to measuring biomarkers in exhaled breath and monitor physical health 

conditions to provide clinical assistance, especially for initial disease diagnosis and health 

management.[54]  

 

The real-world application requirements mentioned above demand high sensing 

performance, including sensitivity, selectivity, stability and low cost.[55] Nanomaterials 

provide opportunities for performance improvement due to their unique properties and 
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large surface area compared to bulk materials.[56] To enhance sensing performance, 

increasing the surface area through nanomaterials such as nanowires (NWs), 

nanoparticles (NPs) or porous nanostructures (see Figure 1-2c) becomes crucial. This 

enhances the number of active sites available for gas adsorption, resulting in improved 

sensitivity to low gas concentrations as shown in Figure 1-3a.[57] For example, Xu, et al 

created active adsorption sites with an SnO2 layer coated on a polystyrene substrate with 

nanoscale triangle array embossment, leading to an adsorption sites-dependent sensitivity. 

This work presented a low detection limit of around 6 ppm ethanol gas at room 

temperature.[58] 

 

Different materials have varying affinities for specific gases.[59] The ability of the 

sensing material to bind with the target gas molecules depends largely on the chemical 

composition and surface condition, determining the tendency to receive or donate 

electrons toward the gas.[60] The sensing properties can be further tuned by doping or 

alloying.[61] The experimental studies by Cho et al. demonstrated good selectivity of 

MoS2 sensors toward NO2 gas,[61] which is consistent with theoretical calculation 

showing that the adsorption energies of NO2/NO gases on MoS2 are generally lower and 

the number of electrons transferred are higher as compared to that toward other gases 

including CO, CO2, NH3, NO, NO2, CH4, H2O, N2, O2 and SO2. 

 

Specific functional groups or coatings which modify/functionalise the nanomaterial 

surface could enhance its interaction with target gas molecules. Noble metal nanoparticles 

are the common surface functionalisation materials such as Au, Ag, Pd and Pt.[62] Their 

chemical sensitisation effect increases the number of reactive oxygen molecules involved 

in the reaction process and at the same time providing more active sites. The Schottky 

junctions formed between semiconductors and noble metals decrease the electrons 
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concentration in the conduction band of semiconductor, increasing the thickness of the 

electron depletion layer. This effect, known as electronic sensitisation,[63] improves 

sensitivity, selectivity and reduces cross-sensitivity of SGSs (Figure 1-3c).[64-65]  

 

Also, the heterostructures formed by nanomaterials can promote electron-hole separation 

and transfer, and modify the gas interaction properties, making them widely studied for 

gas sensors (Figure 1-3b).[66] The distinctively different chemical and physical 

parameters between the two materials, such as band structure, dielectric constant, lattice 

constant and electron affinity can induce a mismatch phenomenon at the interface. This 

phenomenon endows the heterojunction with many novel properties that can be finely 

tailored to enhance sensitivity and selectivity. A study by Jian et al. reported an 

ultrasensitive NH3 gas sensor featuring n-type semiconductor TiO2 microfibers attached 

by a p-type polymer polyaniline nanograin,[67] achieving a very low detection limit of 

50 ppt in the air. 

 

Furthermore, integrating nanomaterials gas sensors with nanoelectronics, such as field-

effect transistors (FETs) or nanowire transistors, can amplify sensitivity and enable real-

time gas sensing.[68-69] This type of integration has the additional advantage of 

decoupling the chemically sensitive region from the conducting channel, reducing the 

drive voltage and enhancing the device reliability by liberating the active layer from 

continuous electrical stress.[70] 
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Figure 1-3. Common strategies used in nanomaterials gas sensors for performance enhancement: 

(a) surface-to-volume ratio, (b) heterojunction configuration, (c) surface-functionalisation and (d) 

packaging and encapsulation. (Adapted from [71-73]) 

 

Portable gas sensor devices have wide applications. Given the challenging environmental 

fluctuation and the requirement of compactness, there is a need to continually miniaturise 

the device size and enhance the reliability of sensors against interference.[74] Gas sensors 

developed in the laboratory must undergo calibration and validation to ensure accurate 

and reliable measurements in real-world conditions. This process involves comparing the 

sensing response to known gas concentrations and establishing calibration curves or 

algorithms.[75] Conducting extensive field testing and validation is crucial to assess the 

performance of nanomaterials gas sensors to provide valuable insights and feedback for 

further performance optimisation.[76]  
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Another critical aspect for practical applications is the stability of nanomaterial gas 

sensors. Stability is typically categorised into two types: one pertaining to the 

reproducibility of sensor characteristics over a specified period under working conditions, 

including high temperatures and the presence of a known analyte, known as active 

stability. The other type of stability is associated with maintaining sensitivity and 

selectivity over time under normal storage conditions, such as room temperature and 

ambient humidity, referred to as long-term stability.[77] In real-world environments, 

especially for long-term applications that involve continuous monitoring of sensing 

performance over an extended period under realistic conditions, stability is paramount.[78] 

Issues like drift, aging, or degradation may emerge from prolonged operation, and 

investigating these matters offers insights into the reliability of gas sensors over time. 

 

To address concerns related to environmental factors like temperature, humidity and 

contaminants that could compromise reliability, designing suitable packaging to 

encapsulate the sensor and implementing protective measurements are proved to be an 

efficient method. Packaging must be customised based on the intended application to 

ensure durability, stability and compatibility with the targeted measurement environment 

(see Figure 1-3d). Nowak et al[78] employed a low temperature co-fired ceramics (LTCC) 

with thick-film technologies. This LTCC technology is favoured for its simple connection 

of electrical or optical signals and integration capabilities with passive components such 

as heaters, sensors and converters. In the study, the LTCC package was designed for a 

SiC-based hydrogen gas sensor. It serves the dual purposes of safeguarding the sensor 

against mechanical damage and facilitating an easy connection of electrical signals. 

Moreover, incorporated heaters and temperature sensors ensure the acquisition of 

accurate temperature for sensing measurements. The integration of lab-developed gas 

sensors into measurement systems or devices is important for practical use and calls for 
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the development of electronics, firmware and software interfaces to streamline data 

acquisition, processing and analysis. The investigation into these aspects is vital for 

enhancing the performance and applicability of nanomaterials gas sensors in real-world 

scenarios.[79] 

 

1.3 III-V semiconductor nanowires for gas sensors 

As discussed, when incorporated with nanomaterials SGSs exhibit exceptional 

advantages in terms of sensitivity, selectivity, stability, compatibility of miniaturisation 

and integration with electronics and is cost-effective.[80] SGSs often employ device 

structures such as chemiresistor,[19] FET,[81] Schottky diode,[82] or heterostructure,[83] 

for detecting gases like CO, NO2 and ozone. More recently, there has been emerging 

research revealing their sensitivity towards VOCs, especially for potential applications in 

exhale breath analysis.[83-85] Despite significant progress in sensing performance of 

SGSs, there are still challenges and issues to be addressed:  

a) Many SGSs require heating at elevated temperature (100-500 °C) to activate the 

sensing reaction and to enhance sensitivity and selectivity.[86] The high working 

temperature of the SGSs can result in circuit integration complexity, additional power 

consumption, cost and safety related issues. The high-power consumption would also 

need to be addressed in portable and battery-operated devices.   

b) One of the primary challenges is achieving high selectivity and minimising cross-

sensitivity to other gases. Many gas sensors exhibit response to multiple gases, which can 

lead to interference and false readings.[65] Developing sensor materials and strategies 

that can discriminate between target gases and minimise interference from other 

compounds is an ongoing challenge.  
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c) Some SGSs suffer from drift, aging or degradation over time, especially for those 

requiring high operation temperatures, which can affect their accuracy and 

consistency.[87] It is critical to develop materials and sensor designs for ambient 

temperature operation and with reliability and long-term stability.  

d) Long response / recovery times for some of SGSs hinder their capability to achieve 

effective real-time detection, especially for toxic gases monitoring.[88]  

e) Cost is a significant factor for widespread adoption of gas sensors in various 

applications. Some cost-effective manufacturing techniques and materials to reduce the 

overall cost of SGSs may compromise their performance and reliability.  

 

Figure 1-4. III-V NW based devices for various applications. (Adapted from [89]) 

 

Addressing these challenges requires interdisciplinary research effort, encompassing the 

materials science, surface chemistry, device engineering and packaging, and data science. 

Recently, SGSs based on III-V compound semiconductor NWs have shown promising 

properties and performances to overcome the aforementioned challenges. III-V 

compound semiconductors refer to compounds made from elements in the III and V 

groups of the periodic table, such as GaN, InAs and InP.[90] As one of the most studied 
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nanostructures, NWs based on III-V semiconductors have been investigated in terms of 

material growth/synthesis and optoelectronic device applications as lasers, LEDs, 

photodetectors and solar cells, as shown in Figure 1-4 based on single, array and random 

configurations.[91-92] On the other hand, although they have excellent potential in 

optoelectronic device applications, research on III-V NW based gas sensors is still in its 

infancy. 

 

Similar to the applications for electronic/optoelectronic devices, the key advantages of 

III-V NW-based gas sensors arise from their superior electrical and/or optical properties, 

high tunability through varying bandgap energy, doping, surface functionalisation and 

well-established fabrication technology.[93] Their high carrier mobility enhances sensor 

sensitivity to surface charge modulation caused by gas adsorption or chemical reactions, 

and electric field and drift velocity enables fast sensor response/recovery times. Due to 

their high surface-to-volume ratio, III-V NWs exhibit high sensitivity to a broad range of 

gases.[94] For cross-sensitivity, III-V NWs can be engineered and functionalized to show 

selective responses to specific gases by tailoring surface chemistry or modifying material 

composition.[95] Their nanoscale dimensions enable quick diffusion and adsorption of 

gas molecules, resulting in faster response times compared to traditional sensors. III-V 

semiconductor materials possess excellent stability and durability, ensuring the long-term 

reliability of gas sensors. III-V NWs can be fabricated into miniaturised devices and 

integrated into compact and portable systems, thereby facilitating the development of 

wearable gas sensors, wireless sensor networks and other applications where size and 

portability are critical.[96]  

 

Among the different types of III-V NWs, GaN NWs is one of the most studied SGSs 

materials which have shown sensitivity towards both oxidation (e.g. NO2, SO2) and 
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reduction gases (e.g. H2, methanol).[97] Surface-functionalisation method with materials 

including metal oxides, noble metal nanoparticles and carbon materials has been applied 

to enhance sensitivity to target analytes.[98] UV illumination has been shown to be able 

to decrease the operation temperature of several types of sensors, although it poses 

hazards to human health.[99] In addition to group III-nitrides NWs, InAs NWs have also 

been studied for sensing NO2 and ethanol in both single  and array NW device 

configurations. However, they showed a detection limit higher than 0.1 ppm, long 

response and recovery times (> 600 s) and recovery issue (baseline drifting).[100] On the 

other hand, the DFT study indicates that the NO2 molecules are more competitive in 

adsorbing on InP surface with higher adsorption energy, which could facilitate the 

selectivity.[101] Such that, core-shell InAs/InP NW sensors with InP shell as passivation 

layer exhibited a higher sensitivity (detection range: 50 - 1000 ppb) under a decreased 

operation temperature 50 °C comparing with bare InAs NWs.[89] Furthermore, it has 

been reported that InP epitaxial layer could achieve ~0.1 ppm level sensitivity to NO2 at 

relatively lower working temperature (80-150 ˚C) indicating their potential for room-

temperature NO2 sensing.[102] Considering the superior air stability, NO2 adsorption 

capability, low operation temperature and mature fabrication techniques, InP NWs appear 

to be one of the best candidates for gas sensors, however there are very few reports of InP 

NWs as gas sensors.  

 

In fact, research on III-V NW based SGSs is still at an early stage, offering ample 

opportunities to explore new material and device designs based on different sensing 

mechanisms. In this thesis, we investigate InP nanowire array based gas sensors and our 

research strategies on sensor device design and performance optimisation include: 

• Nanowire doping: introducing dopants into III-V NWs can tune the charge carrier 

concentration, bandgap, or surface reactivity of the NWs, thereby influencing their 
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gas response characteristics.[103] The p-n junction formed by doping NWs could 

generate photovoltaic effect leading to the self-powered operation capability.[91]  

• Nanowire diameter and pitch design and optimisation: NW size, geometry and 

configuration can significantly affect gas sensing performance due to their tunability 

to the surface-to-volume ratio and electrical property of NW.[104]  

• Junction formation: owing to the well-established materials growth and processing 

techniques, high quality Schottky junction, heterojunction, homojunction, with well-

defined interfaces, thicknesses, and compositions can be easily implemented in NW 

structures.[65] With a tuneable depletion layer and photovoltaic effect, proper 

junction design could enable high sensitivity and self-powered gas sensing capability.  

• Surface-functionalisation: functionalising the sensing surface with specific chemical 

functional groups or molecules that have strong affinity with the target gases could 

greatly enhance the cross-sensitivity and selectivity. New functionalisation materials 

including 2D materials,[105] polymers,[106] metal oxides,[107] or organic 

compounds,[108] have been reported to increase chemical reactivity and thus enhance 

the sensor selectivity of the target gas.[87, 109] By incorporating different functional 

groups for each target gas, a single sensor material may be able to be fabricated into 

different sensor units to detect different to achieve multiplexed gas sensing 

functionality. Surface-functionalisation normally involves the deposition of thin films 

or coatings of the reagents onto the sensing surface to create specific chemical 

interactions using techniques such as spin-coating or thermal evaporation. 

 

1.4 Aim and scope 

This thesis is focused on the development and investigation of NO2 and acetone gas 

sensors for environment and health monitoring based on InP NWs. NO2 exhausted in air 



19 

 

has raised serious concerns due to the irreversible damage it causes to human health and 

various ecosystems.[60] Reactions of NO2 with water, oxygen and other chemicals in the 

atmosphere can lead to acid rain which is hazardous to the sensitive ecosystems and the 

formation of photochemical smog that may cause eye and lung damage,[110] highlighting 

the necessity for real-time monitoring at low concentration (100 ppb). On the other hand, 

for diabetes diagnostic and monitoring, the finger-prick test using ketone strips is the most 

common method currently used in medical treatment, however their invasive nature 

contributes to low levels of compliance, especially in children and younger 

individuals.[111] In the meanwhile, it has been found that acetone concentrations in 

human breath exhibit a direct correlation with blood ketone levels making it an ideal non-

invasive biomarker for diabetes detection in future point-of-care and self-use diagnostic 

tools.[112] It also emphasizes the significance of the study on high performance acetone 

sensor for breath testing application. 

 

In this thesis, we report the investigation of InP NW arrays as a new SGS platform for 

potential environmental and health monitoring applications. We demonstrate new NO2 

and acetone gas sensor design, based on the strategies of NW structure/device design, 

surface-functionalisation and pixels array construction. At first, the NW geometrical 

effect, namely, the diameter and density, is studied and tailored for optimum sensitivity 

to NO2. Secondly, p-n and Schottky junctions were introduce to the NWs to demonstrate 

sensing performance enhancement and photovoltaic (PV) based self-powered operation 

for NO2 and acetone sensing, respectively. Thirdly, an effective surface-functionalisation 

approach was developed which achieved excellent sensitivity for acetone sensing. Finally, 

multi-pixel NW array sensors were constructed for cross-sensitivity enhancement and 

multi-analytes sensing. Based on these strategies, high-performance prototype NO2 and 

acetone sensors have been developed and tested in real-world environments to reveal their 
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great potential for practical applications.  

 

1.5 Thesis outline 

After this introductory chapter, a general review of III-V NWs based SGSs is presented 

in Chapter 2. This includes the basic concepts, background knowledge, material 

properties of InP NWs. Then, in Chapter 3, the experimental techniques employed in the 

thesis are introduced including both top-down and bottom-up approaches for InP NW 

array growth/fabrication, material characterization, device fabrication, and device testing 

techniques. 

 

In Chapter 4, vertical InP NW array were fabricated by top-down etching method for NO2 

sensing.[60] A novel tilt-angle deposition based NW array sensor device fabrication 

method has been developed for the first time. The effect of the array geometry, including 

NW diameter and pitch size on the chemical sensing performance, was investigated to 

optimise the device design. Selectivity and air stability were also characterised to 

determine the reliability of these NW sensors. An analytical model was built for binding 

affinity kinetics analysis, combined with electrical simulation to gain a comprehensive 

understanding of the gas sensing mechanism in the NWs. 

 

In Chapter 5, a novel PV self-powered NO2 sensors were demonstrated based on bottom-

up growth axial p–i–n homojunction InP NW arrays to further improve the sensing 

performance.[101] An InP NW array photovoltaic sensor device was designed and 

optimised by numerical simulation for insights into sensing mechanisms and performance 

enhancement. Without a power source, the InP NW sensors achieve an 84% sensing 

response to 1 ppm NO2 and record a limit of detection down to the sub-ppb level.[110] 
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The sensor was integrated into a commercial microchip interface to evaluate its 

performance in the context of dynamic environmental monitoring of motor vehicle 

exhaust. The results show that InP NW arrays can form promising self-powered sensing 

platforms with ultrahigh sensitivity, suitable for IoT systems.  

 

In Chapter 6, InP/Pt/chitosan NWs arrays were designed and fabricated for acetone 

sensing application. By incorporating chitosan as a surface-functional layer and a Pt 

Schottky contact for efficient charge transfer processes and photovoltaic effect, self-

powered, highly selective acetone sensing has been achieved.[111] The sensors exhibit 

an ultra-wide acetone detection range from sub-ppb to >100,000 ppm level at room 

temperature, covering those in the exhaled breath from healthy individuals (300-800 ppb) 

to people at high-risk of DKA (> 75 ppm). The NW sensors were also successfully 

integrated into a handheld breath testing prototype, the ‘Ketowhistle’, which can 

successfully detect different ranges of acetone concentrations in simulated breath and 

provides an immediate potential for non-invasive ketone monitoring for people living 

with diabetes, in particular for DKA prevention.  

 

In Chapter 7, InP NWs array with various diameters were grown as different pixels on 

the same substrate using bottom-up approach to achieve multiple sensor functions.[112] 

An innovative fabrication method was introduced for vertically assembling and 

transferring the NWs array to a flexible substrate.[113] A signal decoupling strategy was 

designed based on the fabrication optimisation, surface-functionalisation and electrode 

contacting metals, with the aim of maximising the functionality of each array element for 

body temperature, pulse, NO2 and acetone sensing. This work provides a new material 

platform with a signal decoupling feature and processing pathway towards the 
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development of wearable devices with a more comprehensive healthcare monitoring 

setup capable of simultaneous detection of both physical and chemical stimuli. 

 

Finally, Chapter 8 summarises the main results and findings of this thesis and proposes 

future work on the promising research directions for further development of InP and other 

III-V nanomaterials based sensors. Future development targets on broadening detectable 

analytes while achieving high sensing performance and power/cost-effectiveness, for 

applications in future smart home, IoT and healthcare systems. 
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Chapter 2. Background 

This chapter begin with the introduction of background knowledge of III-V nanowire 

(NW) based semiconductor gas sensors (SGSs), including the sensing mechanisms and 

key parameters for assessment of gas sensing performance. Then, it provides a literature 

review on the research progress and existing challenges of III-V NW based SGSs in recent 

years. Subsequently, this chapter discusses the material properties of InP NWs, and 

particularly their potential to overcome the existing challenges in SGSs research to 

achieve high gas sensing performance. Lastly, the surface functionalisation method for 

gas sensing performance enhancement is presented.   

 

2.1 Background 

 

2.1.1 Categories of semiconductor gas sensors 

In general, based on device structure, the categories of SGSs include resistors 

(chemiresistive sensor), Schottky diode, and field-effect transistor (FET) sensors. For 

chemiresistive SGSs, the fundamental mechanism is the change of electrical conductivity 

of the sensor material as it interacts with the gas molecules by extract or donate electrons 

from the adsorbed molecules to the active layer. As a result, the sensor current/resistance 

is modulated in proportion to the analyte concentration.[1] For other types of devices such 

as FET, other electric parameters could also be modulated, such as mobility, threshold 

voltage, etc.[2]  

 

In this thesis, we focus on chemiresistive SGSs that are normally based on metal oxides, 

two-dimensional (2D) materials, etc., due to their simple device configuration and low 
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power consumption comparing to other types of sensors. The detailed sensing mechanism 

varies depending on the sensing materials. For metal oxides, the gas sensing process 

involves the chemisorption of O2, resulting from the oxygen vacancy on surface[3] to 

form oxygen ions species (i.e. O2
-, O-, O2-), that will subsequently react with gas 

molecules on metal oxides surface. The reaction normally leads to trapping or donating 

electrons to the metal oxides and thus a change of the conductance. For 2D materials such 

as graphene[4] and transition metal dichalcogenides (TMDs), the sensing process arises 

from physisorption (through  van der Waals interaction or hydrogen bonding) 

or chemisorption of gas molecules, resulting in the changes of carrier concentration and 

resistivity.[5] During chemisorption, transfer of charge carriers between the gas molecule 

and the sensing material takes place.[6] The sensing mechanism of III-V NW based SGSs 

also varies with the sensing materials as will be discussed in section 2.1.3.  

 

2.1.2 Semiconductor gas sensor performance parameters  

For SGSs, several key parameters are used to evaluate the sensor performance: 

Sensitivity: Sensitivity of a sensor can be defined as the slope of the output characteristic 

curve or, more generally, the minimum perturbation of physical parameters that will 

create a detectable output change.[7] Some reports also use the response value calculated 

by R = ΔI/I0 to represent the sensitivity, correlated with the concentration.[8] In this thesis, 

we also used these two parameters for InP NW sensitivity characterisation in following 

chapters. The site-binding hypothesis assumes that atoms on the surface of sensing 

materials can act as binding sites for analyte adsorption, and thus the conductance change 

of the device would be related to the surface occupancy of the analyte molecules on the 

sensing materials.[9-10]  

 

https://www.sciencedirect.com/topics/materials-science/hydrogen-bonding
https://www.sciencedirect.com/topics/materials-science/chemisorption
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Limit of detection (LOD): The LOD is the smallest concentration of an analyte that can 

be reliably distinguished from its absence. The determining LODs involves exposing a 

sensing device to known concentrations of the analyte to generate a calibration curve for 

the slope (S) of this curve. The LOD can be obtained by equation: LOD = 3*(SDnoise
2/S), 

where the SDnoise
2 is the standard deviation of signal noise and S is the sensitivity.[11]  

 

Selectivity: Selectivity is the ability of an analytical method to discriminate between 

analytes of interest and other interfering components. It can be estimated directly by 

comparing signal levels obtained from analytes and interferences and/or through 

statistical analysis (e.g., principal component analysis) or computational modelling (e.g., 

DFT). The enhancement of selectivity may be achieved through surface functionalisation 

on sensing materials with specific receptors corresponding to the analytes.[12] The 

multipixel array device is a recently emerging method to enhance selectivity with the 

assistance of statistical analysis.[13] 

 

Response/recovery time (Res/Rec): Res is the time required to reach a stable and certain 

percentage (e.g., 90%) of its stabilised value output reading upon exposure to analytes. 

The specific requirement for the response time is often dictated by the application of 

sensors, such as health condition and toxic monitoring, which requires a fast response in 

millisecond range. Rec is considered the inverse of the response time, and it is defined as 

the time required for the sensor signal to return to certain percentage (e.g., 90%) of its 

initial value after analyte exposure.[14]  

 

The above three parameters are the most important for gas sensing research and have been 

carefully studied in the following chapters to characterise the sensing properties of our 
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InP NW SGSs. Other important parameters in particular for real applications are listed 

below: 

 

Dynamic response range: Dynamic response range is defined as the concentration range 

corresponding to the maximum and minimum operable analytical signal that can be 

precisely measured by a sensing system.  

 

Reproducibility: Reproducibility is the ability of the analytical device to produce the same 

signal output after the experimental conditions have been altered. It can be quantified by 

measuring the variation in calibration data obtained for different devices, using the same 

test protocols and test equipment.  

 

Reversibility and Stability: reversibility is the capability of signal recovering to its initial 

state after analyte exposure. This is paramount for practical applications of sensors for 

continuous sample monitoring. Stability is the ability of a sensor to produce the same 

output signal when performing the same analytical measurement over a period, 

particularly important for the devices employed for continuous monitoring of analytes, 

such as environmental monitoring. It can be quantified by comparing the response 

produced by an aged device with a new device. 

 

2.1.3 III-V nanowire-based oxidising gas sensors 

In recently years, III-V compound semiconductor NW based SGSs have emerged, as they 

offer stable operation under various radiation and atmosphere conditions due to their 

superior electrical performance and air/humidity stability.[15-17] With highly tuneable 

NW configurations and material compositions, many III-V NW SGSs have overcome 

issues such as high working temperature and large power consumption.[18-22] Moreover, 
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their capability to be fabricated on Si substrates allows for easy integration into the CMOS 

infrastructure. These advantages are critical for the implementation of gas sensors in air 

quality monitoring, smart homes, agriculture, transportation and healthcare applications 

et al., and thus the development of the next-generation Internet of Things (IoT).[23] This 

IoT system is of great significance for monitoring urban environmental and public health 

pollutants. The gaseous pollutants mainly composed by the oxidising gases including in 

O3, SO2, NO, NO2, etc., originating from the combustion of fossil fuels in oil refineries, 

power stations, industrial plants and motor vehicles. As acknowledged by the US 

Environmental Protection Agency (US EPA),[24] the real-time monitoring of these gases 

in a low concentration range (~50 ppb) holds great significance. 

  

Gallium Nitride (GaN) NWs have demonstrated sensitivity towards SO2, NO, and 

NO2.[25-26] New NW configurations have been explored to enhance the performance in 

gas sensing applications. Maddaka Reddeppa et al.[25] designed GaN NWs grown on a 

V-grooved Si(100) substrate with Si(111) facets for NO2 gas sensor applications, as 

illustrated in Figure 2-1a with high photocurrent conversion efficiency, increased 

sensitivity, and a reduced working temperature (from 150 to 27 °C).  

 

Figure 2-1. The NO2 sensors based on GaN NWs. (a) SEM images of the bottom point of GaN 

NWs grown on V-grooved Si; the inset shows the dynamic NO2 gas response of this device under 
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darkness and UV illumination, respectively. (adapted from [25]) (b) SEM images of bridge growth 

of aligned GaN NWs and the corresponding UV assisted NO2 response. (adapted from [26]) 

Danna Zhao et al.[26] proposed a direct-bridge growth of aligned GaN NWs. This 

structure facilitates robust connections and eliminates a contact barrier in bridging NWs. 

With these features and the assistance of UV light, the LOD improved from 4.5 to 0.5 

ppb as shown in Figure 2-1b. The GaN SGSs sensing mechanism involves in 

chemisorption of O2, as illustrated in following equations[25]: 

O2(ads)+e-→O2
-
(ads)

 

O2
-
(ads) + 2AM (ads) → 2AMO- (oxidative) 

where AMs is analyte molecules. During this sensing reaction, the chemisorbed oxygen 

molecule (O2
-) act as a surface defect active site, which chemisorbed AMs, causing 

surface potential modification of GaN NWs through dynamic trapping and de-trapping of 

charge carriers.[27] Due to the involvement of O2
-, GaN NW based sensor typically 

require a higher working temperature (>100 °C) or the assistance of UV illumination to 

facilitate ionisation of the adsorbed O2 molecules, as depicted in Figure 2-2.[28] 

 

Figure 2-2. Schematic band diagram of GaN NWs after H2O2 treatment (top), in NO2 ambient 

(middle), in NO2 ambient under UV illumination (bottom). (adapted from [8]) 
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In fact, UV illumination is widely applied to reduce the operation temperature GaN NW 

SGSs,[25] considering the large band gap of GaN. Upon UV illumination, electron-hole 

pairs are generated in GaN, desorbing O2
-
(ads) and releasing the surface sites for successive 

NO2 adsorption.[29] Thus, a rapid and significant response can be achieved under UV 

light. 

 

Figure 2-3. (a) Schematic process flow for the fabrication of GaN NW SGSs with metal-oxides 

surface-functionalisation. (adapted from [27]) (b) SEM image of the metal-oxide/GaN single NW 

for gas sensing experimental and DFT result. (adapted from [30]) 

 

By forming a heterostructure or surface treatment using metal oxides,[27] 2D 

materials,[29, 31] and hydrogen peroxide treatment[8], gas sensing performance of a 

single GaN NW SGSs can be further enhanced. Md Ashfaque Hossain Khan et al.[27] 

deposited metal oxides (ZnO, WO3 and SnO2) onto GaN NWs formed on a Si substrate 

(Figure 2-3a). The charge transfer between the metal oxide and GaN increased with the 

depletion region width within the GaN by reducing the sensor current, which enhanced 

sensitivity. Further studies from this group demonstrated that the deposition of a TiO2 on 

GaN single NW device led to a very high response to NO2 due to the large NO2 adsorption 

energy of the TiO2 functionalisation, which was studied via DFT, as depicted in Figure 

2-3b.  
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Figure 2-4. Schematic of InAs NW device in ambient N2 environment with chemical vapor 

molecules adsorbed on the surface (Left panel). Schematic of electron transfer between the InAs 

NW and adsorbate molecules (Right panel). The InAs NW is shown to have Fermi level pinned 

above the bottom of conduction band and an electron accumulation layer on surface. (adapted 

from [2]) 

 

Apart from GaN, InAs NWs have also been investigated as SGSs due to the rich surface 

states and the formation of a surface electron accumulation layer, leading to pinning of 

the Fermi level (EF) above the conduction band minimum as shown in Figure 2-4. This 

property can make them highly sensitive to molecules adsorbed on the surface.[32] The 

strong oxidative gases NO2 with high electron affinity of 220 kJ/mol attribute to the role 

of an electron acceptor,[33] such that it captures the electrons from NW surface, following 

equation: NO2+e-→NO2
-.[34] Peter Offermans et al., realised a remarkable NO2 LOD of 

115 ppb by InAs NWs at room temperature. However, an intrinsic drawback of InAs NWs 

is their gradually oxidisation in air, leading to a degradation in electrical and sensing 

performance over time.[33] To address this issue, InAs/InP core/shell NWs have been 

fabricated, resulting in significantly improved long-term stability.[35]  

 

2.1.4 III-V nanowire-based reducing gas sensors 

Sensors designed for reductive gases, including hydrogen (H2), hydrogen sulphide (H2S), 

methane (CH4) and some volatile organic compounds (VOCs), are in high demand 

because of their significance in H2 energy industry, environmental and health monitoring, 
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etc. Many of these gases, particularly those promising for breath biomarkers,[36] have 

applications for various disease diagnostics.[37-39]  

 

Figure 2-5. The GaN/Si-NPA structure based SGSs. (a) left panel: I–V curve of a coplanar 

GaN/Si-NPA structure. The inset illustrates the schematic diagram of the GaN/Si-NPA SGSs. 

Right panel: Response of GaN/Si-NPA SGSs to methanol and selectivity measurement. (b) 

Energy band diagrams of GaN/Si-NPA with methanol absorption. (adapted from [40]) 

 

H. F. Ji et al. fabricated GaN NW SGSs on a silicon nanoporous pillar array (Si-NPA) 

which exhibited robust sensing responses to methanol within a dynamic range of 5-200 

ppm at 350°C as depicted in Figure 2-5.[40] The n-GaN/p-Si heterojunction significantly 

contributed to enhancing sensitivity to methanol by the built-in electric field formation 

which facilitated the chemisorption of O2 and the formation of O- and O2
-. The reductive 

gas sensing reaction could be summarised as follows: 

O2
-
(ads) + 2AM (ads) → 2AMO+e- (reductive) 

where the electrons captured by the chemisorbed oxygen ion species returned to the GaN 

through this reaction with reductive gases, increasing the charge carrier concentration (n-

type). 
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InAs NW SGSs exhibited a conductance and mobility change based on the single NW 

FET device arising from absorbed analytes in gate response experiments.[2] Exposure of 

InAs NWs to reducing gas decreases carrier concentration by nearly an order of 

magnitude and improves the NW mobility by almost a factor of six,[32-33] because 

chemisorption weakening the surface band bending and reducing the electron density of 

the surface accumulation layer.[41] 

 

Table 2-1. Summary of materials and configuration of III-V NW based gas sensors  

Materials Gas 
Sensitivity (S) or 

Response (R) 
LOD 

Res/Rec 

(s) 

Working 

Condition 
Ref 

InP-NWs 

array 
NO2 

R = 12.9% (1 

ppm) 
0.01 ppm 43/127 25 °C 

 

[35] 

p-i-n InP-

NWs array 
NO2 

R = 84.1% (1 

ppm) 
0.1 ppb 50/140 

25 °C, solar 

simulator P = 

42.3 mW·cm-2 

 

[42] 

InAs/InP-

NWs 

(horizontal) 

array 

NO2 
R = 150% (30 

ppb) 
0.8 ppb 350/- 20 °C 

 

[34] 

InAs-single 

NW 

NO2 

SNO2= 0.19 ppm-1 

RNO2 = 90% (5 

ppm) 

5 ppm 
1860/78

0 

25 °C 
 

[43] 

Ethanol 

SEth = 0.002 ppm-1 

REth = 110% 

(6000 ppm) 

4000 ppm 
2700/14

40 

InAs-single 

NW 
NO2 R = 4% (10 ppm) - - 180 °C 

 

[44] 

Graphene 

GaN-NWs 

array 

NO2 R = 2300% 10 ppm 107/309 

25 °C, λ = 250-

350 nm, P = 7 

mW·cm-2 

 

[29] 

Direct-

bridging GaN 

NWs 

(horizontal) 

array 

NO2 
R = 3.6% (360 

ppb) 
0.5 ppb 18/300 

25 °C, λ = 340 

nm, P = 1.4 

mW·cm-2 

 

[26] 
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In2O3/InN 

core-shell 

NWs array 

NO2 
R = 52.1%, (50 

ppm) 
23.25 ppb 47/430 

 
80 °C 

 

[45] 

TiO2/GaN-

single NW 
NO2 

S = 1.26 ppm-1 

R =4.5% (1 ppm) 
0.5 ppm 240/280 

20 °C, λ = 365 

nm P = 470 

mW·cm-2 

 

[30] 

g-C3N4/GaN-

NWs array 
NO2 

R = 7.8 % (5 

ppm) 
0.5 ppm 33/218 

27 °C, λ = 392 

nm 

P = 1.35 

mW·cm-2 

 

[31] 

GaN NWs 

(random) 
H2 

R = 43.50% (200 

ppm) 
- 100/120 25 °C 

 

[39] 

rGO/GaN-

NWs array 

H2 
R = 6.10% (100 

ppm) 
20 ppm - 

30 °C, λ = 365 

nm 

P = 20 

mW·cm-2 

 

[46] 
H2S 

R = 15.20% (100 

ppm) 

ZnO/GaN-

single NW 
SO2 

R = 6.26% (1 

ppm) 

S = 1.95 ppm-1 

0.5 ppm 230/275 

20 °C, λ = 365 

nm 

P = 470 

mW·cm-2 

 

[27] 

p-i-n GaN-

NWs array 
NO 

R = 32% (100 

ppm） 
10 ppm - 

35 °C, λ = 367 

nm 

P = 20 

mW·cm-2 

 

[47] 

GaN-NWs 

array 
H2O 

R=24,037% 

(15%) 

15% 

 
- 

25 °C, λ = 370 

nm 

P = 80 

mW·cm-2 

 

[48] 

GaN/Si- NWs 

(random) 
Methanol 

R = 1.22% (5 

ppm） 
5 ppm 8/7 350 °C 

 

[40] 

GaAs-NWs 

arrays 
Methanol 

R = 1.37% (406 

ppm) 
91 ppm 100/500 25 °C 

 

[49] 

Al0.07Ga0.93N 

NWs 

(random) 

CH4 
R = 20% (500 

ppm） 
100 ppm 33/42 50 °C 

 

[50] 

 

Among all III-V semiconductors, GaN NWs have been extensively studied for SGSs, 

demonstrating sensitivity to both oxidising and reducing gases. Surface-functionalisation 

technique, involving metal oxides and graphene, have been employed to enhance 
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sensitivity to target analytes. UV illumination has been proven effective to be able to 

decrease the operation temperature of various sensors. However, research efforts are 

needed to address critical issues such as the fabrication complexity, reproducibility, and 

reliability, directly impacting their practical applications and mass production. Moreover, 

the UV illumination and/or high temperature operation pose safety issues, limiting its 

real-world applicability.   

 

2.2 InP nanowires for gas sensing 

As mentioned earlier, a previous study[51] has demonstrated an the InP thin film SGS 

with ppb level sensitivity and relatively low working temperature (80 ˚C). These results 

indicate a promising potential to address the existing challenges such as high working 

temperature, limited sensitivity/selectivity and slow response speed through further 

sensor design and optimisation, such as employing of nanostructures such as NWs.  

 

Similar to other NW nanostructured materials, NWs have a large surface area and a 

substantial surface-to-volume ratio compared to bulk material, making the surface 

properties of InP NWs pivotal in determining their electrical and optical properties, and 

thus the overall performance across various applications.[35] In particular, the large 

surface area offers unique advantages for sensor applications. The number of available 

active sites on NW SGSs for gas adsorption and reaction is significantly higher than that 

of planar SGSs, elevating the probability of gas adsorption, hence improving the 

sensitivity. The NW structure also shortens the diffusion path for gas molecules to reach 

the NW surface, resulting in faster gas reaction kinetics for a rapid response time ideal 

for real-time detection. Apart from these general features, the unique properties of InP 
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NWs may also play a critical role in device performance, as discussed in following 

sections. 

 

However, research on InP NW SGSs is currently lacking in the literature. This gap can 

be attributed to several possible reasons: 1. Most of the NW sensors mentioned earlier 

adopt a single NW device configuration, causing challenging fabrication processes such 

as precise lithography alignments for electrode contacting, which can be cumbersome. 2. 

Single NW devices face issues of poor stability and reproducibility. 3. In the case of 

vertical NW array devices, there is a lack of a suitable electrical contacting method to 

establish connections among each NW in the array while simultaneously exposing the 

NW surface for interaction with the target gas molecules. The following sections also 

provide the potential solutions to address these issues, aim at realising the implementation 

of InP NW array in SGSs. 

 

2.2.1 Basic semiconductor properties 

Crystal structure determines the intrinsic properties of semiconductors, such as band gap 

energy, optical, electrical and mechanical characteristics. The zinc blende (ZB) is based 

on a face-centred cubic arrangement of anions, with cations occupying one of the two 

types of tetrahedral holes present as shown in Figure 2-6a. On the other hand, the wurtzite 

(WZ) structure comprises a hexagonal close-packed array of oxygen anions, with half of 

the tetrahedral interstices filled by metal cations (Figure 2-6b). While the nearest 

neighbour connections are similar in both structures, the distances and angles to further 

neighbours differ.[52] As one of a binary III–V semiconductors, bulk InP are naturally 

formed with the ZB structure. Interestingly, the InP NWs synthesized by bottom-up 

epitaxial growth method could exhibit either WZ [53] or a mixture of WZ and ZB crystal 

phases [54]. 
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Figure 2-6. The zinc-blende (a) and wurtzite (b) crystal structure. (Adapted from [55]) 

 

The precise tailoring of either WZ or ZB phases add an extra tunability to III–V NW 

properties. Recent research indicates that the tuning of bottom-up growth conditions can 

obtain both ZB and WZ crystal structures, determining by growth conditions, i.e. 

temperature, III/V ratio, precursor flow rates, and the presence of specific catalysts or 

dopants.[53, 56-57] Due to the axial-direction-dominated growth in the WZ structure, the 

resulting InP NW diameter is mainly determined by the pattern size, allowing for more 

precise and easier tailoring of NW diameter. The geometry of the NW arrays, i.e. diameter 

and density, is critical for the gas sensing performance. Therefore, in our study, we choose 

to grow WZ structure InP NWs for SGSs fabrication. For the NW arrays fabricated by 

top-down approach, the crystal structure is determined by the crystalline structure of the 

substrate, i.e. ZB (100) in this work. Due to the smallest atom density in the (100) facet, 

it features the highest etching rate compared to other facets and is typically chosen for the 

dry etching process. 

 

The crystal structure determines the electronic band structure of InP NWs which 

fundamentally governs their semiconducting properties. As a direct bandgap 

semiconductor, InP NWs exhibit efficient light emission and absorption properties, 

making it excellent candidates for optoelectronic devices like lasers/LEDs,[58] 

photodetectors,[59] and solar cells[60]. For gas sensor applications, the light illumination 
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could provide energy to excite electron-hole pairs to facilitate sensing reactions. The 

excellent optical properties of InP NWs ensures good photoelectrical conversion 

efficiency, enabling the low power consumption or even self-powered gas sensing, as 

demonstrated in Chapter 6.  

 

Doping is another critical factor that significantly influences the material properties of 

InP NWs and serves as an effective strategy for regulating gas sensing properties. A 

doping effect study of the epitaxial n-InP thin film sensor (100 nm thickness) revealed 

that the device with a low doping level 5×1015 cm-3 exhibited the highest response 

compared with those doped at higher levels due to suppressed baseline current.[19]  

 

2.2.2 Electrical properties 

The excellent charge carrier mobility of InP NWs also facilitate efficient electron and 

hole transport through the NW channels.[60-61] For gas sensor application, carrier 

mobility and drift velocity impact the speed of charge carriers moving through the sensing 

material and generating a measurable electrical signal when exposed to gas molecules. 

Faster carrier transport results in shorter response times. Efficient charge carrier transport 

can also reduce the power consumption of gas sensors, making them suitable for battery-

powered and energy-efficient applications.[62]  

 

To characterise their electrical properties, electrode contact on NWs requires a delicate 

and intricate fabrication process, compared to thin film materials.[63] Based on the NW 

configuration, NW devices are typically classified into single NW devices[64] and NW 

array devices[65] following different fabrication processes, as shown in Figure 2-7. 

Single NW devices as aforementioned suffer from complex fabrication process and a lack 

of reproducibility/stability.[65-66]  



48 

 

 

Figure 2-7. (a) The schematics of single NW metal electrodes contact, and (b) the NWs array 

electrodes contact. 

 

On the other hand, NW arrays harness the collective properties of multiple NWs. The 

three-dimensional nature of vertical NW arrays ensures precise control over dimensions, 

offering greater tunability including diameter, length and density, contributing to an 

increased overall surface area (Figure 2-7b).[67] This tunability is advantageous for 

tailoring devices to realise different functions and meet specific application 

requirements.[68] The NW array configuration can be fabricated using scalable 

techniques, enabling the production of devices in large quantities, which is crucial for 

commercial applications where mass production is essential.[69] Owing to these features, 

this NW array configuration was implemented in the SGSs studies in the thesis. It is worth 

noting that in most of the reported NW array devices [70], the NWs are entirely embedded 

in a layer of polymer and the top-contact layers as shown in Figure 2-7b. This device 

configuration cannot be applied to gas sensors as it prohibits the interaction between NWs 

and the gas molecules. In this thesis, a new NW array gas sensor device fabrication 

process has been developed for the first time and is detailed in Chapter 3.  

 

 

2.2.3 Mechanical Properties 
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Due to their small sizes, the mechanical properties of InP NWs are commonly 

investigated through theoretical modelling, simulation, and indirect characterisation 

techniques such as atomic/piezo-response force microscopy (AFM/PFM) as illustrated in 

Figure 2-8a. Young's modulus represents the stiffness of the NW and its ability to resist 

deformation under an applied load. InP NWs typically exhibit a high Young's modulus, 

similar to bulk InP, ranging from 90-120 GPa. This high elastic modulus allows InP NWs 

to possess high strength and fracture toughness. Despite their small size and high aspect 

ratio, InP NWs are quite flexible, allowing them to be manipulated or assembled into 

specific structures, including wearable devices as demonstrated in Chapter 7.  

 

The mechanical deformation of InP NWs could also lead to the generation of electric 

charges or a voltage, which is known as the piezoelectric effect, resulted from the linear 

electromechanical interaction between the mechanical and electrical states in crystalline 

materials with no inversion symmetry as shown in Figure 2-8b. Various device 

applications are based on the piezoelectricity effect, including energy harvesting, pressure 

sensors, wireless communication, piezoelectric motors, etc.[71] As mentioned in section 

2.2.1, the crystalline structures of InP NWs are either WZ or ZB. The WZ InP NW has 

demonstrated a higher piezoelectrical effect compared to the ZB NW, making it more 

suitable for relevant applications.[72] In this case, this piezoelectric property allows WZ 

InP NWs to be applied as pressure sensors, as demonstrated in Chapter 7.  
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Figure 2-8. (a) The schematic of PFM system and (b) piezoelectric effect measurement based on 

mechanism with the crystal deformation.[71] 

 

2.2.4 Thermal properties 

Compared to other semiconductors, such as Si, InP exhibits relatively high thermal 

conductivity.[73] This property enables InP NW-based devices to efficiently dissipate 

heat, reducing the risk of overheating and improving device reliability. At elevated 

temperatures, the thermal energy possessed by lattice vibrations (phonons) may be 

sufficient to overcome the bandgap energy, such that the electrons can transition from the 

valence band to the conduction band, leaving behind a positively charged hole in the 

valence band.[74] The thermal generation of carriers is of great significance in thermal 

devices, such as thermophotovoltaic systems and energy harvesting devices. By 

measuring the change of resistance as a function of temperature dependent thermal carrier 

generation in a semiconductor material, the temperature of the surrounding environment 

can be obtained.[74] Based on this, in this thesis we also demonstrate InP NW array 

temperature sensor (i.e. thermistor) in Chapter 7.   
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2.3 Surface-functionalisation  

Owing to the large surface-to-volume ratio, surface functionalisation of NWs can easily 

tailor their surface chemistry, allowing the modification of their surface properties for 

selective gas adsorption.[75] This facilitates differentiation between gases and reduces 

interference from the environment.[76] By modifying the NW surface with the surface 

functionalising material, the sensitivity, selectivity, and stability of SGSs may be 

improved. A variety of materials have been researched as the surface functionalisation 

reagents for gas sensors, including:  

• Metal oxide nanoparticles or nanoclusters: Deposition of metal oxide nanoparticles 

or nanoclusters on the semiconductor surface such as SnO2, ZnO, and WO3 can 

increase the active surface area and promote gas adsorption, leading to enhanced 

sensitivity and response speed.[77] 

 

Figure 2-9. The surface-functionalisation gas sensors with (a) SAMs of trimethoxylsilane [78] 

and (b) metallic nanoparticles [79] with enhanced selectivity. 

 

• Chemically modified layers: Introducing chemical groups or functional molecules 

on the semiconductor surface can enhance selectivity to specific gases. Chemical 

modification can increase the affinity of the sensor material to certain gas molecules, 

improving the sensor's ability to discriminate between different gases. For example, 

different self-assembled monolayers (SAMs) surface functionalisation reagents have 
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been fabricated on the surface of active layer of the SGSs, and the formation of single 

molecular layers can be tailored to interact specifically with certain gas molecules 

(Figure 2-9a).[80]  

 

• Catalytic materials: Coating the semiconductor surface with catalytic materials, such 

as noble metals (Pt, Pd, Au) in Figure 2-9b, can also improve gas sensor performance. 

The catalytic coating facilitates gas adsorption and enhances chemical reactions on 

the sensor surface, leading to improved sensitivity to certain gases (e.g., Pt 

nanoparticles for H2 sensing).[81] 
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Chapter 3. Experimental Techniques 

This chapter introduces the main experimental techniques employed in this thesis, 

including InP nanowire (NW) array synthesize/fabrication, material characterisation, 

sensor device fabrication and measurements. Primary focuses are the introduction of the 

fundamental principles of key techniques and development of new NW sensor fabrication 

processes.  

  

3.1 Top-down approach for NW array fabrication 

The top-down etching approach for NW array fabrication offers several advantages, such 

as simplicity, high uniformity, and scalability which is compatible with standard 

microelectronics industry processes.[1] In this thesis, this method was also used to 

fabricate InP NW arrays for gas sensing from undoped semi-insulating InP (100) wafer 

with a carrier concentration of (1-10) × 1015 cm−3 (AXT Inc.) following the process 

outlined below. 

 

3.1.1 Substrate preparation 

The substrate preparation steps for the top-down InP (100) include:  

• SiO2 layer deposition: A 600 nm SiO2 layer is deposited onto the undoped InP wafer 

using plasma-enhanced chemical vapor deposition (PECVD).[2] The SiO2 crystal 

layer is deposited at 300 °C under a pressure of 87 Pa and a radio frequency power 

of 200 W, utilizing source gases of SiH4/N2O/N2 (flow rate 9/70/161 sccm) to 

achieve a uniform and dense dielectric layer. The thickness of the SiO2 layer was 

measured by an ellipsometry (JA Woollam M2000D). 
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Figure 3-1. The schematic of EBL working process for the SiO2/InP wafer substrate patterning. 

 

• NW array patterning: The NW array is patterned using electron beam lithography 

(EBL) to define a circular dot array pattern on the InP substrate, by spin-coating the 

AR6200.09 (Kirsten Hackenbroich) resist onto the SiO2/InP wafer for electron beam 

exposure of a pre-designed pattern using an RAITH150 system[3], as illustrated in 

Figure 3-1.  

 

• Photoresist developing of and etching mask deposition: A patterned resist layer is 

created by developing the exposed photoresist layer by EBL using the developer 

(AR600).[4] The remaining photoresist layer serves as the mask for the subsequent 

metal deposition step, as depicted in Figure 3-1. A 70 nm layer of Ni is deposited on 

top of the patterned substrate using electron-beam evaporation technique.[5-6] This 

step is followed by soaking the wafer in ZEP remover (Kirsten Hackenbroich) for 1 

hour for the lift-off process, leaving the patterned Ni layer on top of SiO2 layer 

forming a Ni/SiO2 bilayer as the mask for subsequent InP etching.  
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3.1.2 Dry Etching  

Among various dry etching techniques, the Inductively Coupled Plasma (ICP) etching 

exhibits anisotropic etching characteristics, being able to achieve vertical sidewalls 

required by many device applications. The ICP etching method is a standard 

semiconductor processing technique used in the semiconductor industry. It has well 

developed processes for various material systems, including InP, and was employed in 

this work to transfer the EBL defined pattern to the InP substrate for NW array fabrication 

with high precision and reproducibility.   

 

Before the etching of InP layer, the exposed SiO2 layer should be etched first by the ICP 

with fluorian gas (ICP-F). The SiO2 etching process was conducted under CHF3/Ar gas 

flow, with a small chamber pressure of 0.1 pa and high radio frequency (RF) power. Then, 

the InP wafer was etched by SiCl4/Ar gas flow, with RF power, leading to the formation 

of NW array with well-defined geometry.[7] It was observed that chamber pressure, 

etching gas flow rate, ICP power, and RF power are critical parameters influencing the 

etching rate, and the resultant morphology and dimension of the InP NWs.[8] Through 

careful tuning of these parameters, vertically configured NW arrays with smooth 

sidewalls can be obtained. For the etching masks with different pattern densities, the 

chamber pressure needs to be adjusted accordingly, as will be discussed in the next section. 

Finally, the Ni/SiO2 etching mask is removed by HF solution with concentration of 10 %, 

and the InP NWs are fabricated. The process of the top-down approach for InP NW array 

fabrication is illustrated in Figure 3-2, with detailed processing parameters provided in 

Table 3-1. 
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Figure 3-2. The top-down etching steps for InP NW array fabrication, including in EBL patterning 

of the Ni/SiO2 bilayer mask on the InP wafer and the following ICP-CL etching.  

 

Table 3-1. Detailed experimental parameters used for InP NW array fabricated by top-down 

etching. 

Step Process detail equipment 

SiO2 deposition 

PECVD 600 nm for top-down etching mask 

and 30 nm of SA-MOVPE growth @ 300 °C / 

87 Pa / 200 W / SiH4/N2O/N2 (flow rate 

9/70/161 sccm) 

PECVD 

Thickness measurement  SiO2 on InP Ellipsometer 

AR6200.09 coating 5s @500rpm/60s @3000rpm Spinner  

Bake out 1 min @150 °C Hotplate  

EBL pattern 
EHT 10 kV/ Aperture 10 µm / writing field 100 

µm / Step size 0.01 µm / dose 60 µC/cm2 
EBL  

Development  
60s @AR600 developer / 45s @IPA/ 30s DI 

water 
Wet station 

Metal deposition 

70 nm Ni for dry etching mask 

Ti 10 nm / Au 80 nm for contact electrodes 

Ti 10 nm / Pt 60 nm for Schottky contact 

e-beam 

evaporation 

Lift-off >1 hour @ZEP remover /IPA flushing Wet station 

HF etching 
20s @ Buffered HF (1%) for native oxide 

removal 
Wet station 

SEM 
NWs morphology examination @ electron 

beam voltage of 2 kV and current of 13 pA 
SEM 

Plasma strip 
Oxygen plasma 2 min 300 sccm / 0.2 mbar / 

100W 
Barrel etcher  

ICP-F  

SiO2 layer etching @ CHF3 20 sccm /Ar 10 

sccm / 0.1-0.3 mbar/ ICP power 400 W/ RF 

power 80 W 

ICP-F etcher 

ICP-CL 
InP layer etching @ SiCl4 1.5 sccm / Ar 25 

sccm / ICP power 200 W/ RF power 50 W 
ICP-CL etcher 
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3.1.3 Tailoring of nanowire array geometry 

To tailor the NW array geometry in terms of diameter and pitch size, the EBL patterns 

are designed with different diameters of 300, 200, and 100 nm and varied pitch sizes 

(interspace between NWs) of 1000, 800, 600, and 400 nm, respectively. Initially, the pitch 

size is set at 1000 nm to investigate the diameter tuning effect, with samples labelled as 

D100P1000, D200P1000, and D300P1000 (D: diameter; P: pitch size). These samples 

undergo etching under the same optimised conditions to achieve a vertical cylinder-

shaped array. With the same NW density in these three samples, the same etching 

conditions are used to with a similar etching rate. 

 

The NW arrays with varied pitch sizes are designed with the diameter fixed at 100 nm. 

Higher ICP etching pressure shortens the mean free path of particles in the chamber and 

increases the probability of collisions between particles, leading to a loss of energy. Hence, 

the density of reactive SiCl4 radicals and the number of ions reaching the etched surface 

are decreased, reducing the efficiency of atomic bond breaking on the surface. For higher 

density masks (smaller NW pitch size), a reduced chamber pressure is adopted to ensure 

that sufficient reactive SiCl4 radicals penetrate down to the narrow gap between mask 

patterns to obtain higher density NW arrays.[9-10] With a decreased chamber pressure, a 

constant etching rate can be achieved despite of the increased NW density.  

 

It is noteworthy that the surface of as-etched NWs could be damaged during multiple 

etching and chemical treatments. Post-processing steps are crucial for surface recovery to 

restore the desired optical/electrical properties and functionality of the NWs for further 

device fabrication. In this case, subsequent cleaning steps are performed to remove any 

etch residues, byproducts, or contaminants that may have accumulated on the NW 

surfaces after etching. Chemical treatments can also be applied to passivate the etched 
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NW surfaces to reduce surface defects and improve surface quality. In this study, the 

fabricated InP NW array was subjected to surface cleaning in a barrel-etcher with an O2 

flow rate of 100 sccm and RF power of 100 W, and surface treatment by 1 % HF. The 

material characterisation results of top-down etched InP NW arrays are presented in 

Chapter 4. 

 

3.2 Bottom-up growth of InP nanowire arrays 

Nanowire arrays can also be grown using bottom-up approaches by epitaxial techniques 

such molecular beam epitaxy (MBE) or metal-organic vapour phase epitaxy (MOVPE). 

For MOVPE technique, the growth occurs near thermodynamic equilibrium leading to 

excellent crystallinity and has the advantage of high growth rate for bulk layers.[11] In 

this work, we also employed the MOVPE technique to grow InP NW arrays. The bottom-

up NWs by this technique can be grown via different mechanisms, such as vapour-liquid-

solid (VLS) or selective area metal-organic vapor-phase epitaxy (SA-MOVPE).[12]  

 

Figure 3-3. The schematic of SA-MOVPE process for InP NW array growth. 

 

The VLS method uses metal catalysts (usually Au nanoparticles) as the nucleation sites 

for the NW growth.[13] The enhancement in growth rate can be explained by a reduced 

nucleation barrier underneath the seed particle compared to the substrate and NW side 

facets. For SA-MOVPE as shown in Figure 3-3, a hard template is used to limit the crystal 



67 

 

surface available for epitaxy. While different mask materials have been studied, a 20-50 

nm thick SiO2 or Si3N4 mask patterned by EBL onto substrates is typically used.[14] 

Holes are defined and opened using ICP dry etch. Similar to VLS growth, by changing 

the growth conditions, both radial and axial structures can be produced. While SA-

MOVPE is more complex and has lower throughput than VLS growth, the use of Au as 

a catalyst in VLS growth raises concerns about Au incorporation within the NWs.[10] 

Although the position define of VLS method could be facilitated by EBL patterning of 

the droplets of metal catalyst, VLS-based methods are reliant on the liquid catalyst and 

the composition of the NWs grown is limited by the solubilities of the relevant precursors 

within the liquid catalyst. Consequently, this method has challenges with control over 

NW doping and composition of their heterostructures.[15] The SA-MOVPE is 

preferrable for defining the location and NW structures, where no extrinsic catalyst is 

incorporated,[16] featuring non-tapering, highly tuneable growth dimension, doping and 

composition.[17] Hence, the SA-MOVPE technique was employed in this thesis, 

following the process outlined below. 

 

3.2.1 Substrate fabrication 

To facilitate the SA-MOVPE growth of InP NWs, a series of substrate preparation steps 

are undertaken to ensure high-quality and reproducible NW growth. In this work, the 

growth substrate was InP (111)A wafer, either p-doped or n-doped, with a concentration 

of (0.8-8) ×1018 cm-3. Figure 3-3 illustrates the processes involved in preparation for NW 

growth.[18] Firstly, a 30 nm SiO2 layer was deposited on the (111)A InP substrate using 

PECVD at 300 °C. The thickness of the SiO2 layer was measured and calibrated by an 

ellipsometry. Subsequently, a negative resist (AR6200.09) was spin-coated onto the SiO2 

layer and baked at 150°C for 1 minute on a hotplate. The resist was then exposed by EBL 

based on a designed pattern consisting of a 200 × 200 µm hexagonal dot array with a size 
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of 80 nm and a pitch of 600 nm. The exposed pattern area was developed and further 

cleaned by the oxygen plasma as discussed in the last section. 

 

The exposed pattern was subsequently etched by ICP to remove the SiO2 layer on the InP 

substrate followed by a trim etching to ensure the quality of the InP surface for MOCVD 

growth. The trim etching includes 2 minutes 10% H2O2 to oxidise the InP layer, followed 

by a 10% H3PO4 etching to remove the oxide layer for 2 minutes.[19] These steps were 

repeated sequentially for five times, after which the sample was promptly transferred into 

the MOVPE reactor for NW growth.  

 

3.2.2 InP NW array growth by SA-MOVPE 

The equipment used for SA-MOVPE growth in this work is an AIXTRON 200/4 reactor. 

A typical MOVPE process for InP epitaxial growth is schematically illustrated in Figure 

3-4. To initiate the InP NW array growth process, the substrates are exposed to precursors 

and hydrogen carrier gas, which operates at a base pressure of 100 mbar, utilising H2 as 

a carrier gas under a total flow rate of 14.5 l/min. Trimethylindium (TMIn) and phosphine 

(PH3) serve as precursors for the group III (In) and group V (P) elements, respectively. 

The corresponding idealised chemical reaction for the growth is:[20-21] 

In(CH3)3 + PH3 = InP + 3CH4                                                                                         

Doping introduces impurity atoms into the crystal lattice of the semiconductor material, 

either to increase electron or hole concentration, allowing the formation of an electrical 

structures such as p-n junction during the growth process.[22] In this work, silane (SiH4) 

and diethylzinc (DEZn) are introduced during the growth for the n-type doping and p-

type doping respectively, with all other parameters kept the same as those used for the 

growth of the undoped InP.[23] Achieving the desired doping concentration involves 

adjusting the flow rate ratio of the dopant precursor to the III-V precursor.[24] In this 
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thesis, i-n and i-p InP NWs were grown on p-doped and n-doped substrates, respectively, 

to form n-i-p and p-i-n junctions for the study of self-powered photovoltaic NO2 sensors, 

as will be presented in Chapter 5. 

 

Figure 3-4. The schematic of InP epitaxial growth principle by SA-MOVPE technique. 

 

3.3 Device fabrication 

Given the unique structure of the NW arrays, the process of device fabrication requires a 

careful design to preserve the vertically aligned NW array configuration and ensure 

proper electrical contact for all the NWs within the arrays.[25] For different NW 

configurations and device applications, different device fabrication processes are required. 

For instance, for optoelectronic devices such as photodetectors and solar cells, the NW 

arrays are normally embedded in an insulating polymer material with the tip of the NWs 

exposed and deposited with a metal contact layer transparent at the working 

wavelength.[26] However, for chemical sensor applications, the NW surface needs to be 

exposed to react with target analytes, requiring a completely different device 

configuration and fabrication process, as will be described in Chapters 4 and 5. 
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3.4 Nanowire material characterisation  

In this thesis, a series of techniques has been employed to characterise the material 

properties of the InP NWs, including morphology, doping and crystalline structure to 

obtain desirable NW size and quality. 

 

The morphology of the as-fabricated InP NW arrays was characterised using scanning 

electron microscopy (SEM, FEI VERIOS 460),[27] which is an electron microscope that 

generates images of a sample by scanning the surface with a focused beam of electrons. 

These electrons interact with atoms in the sample, producing various signals containing 

information about the surface topography and composition.[28] As the most common 

SEM operation mode, secondary electrons emitted by atoms are excited by the electron 

beam and detected using a secondary electron detector (Everhart-Thornley detector). The 

signal intensity, depending on specimen topography, is obtained by combining the 

position of the scanned electron beam with the intensity of the detected signal to produce 

an image.[29] The working principle of SEM requires that the samples be conductive or 

semi-conductive for efficient electron interaction. InP NWs have good electrical 

conductivity, allowing direct characterisation by SEM without additional treatment like 

Au sputtering, which is typically used to facilitate the measurement of materials with poor 

conductivity.  

 

The crystal structure of the InP NWs is determined through transmission electron 

microscopy (TEM) using the JEOL 2100F instrument.[30] TEM is a microscopy 

technique wherein a beam of electrons is transmitted through an ultrathin sample, usually 

less than 100 nm, to create an image.[31] In this study, since the NWs were designed and 

obtained with very thin thicknesses (<100 nm) for chemical sensing applications, they 
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were directly transferred from the original substrate to the copper mesh for TEM 

measurement.   

 

Cathodoluminescence (CL) technique was applied to single NWs that are transferred 

from the NW array to a Si substrate to characterise their optical properties (Figure 3-

5).[32] CL is one of a luminescence mode, created during irradiation of a solid surface 

with an excited electron beam as shown in Figure 3-5a.[33] After an electron beam with 

high energy raster-scanned over the sample surface, the emission of photons is collected 

to form CL spectroscopy (Figure 3-5b). Its combination with SEM, CL is a powerful 

technique for nanoscale optical characterisation.[34-35] In this thesis, the CL images of 

NWs are acquired using an SEM equipped Gatan MONO CL 4 under an electron 

excitation voltage of 10 kV and a current of 0.8 nA at room temperature.  

 

Figure 3-5. The working principle of CL (a). The radiative recombination process in a direct 

bandgap material (b).  

 

Also, the NWs are transferred to a SiO2/Si substrate for micro-photoluminescence (PL) 

and time-resolve PL (TRPL) analysis at room temperature. PL is the process of material 

absorbing photons (or electromagnetic waves) and re-radiating photons (or 

electromagnetic waves).[36] TRPL is used to detect the radioactive decay of the samples 
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in which excited electrons have a radioactive decay channel, such that it can probe 

excited-state recombination dynamics, including effective carrier lifetimes.[37] The 

micro-PL system used here comprises a Horiba LabRAM system equipped with confocal 

optics as shown in Figure 3-6, a diode-pumped solid-state (DPSS) 532 nm laser, and a 

liquid nitrogen-cooled array InGaAs detector. The laser beam was focused through a 100x 

microscope objective lens, resulting in a spot size of 0.36 µm (in radius), estimated by 

vector diffraction calculation. For TRPL, the emission was collected by the same 

objective lens and detected by a single-photon avalanche diode, which is connected to the 

Picoharp 300 time-correlated single-photon counting (TCSPC) system.[38] Micro-PL 

spectra and TRPL are acquired along a single NW from the top to the bottom position. 

The minority carrier lifetime in the NWs was extracted from the single exponential fitting 

of the TRPL decay curve.[39]  

 

Figure 3-6. The Schematic diagram of the micro-PL system used in this work. 

 

3.5 Gas sensor device characterisation  

After fabrication, the InP NW array sensor devices are characterised by both dark and 

light current-voltage (I-V) measurements using the Keysight B2902A 

source/measurement unit, integrated with a solar simulator.[40] 
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The gas sensing performance was measured by home-made sensing setup which consists 

of a Linkam chamber with a sample stage and Au probes for electrical contact, mass flow 

controllers (MFCs Bronkhorst), a solar simulator @1.5M and gas cylinders as shown in 

Figure 3-7. The Linkam chamber ensures an isolated environment of gas testing and the 

MFCs can precisely control the gas flow rate and the consequently the gas concentration 

delivered into the Linkam chamber. The cover of the Linkam chamber contains a glass 

window which allow the light illumination during the measurement. The electric signal 

is measured by the Potentiostat (CHI) for several type of electrical signal output by its 

software. 

 

Figure 3-7. The schematic of the home-made gas sensing setup system. 

 

For the gas sensing measurements, the carrier gas is simulated air with volume ratio of 

N2 to O2 at 4 (VN2/VO2 = 4, N2 and O2, BOC gas). The gas flow rates are controlled by 

MFCs while the total gas flow rate is kept at 1 l/min for ppm level concentration test and 

0.5 l/min for sub-ppm level concentration test. For the measurement of analyte gas, 

volatile organic compounds (VOCs) (ethanol, 9.91 ppm in N2, Coregas; acetone, 10.1 

ppm in N2, Coregas; methanol, 10 ppm in N2, BOC gas) or NO2 gas are diluted to desired 

concentrations before being purged into the chamber. The selectivity is measured by 
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comparing the sensing response of the target gas and the potential interference gases. This 

measurement can also be performed by mixing the target gas and competing gases during 

the sensing measurement, comparing the sensing response with and without the 

competing gases.  

 

For humidity test, the water vapor is produced by the same bubbler setup as above, where 

the organic solvent is replaced by DI water in the bubbler. The water vapor is injected 

into the gas chamber with a consistent N2 flow rate during the whole sensing process, and 

the relative humidity (RH) is controlled by the N2 flow rate, as shown in Table 3-2.  

 

Table 3-2. The humidity test at different RHs controlled by flow rates of the mass flow controller. 

RH (%) N2 to the bubbler (L·min-1) Simulated air (L·min-1) 

20 0.2 0.8 

50 0.5 0.5 

65 0.65 0.35 
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Chapter 4. High-Performance InP Nanowire Arrays 

for NO2 sensing 

As discussed in Chapter 1, gas sensors find widespread applications in our daily lives and 

industries. Among these applications, gas sensors have attracted particular interest for air 

pollution monitoring. Managing local air pollution is one of the primary challenges of 

modern society.[1-2] Nitrogen Dioxide (NO2) is a poisonous and toxic gas produced as a 

byproduct from the combustion processes of fuels (such as coal, gas, oil, wood, or even 

non-green H2) in vehicles, industrial plants, and household gas appliances.[3-5] In 

Australia, the Time Weighted Average (TWA) limit for NO2 is 200 ppb (10102-44-0 Safe 

Work Australia, 2020).[6-8] Such a low concentration is beyond the sensitivity of many 

commercial NO2 detectors, highlighting the significance of next-generation NO2 

sensors.[9-10] As mentioned in Chapter 1, chemiresisitive sensors present a promising 

technique due to their low-cost, superior sensitivity, fast response times, and feasibility 

for miniaturisation and integration into microchips.[11-14]  

 

In this chapter, we demonstrated the potential of InP nanowires (NWs) for selectively 

detection of NO2 by fabricating them into a miniaturised and integrated chemiresistor 

device. Firstly, a novel NWs array gas sensor device was developed by employing a tilt-

angle deposition method[15] to connect each NW in the array for electrical contacts while 

partially exposing the NW surface for gas sensing. Then, we investigated the impact of 

array geometry, including NW diameter and pitch size, on chemical sensing performance 

to optimise device design. Selectivity and air stability were characterised to assess the 

reliability of these NW sensors, achieving a limit of detection of 3.1 ppb at room 

temperature and outstanding selectivity and long-term stability. Lastly, an analytical 
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model by kinetic analysis was built for binding affinity kinetics analysis,[16] combining 

with electrical simulation of the NW chemiresistive properties for a comprehensive 

understanding of the NW array geometry correlated gas sensing mechanism.[17]  

 

4.1 Experimental 

4.1.1. InP NW array fabrication  

A top-down etching approach was used to fabricate InP NW array from undoped InP 

wafer with a carrier concentration of (1-10) × 1015 cm−3 (AXT Inc.), as aforementioned 

in Chapter 3, section 3.2. This top-down approach for InP NWs is illustrated in Figure 4-

1 and summarised as following: (a) 600 nm SiO2 was deposited on the undoped InP wafer 

by PECVD process. SiO2 was deposited at 300 °C under a pressure of 87 Pa and radio 

frequency (RF) power of 200 W with the source gases SiH4/N2O/N2 (flow rate 9/70/161 

sccm). (b) The electron-resist AR6200.09 (Kirsten Hackenbroich) was spin-coated on the 

SiO2/InP wafer for RAITH150 EBL patterning. As the key step of this top-down method, 

EBL was used to achieve precise pattern definition for subsequent Ni mask deposition 

and ICP-RIE etching for the NW arrays. (c) Deposition of 70 nm Ni on the top of the 

EBL pattern by e-beam evaporation. This was followed by soaking the wafer in ZEP 

remover (Kirsten Hackenbroich) for 3 hours for lift-off. (d) ICP (Florine) was used to 

etch the exposed SiO2 layer to form a Ni/SiO2 bilayer as the mask for subsequent InP 

etching. This SiO2 etching process was carried out under CHF3/Ar gas flow (20/10 sccm) 

and chamber pressure of 0.1 Pa under the ICP power of 400 W and RF power of 80 W. 

(e) InP with Ni/SiO2 mask was etched by ICP-RIE, under 0.1-0.3 Pa chamber pressure 

and SiCl4/Ar gas flow (1.5/25 sccm) with the ICP power of 200 W and RF power of 50 

W. Samples with varying diameter (D), named by D100P1000, D200P1000, D300P1000, 
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were etched under chamber pressure of 0.3 Pa with an etching rate of ~ 3.33 nm/s. The 

etching time was 10 min in NW length of around 2 µm.  

 

Figure 4-1. Top-down etching process for InP NW array fabrication. (a) InP undoped (n-type): 

(1-10) × 1015 cm-3 wafer. (b) PECVD deposition of 600 nm SiO2. (c) Spin-coating AR6200.09 

photoresist on the deposited SiO2. (d) EBL patterning to open up holes for subsequent etching 

mask deposition. (e, f) 70 nm Ni deposition by e-beam evaporation on the EBL patterned substrate 

followed by lift-off to form the Ni mask pattern. (g) ICP of SiO2 to form the SiO2/Ni mask. (h) 

ICP of InP with the SiO2/Ni mask. (i) Removal of SiO2/Ni mask by 10% HF solution.  

 

To vary the array pitch size (P), the etching condition was further optimised. With the 

decrease of NW pitch size, the chamber pressure was decreased to 0.2 Pa for pitch size 

600 nm and 800 nm sample (D100P600, D100P800) and 0.1 Pa for pitch size 400 nm 

sample (D100P400) to maintain a vertical configuration of the NWs. The etching rate was 

also maintained with the decreased chamber pressure even though the NW density was 

increased more than a factor of two. Ni/SiO2 mask was removed by soaking in 10% HF 
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solution for 5 minutes. Then, the fabricated InP NWs array was cleaned in barrel-etcher 

with an O2 flow rate of 100 sccm and RF power of 100 W.  

4.1.2 InP NW array characterisation 

 

Figure 4-2. SEM images of InP NWs fabricated by top-down etching approach (viewed at a tilt 

angle of 30°). (a) Ni mask after EBL patterning and lift-off. (b) Results after ICP (Florine) 

etching of SiO2. (c) Results after ICP-RIE of InP. These images correspond to Figure 4-1 (f-h), 

respectively. 

 

The morphology of top-down fabrication process of an InP NW array was imaged by 

scanning electron microscope (SEM) under an accelerating voltage of 2.0 kV and a 

current of 13 pA, as shown in Figure 4-2. After careful optimisation of the top-down 

etching conditions, the NWs exhibit a vertical and cylindrical geometry with uniform 

length, shape, and size across the array. It is noted that each set of NWs display a slightly 

hourglass-like shape, which is also observed in previous top-down etched III-V NW 

studies due to a slight lateral etching during this process.[18] 

 

The optical property of the NWs was characterised by room temperature 

photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements as 

mentioned in Chapter 3, section 3.5. As shown in Figure 4-3a, the PL peak intensity is 

diameter-related: the larger diameter has higher peak intensity in the PL spectrum, due to 

the higher ratio of surface-to-bulk. The PL lifetime was extracted by fitting a single-

exponential decay of the TRPL intensity decay at the peak wavelength, see Figure 4-3b, 
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c, showing a similar trend. It is well known that the carrier lifetime of the semiconductor 

materials is extremely sensitive to a small density of impurities or intrinsic defects and 

hence an ideal parameter for evaluation of material quality and process control. Since the 

NWs are obtain from the same undoped InP wafer featuring very high purity, the surface 

defects caused by plasma-induced damage during top-down etching process are the main 

reason for the variation in lifetime of NWs from different NW arrays. 

 

Figure 4-3. PL spectra of single InP NWs transferred from NW arrays (a). Normalised PL 

intensity and lifetime extracted from TRPL measurement results (b, c). 

 

4.1.3 Chemiresistive nanowire array sensor fabrication 

To enable chemiresistive sensing measurements, each single NW needs to be electrically 

contacted such that their resistivity change can be measured. A tilt-angle deposition 

method[15] was employed to contact/connect each NW in the array to allow for electrical 

measurements while partially exposing the NW surface at the same time for gas sensing, 

following the detailed fabrication process as schematically illustrated in Figure 4-4:  

i) Photoresist SU8-2 (Kirsten Hackenbroich) was spin-coated on the NW array to fully 

covered all the NWs.  

ii) The SU8-2 was etched back by a barrel-etcher (PVA Tepla Gigabatch 310 M) to 

expose half of the InP NWs for further electrical contact.  
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iii) After that, the sample was flood exposed under UV illumination and baked at 200 °C 

to cure the SU8-2. Here the SU8-2 acts as an isolation layer to prevent the deposited Au 

electrode (on NWs) from contacting the substrate.  

 

Figure 4-4. Schematic of the fabrication process for InP NW array chemiresistor.   

 

iv) An e-beam evaporator was used to deposit a Ti 10nm/ Au 80 nm Au film on the NWs 

for contacting and the samples were mounted on a special holder to enable tilt-angle 

deposition. Deposition at an angle ensures that part of the NWs surface is exposed for 

reaction with the analytes, while the metal contacts will serve as contacts on etch NWs in 

array for electrical measurements or connections. 

v) Finally, a 200 nm-thick Au layer was deposited on the InP substrate for bottom contact. 

The fabricated devices were then characterised for their sensing performance. 

 

Figure 4-5 presents the SEM images of the InP NW array taken after each fabrication step, 

with Figure 4-5a showing the as-fabricated InP NW array, Figure 4-5b showing the 

planarization of NW array by spin-coating of SU8-2 to cover the bottom of the NWs. 

Figure 4-5c shows the tilt-angle deposition of Au on one side of NWs to connect every 

NW in the array. It is also clear that at least half of the NW surface is exposed in air, to 

allow analyte to directly reach the active layer of each NW. A cross-sectional image in 
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Figure 4-5d was obtained by cutting the NW array in the middle, confirming that the SU8-

2 layer uniformly covered the substrate to not only prevent the Au layer from shorting the 

InP substrate but also to improve the mechanical stability of the NWs.  

 

Figure 4-5. SEM images of InP NW sensor fabrication process with the step of (a) as-fabricated 

InP NWs. (b) InP NWs planarized by SU8-2. (c) Tilt-angle deposition of the Au contact layer. 

The yellow color in this image was modified by Adobe Photoshop. (d) Cross-sectional image of 

the NW array after tilt-angle deposition. All the scale bars are 500 nm. 

 

4.1.4 Nanowire sensor measurements 

The gas sensing performance was measured by a home-made sensing setup as mentioned 

in Chapter 3, section 3.5. For all gas sensing measurements, the carrier gas was simulated 

air with N2 and O2 (VN2/VO2 = 4, N2 and O2 purity 99.99%). The gas flow rate was 

controlled by MFCs, with the total gas flow rate kept at 1 L·min-1 for ppm level 

concentrations and selectivity measurements for sample D100P1000. The gas flow rate 

was kept at 0.5 L·min-1 for sub-ppm level concentration test and selectivity measurements 

for sample D100P400. The NO2 sensing measurements were performed at room-

temperature in dark condition. The current (I) was measured at a bias voltage of 0.5 V. 



86 

 

As shown in Figure 4-6, when the NW array is exposed to NO2, the current decreases 

immediately and then reach saturation. When air is injected from the inlet to remove the 

adsorbed NO2 from the NWs,[18-19] the current increases again to the initial background 

level.  

 

Figure 4-6. Raw data from sensing measurement system with samples D300P1000 (a), 

D200P1000 (b), D100P1000 (c).  

 

It is noteworthy that the power (P) requirement for operation of our InP NW array sensor 

is around 2.06 nW (P = I × V= 4.11 nA × 0.5 V, I: current; V: voltage) with a baseline 

current of ~ 4.11 nA under the bias voltage of 0.5 V, owing to the small device size (400 

μm × 400 μm NW array) and nano-scale InP NWs. Such power consumption is way below 

the near-zero power applications threshold of 10 nW, as defined by “The Near Zero Power 

RF and Sensor Operations (N-ZERO) program from DARPA”.[19] 

 

To find out the optimised NO2 sensing measurement condition, the sensing experiment 

was measured under different temperatures of 25, 50, 100, and 150 °C as shown in Figure 

4-7, showing an enhancement with temperature rising from 25 to 100 °C. This is 

consistent with a previous study on an InP epitaxy layer based NO2 sensor,[18] ascribing 

the increased response to more activated NO2 adsorption at higher temperature. However, 

when the temperature was further increased to 150 °C, the sensing responses decrease to 

the values similar to those measured at 50 °C. This may be due to the large increase of 

semiconductor conductivity to > 10-3 S∙cm-1 at high temperature (>100 °C) and thus an 
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increased the baseline current, leading to a decrease in calculated sensing response. It is 

worth noting that the response and recovery time (25 / 70 s) measured at 150 °C is much 

shorter than those at lower temperatures (43 / 160 s at 25 °C), which may be ascribed to 

the accelerated gas molecular movement and collision frequency with NWs that speed up 

the gas molecule adsorption and desorption processes at higher temperatures. 

 

Figure 4-7. Time-dependent NO2 sensing measurement at temperature of 25-150 °C, and the 

corresponding sensing response against NO2 concentration. 

 

4.2 Investigation of NW array geometry effect 

4.2.1 Nanowire diameter effect 

The resulting array morphologies with different diameter (D) and pitch size (P) are shown 

in the SEM images of Figure 4-8. To quantify the sensing performance, the change in 

current ratio, R = (Iair - Igas) / Iair × 100% is calculated and plotted in Figure 4-9 a-c for 

sensors with a diameter of 100, 200, 300 nm and pitch size of 1000 nm (D100P1000, 

D200P1000, D300P1000).[20-22] It can be clearly observed that the sensing response 

increases dramatically with decreasing NW diameter. The sample with 100 nm diameter 

(D100P1000) shows the highest response reaching 13.9% at 8 ppm NO2, while those from 

the 200 nm diameter sample (D200P1000) and 300 nm diameter sample (D300P1000) 

are 8.1% and 4.0%, respectively. The overall sensing response shows a concentration-

dependent trend for each sample (Figure 4-9d), with an improved sensitivity and linearity 
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with the decrease of NW diameter. This is closely related to the NW sensing mechanism 

and will be further discussed in detail.  

 

Figure 4-8. SEM images of top-down etched InP NWs array with different diameter and pitch 

size. (a) D100P1000 (b) D200P1000 (c) D300P1000 (d) D100P400 (e) D100P600 (f) D100P800. 

(D: diameter; P: pitch size in nm) 

 

The response/recovery time is another important sensor performance of merit and is 

defined by the time taken for the sensing signal to change from the baseline with or 

without the analyte to 90% maximum/minimum value. As shown in Figure 4-9e, the 

response time of our NW arrays is in the range of 40 - 140 s with a slightly shorter 

response time to higher NO2 concentrations. This is substantially faster than those 

measured from bulk InP sensors which display a typical response time in the range of 20 

min.[23-24] We attribute the fast response time of NW array sensors to their nanoscale 

size and the NW array geometry. The selectivity of the D100P1000 sample was also 

investigated by measuring the sensing response to other common VOCs and gases in the 

environment (methanol (CH3OH), ethanol (C2H5OH), methyl nitrite (CH3NO2), and 

propane (C3H8)) with concentration of 2 ppm and carbon dioxide (CO2) of 2%. The 

sensing response to NO2 is significantly higher than the response against other gases, 

indicating that InP NWs are highly selective towards NO2 (Figure 4-9f) as a result of its 
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higher electron affinity (2.27 eV) [25] than the other gases tested here such as CO2 (-0.60 

eV)[26]. For reducing gases such as propane, methanol and ethanol, the D100P1000 

sample shows a negative response which may arise from the reaction between the 

reducing gas and oxygen species pre-adsorbed on NW surface to release electrons to the 

NW.  

 

Figure 4-9. Time-dependent sensor response of D300P1000, D200P1000, D100P1000 InP NWs 

to the NO2 concentration of 2-8 ppm (a-c). NO2 concentration dependent sensor response: R = (I0 

- Igas)/I0 and response time (d, e). Selectivity measurement on D100P1000 with 2 ppm NO2, 

methanol, methyl nitrite, ethanol, CO2, and propane (f). 

 

4.2.2 Nanowire pitch (density) effect  

To further investigate the relationship between the NW geometry and the sensing 

performance, InP NWs with 100 nm in diameter and smaller pitch sizes of 400 and 600 

nm were fabricated. The sensing response measured under a lower NO2 concentration 

range from 200 - 1000 ppb for these NW arrays are presented in Figure 4-10 a-c, 

respectively. The 400 nm NW pitch (D100P400) array achieves the highest sensitivity to 

NO2 among all three samples with a sensing response of up to 8.7 % to 200 ppb NO2, 

which is approximately 3 times higher than that of the 600 nm pitch (D100P600) sample 
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(2.9 %), and more than 10 times higher than that of the 1000 nm pitch sample D100P1000 

(< 1%).  

 

Figure 4-10. Time-dependent sensor response of D100P1000, D100P600, D100P400 to NO2 with 

the concentration of 200-1000 ppb (a-c). (d) Limit of detection measurement for samples 

D100P600 and D100P400. (e, f) NO2 concentration dependent sensing response and response 

time. (g) Selectivity measurement with 1 ppm NO2, methyl nitrite (CH3NO2), acetone (C3H6O), 

propane (C3H8), ethanol (C2H5OH), and carbon dioxide (CO2) of 1% (h) Air stability of D100P400 

sensing response with 100 ppb NO2 measured on a weekly basis for two months. 

 

To obtain the limit of detection (LOD) of these NW sensors, a lower concentration range 

10 - 100 ppb was further measured (Figure 4-10d) and calculated based on the theory in 
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Chapter 2, section 2.3.[27-28] With the linear fitting result in Figure 4-11, an extremely 

low theoretical LOD of ~ 3.1 ppb (slope = 0.056 %/ppb) is exhibited by sample D100P400.  

 

Figure 4-11. Concentration dependent sensor response from sample D100P400 and the linear 

fitting result. 

 

Furthermore, the concentration-response curves of the samples are also plotted in Figure 

4-10e again showing a trend of saturation in the slope with the lowest on-set observed for 

the sample with 1000 nm pitch size, suggesting that the saturation effect arises from the 

low density of adsorption sites. Although sample D100P400 features the highest response, 

it is also noted from Figure 4-10f that its response / recovery times (160-290 s; 500-650 

s) are longer than those of D100P600 and D100P1000 at the same concentrations. This is 

attributed to the high NW density which may form a diffusion barrier for gas molecules 

to diffuse and adsorb. As can be noted from Figure 4-10d and f, the recovery time of 

D100P400 at low analyte concentrations (10 - 40 ppb) is much shorter than that at high 

concentrations, decreasing from 600 s to 300 s, which may be due to the longer time 

required to equilibrate the high concentration analyte on the NW surface. To ensure the 

practical application of the sensors and to investigate the robustness of the sensors, the 

air stability of the D100P400 array was investigated for 8 consecutive weeks. The device 

was stored in ambient condition during this process. Figure 4-10h shows that the sensing 
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performance of the device can be maintained at around 95 % of its original response level 

over a period of two months, confirming the excellent stability of these InP NW arrays. 

 

The selectivity of D100P400 towards NO2 is also enhanced with an improvement in NO2 

sensing response (12.9% @1 ppm), which is more than 20 times higher than response to 

other gases at the same concentration of 1 ppm. To highlight the selective response 

towards NO2, sensing measurements were also performed in the presence of competing 

gases, such as ethanol, CO2, propane and acetone as detailed in Chapter 3, section 3.5, 

confirming that our InP NW array maintains high sensitivity towards NO2 even with 

higher competing gas concentrations as shown in Figure 4-12. This ensured that the 

concentration of competing gases was higher than that of the analyte, NO2. As shown in 

Figure 4-12a, the NO2 sensing response decreased in the presence of competing gases, 

especially with reducing gases such as acetone, ethanol and propane. However, the 

decline of the sensing response is still less than 50%, compared to that without competing 

gases. Figure 4-12b shows that the sensing response to NO2 is concentration-dependent 

under the presence of the competing gases. Figure 4-12c summarises the sensing response 

to 5 ppm NO2 and competing gases (with/without mixing), highlighting the good sensing 

selectivity of our InP NW array sensor towards NO2 even in the presence of high 

concentration of competing gases. 

 

Figure 4-12. Time-dependent NO2 sensing measurement for an InP NW array sensor (D100P400) 

mixed with competing gases: acetone, propane, and ethanol at concentration of 5 ppm, and carbon 
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dioxide of 5 % with NO2 concentration 1-5 ppm (a). (b) Calculated response vs concentration 

results from (a). (c) Selectivity measurement by measuring the response from NO2, C3H6O, C3H8, 

C2H5OH, and CO2, in comparison with the competing gas study result. 

 

Sensing measurements were performed with the D100P400 NW sensor under relative 

humidity (RH) from 10% to 90 %, as shown in Figure 4-13. The results show that even 

with a high concentration of water vapour (RH 90%), the NW sensor still demonstrates 

high sensitivity (linear fitting slope = 182 %/ppm), despite a small degradation (around 

35% from its original level), demonstrating excellent humidity tolerance compared with 

other sensing materials such as carbon nanotubes[29] and metal oxides.[30]  

 

Figure 4-13. Time-dependent NO2 sensing response from a D100P400 NW array under relative 

humidity (RH) 10%, 30%, 50% and 90% (a). (b) Calculated response vs concentration results 

from (a). 

 

4.3 Investigation of NO2 sensing mechanism  

Chemiresistive sensor relies on resistance change during their operation as a result of 

electron transfer between the active layer and the analyte. For InP NWs studied in this 

work, the sensing mechanism can be explained by via a two-step surface adsorption-

charge transfer mechanism proposed in previous studies[18, 31]: 1) NO2 gas molecules 

adsorption on the surface of InP NW as NO2(ad) molecules; and 2) NO2(ad) molecules 
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ionised into chemisorbed species such as NO2
- at relatively low temperature (<150 °C) 

by capturing electrons from the InP NW because of its high electron affinity (2.273 eV). 

This process creates an electron surface depletion layer on the NW, turning it into a high 

resistance state. These two steps can be summarised as follows: 

NO2(𝑔𝑎𝑠) ↔ NO2(𝑎𝑑)                                                        (1)    

NO2(𝑎𝑑)
+ 𝑒− ↔ NO2

−
(𝑎𝑑)                                                   (2) 

It is noted that the native oxide layer (such as In2O3) on the surface of InP NWs could 

also contribute to the sensing response based on a different sensing mechanism found in 

metal-oxide gas sensors.[19] However, as shown by the previous reports,[32] the working 

temperatures of various nanostructured In2O3 sensors are required to be between 100 - 

300 °C for good sensing response. Therefore, the highly sensitive room temperature 

performance of our InP NW array devices indicates that such mechanism may not play a 

dominant role during the sensing process.  

 

To investigate the adsorption kinetics of the NO2 gas molecules on the InP NWs during 

the sensing process (step (1)), an exponential fitting was employed to quantify molecular 

binding affinities based on the Langmuir isotherm model.[16] Through fitting the sensing 

response vs time curves from all NW samples, as shown in Figure 4-14a, b, the kinetic 

adsorption of gas molecules in sensing reaction (assuming the NWs surface is 

homogeneous) can be described using the following equations[18]: 

[AB]adsorption =
𝑘𝑎 [B]×[A]

𝑘𝑎[A]+𝑘𝑑
(1 − 𝑒−(𝑘𝑎[𝐴]+𝑘𝑑)𝑡)                               (3) 

[AB]desorption =
𝑘𝑎 [B]×[A]

𝑘𝑎[A]+𝑘𝑑
(𝑒−𝑘𝑑𝑡)                                        (4)   

where [AB] is the NO2 gas molecule involved in the reaction; ka (unit: M-1s-1) and kd (unit: 

s-1) are association and dissociation rate constants, respectively; [A] is the molarity 

concentration of NO2; and [B] is the number of binding sites per unit area.  
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After fitting the experimental sensing response with these two equations, ka and kd can be 

obtained. KA represents the affinity of gas molecule with InP NWs, and gas adsorption is 

one of the key steps of the sensing process, directly affecting the sensing performance. 

Figure 4-14c shows that there is a clear correlation between KA and NW diameter and 

density (corresponding to pitch size). For the NW samples with the same diameter 

(D100P1000, D100P600, D100P400), KA and sensing response increase with NW density 

(Figure 4-14c, left panel), due to increased adsorption sites corresponding to the surface 

area (D100P1000: 4.7×104 μm2, D100P600: 8.9×104 μm2, D100P400: 18.0×104 μm2). 

However, for the NW array with the same pitch size, i.e., the same NW density, a negative 

correlation between KA and NW diameter can be found in Figure 4-14c (right panel), 

showing better sensing performance for smaller diameter NWs. This is associated with 

step (2) of the InP NW sensing process, when NO2(ad) molecules are ionised into NO2
- 

by capturing electrons from the NW surface, as studied by the electrical simulation below. 

 

Figure 4-14. Quantification of the affinities of NO2 with InP NWs by fitting real-time sensor 

responses to the Langmuir isotherm model (a, b). (c) Calculated association constant KA and the 

corresponding response for samples of different pitch size and diameter. (d) Schematic energy 
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band diagram of the InP NW during NO2 exposure. (e, f) Simulated electric field and electron 

concentration distributions across the InP NWs with diameter of 100, 200, 300 nm during NO2 

exposure. 

 

The charge transfer process on the NW surface and its effect on chemiresistor 

performance of NWs with different diameters (step (2)) was studied by modelling of the 

electrical properties of InP NWs using the semiconductor module in COMSOL 

Multiphysics (The simulation studied was conducted by Dr. Zhe Li).[32-33] Ohmic 

contact was assumed at the top and the bottom of the NW and a uniform N-type doping 

profile of 5×1015 cm-3. To fully utilise the device symmetry, a 2D axis-symmetric 

geometry was used, as an approximation of the 3D cylindrical structure of the NW. The 

resistivity change of the NWs during gas sensing is modelled by introducing defect centre 

at NW surface, since the adsorption of oxidative gas such as NO2 at the n-type NW surface 

creates acceptor-like surface states that can capture electrons, thus forming a surface 

depletion layer and leading to reduced conductivity as shown in (Figure 4-14d).[34] The 

simulation was performed for three samples: D100P1000, D200P1000 and D300P1000, 

subjected to the same surface defect density (SRV 1010 cm-2) and surface recombination 

velocity (104 cm/s). The SRV was calculated based on the measured lifetime data 

equation (1/τmc) = (1/τbulk) + (4SRV/d), where τmc, τbulk and d are the NW, bulk minority 

carrier lifetime and NW diameter, respectively.[35] As shown in Figure 4-3, the minority 

carrier lifetimes of samples D300P1000, D200P1000, D100P1000 are 0.24, 0.19, 0.13 

ns, respectively.  

 

Figure 4-14e, f shows the distributions of radial electric field and electron concentration 

over the cross-section of the NW at a bias of 0.5 V, together with an illustrative band 

diagram in Figure 4-14d highlighting carrier depletion due to surface band bending. 
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Figure 4-14e shows that the magnitude of radial electric field is the same for all three 

cases since they are subjected to similar surface conditions; however, thicker NWs can 

preserve a highly conductive channel in their central region and thus is much less affected 

by the surface depletion as compared to thinner NWs. This is further evident in Figure 4-

14f, where the electron concentration in the middle region of D100P1000 sample is nearly 

five times smaller than its background doping concentration, whereas for D300P1000, 

the electron concentration in the centre is only slightly less than the background doping 

concentration. Clearly, surface depletion has a much stronger impact on small-diameter 

NWs leading to a highly sensitive sensing performance. The simulation results in this 

work can also explain the similar characteristics observed in other material systems. For 

example, Qin et.al. reported that thinner WO3 NWs showed a rapid response and a relative 

higher response value to the same concentration of NO2 gas compared to nanorods, due 

to their smaller diameter.[36] As enabled by the highly uniform ordered NW array 

platform, our combined kinetic analysis and electrical simulation illustrate the significant 

effect of NW geometry on NO2 sensing response, which could inspire future design and 

implementation of electrical structures such as p-n junctions in NWs and/or surface 

functionalization approaches for broader sensing applications. 

 

Finally, to benchmark the performance of our NW array sensors, we compare their key 

performance parameters with various types of chemiresistive NO2 sensors reported in 

recent years, as summarised in Table 4-1, including bulk InP, InAs NWs, and metal-oxide 

materials. In comparison, our InP NW array NO2 sensor studied in this work demonstrates 

the lowest LOD (10 ppb), the shortest response time (43 s) and room-temperature 

operation with excellent air stability, indicating a strong potential for gas sensing 

application. It is also worth highlighting that based on the top-down etching approach, 

multiple NW arrays with different geometries can be easily designed and fabricated 
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simultaneously to form sensor arrays to detect multiple gas species and/or generate multi-

channel sensing signal to realise high performance on-field real‐time gas monitoring 

sensor module.[16] 

 

Table 4-1. Sensing performance of NO2 sensor in this work in comparison with recently reported 

chemiresistive NO2 sensors. 

Material 
Sensitivity 

(%) (1 ppm) 

LOD 

(ppm) 

Response/recovery 

time 

Working 

temperature 

(°C) 

Ref 

InP-NWs 12.9 0.01 43/127 s 25 This work 

n-InP-epitaxy 

layer 
6 0.1 1800/3600 s 80  [18] 

InAs/InP -NWs 21 0.03 - 50  [37] 

InAs-NWs 17 0.15 2400/2200 s 25  [38] 

Pd-In2O3-NWs 6 1 71/100 s 110  [32] 

ZnO 12 0.03 - 150  [39] 

ZnO/Graphene 21 0.05 182/234 s 110  [40] 

SnO2-NWs 81 0.05 - 300  [41] 

Pt/WO3 18 0.5 198/225 s 400  [42] 

MoS2/Graphene 12 0.05 - 200  [43] 

Ni-MOF 85 0.5 2700/- s 50  [44] 

4.4 Summary 

A novel miniaturised room-temperature NO2 gas sensor design based on vertical array of 

InP NWs has been successfully demonstrated in the chapter. The NW sensors were 

fabricated by a top-down etching approach with precise control of the NW diameter and 

pitch size, followed by a tilt-angle deposition technique to contact/connect the vertical 

NWs to form the chemiresistive sensing devices. Owing to their nanoscale size and 

unique one-dimensional geometry, the NW sensors achieved room-temperature operation 

with fast response/recover time, <10 ppb level of sensitivity, excellent selectivity and air 

stability, outperforming most recently reported NO2 gas sensors. A systematic 

investigation of the impact of NW diameter and pitch size on the sensing response show 
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that larger NW density (smaller pitch) and smaller NW diameter lead to better sensing 

performance. The sensing mechanism is studied by theoretical modelling of the NW array 

adsorption kinetics and electrical simulation of NW structures, revealing a strong NW 

geometry related gas adsorption and electron transfer/depletion process. Owing to the 

flexibility in InP NW material composition, geometry and electrical designs, InP NW 

arrays present a promising new nanomaterial platform for the development of future 

miniaturised, high performance, multifunctional on-chip chemical sensing technology.  

 

 

  

https://www.anff.org.au/
https://www.anff.org.au/
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Chapter 5. Self-Powered Photovoltaic InP Nanowire 

Array Sensors for Dynamic NO2 Monitoring  

Self-powered sensing systems emerge as one of the most promising solutions to overcome 

the external-power supply issue for the development of Internet of Things (IoT),[1-3] by 

harvesting energy from the environment.[4-6] Among various types of self-powered gas 

sensors, photovoltaic (PV) effect-based sensors have been intensively explored, as the PV 

effect and gas sensing function can be achieved simultaneously within the same 

semiconductor active layer, making them highly compact for miniaturisation at relatively 

low cost.[7-12] However, most of the reported self-powered gas sensors show issues such 

as limited PV efficiency, sensitivity and selectivity at room temperature,[13] signal drifts 

and lack of stability over time.[14-15] InP NWs show direct and tuneable bandgap, 

superior optical and electronic properties, lower surface recombination velocity and 

higher carrier mobility, which is ideal for PV solar cell applications.[16] Combining their 

superior PV properties and NO2 sensitivity, InP NW array is a promising candidate for 

self-powered sensing.[15-16] To date, despite that a few different III–V NW materials 

were investigated for gas and biomolecule sensing, InP NWs have rarely been studied as 

self-powered gas sensors. 

 

In this chapter, a novel InP NW array based gas sensor architecture was demonstrated 

that combines a PV junction and an active sensing region to achieve highly sensitive, 

selective, and reproducible self-powered NO2 sensing at room temperature. Prior to NW 

growth, the NW and device structure were designed via numerical simulation that models 

PV NW sensing mechanisms and optimises performance. Then, axial junction based InP 

NW arrays were grown according to the simulation optimised structures by bottom-up 
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approach with a careful characterisation. The NW array sensor devices were designed and 

fabricated to enable robust contacts for signal extraction, while maintaining a large, 

exposed NW active area for gas sensing. This device presented a high selectivity, and a 

sub-ppb level limit of detection (LOD), even under a much weaker light intensity than a 

standard one sun illumination. Finally, this NW sensor can be readily integrated onto a 

microchip board for on-field dynamic NO2 concentration measurements from vehicle 

exhaust pollutant.  

 

5.1 Electrical simulation for the nanowire based self-powered NO2 sensor  

The self-powered InP NW array device design was guided by numerical simulation for 

insight into sensing mechanism and performance enhancement, performing with the 

semiconductor module of COMSOL Multiphysics (the simulation study was conducted 

by Dr. Zhe Li). According to the sensing mechanism discussed in Chapter 4, once the 

NO2 molecules adsorb onto the NW surface, the resultant acceptor-like surface states 

capture electrons from the NW surface,[17] turning it into a high resistance state and 

leading to a measurable signal of the adsorbed NO2. Under light illumination, a 

photocurrent is generated in the p-n junction embedded NWs i.e., a short-circuit current 

(ISC) without externally supplied power. NO2 exposure effectively modulates the 

photocurrent flowing through the p-n junction due to the charge (electrons) transfer from 

the NWs to the adsorbed NO2 molecules, causing significant change of the photocurrent. 

Based on this fundamental mechanism and PV effect attainable by the formation of a p–

n junction NWs, we have conceptualised an InP NW array PV sensor to achieve gas 

sensing and self-powered carrier collection simultaneously. Therefore, the p-n junction-

based sensing response can be defined as: 
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 R =
(𝐼0 − 𝐼gas)

𝐼0
× 100% (1)   

where I0 and Igas denote the initial ISC in air and the final ISC in response to gas adsorption, 

respectively. Igas can be either greater or smaller than I0 as will be discussed later, leading 

to either a positive or negative value for the measured response. 

 

Figure 5-1. Schematic of the architecture used in the two-dimensional simulation domain 

deployed in COMSOL Multiphysics.  

 

To understand the PV NW sensing mechanism, we investigated and compared two 

common axial p-n junction structures: an NW array with i-(intrinsic) and n-doped 

segments grown on a p-doped InP substrate, referred as p-i-n hereafter, and an NW array 

with i-(intrinsic) and p-doped segments grown on a n-doped InP substrate, referred as n-

i-p hereafter (Figure 5-1a). To allow effective gas sensing and NW top contact fabrication 

for signal extraction, a light illumination window is created at the top of the NW for gas 

exposure with the length of 700 nm (500 nm of the doping segment and 200 nm of the 

exposure window depth). It is a realistic size that can be achieved reliably by device 

fabrication. All simulation related condition and parameters are presented in Figure 5-1b 

and Table 5-1. 
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Table 5-1. Material and Model Parameters in the Numerical Simulations 

Material/Model 

Parameters 
Value Comments 

Electron mobility 120 cm2 (V-1s-1)  [18] 

Hole mobility 100 cm2 (V-1s-1)  [19] 

SRH recombination 

lifetime 
190 ps 

Based on TRPL measurement; see 

Chapter 3 

Doping concentration 

top P-doped NW 
1 × 1017 cm-3  [19] 

Doping concentration 

i-region 
1 × 1016 cm-3  [19] 

Doping concentration 

top N-doped NW 
3 × 1018 cm-3  [19] 

Doping concentration 

P-/N-doped substrate 
1 × 1018 cm-3  [19] 

Top N-/P-doped NW 

segment thickness 
Adjustable parameter Varied from 350 nm to 1800 nm 

i-region thickness Adjustable parameter 

Total thickness of top NW segment 

plus i-region is 3 µm; i-region 

thickness changes correspondingly. 

InP nanowire radius  100 nm  

 

We simulated ISC before and after gas exposure to calculate sensing response by equation 

(1) and found that the relative position of i-n or i-p junction with respect to the exposure 

window plays a critical role in sensing performance. For p-i-n structure, large positive 

responses are obtained as plotted in Figure 5-2c, whereas for n-i-p structure, the response 

changes from positive to negative within a small range of values with increasing junction 

depth as shown in Figure 5-2d. The polarity of the sensing response for different 

structures can be explained with the aid of a band diagram of the NW top junction as 

shown in Figure 5-2e, f, where the case of n-/p-doped top segment length is exemplarily 

set as 450 nm. For the case of a p-i-n structure under illumination, NO2 gas molecules 

adsorbing on the top n-doped segment and i-region (lightly n-doped due to background 

impurity doping during bottom-up growth[20]) as electron acceptors, giving rise to an 
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upward surface band bending as shown in Figure 5-2e.[21-22] As a result, the majority 

carrier (i.e. electron) concentration in both top n-doped segment and i-region is reduced, 

leading to decreased photocurrent and hence a positive sensing response as calculated by 

equation (1). Since the top n-segment is highly doped to 3×1018 cm-3, the corresponding 

band bending (and carrier depletion) is much less evident than that in the i-region, 

subjected to same amount of gas adsorption. Therefore, the sensing response of p-i-n 

structure decreases sharply as the top n-segment length increases until longer than 

exposure window where no i-region is exposed for sensing, since most carrier depletion 

occurs within the i-layer. 

 

When an n-i-p NW sensor is exposed to NO2, the resultant upward band bending in the 

top p-doped segment increases majority carrier (i.e. hole) concentration and thus 

photocurrent shows an enhancement as plotted in Figure 5-2f. However, the i-region as 

mentioned still exhibited unintentionally n-doped and the band bending depletes electrons, 

leading to decreased photocurrent in contrast to the p-segment. For a shallow i-p junction 

that exposes both p- and i-regions for NO2 sensing, due to the larger band bending in the 

i-segment, electron depletion plays a dominant role than the hole enhancement in the top 

p-doped segment, leading to the net photocurrent decrease and positive sensing response. 

As the junction depth increases and only the p-segment is exposed for sensing, the 

majority carrier (hole) concentration increases, presenting a negative sensing response 

due to the increased photocurrent. By comparing the response curves for the two 

structures, the p-i-n-based device is a better candidate for high-performance oxidative gas 

sensing. The length of the top n-segment plays a critical role, which should be kept as 

short as possible just enough for the electrical contact, so that the i-region can be 

sufficiently exposed for a better sensing performance. For n-i-p structure, varying 

junction depth plays limited role due to its bipolar sensing response in top p-segment and 
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i-region. As a result, the absolute response is less than 5% with all junction depths 

included.  

 

Figure 5-2. Simulation result of the p-n junction NW based NO2 sensor. (a, b) Three-dimensional 

schematics of a unit cell of the p-i-n and n-i-p NW based sensor, respectively. (c, d) Simulated 

gas sensing response vs NW top segment length. (e, f) Band diagram of the respective structures 

before (i.e. in air) and after gas exposure (i.e. in NO2). Due to the background impurity doping, 

the unintentionally doped i-segment grown by SA-MOVPE is slightly n-type (n-). 

 

5.2 Experimental  

5.2.1 Substrate processing 

The detailed substate preparation steps are described in Chapter 3, section 3.2.1. Through 

this process, a 30 nm SiO2 layer was deposited on both n-doped and p-doped InP (111)A 

wafer, (doping concentration: (0.8–8) × 1018 cm−3), with opened holes as pattern 

consisting of 200 × 200 µm2 hexagonal dot array, diameter of 80 nm and inter-spacing of 

600 nm.  
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5.2.2 p-i-n/n-i-p InP NW growth 

The InP NW arrays were grown by bottom-up selective-area metal-organic vapor-phase 

epitaxy (SA-MOVPE), with details in Chapter 3, section 3.2.2. Molar fractions of 

trimethylindium (TMIn) and phosphine (PH3) were set to be 9.38×10-6 and 7.59×10-4, 

respectively, corresponding to a V/III ratio of 80. During the growth, all samples were 

firstly baked at 750 °C for 10 min under the PH3 flow and grown for 4 min at 730 °C for 

undoped segment (i-InP). Then, Silane (SiH4) and diethylzinc (DEZn) were introduced 

during the growth of n-doped segment and p-doped segment for 2 min, respectively. All 

the other parameters kept the same as those used for the growth of undoped InP segment. 

With this two-step growth process, the i-n and i-p InP NW were grown on p-doped and 

n-doped substrate, respectively, to form p-i-n (Figure 5-3a) and n-i-p (Figure 5-3b) 

junctions.  

 

Figure 5-3.  Schematic diagrams of NW growth process by SA-MOVPE for the p-i-n (a) and n-

i-p (b) axial junction based structures. 

 

5.3 Characterisation of the p-n junction InP nanowires  

5.3.1 Morphological and microstructural characterisation 

The morphology of the as-grown p-i-n and n-i-p InP NW arrays was characterised by 

SEM (FEI VERIOS 460 SEM) with electron beam voltage of 2 kV and current of 13 
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pA.[23] The SEM images shown in Figure 5-4, highlight the well-ordered InP NW arrays 

with taper-free hexagonal-cylinder shape. The two structures display a similar 

configuration due to the same growth time and substrate pattern design, with a diameter 

of around 110 nm, a length of 3-4 µm, and the inter-spacing of 600 nm.  

 

The doping profiles of the two NW structures were characterised by cathodoluminescence 

(CL) of single NWs as mentioned in Chapter 3, section 3.4,[24] transferred from the NW 

arrays to a Si substrate. The bright-and-dark contrast of the CL panchromatic image[25] 

arises from different doping type and level of NW along the axial direction. Figure 5-4d 

shows that the n-segment has a much stronger luminescence than the i-segment, due to 

higher electron concentration, which increases transition probability of donor-valence 

band transition, in comparison to intrinsic-valence band transition. While for the p-doped 

top segment (Figure 5-4h), the transition probability of acceptor-valence band transition 

is lower than that of intrinsic-valence band transition, leading to a lower luminescence in 

the p-segment than that in the i-segment. The SEM-CL characterisation indicates that 

both n-i-p and p-i-n structures grown by SA-MOVPE method present well-defined 

junctions. 

 

Figure 5-4. The Morphological and microstructural characterisation of p-n junction InP NWs. (a, 
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b, c) Schematic and SEM images of i-n InP NW on p-doped InP substrate (p-i-n). (e, f, g) 

Schematic and SEM images of i-p InP NW on n-doped InP substrate (n-i-p). (d, h) SEM and 

corresponding cathodoluminescence (CL) image with CL spectrum intensity profile of p-i-n and 

n-i-p InP NW, respectively. 

 

The crystal structure is determined by transmission electron microscopy (TEM) analysis. 

NWs were directly transferred from original array to a copper mesh for TEM. Figure 5-5 

presents the TEM images taken along zone axis from top and bottom region of a i-n NW 

confirming that NW was grown in wurtzite phase with barely any crystalline defects, and 

the dopants have negligible effect to the NW crystallinity.  

 

Figure 5-5. TEM characterisation of InP NWs. (a) Bright-field TEM image showing the 

morphology of a typical i-n InP NW grown at 730 °C. (b, c) High-resolution TEM images taken 

along [110] zone axis from the top and bottom regions of the InP NW shown in (a). Inset of (b) 

is the fast Fourier transform (FFT) image. Inset of (c) shows the selected area electron diffraction 

pattern confirming the WZ crystalline structure of the NW. 

 

5.3.2 Optical property characterisation 

The NWs were also transferred to SiO2/Si substrate for time-resolved photoluminescence 

(TRPL) measurement for optical property characterisation. PL spectra were acquired 

along a single NW from top to bottom position (P1 to P3) at room temperature as shown 

in Figure 5-6. It is found that the lifetimes of i-p and i-n NW segments are ~0.7-0.4 and 
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~0.3-0.1 ns, respectively. The lifetime of i-p NW is decreasing along the length from P3 

to P1 due to the Zn dopant interstitials.[26] It is also noticeable that the lifetime of n-i-p 

is much smaller than p-i-n, because the n-doping concentration (~3 × 1018 cm-3) is higher 

than p-doping (~1 × 1017 cm-3) from previous research reported by our group and higher 

impurity level decreases the lifetime. Although these values are lower than the best 

lifetime values reported previously by our group,[26-27] it is adequate to realise the PV 

effect for the self-powered sensing application. 

 

Figure 5-6. Room-temperature PL spectra of i-n InP and i-p InP NWs measured at top, middle 

and bottom position, respectively (a, d). TRPL decays measured at the peak emission wavelength 

of i-n InP and i-p InP at the same position (b, e). (c, f) Minority carrier lifetimes and peak 

wavelength extracted from TRPL measurement (a-d).  

 

5.3.3 Photovoltaic effect characterisation 

For PV effect and sensing measurements, the as-grown NW arrays were then fabricated 

into NW PV sensors according to the designed structure as illustrated in Figure 5-7.[28] 

The fabrication started with spin-coating SU8-5 on the NWs for planarization. Then SU8-
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5 was etched back by barrel-etcher to expose ~500 nm of the top of InP NWs for 

subsequent electrical contact (Figure 5-7a, e). Since the top junction is deeper than 500 

nm, the i-region of NW is embedded in SU8-5, which prevents shorting of the junction 

and provides necessary mechanical support to the NWs. A Ti 10nm/ Au 80 nm Au film 

layer was tilt-angle deposited on NWs using electron-beam evaporator for top contact 

(Figure 5-7b, f), as previously discussed in Chapter 4, section 4.1. 

 

Figure 5-7. Schematic of device fabrication process based on as-grown InP NWs including (a) 

spin-coating of SU8-5, (b) tilt-angle deposition of Au, (c) ICP (fluorine) etching, and (d) the as-

fabricated InP NW array sensor with electrical contacts. (e-g) SEM images corresponding to the 

fabrication process (a-c) and a cross-sectional view (orange box) highlighting the window at the 

top junction region opened for gas sensing in the right panel of (g). 

 

The method left a shadow area behind each NW covered by SU8-5, which can be further 

etched to extend the exposure window below the top junction by inductively coupled 

plasma (ICP). The etching rate of ICP has been well calibrated such that another ~500 

nm of SU8-5 was removed precisely, which formed a hole besides each NW (Figure 5-

7c, g), successfully realising the designed exposure window. Then, a 200 nm Au layer 
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was deposited on the back of InP substrate as bottom contact as shown in Figure 5-7d, 

which also shows the schematic electrical contact. 

 

The electrical properties of two NW device structures (p-i-n and n-i-p) were characterised 

by standard dark/light current-voltage (I-V) measurement as shown in Figure 5-8a, d. The 

dark I-V curves of both devices show typical diode characteristic. When illuminated 

under a solar simulator @AM1.5 at 42.3 mW/cm2, both devices show photovoltaic 

behaviour, indicating successful device fabrication. The p-i-n and n-i-p structures have a 

short-circuit current (ISC) density of 0.19 and 0.13 mA/cm2 (device area of 200 × 200 

µm2), and an open-circuit voltage (VOC) of 0.16 and 0.25 V, respectively. The time-

dependent photo-responses are shown in Figure 5-8b, e and Figure 5-8c, f for ISC and 

VOC, where distinct ‘ON’ and ‘OFF’ photovoltaic states can be well manipulated to fit 

into the subsequent self-powered gas sensing measurements. 

 

Figure 5-8. Photovoltaic characterisation of the p-n junction InP NW device. (a, d) Dark/light I−V 

characteristics of the p-i-n and n-i-p InP NW arrays (light source: solar simulator @AM1.5, 42.3 

mW/cm2). (b, e) Time-dependent ISC of p-i-n and n-i-p InP NW device, respectively; ‘on’ and ‘off’ 

correspond to states with and without illumination. (c, f) Time-dependent VOC of p-i-n and n-i-p 
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InP NW devices, respectively. 

 

5.4 NO2 sensing measurement 

5.4.1 Self-powered gas sensing measurement setup 

The gas sensing performance was measured using a home-made sensing setup as 

aforementioned in Chapter 3, section 3.5, with an additional solar simulator for light 

illumination.  

 

5.4.2 The electrical signals employed for self-powered gas sensing 

Prior to gas injection, the device was placed in the gas sensing chamber with illumination, 

zero bias voltage and constant air flow to generate steady-state ISC. As NO2 gas injection 

is introduced into the chamber, ISC of the p-i-n device decreases and ISC of the n-i-p device 

increases as shown in Figure 5-9a, b, consistent with the mechanism discussed in section 

5.1.[21]  

 

Figure 5-9. Raw data from p-i-n and n-i-p InP NW photocurrent sensing measurement (a, c), and 

VOC as output signal for NO2 sensing measurement (b, d).  
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The response of ISC reaches a saturation state in ~ 200 s. When NO2 gas is removed off 

and air flow resumed, ISC recovers back to initial base level. Besides ISC, the time-

dependent VOC in Figure 5-9c, d can be also measured as an alternative readout signal 

that is also concentration dependent and can be useful for integration with digital 

microchip circuit board.[29-30] 

 

5.4.3 Light intensity effect on sensing performance 

To find out the threshold light intensity for our self-powered NW sensor operation and 

the capacity of the device working under various illumination conditions, the p-i-n device 

was measured under a series of attenuated light intensity tuned by a neutral density filter. 

Figure 5-10a shows that with 100 ppb NO2, the sensing response is consistent within the 

standard deviation range (22 ± 4.9 %, shaded area) under light intensity decreasing from 

original 42.3 mW/cm2 to 10 % of this original level (or <5% 1sun condition). Under 

reduced light intensity, the baseline ISC (i.e., I0) and the gas adsorption induced ISC (i.e., 

Igas) decreases simultaneously, such that the response calculated by equation (1) remains 

at a similar value. Such light-intensity independent performance is highly desirable for 

sensing in realistic environment, since atmosphere solar irradiation usually varies 

drastically during a day.  

 

5.4.4 Self-powered NO2 sensing performance 

Figure 5b summarises the concentration-dependent sensing response for both p-i-n and 

n-i-p sample with their linear-fitting slope (L) which is defined as device sensitivity, as 

discussed in Chapter 2.[15, 31] Figure 5-10c, d shows the time-dependent sensing 

response of the p-i-n based device in concentration range 1 - 1000 ppb, and the n-i-p 

sample results are illustrated in Figure 5-10e, f, with concentration 20 - 1000 ppb. It is 
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noticeable that the absolute value of response at 1000 ppb and the device sensitivity for 

n-i-p structure (15.9 %, 0.014 %/ppb) is much smaller than p-i-n structure (84.1 %, 

0.62 %/ppb). This result essentially verifies the numerical simulation that the responses 

from top p- and i-segment of the bipolar n-i-p junction structure offset each other, leading 

to a much weaker response.  

 

For the more sensitive p–i–n structure, a linear correlation of response versus 

concentration can be observed at two separate concentration regimes, with a smaller slope 

at the high concentration range (>100 ppb). This phenomenon also exists in previously 

reported work,[17] which indicates that the sensor saturates gradually due to the limited 

number of surface adsorption sites.  

 

The superior sensitivity performance of p-i-n structure is also indicated from the 

measurement of extremely low NO2 concentration (1 ppb), where a distinguishable 

sensing response of 2% can still be obtained as shown in Figure 5-10d. From the baseline 

in Figure 5-10e, the RMSnoise is 0.10 % and L is 0.62 %/ppb obtained from the inset of 

Figure 5-10c, so the calculated limit of detection (LOD) is 0.49 ppb, which is the lowest 

record achieved by a self-powered gas sensor to the best of our knowledge. Furthermore, 

both the n-i-p and p-i-n devices demonstrated a high selectivity to NO2 as shown in Figure 

5-10g, h. At 1 ppm level, their sensing response to other organic vapours and common 

atmosphere gases (methanol (CH3OH), ethanol (C2H5OH), methyl nitrite (CH3NO2), 

carbon dioxide (CO2) and propane (C3H8)) are negligible compared to NO2. 
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Figure 5-10. Self-powered NO2 sensing performance of p-i-n and n-i-p InP NW. (a) Time 

dependent sensing response measured from the p-i-n device under different illumination 

intensities. The averaged time-dependent sensing response and standard deviation range under 

light intensity 42.3 mW/cm2 is shown as the shaded area. (b) Response of the p-i-n (upper panel) 

and n-i-p (lower panel) NW structures under different NO2 concentrations. The inset shows an 

enlarged graph of p-i-n sensing responses from 1-10 ppb NO2. (c-f) Sensing response measured 

from (c, d) p-i-n, and (e, f) n-i-p NW structures. (g, h) Selectivity measurements of the p-i-n (g) 

and n-i-p (h) NW structures, respectively, with gas concentration of 1 ppm for methanol, methyl 

nitrides, acetone, ethanol, propane, NO2 and 1% for CO2.  
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Figure 5-11. Time-dependent sensing response to NO2 concentration of 200 ppb from a p-i-n 

device under the relative humidity levels of 0%, 30%, 50% and 65%. 

 

Also, the effect of humidity on the p-i-n sensor was investigated under various relative 

humidity (RH) levels (Figure 5-11). Even with a high concentration of water vapour (RH 

65%), the NW sensor maintains its high sensitivity despite a small degradation in sensing 

response (< 30%) compared to the dry condition (RH 0%), demonstrating excellent 

humidity tolerance. Compared with different types of recently reported PV self-powered 

gas-sensing devices as summarised in Table 5-2, our p-i-n InP NW-based sensor shows 

an overall outstanding performance with a high response (84% to 1 ppm NO2), the lowest 

LOD (1 ppb), dual measurable signal (ISC and VOC) and ability to work stably under 

natural light source with different intensities other than a specific wavelength or 

intensity.[32] 

 

Table 5-2. Comparison of typical sensing performance parameters from self-powered gas sensors 

reported in the literature (room temperature operation). 

Device 

structure 
Light source 

Measured 

signal 

Target gas 

(LOD) 

Response 

100% (gas 

concentration) 

Response

/ recovery 

time (s) 

Ref 

p-i-n InP 

NW 

Solar 

simulator 

(AM 1.5) 

ISC (nA) 

VOC (mV) 

NO2 (1 

ppb) 
84% (1 ppm) 200 / 400 

This 

work 
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p-Si/n-ZnO 

(amine-

/thiol-

functionaliza

tion) 

Solar 

simulator 

(AM 1.5) 

VOC (mV) 
NO2 (170 

ppb) 

Amine: 7.5% 

Thiol: 9.8% 

(250 ppb) 

~1000  [10] 

CNT-SiNW 

Solar 

simulator 

(AM 1.5) 

VOC (V) 
NO2 (10 

ppm) 
46% (10 ppm) 4-6  [12] 

SWNTs/Si 

λ = 600 

nm, P = 1.8 

mW cm−2 

VOC (mV) 
NO2 (100 

ppb) 

2.23% (400 

ppb) 
~50  [33] 

NiO/ZnO/IT

O 

Solar 

simulator 

100 mW 

cm−2 

AM1.5 

VOC (V) CO2 0.1% 150/100  [34] 

CsPbBr3 

Solar 

simulator 

(AM 1.5) 

ISC (nA) 
Acetone (1 

ppm) 
3% (1 ppm) 10/5  [11] 

CsPbBr2I 

Solar 

simulator 

(AM 1.5) 

ISC (nA) 
Acetone (1 

ppm) 
16% (1 ppm) 150  [35] 

Gr/WS2/Gr 

White light 

P = 100 mW 

cm−2 

ISC (μA) or 

VOC (mV) 

NO2 

(5ppm), 

H2 (50ppm) 

NO2: 70% 

(5ppm), 

H2: 17% 

(50ppm) 

~500  [9] 

SiNWs/ITO 

Red LED 

λ = 576 

nm, P = 20 

mW cm−2 

ISC (μA) NO2 (5ppb) 90% (1 ppm) 80/850  [32] 

Au@rGO/G

aN 

nanorods 

UV LED 

λ = 382 

nm, P = 

1.71 mW 

cm−2 

ISC (μA) CO (5 ppm) 38% (20 ppm) 400/1000  [36] 

FMCPIB 

Solar 

simulator 

(AM 1.5) 

ISC (nA) 
NO2 (1 

ppm) 
8% (8 ppm) 17/126  [37] 
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5.5 On-Field Gas Sensing 

Based on the laboratory sensing measurement results, the p-i-n NW sensor was chosen to 

confirm its applicability in a real environment. A real-time on-field measurement was 

enabled by connecting our NW device to a portable microprocessor with USB interface 

(JLM Innovation with supplementary software JLMlogSP), where the electrical signal 

generated by the NW sensor is transmitted and processed. A prototype workflow from 

the on-field sensing measurement to the data analysis and output result is illustrated in 

Figure 5-12. Prior to on-field operation, the sensor was calibrated in self-powering mode 

in the lab as shown in Figure 5-12a, which correlates the sensing response value with the 

NO2 concentration. This calibration was performed in the laboratory gas sensing setup 

where the injected gas concentration was known and can be precisely controlled. 

However, when the NW sensor was connected to the portable USB microprocessor, it 

could no longer be fitted into the same sensing setup. In this case, the calibration was then 

performed in a home-made 3D-printing enclosure (with an LED light source) that can 

accommodate the NW sensor integrated USB system. In this case, the enclosure was not 

completely sealed and isolated from the ambient atmosphere as in a standard gas sensing 

chamber. Hence, the measured sensing response tends to overestimate the injected gas 

concentration (i.e., consider a small amount of gas leakage). 

 

The portable NW sensor system was then brought to the real environment for on-field 

measurement with the exposure of a 4-cylinder gasoline car exhaust. An example time-

dependent response curve shows that the value and shape of response pulse vary in 

different accelerator pedal pressing duration and revolutions per minute (RPM) of the 

engine, as NO2 concentration in exhaust gas depending on these parameters (Figure 5-

12b). The measured response curve, together with the calibration results, was transmitted 
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to a data evaluation unit (e.g., a laptop, or an embedded system with USB or Bluetooth 

interface) for processing. Here, we demonstrate a simple pipeline of data acquisition and 

processing for a vehicle exhaust at 2500 RPM where the gas pedal was pressed four times, 

each of which lasted approximately 25 s. The raw data from the measurement was then 

evaluated with a logistic filter to remove noise (e.g. a double-logistic filter in this 

demonstration) to extract sensing response values as shown in (Figure 5-12c).  

 

Figure 5-12. A prototype workflow for practical on-field gas sensing measurement. (a) The NW 

sensor concentration calibration in laboratory environment (portable USB microprocessor system 

and laboratory gas sensing system). (b) The schematic and on-site photos of on-field vehicle 

exhaust measurement based on the NW sensor integrated with the USB interface and an example 

of acquired data. (c) Data measured by this USB interface and the corresponding post-processed 

fitting result by user-specified data filters to remove noise and extract sensing response values; 

(d) By correlating with the laboratory calibration, the NO2 concentration can be dynamically 

monitored. 

 



125 

 

To further confirm the reliability of the NW sensor, a commercial NO2 air quality sensor 

(KEMET USEQGCDAN82100) was also integrated to this USB interface for the same 

vehicle exhaust measurement except that it requires an external power source (2.5 V), as 

shown in Figure 5-13a. The commercial sensor was calibrated in the laboratory setup with 

injected NO2 in the range of 2-10 ppm, obtaining a linear relation between sensing 

response and NO2 concentration (red dots) with response ranging 20-30 % (Figure 5-13b).  

 

Figure 5-13.  The performance comparison with commercial KEMET NO2 sensor. (a) Photo of 

the on-field vehicle exhaust measurement with a commercial KEMET NO2 sensor (inset) 

integrated on the USB interface. (b) Calibration between sensing response and NO2 concentration 

(with linear fitting) for the commercial device and InP NW sensor. (c) Sensing response measured 

with InP NW sensor and commercial sensor at an engine speed of 500 – 3000 RPM, and (d) the 

engine speed correlated NO2 concentration (measured three times for each device). 

 

The sensing response measured from the vehicle exhaust with varying engine speed is 

shown in Figure 5-13c, validated by previous study that the NO2 concentration in vehicle 

exhaust increases with engine speed.[38] It is noted that our InP NW sensor can detect 

vehicle exhaust with engine speed down to 500 RPM, while the commercial sensor shows 

no response with engine speed below 1500 RPM. Also, our self-powered InP NW sensor 
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produces a much larger sensing responses with less variation in value, indicating a more 

sensitive performance. The obtained NO2 concentration, as shown in Figure 5-13d, is 

calculated based on the sensing response results in Figure 5-13b and the result from this 

commercial sensor is 8.9-13.0 ppm at 2500 RPM, relatively consistent with our p-i-n InP 

NW sensor (15.2-16.6 ppm).  

 

5.6 Summary 

In this chapter, a novel self-powered sensor architecture is successfully designed and 

demonstrated based on bottom-up grown p-n homojunction InP NW arrays. We designed 

the p-n junction-based NW sensor structure and explored the sensing mechanism via 

numerical simulation. The fabricated sensors exhibited outstanding sensitivity with a 

limit of detection down to sub-ppb level, and high selectivity to NO2 without the need for 

applied bias. These results promise a new family of sensing platform to achieve high-

performance gas sensing under self-powered operation mode enabled by photovoltaic 

effect. The integration of the NW sensor with a portable USB interface for practical 

dynamic on-field measurement is further demonstrated, precisely quantifying NO2 

concentration from a motor vehicle exhaust. Our prototype InP NW sensor design paves 

a way towards battery-free, highly integrable and compatible sensing platform for 

applications such as environmental monitoring, industrial safety and hazard alarming. It 

is a promising step forward for next generation sensing network for Internet of Things.  
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Chapter 6. Self-Powered, Portable InP Nanowire 

Acetone Sensors for Breath Testing  

In Chapter 4 and 5, the InP nanowires (NWs) sensors display specific sensitivity to NO2, 

but are insensitive to weak oxidation gases or reducing gases including some of the 

organic volatile gases (VOCs) such as ethanol, methanol, propane, and acetone. However, 

the detection of VOCs has important application. For example, a large number of VOCs 

present in human exhaled breath and analysing them as biomarkers is a non-invasive and 

valuable approach for early disease detection, treatment response and overall health 

monitoring.[1] Acetone is one of the typical VOCs whose concentrations in breath have 

a direct correlation with blood ketone levels, making it an ideal biomarker for diabetes 

monitoring in particular prevention of diabetes acidosis (DKA), a severe and life-

threatening condition.[2] Current clinical ketone detection methods largely rely on blood 

and urine assays. Although finger-prick tests using ketone strips are the most prevalent 

means of monitoring ketone levels, their invasive nature contributes to low levels of 

compliance, especially in children and younger individuals.[2-3] Urine testing is usually 

not recommended, as it is inconvenient and lower accuracy.[4] The detection of acetone 

in breath provides a new method for non-invasive DKA monitoring. For now, only a few 

breath tests have been extended to clinical applications, and these applications seldom 

employ portable, self-use, real-time diagnostic devices, highlighting the demand for 

suitable novel technologies to realise non-invasive breath tests.  
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Figure 6-1. Schematic overview of the InP NW array based acetone sensing. 

 

In this chapter, again based on the InP NW-based technology, we demonstrate a new NW 

device design, utilising a chitosan surface-functional layer to achieve acetone specific 

sensing for breath acetone sensing and diabetes monitoring. Chitosan is a cost-effective, 

renewable, and eco-friendly biopolymer with superb water solubility, biodegradability, 

renewability, antimicrobial activity, biocompatibility, and adsorption properties. The 

amine group (-NH2) in chitosan interacts with the carbonyl groups of acetone, 

contributing to a high acetone specificity. Previously, chitosan has been used as the active 

layer of acetone sensors, however they have shown inadequate selectivity and/or 

sensitivity to fulfill the clinical requirements. Here, by utilising chitosan as the surface-

functional layer, along with a Pt Schottky contact formed on the ultrathin InP NWs, as 

shown in Figure 6-1, a self-powered acetone sensor has been achieved at room 

temperature. It shows high selectivity and sensitivity covering the whole diabetes relevant 

range (from sub-ppb to >100,000 ppm level). The acetone sensing mechanism was 

studied through numerical simulations and experimental investigations, revealing an 

oxygen-facilitated two-step charge transfer process enabling acetone redox reaction. 

Finally, the NW sensor has been integrated into a portable electronic setup, the 

Ketowhistle, serving as a prototype breath-testing device that successfully detects 

simulated exhaled breath containing different ranges of acetone concentrations. 
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6.1 Experimental  

The 400 × 400 μm InP NW arrays for acetone sensor were fabricated by both bottom-up 

and top-down method, aiming at producing NWs with small diameter to enhance 

sensitivity, as investigated and discussed in Chapter 4, section 4.4.  

 

6.1.1 Bottom-up method 

This method is based on the selective area metal-organic chemical vapour deposition (SA-

MOCVD) technique, obtaining a NW array with the diameter of 50 - 60 nm, pitch size of 

600 nm and length of ~ 4 µm on n-doped (Si) (111)A InP substrate( (1-10)×10-18 cm-3), 

as shown in Figure 6-2a. The growth condition was optimised to produce pure wurtzite 

crystal structure due to dominant axial growth versus radial growth,[4] following the 

substrate preparation and SA-MOCVD growth processes described in Chapter 5, section 

5.2. The bottom-up grown NW sample is named as b-InP NW in this chapter. 

 

6.1.2 Top-down method 

The top-down method follows the fabrication process described in Chapter 4, section 

4.1.[5] The NW diameter is determined by the mask and the ICP etching process. The 

smallest mask size that can be achieved is ~ 40-50 nm by electron beam lithography. The 

obtained NWs in Figure 6-2b show a large tapering because of the etching of already-

exposed sidewalls during the deep etching of the substrate, leading to the variation of 

diameter along a NW from ~< 30 nm at the top to ~130 nm at the bottom. Another 

limitation of the top-down approach is the shorter NW length due to the etching selectivity 

of the mask and InP substrate, as the mask for ICP etching will be slowly removed during 

the etching process. Therefore, the average length of top-down etched NWs is ~2 μm, 
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considerably shorter than that of the bottom-up grown NWs (> 4 μm). The top-down NW 

is named as t-InP NW in this chapter. 

 

Figure 6-2. The SEM images of InP NWs obtained by bottom-up (a) and top-down (b) approaches. 

 

6.1.3 Acetone sensor fabrication 

The InP NW array acetone sensor was fabricated following the standard process of the 

chemiresistive gas sensor described in Chapter 4, section 4.1.3, as illustrated in Figure 6-

3 a-c: 1) planarization of NW array with SU8-5 photoresist, 2) oxygen plasma etching to 

expose uniformly the top segments of the NWs, 3) tilt-angle deposition of Pt (< 50 nm) 

on exposed NWs. Finally, a diluted chitosan acetic acid aqueous solution with a 

concentration of 2.5 % (diluted at a 1:10 ratio from the saturated solution, concentration 

of 28 %) was drop-casted over the NW/Pt array and baked on a hotplate at 50 °C to 

remove the solvent functionalising the exposed NW surface. As shown in Figure 6-3d, 

through the drop-casting process a parafilm-like chitosan film forms over the tip of NWs 

but does not fill up the regions between the NWs. A Ti/Au contact was fabricated on top 

of the InP substrate next to the NW array as the bottom electrode to complete the 

fabrication of the acetone sensor based on b-InP NW and t-InP NW, i.e., the b-

InP/Pt/chitosan NW and the t-InP/Pt/chitosan NW sensor, respectively (Figure 6-3e). 
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Figure 6-3. Overview of the chitosan functionalized InP NW acetone sensor and the fabrication 

process. The SEM images in the middle panel with the corresponding schematics in the bottom 

panel represent the various stage during the fabrication process, showing (a) the as-grown NWs; 

(b) SU8-5 planarized NWs; (c) tilt-angle deposition of Pt electrode; (d) drop-casted chitosan 

functionalisation; and (e) the Ti/Au bottom contact fabrication next to the NW array for electrical 

connection. 

 

It is the notable that the morphology of t-chitosan/Pt/InP NW is different from the b-

chitosan/Pt/InP NW because of the tapering and sharp tip of t-InP NWs, resulting in the 

Pt layer slightly peeled-off from t-InP NWs (Figure 6-4). This deformation may slightly 

affect the device electrical property because it damages the contact between the NW and 

Pt electrode. 
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Figure 6-4. SEM images of t-InP NWs after device fabrication steps of SU8-5 planarization, tilt-

angle deposition of 60 nm Pt (a) and the InP NWs devices after drop-casting of the chitosan 

solution (b). 

 

6.1.4 Electrical property characterisation 

 

Figure 6-5. I-V measurement of the acetone sensor under dark/light conditions (a) and magnified 

plot of the I-V curve to determine ISC and VOC (b). 

 

After the sensor fabrication, photo-electrical and gas sensing measurements were 

performed using a gas sensing system with solar simulator as the light source as 

mentioned in Chapter 5, section 5.4. As shown in Figure 6-5, the electrical properties of 

the sensors were characterised by standard dark/light current-voltage (I-V) measurements, 

exhibiting a typical Schottky diode characteristic.[6] Under illumination from a solar 

simulator @AM1.5 at a power of 100 mW·cm-2 (1 sun), the device demonstrated a short 

circuit current (ISC) of 1.4 × 10-7 A (an increase from < 10-9 A in the dark condition) and 

an open-circuit voltage (VOC) of 80 mV,[7] indicating the self-powered operation 

capability of sensor.  

 

6.1.5 Acetone sensing measurements 

For the sensing measurement, the baseline ISC signal was measured under 1 sun 

illumination with constant airflow and zero external power (self-powered).[8] Before gas 
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injection, the sensor was placed in the chamber under light illumination and constant 

simulated airflow to generate steady-state baseline ISC. As acetone gas is injected, ISC 

increased and then reached saturation. For the experiments shown below, we kept the 

acetone exposure time constant at (100 s) as we noted that the response reached saturation 

<100 s. The variation between saturated and baseline ISC was calculated as the sensing 

response, as defined Chapter 2, section 2.1.2.[9] When acetone gas was turned off and 

airflow resumed, ISC returned to the initial baseline current level.  

 

6.2 Chitosan/Pt/InP NWs acetone sensing performance 

6.2.1 Acetone sensing performance of b-InP/Pt/chitosan NW sensor 

The sensing performance of the b-InP/Pt/chitosan NW sensor was investigated at low 

acetone concentrations ranging from 0.4 ppb to 10 ppm. As shown in Figure 6-6 a-d, the 

response of NW sensor exhibits a strong concentration dependence, demonstrating high 

sensitivity at both ppb and ppm levels. The linear fitting results in Figure 6-6f and g 

illustrate response as a function of acetone concentration with a slope that defines the 

device sensitivity.[10]  
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Figure 6-6. Acetone sensing performance of the b-chitosan/Pt/InP NW. (a, b, c) Time-dependent 

sensing response measured from short-circuit current under dark (bias voltage 0.5 V, to obtain a 

similar current level with ISC under light condition) and light condition (bias voltage 0 V). Time-

dependent sensing response in acetone concentration range (d) 100 - 1000 ppb, (e) 1 - 10 ppb, and 

(f) 0.4 - 1 ppb. The yellow strips indicate acetone exposure.  

 

Figure 6-7. The response and recovery time corresponding to acetone concentration 0.4-1000 ppb 

with the standard deviation as the error bars obtained by 10 cycles of sensing measurements. 

 

The sensitivity in the higher concentration range (100 - 1000 ppb) is 0.032 %/ppb, smaller 

than that in the 0.4 - 10 ppb range (0.48 %/ppb). The decreased sensitivity at a higher 

concentration range results from the charge-release saturation due to increased analyte 

concentration, given that there are only a finite number of active surface sites. Based on 

the linear fitting result, the limit of detection (LOD) of our acetone sensor is calculated to 

be 0.18 ppb (calculation details in Chapter 2, section 2.1.2). This LOD and detectable 

concentration range covers the clinical requirement in the lower-level breath acetone 

detection from healthy individuals (300-800 ppb) to people with well-managed type 1 

and type 2 diabetes exhibit slightly elevated breath acetone level of 1 - 2 ppm.[11-13] 

Notably, our sensor features a rapid response time (Tres: ~25 s) and recovery time (Trec: 

~39 s), as shown in Figure 6-7, making it promising for real-time testing. The 

reproducibility of the b-InP/Pt/chitosan NW sensor was assessed by repeating 16 cycles 
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of acetone sensing measurement at 10, 2 and 0.1 ppm Figure 6-8. The obtained response 

values remain relatively consistent over time for a given concentration, with a maximum 

standard deviation of only 5.45%, indicating excellent stability and reproducibility in self-

powered operation.  

 

Figure 6-8. The reproducibility of b-chitosan/Pt/InP NW after 16 cycles of measurements. 

 

Apart from the high sensitivity, achieving adequate selectivity to acetone is also critical 

because numerous VOCs in human breath with concentrations varying from ppt to ppm 

levels could act as interfering agents. A selective sensor is required to distinguish acetone 

from these interfering VOCs for breath ketone testing. Hence, the sensitivity of the NW 

sensor to a series of VOCs and atmospheric gases, including acetone (CH3COCH3), 

methyl nitrides (CH3NO2), ethanol (C2H5OH), and propane (C6H6) was evaluated at a 

concentration of 1 ppm. Notably, the sensor response to carbon dioxide (CO2), one of the 

main gas components in exhaled breath, was investigated at 1% (~10,000 ppm). As shown 

in Figure 6-9a, the sensing responses for these gases were less than 5% of that from 

acetone (49 ± 2%), indicating an excellent selectivity towards acetone. In particular, 

ethanol is one of the most common interfering VOCs in breath; however, the acetone 

selectivity over ethanol interference (Racetone / Rethanol) was > 40, much higher than those 

obtained in previous studies.  
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The bubbler setup, built to connect to the gas sensing system shown in Chapter 3, section 

3.5, was further used to evaporate acetone and 2-butanone solvents at higher 

concentrations to fulfill the DKA breath acetone ranges from 75 to 1200 ppm.[1, 14-15] 

A high concentration vapour can be produced by a bubbler setup with a N2 tube inlet into 

the relevant solvent and evaporating saturated vapor to the gas sensing chamber. To 

stabilise the temperature, the bubbler is placed in a bath of water at room-temperature 

during the whole sensing measurement process. The vapor concentration (Conc) was 

calculated by following equations:[16] 

𝐹𝑜𝑢𝑡𝑝𝑢𝑡 = (
𝑃

𝑃𝑜 −𝑃
) 𝐹𝑐 = 𝛼𝐹𝑐                                              (2)                                                             

𝐶𝑜𝑛𝑐 =
106𝐹𝑜𝑢𝑡𝑝𝑢𝑡

𝐹𝑑𝑖𝑙𝑢𝑡𝑒+𝐹𝑐𝑎𝑟𝑟𝑖𝑒𝑟+𝐹𝑜𝑢𝑡𝑝𝑢𝑡
=

106𝑎

(𝐹𝑑𝑖𝑙𝑢𝑡𝑒∕𝐹𝑐𝑎𝑟𝑟𝑖𝑒𝑟)+1+𝛼
                         (3)                                                                  

where Foutput, Fcarrier, and Fdilute are the output, carrier, and dilute flow rate of acetone 

vapour from the bubbler, respectively, in standard cubic centimeter per minute (sccm), 

and α is the vapor pickup efficiency defined as the relative ratio of the output sample flow 

rate to the carrier flow. Po is the outlet pressure in the bubbler, defined by Po = Pi + Pth. 

Pi is the inlet pressure to the bubbler (1.6 bar), and Pth is the thermodynamic vapour 

pressure of the analyte sample. When the carrier gas is completely saturated with analyte 

vapour, Pth becomes the saturated vapor pressure, Ps, which can be calculated from the 

empirical Antoine equation[17]: 

𝑙𝑜𝑔10 𝑃𝑠 = 𝐴 −
𝐵

𝐶+𝑇
                                                    (4) 

where T is temperature (in Kelvin, K), and A, B, and C are component-specific constants 

of 4.42, 1312.25, and -32.45, respectively, for acetone at room temperature. The 

calculated Ps of acetone is 30.6 kPa (298 K) 

(https://webbook.nist.gov/cgi/cbook.cgi?ID=C67641). With different dilution ratios of 

simulated air, a series of high concentration acetone from 0.45 % (4,500 ppm) to 13.12% 

(131,200 ppm) can be obtained through this setup (Table 6-1). 

https://en.wikipedia.org/wiki/Temperature
https://webbook.nist.gov/cgi/cbook.cgi?ID=C67641&Mask=4&Type=ANTOINE&Plot=on
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Table 6-1. Parameters used for calculating acetone concentration produced from the bubbler. 

Fcarrier (sccm) Fvapor (sccm) Fdilution (sccm) α 
Vapour Conc 

(ppm) 

Vapour 

Conc (%) 

1000 151.01 0 0.15 131194.19 13.12 

830 125.33 170 0.15 111375.18 11.14 

660 99.66 340 0.15 90630.85 9.06 

500 75.50 500 0.15 70202.15 7.02 

330 49.83 670 0.15 47466.38 4.75 

170 25.67 830 0.15 25028.38 2.50 

130 19.63 870 0.15 19252.73 1.93 

100 15.10 900 0.15 14875.89 1.49 

66 9.97 973 0.15 9501.11 0.95 

30 4.53 970 0.15 4509.73 0.45 

 

As shown in Figure 6-9b, the sensor response exhibits a consistent correlation with the 

concentration from 0.57% (5,700 ppm) to 13.7% (137,000 ppm). This indicates a wide 

dynamic range that effectively encompasses the clinically significant range, from sub-

ppm (non-diabetic person) to 1000 ppm (DKA).[18] It is worth noting that even though 

both acetone and 2-butanone molecules are small ketones, our NW sensor only exhibits 

a high sensitivity to acetone. A possible reason could be that the activation energy 

required for the 2-butanone sensing reaction is higher than that required for acetone. This 

selectivity is of great significance for clinical breath analysis since 2-butanone is a small 

four-carbon ketone (acetone is a three-carbon ketone), which is also a breath biomarker 

for lung cancer. The capability to distinguish it from acetone will greatly reduce the risk 

of false positives.[19]  
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Another major challenge in breath analysis is moisture in the breath, which could impact 

the sensor behaviour by saturating the sensor and decreasing the material sensitivity to 

the target gas. The effect of humidity on the acetone sensing performance was 

characterised on b-InP/Pt/chitosan NW devices by the same bubbler setup to create a 

humid condition. As shown in Figure 6-9c, compared to the dry air condition, the sensing 

response decrease by 10 ± 2 %, 30 ± 6 %, and 50 ± 12 % under a relative humidity (RH) 

of 20%, 50%, and 65%, respectively. Nevertheless, according to the slope of the sensing 

response plot in Figure 6-9d, the device still maintained a consistent sensitivity to acetone, 

indicating that the sensitivity of this device was not compromised in a humid environment.  

 

Figure 6-9. Selectivity and humidity test for the b-chitosan/Pt/InP NW sensor. (a) Gas sensing 

selectivity measurement performed under a concentration of 1 ppm of acetone, 2-butanone, ethly 

benzene ethanol, propane, NO2, as well as 1 % CO2, with the standard deviation as the error bars 

obtained by 10 cycles of sensing measurements. (b) Time-dependent sensing response of acetone 

and 2-butanone in concentrations ranging from 1% (10,000 ppm) to 11% (110,000 ppm). (c, d) 

Time-dependent sensing response to the acetone concentration of 1-5 ppm under the RH levels 
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of 0%, 30%, 50% and 65%. (e) Gas sensing selectivity measurement at 1 ppm compared to similar 

concentration of ethanol and CO2 under different RH. 

 

The cross-sensitivity to interrupting molecules that may be present in exhaled breath, such 

as ethanol and CO2, was also measured under different RH conditions separately, as 

shown in Figure 6-9e, confirming the high selectivity towards acetone, with an almost 

×10 higher response compared to the interfering gases under the same RH conditions. 

 

6.2.2 Acetone sensing performance of t-InP/Pt/chitosan NW sensor  

From above results, the bottom-up b-InP/Pt/chitosan NW sensor achieved a high 

performance metrics i.e. sub-ppb level detection, rapid response/recovery speed, and an 

ultra-broad dynamic range covering different types of diabetes and metabolic conditions, 

satisfying the basic clinical requirements for breath testing. However, evaluating the 

usability of this device for DKA monitoring, we identified one drawback of using the b-

InP/Pt/chitosan sensor, it relies on specialised epitaxial growth equipment and technique, 

which is of high cost and difficult to scale up. Therefore, the top-down approach 

fabricated t-InP/Pt/chitosan NW sensors with an intention for mass production and 

commercialisation,[20] as this approach is highly scalable, more accessible, cost-effective 

and compatible with the well-established complementary metal-oxide semiconductor 

(CMOS) processes.  

 

The details on the device processing and sensing performance result are provided in 

section 6.1.2 and Figure 6-10a and b. The acetone sensing response of this t-

chitosan/Pt/InP NW device (20%, 1 ppm) is smaller than the b-chitosan/InP NW (49%, 1 

ppm), and the LOD of this device (82 ppb) is larger than the b-chitosan/InP NW. However, 

the t-chitosan/InP NW has a high sensitivity of 6.61 %/ppm to acetone in the diabetic 
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diagnosis concentration range of 0.1-10 ppm (Figure 6-10c, e). Moreover, the acetone 

response only decreases slightly from 6.5 % to 4.7 % at 1 ppm, with the reduction in light 

intensity from 42.3 to 4.2 mW·cm-2. This small dependence of the light intensity could 

further approach the environmental fidelity.[21] It exhibits shorter Tres (~5 s) and Trec (~7 

s), higher humidity tolerance, light intensity fidelity, selectivity, and ease of fabrication 

as shown in Figure 6-10d, f, despite slightly lower sensitivity. A summary of and the 

sensor parameters are listed in Table 6-2. Considering the fabrication cost and scalability 

issue, the top-down fabricated device was chosen for integration into the Ketowhistle.[22]  

 

Figure 6-10. Acetone sensing performance of the top-down method fabricated NW sensor (t-

InP/Pt/chitosan). (a) Time-dependent sensing response measured for an acetone concentration of 

0.1-1 ppm. (b) Acetone sensing response under different light illumination intensities from 100 

to 10 mW·cm-2, with the response and recovery times. (c) Time-dependent sensing response curve 

with an acetone concentration range of 2-10 ppm. (d) Time-dependent sensing response to the 

acetone concentration of 2-10 ppm under the RH levels of 0%, 20%, 50% and 65%. (e) Sensor 
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response vs concentration curve with linear fitting to the data. (f) Gas sensing selectivity 

measurement comparing the response to 10 ppm acetone, 2-butanone, ethyl benzene, ethanol, 

propane, NO2, and 10% CO2. The error bars in (e, f) indicate the standard deviation obtained from 

10 cycles of sensing measurements.  

 

The key performance parameters of the b-InP/Pt/chitosan NW and t-InP/Pt/chitosan NW 

sensor, along with those of other chemiresistive acetone sensors reported in recent years 

are compared in Table 6-2. Our NW sensors show superior performance in all key metrics, 

including It is also noteworthy to the best of our knowledge, it is the first demonstration 

of acetone sensor with self-powered room-temperature operation capability, which 

effectively addresses the power consumption and safety concerns typically encountered 

by most of metal-oxide based devices.   

 

Table 6-2. Comparison of the sensing performance of chemiresistive acetone sensors from recent 

literature. 

Materials 

Working 

temperature 

(°C) 

Response 

(concentration) 

Limit of 

detection 

Response/ 

recover time 

(s) 

Ref 

Chitosan/Pt/InP 

NW 
25 48% (1 ppm) 0.4 ppb 25 / 39 

This 

work t-InP/Pt/chitosan 

NW  
25  6.5% (1 ppm)  82 ppb  5 / 6  

NiO/NiWO4/WO3 

(p–p–n) 

NW 

400 29 (30 ppm) 0.7 ppm -  [23] 

Pt/WO3 

hemitubes 
350 4.11 (2 ppm) 120 ppb -  [24] 

Si/WO3 135 5.4 (1 ppm) 50 ppb -  [25] 

Rh/SnO2 

nanofibers 
200 2.7 (1 ppm) - 2 / 64  [26] 

chitosan–Pt 

SnO2 nanofibers 
350 2.9 (5 ppb) 5 ppb 12 / 84  [27] 
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Au- ZnO/Ag 

core-shell films 
150 43% (0.5 ppm) 0.5 ppm 45 / 160  [28] 

Na/ZnO 

Nanoflowers 

25, (UV light, 5 

mW·cm−2) 
1.51 (1 ppm) 0.2 ppm 18 / 63  [29] 

Zn3N2 / ZnO 200 5.1 (1 ppm) 0.07 ppm 15 / 27  [30] 

In2O3 fibers 275 24 (1ppm) 0.3 ppm -  [31] 

Chitosan thin 

film 
25 12.3% (1 ppm) 0.1 ppm -  [32] 

 

6.3 Acetone sensing mechanism  

To understand the sensing mechanism of the InP/Pt/chitosan NW acetone sensor, a series 

of controlled experiments (Figure 6-11a, b) and simulation studies (Figure 6-11c, f) were 

performed. Contrary to previous studies in which chitosan acts as the active sensing 

layer[33], in our study, the chitosan layer was drop-casted on top of the NW array after 

metal electrode deposition, as the surface functionalisation layer and was not electrically 

connected to the sensing circuit. To clarify the effect of chitosan on acetone sensing, a 

similar device without the chitosan layer was fabricated and used as a reference sample. 

Figure 6-11a compares the baseline ISC of the b-Pt/InP NW device with/without chitosan 

under light illumination. Compared with the device without chitosan, the chitosan-coated 

device has a significantly lower baseline current under illumination. We ascribed it to the 

ability of chitosan to absorb and release oxygen.[34] The presence of chitosan effectively 

absorbs O2 from the simulated air, trapping O2 molecules at the chitosan/InP interface, as 

denoted in equation (1) as shown below. This would facilitate O2 ionisation (equation (2)) 

by the photogenerated electrons that drift to the InP NW surface due to the built-in electric 

field formed with the Pt/InP Schottky contact. This depletion of electrons leads to a 

decreased baseline current (ISC) of the chitosan-coated device.[35] 

O2(gas) ↔O2(ads)                                                       (1) 

O2(ads) + e- ↔ O2
-
(ads)                                                   (2) 
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CH3COCH3 (ads) + 4O2
-
(ads) → 3CO2 + 3H2O +4e-                            (3) 

In contrast, the device without chitosan has much less O2 adsorption on the InP NW 

surface, and thus, a negligible baseline ISC change is observed. As the main mechanism 

for most chemiresistive acetone sensors, these chemisorbed oxygen ions (i.e., O2
-, O-, and 

O2−)[32, 35-37] are the indispensable reactant to enable a redox reaction with acetone, 

producing CO2, H2O and electrons,[38] as represented in equation (3). Therefore, it is 

clear that chitosan plays a critical role in achieving sensitivity and selectivity to acetone, 

possibly through its -NH2 groups interacting with acetone, and by improving O2 

adsorption. As can be seen from Figure 6-11b, with the simulated air, the acetone sensing 

response obtained from the chitosan-coated device is significantly higher (>120% at 10 

ppm) than the device without chitosan (< 5% at 10 ppm). However, under the O2 

eliminated condition (only pure N2 as the carrier gas for sensing measurement), the 

sensing response of the chitosan-coated device decreased from > 120% (with O2) to < 15% 

(without O2), as shown in the middle panel of Figure 6-11b, confirming the vital role of 

the O2(ads) and ionic oxygen species like O2
- in the acetone sensing reaction.[39]  
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Figure 6-11. Acetone sensing mechanism investigation. (a) Temporal short-circuit current (ISC) 

response of the b-Pt/InP NW device with and without chitosan under light illumination. (b) Time-

dependent acetone sensing response of the sensor with and without chitosan (under low oxygen 

conditions and in simulated air). (c) Schematic of an InP NW with Pt contact used for the 

simulation study. (d) Energy band diagram of the structure with the simulated electron 

concentration, corresponding to the various critical condition/steps of acetone sensing process. Ec, 

Ev, and Efn represent the conduction band, valence band, and electron quasi-Femi level, 

respectively. 

 

A simulation study by COMSOL Multiphysics (this part of work was conducted by Dr. 

Zhe Li) was performed to investigate the effect of Pt/NW Schottky contact by calculating 

the energy band diagram of the device and electron concentration distribution within a 

single NW as depicted in Figures 6-11c and d. The effect of chitosan on the NW surface 

was also modelled through the surface charge boundary condition in the simulation. As 

shown in Figure 6-11d, the Pt layer forms a Schottky contact on the InP NW side wall 

under dark condition (Step 0). Due to the band alignment of the Fermi level between the 

InP NW and Pt contact, an electron depletion layer is first created that drastically 

decreases the electron concentration within the NW due to the small NW diameter (50 - 

60 nm), indicating the importance of the geometric optimisation. Upon light illumination, 

the built-in electric field generated by the Schottky contact drives photo-generated 

electrons towards the NW surface (Step 1), resulting in surface accumulation of electrons. 

This facilitates the ionisation of adsorbed O2 on the NW interface (Step 2), as enhanced 

by chitosan functionalisation and expressed in equations (1) and (2). The enhancement of 

O2 ionisation enables the acetone reduction reaction (equation (3)), resulting in the release 

of electrons back to the InP NW that significantly increases the carrier concentration in 

the NW (Step 3).[40]  
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6.4 Portable breath sensor prototype (Ketowhistle) development, calibration, and 

testing 

To demonstrate the applicability of the chitosan/Pt/InP NWs acetone sensor and test the 

point-of-care application, a prototype portable device has been demonstrated for exhaled 

breath testing [22] by integrating the t-InP/Pt/chitosan NW sensor onto a handheld 

apparatus named Ketowhistle, as shown in Figure 6-12a. The handheld Ketowhistle 

apparatus contains the NW acetone sensor, a commercial CO2 sensor (to ensure the 

utilisation of end-tidal breath most reflective of blood acetone concentrations[41]), a 

signal-processing circuitry, and an OLED screen for data display. The NW acetone sensor 

is illuminated by a low-power red LED, which is placed right on top of the sensor to 

ensure stable illumination and sensing response, as shown in Figure 6-12a. A wide 

concentration range calibration of the Ketowhistle for the acetone analysis was performed 

using the laboratory-based gas sensing system. Figure 6-12c presents the Ketowhistle 

calibration curve for acetone concentration ranging from 0.1-1000 ppm to cover the entire 

breath acetone spectrum. The measured electrical signal readouts from the Ketowhistle 

exhibit two distinct regions, with a slope of 6.11 mV/ppm and 0.013 mV/ppm 

corresponding to two ranges of acetone concentrations, i.e., Range 1 (0.1 - 10 ppm) and 

Range 2 (50 - 500 ppm), respectively. Within each range, there is a linear correlation 

between the electrical readout and the acetone concentration. It is worth noting that the 

low acetone concentration Range 1 covers the range that reflects normal eating patterns, 

whereas Range 2 indicates significant ketosis with a high risk of DKA. For persons with 

established diabetes, a device giving a digital readout of concentrations would be ideal in 

the management of sick days, as the trend in levels will indicate improvement or 

deterioration.[42-45]  
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Figure 6-12. The Ketowhistle for simulated breath test. (a) Pictures of the portable Ketowhistle 

prototype using Tedlar bags for collection of simulated breath samples. (b) Chart showing the 

ranges of breath acetone concentration corresponding to various physiological states and ketosis 

ranges. [44] (c) Ketowhistle calibration for acetone concentration ranging from 0.1-1000 ppm to 

cover the entire breath acetone spectrum. (d) OLED screen displaying the response of an exhaled 

breath sample of a non-diabetic (left) and a simulated diabetic breath sample (right). (e) PCA for 

non-diabetic breath samples and simulated diabetic breath samples.  

 

For the exhaled breath test, Tedlar bags (PVDF 0.6 L, Sigma-Aldrich), suitable for VOC 

sampling, were used to collect the breath samples from non-diabetic subjects and 

simulated diabetic breath,[46] as shown by the inset in Figure 6-12a. Tedlar bags with the 



151 

 

Push/Pull Lock Valve (PLV) on bags allow them to fill in, short-term stock and release 

exhale breath for the breath sample collection. For the exhaled breath test, the 

concentration of simulated breath of diabetics was adjusted to ~ 5 ppm by filling the 

Tedlar bags with ~50 % (v) of non-diabetic exhaled breath and ~50 % of 10 ppm acetone 

in simulated air. The measurement result captured by the Ketowhistle is displayed on the 

OLED screen, as shown in Figure 6-12d. Principal component analysis (PCA) was 

applied to analyse the output voltage-dependent breath test results in Figure 6-12b),[47] 

where 10 simulated diabetic breath samples and 10 non-diabetic subjects were clearly 

categorised into two distinguishable clusters without any overlap. The stability and 

reproducibility of the Ketowhistle prototype have been further demonstrated by repeated 

breath tests from the same person for two months and the standard deviation is only 0.375 

mV, variation <0.6%,[48-49] indicating excellent consistency essential for clinical 

applications as shown in Figure 6-13.[50]  

 

For future work, the next step is for the InP/Pt/chitosan NW sensor based Ketowhistle 

prototype to be assessed in pilot clinical studies, including persons living with type 1 

(well and during episodes of DKA), type 2 diabetes (including those using SGLT2 

inhibitor medications), and overweight/obese persons using ketogenic diets in weight loss 

programs. To enhance device performance, the chitosan functionalization layer can be 

further modified to optimise NW coverage by changing its concentration (by dilution) 

and/or composition.[33, 38] Guided by this study, using various functionalisation 

materials with functional groups specific to other breath VOCs could realise a variety of 

NW array-based multiplexed breath sensor devices.   



152 

 

 

Figure 6-13. (a)The stability of Ketowhistle breath test results at 9:00 am during consecutive five 

days of testing and (b) the corresponding acetone concentration from the calibration in Figure 6-

12c. (c) Ketowhistle breath test result from the same person with after Ketowhistle has been stored 

in ambient condition for two months. 

 

6.5 Summary 

In this chapter, a novel high-performance, non-invasive, self-powered chitosan/Pt/InP 

NW acetone sensor has been successfully demonstrated for the first time. The sensor 

device exhibits superior sensitivity in a wide dynamic range, from the concentration of 

sub-ppb level up to >110,000 ppm, as well as high selectivity against other VOCs, 

including other small gaseous ketones. The sensing mechanism of this device is 

thoroughly investigated by control experiments and numerical simulations, revealing an 

oxygen-facilitated two-step charge transfer process for acetone reduction, enabled by 

chitosan functionalisation and Pt/InP Schottky contact. Finally, by incorporating the NW 

sensor into a portable breath testing prototype, the Ketowhistle, we showed their 

immediate potential for non-invasive ketone testing and monitoring for persons with 
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diabetes, particularly for DKA prevention. This study also provides an exciting pathway 

towards future reliable breath analysis for diabetes diagnosis, management and beyond. 
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Chapter 7. Flexible multiplex InP nanowire sensor 

arrays for wearable device applications   

For personalised health care, there is a growing demand for the development of flexible 

and wearable sensors due to their minimally invasive nature, ability to seamlessly 

integrate with routine health monitoring and provide patient-centric healthcare to reduce 

hospitalisation rates.[1] Moreover, to improve the efficacy of the devices, it highly 

desirable develop multifunctional device that can simultaneously monitor human vital 

signs, such as heart rate, body temperature, biomarkers from breath and sweat, and air 

pollutant in surrounding environment.[2-3]  

 

To further explore the application of InP nanowire (NW), in this chapter, we demonstrated 

a muti-functional multipixel InP NW array based wearable device with the capability of 

gas sensing and vital signal detection for healthcare and environmental monitoring 

applications. An innovative flexible NW device fabrication optimisation was developed 

by assembling and transferring the vertical NW array to the flexible substrate. Our results 

indicate that InP NW arrays are promising material platform for the development of 

wearable and multipixel sensor devices for the next generation personalised healthcare 

devices.  

 

7.1 Introduction 

A sensor array is normally constructed by integrating multiple sensors with different 

functionalities onto a common platform.[1-3] For example, a multiplexed gas sensing 

array using mono- and bimetallic composites (Pd/Au/Ni) decorated Si channel transistors 
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can simultaneously detect H2S, H2, and NO2 at room temperature.[4] Amorphous metal 

Fe33Zr67 was fabricated for multi-functional sensor array that enables pressure detection, 

owing to its high mechanical properties; temperature detection owing to its small negative 

temperature coefficient; and light detection as the metal electrode of a photo-thin film 

transistor based on In–Zn–O (IZO).[5]  

 

To further achieve multiplexing wearable array sensors, many low 

dimensional/nanomaterials such as nanowire/nanofibril structures with intrinsic 

flexible/stretchable properties against mechanical bending or stretching have been 

investigated. For instance, single-walled carbon nanotubes (SWCNT) and metal oxide 

NWs have been used for multiple gas sensing capability with high strain tolerance;[6-7] 

reduced graphene oxide (RGO) and conductive polymers NWs have been applied for 

temperature or pressure array sensor with mapping capability[8-9]. However, many of 

the wearable devices based on these materials exhibited an inferior sensitivity or 

constrained to single sensing function,[8] limiting their applications.[10] Another key 

challenge of the multi-functional sensors is realising sensing signal decoupling from 

different sensing elements and stimulus on a mutual sensing interface, especially 

considering the complex and fluctuated operation environment of the wearable device. 

This is crucial to the accuracy of sensor arrays. [10-14]  

 

Recently, thin film InP has been fabricated into flexible device by the epitaxial lift-off 

methods as solar cells and NO2 sensing with a sub-ppb level sensitivity.[15-18] Due to 

their one-dimensional feature, NWs have the natural advantage for flexible devices. 

Various flexible NW devices, such as NW LEDs [19], photodetectors,[20] and solar 

cell[21] have been demonstrated. However so far flexible InP NW gas sensors have not 

been reported. In previous chapters we have shown InP NW based NO2 and acetone 
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sensors.[22-23] On the other hand, wurtzite (WZ) InP NWs have been studied as an 

emerging piezoelectric material for electromechanical sensors based on their 

piezoelectric and mechanical properties,[24-25] which can be utilised for heart rate (pulse) 

measurement. Moreover, the temperature-dependent electrical properties of InP indicates 

its suitability as a thermistor for temperature monitoring.[26] Based on above, in this 

chapter, a multipixel InP NW array based flexible device have been fabricated. A signal 

decoupling strategy was designed and implemented through the NW sensor array 

fabrication processes, leading to the successful demonstration of body pulse rate and 

temperature measurements as well as high performance NO2 and acetone sensing, 

showing great potential for health and environmental monitoring.  

 

7.2 Signal decoupling strategy for multipixel InP NW sensor array 

In a multiplexed sensing system, the mutual interferences of sensor arrays rising from the 

shared interface can lead to signal processing issues and compromise the 

reliability/accuracy of the system, in responding to a specific stimulus among concurrent 

signals.[27] In this work, we designed a new pathway for fabrication of a multifunctional 

(pressure, temperature, and gases) wearable sensor array with the capability of decoupling 

different types of stimulus, as shown in Figure 7-1. According to previous research, 

variation of InP NW geometries including diameter, pitch and length can lead to changes 

of their properties including the Young’s modulus, piezoelectrical coefficient and gas 

sensitivity.[21, 24] Therefore, fabrication of multipixel NW arrays with different 

geometries could allow us to tailor their sensing behaviour to different chemical and 

physical stimulus, achieving multimode sensing capability. Apart from NW geometry, 

electrode materials and surface-functionalisation also play important roles for 
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multifunctional sensing. These form our signal decoupling strategy for multifunctional 

sensing: 

 

Figure 7-1. Schematic of multifunctional sensor for different sensing applications based on varied 

geometry design.  

 

• For chemiresistive gas sensors, a larger surface area (thinner NWs) is favoured for 

analyte adsorption and thus high sensitivity. Increasing the NW length has a 

synergistic effect. As illustrated in Figure 7-2, substrate patterning with small hole 

diameters is designed for NO2 and acetone sensing arrays to allow the SA-MOCVD 

growth of long and thin NWs for high gas sensitivity. In addition to NW diameter, 

metal contact and surface-functionalisation are also important components for gas 

sensor design[3], and is an effective strategy to achieve for gas discrimination. 

• On the contrary, the gas sensitivity will be eliminated if the NWs are embedded in the 

planarization layer such as PMMA (Figure 7-2c, d). However, the device is still 

capable of sensing physical parameters such as pressure and temperature, through the 

piezoelectrical and thermal effect. The pressure sensitivity of the InP NW device 

based on the piezoelectrical effect is strongly correlated the NW thickness and aspect 

ratio according to their Young’s modulus characterisation.[21, 24] Thinner NWs have 

a larger aspect ratio and deformation under the same pressure, leading to a higher 

pressure sensitivity (Figure 7-2d). Conversely, the strain effect can be minimised by 
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using of NWs with small aspect ratio, which is only suitable for temperature sensing 

with much suppressed pressure sensitivity.  

 

Based on above the schematical design concept of our multipixel NW array sensor is 

presented in Figure 7-4d, consisting of four sensor elements: 1) NO2 gas sensor pixels 

formed by NWs with design diameters of 60, 80, 160 and 200 nm; 2) acetone gas sensor 

pixels formed with the same NW design diameter of 60, 80, 160 and 200 and surface 

functionalised by a chitosan layer according to Chapter 6; 3) a pressure sensor pixel 

fabricated with NWs of ~60 nm and embedded in PMMA planarization layer; and 4) a 

temperature sensor pixel, fabricated with NWs with a much larger diameter of ~200nm. 

As will be shown later, by fabricating multiple NW arrays with different diameter design 

for the gas sensor, a principal component analysis (PCA) method can be applied to further 

enhance its analyte discrimination ability. 

 

The NW arrays with different geometries can be realised by selective area metal-organic 

chemical vapor deposition (SA-MOVPE) growth based on different substrate pattern 

designs. After NW growth, PMMA planarization is performed, which uniformly covers 

the whole area of the multipixel sensor device. As the four NW arrays are of different 

lengths, different exposure lengths are obtained (corresponding to their diameter designs) 

after an ICP etching process, from the largest to smallest for the acetone sensor pixel, the 

NO2 sensor pixel, and the temperature pixel. During the ICP process, the pressure sensor 

pixel was protected such that the NWs are fully embedded in the PMMA. Then, the other 

sensing pixels were covered to allow a short ICP etching of the pressure sensor pixel to 

expose the NW tip for subsequent contact formation.   
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Figure 7-2. Schematics of SA-MOVPE growth process for different diameter NW arrays and the 

corresponding fabrication strategy for flexible device fabrication.  

 

7.3 Experimental  

 

7.3.1 SA-MOVPE growth of NW sensor array 

In this chapter, undoped InP (i-InP) NWs with WZ structure were grown by SA-MOVPE, 

following the process described in Chapter 5.2.[28] The WZ crystal structure allows a 

precise diameter and length control of InP NWs due to its axial-dominating growth 

process as discussed in Chapter 2.[29-30] The substrate pattern for the NW growth is 

designed with hexagonal dots array in 4 × 4 sensor pixels (pixel sizing 100 × 100 µm), 

with the same dot interspacing of 600 nm and different diameter of 40, 60, 80, 100 nm, 

respectively by electron beam lithography (EBL) as shown in Figure 7-3.[31] The NW 

arrays in each row (labelled as 1, 2, 3, 4) are identical, whereas those in each column 

(labelled as column a, b, c, d) have gradually decreasing diameter.  
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Figure 7-3. The designed pattern generated by Raith 150 software for the EBL patterning of the 

SA-MOVPE NW growth substrate with the same pattern diameter of 40, 60, 80, 100 nm, labelled 

as D40, D60, D80 and D100 for each row of the NW array respectively. 

 

Figure 7-4a shows the scanning electron microscope (SEM) images of the as-grown NWs, 

with a slightly enlarged diameter of ~60, 80, 160 and 200 nm from the original pattern 

design due to a minor radial direction growth during the SAE-MOVPE process, 

corresponding to row 4, 3, 2, 1, respectively. Figure 7-4b reveals a linear correlation 

between the NW length and patterned diameter. As the NW diameter increases from 60 

nm to 200 nm, the NW length decreased from ~6.8 to ~1.6 μm (Figure 7-4c), due to the 

consistent precursor supply as mentioned earlier.[32]   

 

Figure 7-4. (a) SEM images of as-grown NW arrays based on the pattern designs plotted in Figure 

7-3. (b) The diameter correlations between the pattern design and obtained NWs. (c) Correlation 

of the NW diameter and length. 
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7.3.2 Flexible sensor array fabrication 

The as-grown NW sensor arrays were subsequently fabricated into a flexible device, 

following the process illustrated in Figure 7-5. First a layer of PMMA (946 A8) resist was 

drop-casted onto the sample to planarize the NW arrays at a thickness of ~ 5 μm.[15, 33-

34] This layer (together with the embedded NW arrays) was peeled off from the InP 

substrate by soaking the sample in a 5% KOH aqueous solution, and was then transferred 

to a Au-coated flexible silicone substrate, as shown in Figure 7-5b, c.[35] After a careful 

controlled ICP etching of the PMMA layer, the top segment of NW can be uniformly 

exposed (see Figure 7-5d).[36-37] The tilt-angle metal deposition was then applied to 

form the top-contact of the NWs, with a thin layer (< 100 nm) of Au or Pt deposited on 

NW for electrical measurement. Pt was deposited on column a, b by cover the pixels in 

column c, d with Aluminium foil during the deposition; while Au was deposited on 

column c, d, with column a, b being covered. Finally, the Pt-electrode InP NW arrays 

were drop-casted with a chitosan functionalisation layer acetone sensing.   

Figure 7-5. (a-e) Schematics of the InP NW flexible NW sensor fabrication process. (f-j) The 

corresponding SEM images and photographs of the fabrication process corresponding to (a-e).  
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After each fabrication steps, the SEM images of sensor arrays were taken. As shown in 

Figure 7-6, as designed, the morphologies of the four pixels are different. For convenience, 

the various pixels in the array sensor are named by their functionality and NW diameter 

as following:  

• Column a: for acetone sensing and the pixels are labelled as Acet-D60-A, Acet-D80-

A, Acet-D160-A, Acet-D200-A. 

• Column b and d: for NO2 sensing and the pixels are labelled as NO2-D60-B, NO2-

D80-B, NO2-D160-B, NO2-D200-B, NO2-D60-D, NO2-D80-D, NO2-D160-D, NO2-

D200-D. 

• Column c: for pressure sensing and the pixels are labelled as Press-D60-C. 

• Column c: for temperature sensing and the pixels are labelled as: Temp-D200-C. 

 

Figure 7-6. The morphology characterisation of the multiplex sensor array during fabrication 

process. (a) Schematic of the 4×4-pixel array sensor with NWs of different diameters and top 

electrode contact metals. (b-d) The SEM images corresponding to as-grown NWs (b), after 

PMMA planarization and (c), after metal contact deposition (d). 
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7.4. Multipixel sensor array characterisation 

7.4.1 Flexibility characterisation 

To test the flexibility of the fabricated NW device, the current-voltage (I-V) curves of the 

array sensor were measured under different bending conditions and multiple bending 

cycles, as shown in Figure 7-7. For all the array pixels, the measured I-V curves exhibit 

a negligible degradation (< 5%) even under a small bending radius (~2 mm) and after 100 

times bending cycles regardless of the NW thickness metal and contact, indicating high 

stability and robustness. The one-dimensional vertical NW configuration contributed to 

this flexibility, as their electrical property is barely affected by the horizonal strain and 

the PMMA planarization also provides a mechanical support for these NWs. 

 

Figure 7-7. Flexibility characterisation by I-V curve measurements after (a) bending radius of ~2-

12 mm for the D60 NW array; and (b, c) 0 - 100 times bending cycles at a bending radius of 4 

mm for the D 60 and D200 arrays, respectively.  

 

7.4.2 Pressure sensor array characterisation 

The piezoelectric effect is the ability of certain material to generate an electric charge, 

proportionally in response to the mechanical stress or pressure applied on it. Conversely 

this electric charge can be collected for measuring the pressure, to form a pressure 

sensor.[38] To characterise the pressure sensitivity of the NW array, the transient current 

of pixel Press-D60-C measured under a range of pressures provided from a nanoindenter 

(Hysitron TI 950 TriboIndenter). Nanoindenter is an instrument used for precisely 
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measuring the mechanical properties of materials at the nanoscale by applying a 

controlled force to deform the surface of a material through an indenter tip.[39] For our 

pressure sensitivity measurements, a force ranging from 20 to 26 mN was applied from 

the indenter probe (tip size: diameter 100 µm, area ~ 0.785 µm2). The tip size of this probe 

can be considered as the contact area and the pressure is calculated to be ~25.48 - 33.12 

kPa. The measured pressure response is shown in Figure 7-8a. By linear fitting of the 

slope of pressure vs response curve,[15, 25] a sensitivity of -1.68 kPa-1 is obtained, which 

is defined as the resolution of the pressure sensor and attributed to the large aspect ratio 

of the InP NWs of ~ 1:100 (diameter: ~60 nm, length: ~ 6 μm).[23] Although this pressure 

sensitivity is less than the best reported value of the ZnO NWs, with a pressure sensitivity 

up to -6.8 kPa-1, [40] it is comparable with other III-N NW based devices, such as GaN 

NWs, with a pressure sensitivity of 1.3 kPa-1.[41] By further increasing the aspect ratio, 

it is expected that the pressure sensitivity of the InP NWs may be further improved. 

 

Figure 7-8. Characterisation of the pressure sensor pixel Press-D60-C. (a) The time-dependent 

pressure response. (b) Sensor response vs pressure plot, yielding a sensitivity of -1.68 kPa-1 in the 

https://www.mdpi.com/2079-4991/11/6/1430#fig_body_display_nanomaterials-11-01430-f005
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range of 25.48 - 33.12 kPa. (c) Picture of the pressure sensing measurement by placing wearable 

sensor on the radial artery of a human wrist. (d) Real-time transient pulse signal under the calm 

state and after exercise, and with a comparison with that measure by an Apple Watch.  

 

Body pulse rate is one of the vital signs to assess the physical and mental state of a 

person.[42-43] Based on the pressure sensitivity characterisation, the Press-D60-C pixel 

was attached onto the wrist of a person as shown in Figure 7-8c. The pulse rate was 

measured under calm state and after intensive exercise. In Figure 7-8d, the pulse 

frequency shows a significant increase from 67 (calm state) to 112 BPM. The results 

measured under the calm state also shows an excellent consistency with the measurement 

by an Apple watch.   

 

7.4.3 Temperature sensor array characterisation 

Body temperature provides an insight into the physiological state of a person. An elevated 

body temperature is an indication of infection. A degraded body temperature signifies 

low blood flow due to circulatory shock. Therefore, body temperature is also a vital sign 

that requires to be monitored by temperature sensors with high accuracy, fast response, 

and long-term stability. Thermistor employed in this work is one of the most common 

device structures used for wearable temperature sensors whose resistance is temperature 

dependent.[44]  

 

The pixel Temp-D200-C in the sensor array with short NWs that are fully immersed in 

PMMA (except for the tips that are contacted by the Au electrode) is applied to body 

temperature monitoring as mentioned in section 7.2. The fully covered surface and small 

aspect ratio (~1:6) of NWs in this pixel eliminate its sensitivity to other type of stimulus 

(strain, gas flow, etc.). Before the on-skin body temperature measurement, the 
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temperature sensitivity of the device as a thermistor was characterised. As shown in 

Figure 7-9a, the transient profiles of the current of Temp-D200-C were recorded (0.10 - 

0.28 µA) at a bias voltage of 0.5 V, with the temperature variation in the body temperature 

ranging from 30.4 to 40.4 °C, controlled by the hotplate in the Linkam chamber used for 

the sensing measurement. The thermistor has a negative temperature coefficient (NTC) 

as the resistance decreases with temperature increasing, which is a common 

semiconductor property of InP in temperature range of 300 – 400 Kelvin.[45] The current 

and temperature exhibit a linear correlation measured with a temperature spacing of 

0.2 °C which is adequate for body temperature monitoring as shown in the inset of Figure 

7-9a.  

 

The linear relationship greatly simplifies the post-measurement processing as it allows 

the direct conversion of measured current to temperature for practical applications. Body 

temperature varies with body parts.[46] Considering the NW sensor was placed at the 

wrist for pulse rate test, the body temperature was also conveniently collected at this 

position. Normally the wrist temperature is around 32 °C at room temperature (25 °C),[47] 

much lower than the core body temperature (37 °C). In Figure 7-9b, the results measured 

from Temp-D200-C shows that the average body temperature is 32.25 ± 0.31 °C on wrist 

with a stabilising time of ~ 5 s. An operating soldering iron was used to change the 

epidermal temperature by carefully approaching it to the sensor array on wrist with a 

distance of ~5 cm (inset of Figure 7-9b). The measured temperature increased to 35.81 ± 

0.63 °C immediately with the soldering iron approaching (distance to wrist: ~5 cm) and 

decrease to ~ 32.9 °C after removing it, confirming the fast response and good sensitivity 

of the Temp-D200-C pixel. To examine the accuracy and reliability of this device, a 

digital thermometer from Pharmacy Care was applied for the body temperature 
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measurement at the same position, indicating a temperature of 32.60 °C with a standard 

deviation of < 1.1%. from the result measured by Temp-D200-C. 

 

Figure 7-9. Characterisation of the temperature sensor pixel Temp-D200-C. (a) The current 

variation with the temperature in the range of 30.4 to 40.4 °C at a 0.2 °C interval measured by the 

array sensor element Temp-D200-C. Inset (orange colour): Enlarged plot in the temperature range 

of 36 - 38 °C. The temperature sensor testing intervals; Inset (black colour): The linear fitting of 

the temperature vs. current relationship. (b) Skin temperature monitored on the wrist. Inset: 

picture of the measurement. (c) Resistance variation with temperature. (d) Dependence of ln(R) 

on 1000/T showing a linear relationship.  

 

The sensitivity of Temp-D200-C as a thermistor is further quantified by the temperature 

coefficient of resistance (TCR) and a beta (β) value.[46] Both of them are usually closely 

related to the properties of materials, and are commonly used to evaluate the accuracy of 

the thermistor for ensuring reliable temperature measurements. TCR is calculated from 

the following equation[48]:  

𝑇𝐶𝑅 =
1

𝑅𝑡

𝑑𝑅𝑡

𝑑𝑇
= − 

𝛽

𝑇2 (%𝐾−1)                                            (1) 
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where Rt is the resistance at temperature T, and β is the material constant for the thermistor, 

extracted from the general equation governing a thermistor as below: 

𝑅𝑡 = 𝑅0 
𝑒𝑥𝑝 𝛽(

1

𝑇
− 

1

𝑇0
)                                                 (2) 

where, R0 is the resistance at a reference temperature T0. And this equation can be 

rewritten as: 

ln 𝑅𝑡 = ln 𝑅0 𝑒𝑥𝑝 𝛽(
1

𝑇
− 

1

𝑇0
)                                             (3) 

where β represents the slope of the ln(Rt) versus 1/T plot, with the units of Kelvin (K), 

while TCR represents the percentage change of resistance per Kelvin (%𝐾−1).[49-50]  

 

The Rt vs T relationship of the sensor array Temp-D200-C is plotted in Figure 7-9c 

showing a non-linear correlation as indicated by equation (2). A linear relationship 

between ln (Rt) and 1/T is established from equation (3),[48] as shown in Figure 7-9d, 

where the straight line is the linear fitting result for measured data (square dots). The 

extracted β and TCR are 10633 K and 11.81%𝐾−1, respectively. Bulk InP device has a 

TCR of ~ 8.35 %𝐾−1  and β of ~ 7520 K,[51] indicating that the NW morphology 

improves the thermistor sensitivity, which could be resulted from their different crystal 

structures (ZB vs WZ). 

 

7.4.4 Multi-gas sensor array characterisation  

The gas sensing measurements were all performed with a bias voltage of 0.5 V and under 

illumination by a solar simulator (@AM1.5), with the exposure of different gases (NO2, 

CO2, acetone, ethanol, methanol, and propane). For applications of the wearable array 

sensor, the gases of interest are NO2 and acetone, since NO2 is known as one of the major 

pollutants, and acetone is a biomarker of ketone level in human body. As aforementioned, 

our InP NWs have already achieved a high sensitivity to NO2, while with further surface 

https://pubs.acs.org/doi/10.1021/nn507441c#fig3
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functionalisation of chitosan, they exhibit excellent acetone sensitivity, which has been 

studied in Chapter 4 and 6, respectively.[52-54] Here, these two gas sensing functions 

were integrated on the same sensor chip as separate pixel of NO2 and acetone sensors and 

their sensing performance is presented in Figure 7-10.  

 

Figure 7-10. Time-dependent gas sensing response of the gas sensor pixels in the array sensor to 

(a) acetone, (b) NO2 in the concentration range of 1 - 10 ppm and (c) interfering gases including 

ethanol, methanol, and propane at a concentration of 10 ppm and CO2 of 10 %.  

 

As expected, the bare InP NW pixels in column b (NO2-D60-B, NO2-D80-B, NO2-D160-

B, NO2-D200-B), d (NO2-D60-D, NO2-D80-D, NO2-D160-D, NO2-D200-D) show a 

much lower sensitivity to acetone than chitosan functionalised pixels in column a (Acet-

D60-A, Acet-D80-A, Acet-D160-A, Acet-D200-A), while exhibit a higher response to 

NO2 (Figure 7-10a, b). Both acetone and NO2 sensing measurements show that smaller 

NW diameter and longer NW length enhance the surface interaction, contributing to the 
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higher sensing response value and concentration dependence. The sensing results of the 

interfering gases which commonly exists in atmosphere and breath are shown in Figure 

7-10c and these responses are much smaller than those from NO2 and acetone, consistent 

with the results shown in Chapter 4 and 6.[22, 55]  

 

Figure 7-11a summarises the gas sensing measurement results from all gas sensor pixels. 

Sensor pixels with Pt electrodes (column b) demonstrated a higher response to NO2 than 

those with Au electrode (column d). This phenomenon could arise from the Schottky 

contact formed by Pt which dramatically deplete charge carrier concentration in the InP 

NWs, reducing the baseline of the sensing signal, leading to the increased sensing 

response.[56] The minor NO2 response of Acet-D60-A and Acet-D80-A may attribute to 

the ununiform coverage of the chitosan on the NWs surface due to the drop-casting 

process on the flexible sensor pixels.  

 

Figure 7-11. Sensor array response patterns to the six different gases (a). (b) PCA plot of the 

sensor responses from (a). 

 

Due to the complexity and multivariate of the array gas sensor results, the PCA was 

applied to facilitate the data analysis.[57] PCA is the most common approach extracting 

the sensor response for the multivariate dimensional analysis to develop a relationship 
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between the different variables and condense them to two or three main dimensions.[58] 

The PCA-analysis of the gases (NO2, Acetone, CO2, etc) was performed by Principal 

Components Analysis online (labriata.github.io) to calculate the principal components 

(PC1, PC2) and the data points in each clusters are corresponding to the number of data 

we fed into this program. Through this dimensionality reduction process, our gas sensor 

array results can be simplified to extract critical information.[3] As shown in Figure 7-

11b, by performing the PCA, our sensor array is not only able of distinguishing NO2 and 

acetone with a distinct sensitivity, but also CO2 which only shows a non-specific response 

to both NO2 and acetone, confirming the effectiveness of our array sensor gases 

discrimination strategy as discussed in section 7.2. The physical and chemical diversities 

of the sensor array composed by NW geometry, contact metals and surface-

functionalisation create a significant variance of sensing performance across the different 

pixels, leading to a multi-gases analysing capability.[58] Moreover, the gas sensing 

response from the pixels for temperature and pressure detection was also measured. The 

results in Figure 7-12 shows that the gas flow causes a negligible response to pixels Press-

D60-C and Temp-D200-C, indicating successful signal decoupling of our sensor array 

design. 

 

Figure 7-12. Chemical stability of temperature and pressure sensor pixels Press-D60-C and Temp-

D200-C exposed to different multiple gases (CO2: 10%, other gases: 10 ppm). 

https://labriata.github.io/jsinscience/pca/index.html
https://labriata.github.io/jsinscience/pca/index.html
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In future studies, the number of array pixels may be scaled-up to realise the temperature 

and pressure mapping to improve reliability of this sensor for real-time health and 

exercise monitoring. To decrease the equipment/fabrication costs, instead of bottom-up 

NW growth, the alternative top-down etching approach could also be considered for the 

NW sensor array fabrication for industrial mass production. Enhancing the chemical 

diversity by applying different surface-functionalisation materials could lead to the 

detection of other important health related biomarkers presented in human breath and 

sweat, for non-invasive health monitoring and diagnostic etc. 

7.5 Summary 

In this chapter, multipixel wearable InP NW array sensor has been demonstrated, based 

on an effective sensor signal decoupling strategy and newly developed flexible device 

fabrication process. Through the design of NW arrays with different geometry, metal 

contact, and further application of NW surface-functionalisation layer and PCA method, 

the multifunctional NW array sensor achieves excellent performance for room 

temperature NO2, acetone, and CO2 gas sensing, as well as body temperature and pulse 

rate monitoring with negligible response to chemical stimulus, showing great promise for 

personalised health and environmental monitoring applications. Our work provides a new 

material platform and pathway for the development of next-generation wearable devices 

for human-machine/ambience interfaces and smart healthcare setups. 

  



178 

 

References 

[1]  Y. Khan, A. E. Ostfeld, C. M. Lochner, A. Pierre and A. C. Arias, Monitoring of Vital Signs 

with Flexible and Wearable Medical Devices. Advanced Materials, 28, 4373-4395 (2016). 

[2]  G. J. Ko, S. D. Han, J. K. Kim, J. Zhu, W. B. Han, J. Chung, S. M. Yang, H. Y. Cheng, D. 

H. Kim, C. Y. Kang and S. W. Hwang, Biodegradable, flexible silicon nanomembrane-based 

NOx gas sensor system with record-high performance for transient environmental monitors 

and medical implants. Npg Asia Materials, 12, 71 (2020). 

[3]  R. J. Rath, S. Farajikhah, F. Oveissi, F. Dehghani and S. Naficy, Chemiresistive Sensor 

Arrays for Gas/Volatile Organic Compounds Monitoring: A Review. Advanced Engineering 

Materials, 25, 2200830 (2023). 

[4]  H. M. Fahad, H. Shiraki, M. Amani, C. Zhang, V. S. Hebbar, W. Gao, H. Ota, M. Hettick, 

D. Kiriya, Y.-Z. Chen, Y.-L. Chueh and A. Javey, Room temperature multiplexed gas 

sensing using chemical-sensitive 3.5-nm-thin silicon transistors. Science Advances, 3, 

e1602557 (2017). 

[5]  M. Jung, E. Lee, D. Kim, K. Kim, C. Yun, H. Lee, H. Kim, K. Rhie and S. Jeon, Amorphous 

FeZr metal for multi-functional sensor in electronic skin. npj Flexible Electronics, 3, 8 

(2019). 

[6]  C. F. Hua, Y. Y. Shang, Y. Wang, J. Xu, Y. J. Zhang, X. J. Li and A. Y. Cao, A flexible gas 

sensor based on single-walled carbon nanotube-Fe2O3 composite film. Applied Surface 

Science, 405, 405-411 (2017). 

[7]  X. Y. Xue, T. T. Zhao, X. M. Tian, L. Yuan, Z. G. Wang, T. K. Li and J. H. Zhang, Flexible 

Dual-Parameter Sensor Array without Coupling Based on Amorphous Indium Gallium Zinc 

Oxide Thin Film Transistors. Advanced Materials Technologies, 7, 2100849 (2022). 

[8]  T. M. Perfecto, C. A. Zito, T. Mazon and D. P. Volanti, Flexible room-temperature volatile 

organic compound sensors based on reduced graphene oxide-WO3 center dot 0.33H(2)O 

nano-needles. Journal of Materials Chemistry C, 6, 2822-2829 (2018). 

[9]  Z. Y. Zhu, C. C. Liu, F. X. Jiang, J. Liu, G. Q. Liu, X. M. Ma, P. P. Liu, R. Huang, J. K. Xu 

and L. Wang, Flexible fiber-shaped hydrogen gas sensor via coupling palladium with 

conductive polymer gel fiber. Journal of Hazardous Materials, 411, 125008 (2021). 

[10]  W. Jeong, J. Song, J. Bae, K. R. Nandanapalli and S. Lee, Breathable Nanomesh Humidity 

Sensor for Real-Time Skin Humidity Monitoring. Acs Applied Materials & Interfaces, 11, 

44758-44763 (2019). 

[11]  H. L. Tai, S. Wang, Z. H. Duan and Y. D. Jiang, Evolution of breath analysis based on 

humidity and gas sensors: Potential and challenges. Sensors and Actuators B-Chemical, 318, 

128104 (2020). 

[12]  D. Wilson, Noninvasive Early Disease Diagnosis by Electronic-Nose and Related VOC-

Detection Devices. Biosensors-Basel, 10, 73 (2020). 



179 

 

[13]  H. Chi, L. J. Ze, X. M. Zhou and F. K. Wang, GO film on flexible substrate: An approach to 

wearable colorimetric humidity sensor. Dyes and Pigments, 185, 108916 (2021). 

[14]  J. Bandodkar, I. Jeerapan and J. Wang, Wearable Chemical Sensors: Present Challenges and 

Future Prospects. Acs Sensors, 1, 464-482 (2016). 

[15]  Y. Y. Peng, M. L. Que, H. E. Lee, R. R. Bao, X. D. Wang, J. F. Lu, Z. Q. Yuan, X. Y. Li, J. 

Tao, J. L. Sun, J. Y. Zhai, K. J. Lee and C. F. Pan, Achieving high-resolution pressure 

mapping via flexible GaN/ZnO nanowire LEDs array by piezo-phototronic effect. Nano 

Energy, 58, 633-640 (2019). 

[16]  T. Koskinen, V. Khayrudinov, F. Emadi, H. Jiang, T. Haggren, H. Lipsanen and I. Tittonen, 

Thermoelectric Characteristics of InAs Nanowire Networks Directly Grown on Flexible 

Plastic Substrates. Acs Applied Energy Materials, 4, 14727-14734 (2021). 

[17]  J. Q. Zhang, T. Sun, Y. Chen, L. P. Liu, H. Q. Zhao, C. C. Zhang, X. C. Meng, D. K. Wang, 

Z. Y. Hu, H. Zhang, B. Li, S. C. Niu, Z. W. Han, L. Q. Ren and Q. Lin, Nanowires in Flexible 

Sensors: Structure is Becoming a Key in Controlling the Sensing Performance. Advanced 

Materials Technologies, 7, 2200163 (2022). 

[18]  S. Wei, T. Haggren, Z. Li, H. H. Tan, C. Jagadish, A. Tricoli and L. Fu, Ultrasensitive Indium 

Phosphide Nanomembrane Wearable Gas Sensors. Energy & Environmental Materials, 

e12763 (2024). 

[19]  N. Gagrani, K. Vora, L. Fu, C. Jagadish and H. H. Tan, Flexible InP–ZnO nanowire 

heterojunction light emitting diodes. Nanoscale Horizons, 7, 446-454 (2022). 

[20]  K. Sekar, R. Doineau, S. Mayarambakam, B. Schmaltz and G. Poulin-Vittrant, Control of 

ZnO nanowires growth in flexible perovskite solar cells: A mini-review. Heliyon, 10, e24706 

(2024). 

[21]  S. Wei, Z. Li, A. John, B. I. Karawdeniya, Z. Li, F. Zhang, K. Vora, H. H. Tan, C. Jagadish, 

K. Murugappan, A. Tricoli and L. Fu, Semiconductor Nanowire Arrays for High-

Performance Miniaturized Chemical Sensing. Advanced Functional Materials, 32, 2107596 

(2022). 

[22]  S. Wei, Z. Li, K. Murugappan, Z. Li, M. Lysevych, K. Vora, H. H. Tan, C. Jagadish, B. I. 

Karawdeniya, C. J. Nolan, A. Tricoli and L. Fu, Nanowire Array Breath Acetone Sensor for 

Diabetes Monitoring. Advanced Science, 11, 2309481. 

[23]  Y. Calahorra, X. Guan, N. N. Halder, M. Smith, S. Cohen, D. Ritter, J. Penuelas and S. Kar-

Narayan, Exploring piezoelectric properties of III-V nanowires using piezo-response force 

microscopy. Semiconductor Science and Technology, 32, 074006 (2017). 

[24]  M. Dunaevskiy, P. Geydt, E. Lahderanta, P. Alekseev, T. Haggren, J. P. Kakko, H. Jiang and 

H. Lipsanen, Young's Modulus of Wurtzite and Zinc Blende InP Nanowires. Nano Letters, 

17, 3441-3446 (2017). 



180 

 

[25]  Y. Calahorra and S. Kar-Narayan, Piezoelectricity in non-nitride III-V nanowires: 

Challenges and opportunities. Journal of Materials Research, 33, 611-624 (2018). 

[26]  M. Zhou, Y. Zhao, W. Yang, J. Zhang, M. Jiang, Y. Wu, Z. Xu and S. Lu, Detached Vertical 

(Al,Ga)N Nanowires to Realize the Flexible Ultraviolet Photodetector with High 

Ultraviolet/Visible Reject Ratio and Detectivity. Energy Technology, 10, 2200885 (2022). 

[27]  Q. Gao, D. Saxena, F. Wang, L. Fu, S. Mokkapati, Y. A. Guo, L. Li, J. Wong-Leung, P. 

Caroff, H. H. Tan and C. Jagadish, Selective-Area Epitaxy of Pure Wurtzite InP Nanowires: 

High Quantum Efficiency and Room-Temperature Lasing. Nano Letters, 14, 5206-5211 

(2014). 

[28]  P. D. Dapkus, C. Y. Chi, S. J. Choi, H. J. Chu, M. Dreiske, R. Li, Y. Lin, Y. Nakajima, D. 

Ren, R. Stevenson, M. Yao, T. W. Yeh and H. Zhao, Selective area epitaxy by metalorganic 

chemical vapor deposition– a tool for photonic and novel nanostructure integration. Progress 

in Quantum Electronics, 75, 100304 (2021). 

[29]  L. Xu, L. Wang and Q. Huang, Growth process modeling of semiconductor nanowires for 

scale-up of nanomanufacturing: A review. IIE Transactions, 47, 274-284 (2015). 

[30]  J. Wong‐Leung, I. Yang, Z. Li, S. K. Karuturi, L. Fu, H. H. Tan and C. Jagadish, Engineering 

III–V semiconductor nanowires for device applications. Advanced Materials, 32, 1904359 

(2020). 

[31]  R. Al-Abri, H. Choi and P. Parkinson, Measuring, controlling and exploiting heterogeneity 

in optoelectronic nanowires. Journal of Physics: Photonics, 3, 022004 (2021). 

[32]  F. Ge, S. Y. Wei, Z. Liu, G. H. Wang, X. H. Wang, G. B. Zhang, H. B. Lu, K. Cho and L. 

Z. Qiu, Tailoring Structure and Field-Effect Characteristics of Ultrathin Conjugated Polymer 

Films via Phase Separation. Acs Applied Materials & Interfaces, 10, 9602-9611 (2018). 

[33]  S. Y. Wei, F. S. Tian, F. Ge, X. H. Wang, G. B. Zhang, H. B. Lu, J. Yin, Z. Q. Wu and L. Z. 

Qiu, Helical Nanofibrils of Block Copolymer for High-Performance Ammonia Sensors. Acs 

Applied Materials & Interfaces, 10, 22504-22512 (2018). 

[34]  J. L. Wang, M. Hassan, J. W. Liu and S. H. Yu, Nanowire assemblies for flexible electronic 

devices: recent advances and perspectives. Advanced Materials, 30, 1803430 (2018). 

[35]  L. Talazac, F. Barbarin, C. Varenne, L. Mazet, S. Pellier and C. Soulier, Gas sensing 

properties of pseudo-Schottky diodes on p-type indium phosphide substrates - Application 

to O3 and NO2 monitoring in urban ambient air. Sensors and Actuators B-Chemical, 83, 149-

159 (2002). 

[36]  K. Wierzbowska, B. Adamowicz, L. Mazet, J. Brunet, A. Pauly, L. Bideux, C. Varenne, B. 

Laure and J. P. Germain, High-sensitivity NO2 sensor based on n-type InP epitaxial layers. 

Optica Applicata, 35, 655-662 (2005). 

[37]  N. Sezer and M. Koc, A comprehensive review on the state-of-the-art of piezoelectric energy 

harvesting. Nano Energy, 80, 105567 (2021). 



181 

 

[38]  X. Sun, L. Li, Y. Guo, H. Zhao, S. Zhang, Y. Yu, D. Wu, H. Liu, M. Yu, D. Shi, Z. Liu, M. 

Zhou, L. Ren and L. Fu, Influences of organic component on mechanical property of cortical 

bone with different water content by nanoindentation. AIP Advances, 8, 035003 (2018). 

[39]  M. Ha, S. Lim, J. Park, D.-S. Um, Y. Lee and H. Ko, Bioinspired Interlocked and 

Hierarchical Design of ZnO Nanowire Arrays for Static and Dynamic Pressure-Sensitive 

Electronic Skins. Advanced Functional Materials, 25, 2841-2849 (2015). 

[40]  C. Chen, Q. Yu, S. Liu and Y. Qin, Piezotronic Transistors Based on GaN Wafer for Highly 

Sensitive Pressure Sensing with High Linearity and High Stability. Acs Nano, 18, 13607-

13617 (2024). 

[41]  Y. G. Wang, M. Y. Chao, P. B. Wan and L. Q. Zhang, A wearable breathable pressure sensor 

from metal-organic framework derived nanocomposites for highly sensitive broad-range 

healthcare monitoring. Nano Energy, 70, 104560 (2020). 

[42]  X. L. Chen, J. Y. Shao, N. L. An, X. M. Li, H. M. Tian, C. Xu and Y. C. Ding, Self-powered 

flexible pressure sensors with vertically well-aligned piezoelectric nanowire arrays for 

monitoring vital signs. Journal of Materials Chemistry C, 3, 11806-11814 (2015). 

[43]  C. C. Huang, Z. K. Kao and Y. C. Liao, Flexible Miniaturized Nickel Oxide Thermistor 

Arrays via Inkjet Printing Technology. Acs Applied Materials & Interfaces, 5, 12954-12959 

(2013). 

[44]  G. Farkas, in Theory and Practice of Thermal Transient Testing of Electronic Components, 

(Eds: M. Rencz, G. Farkas and A. Poppe), Springer International Publishing, Cham 2022, p. 

139-169. 

[45]  Y. Su, C. S. Ma, J. Chen, H. P. Wu, W. X. Luo, Y. M. Peng, Z. B. Luo, L. Li, Y. S. Tan, O. 

M. Omisore, Z. F. Zhu, L. Wang and H. Li, Printable, Highly Sensitive Flexible Temperature 

Sensors for Human Body Temperature Monitoring: A Review. Nanoscale Research Letters, 

15, 200 (2020). 

[46]  T. Q. Trung, T. M. L. Dang, S. Ramasundaram, P. T. Toi, S. Y. Park and N. E. Lee, A 

Stretchable Strain-Insensitive Temperature Sensor Based on Free-Standing Elastomeric 

Composite Fibers for On-Body Monitoring of Skin Temperature. Acs Applied Materials & 

Interfaces, 11, 2317-2327 (2019). 

[47]  C. Yan, J. Wang and P. S. Lee, Stretchable Graphene Thermistor with Tunable Thermal 

Index. Acs Nano, 9, 2130-2137 (2015). 

[48]  Y.-F. Lin, C.-H. Chang, T.-C. Hung, W.-B. Jian, K. Tsukagoshi, Y.-H. Wu, l. Chang, Z. Liu 

and J. Fang, Nanocontact Disorder in Nanoelectronics for Modulation of Light and Gas 

Sensitivities. Scientific reports, 5, 13035 (2015). 

[49]  Alyabyeva, L.N., Zhukova, E.S., Belkin, M.A. et al. Dielectric properties of semi-insulating 

Fe-doped InP in the terahertz spectral region. Scientific Reports, 7, 7360 (2017).  



182 

 

[50]  J. Betko and K. Merínský, On the Temperature Dependence of the Intrinsic Concentration 

in Semi-Insulating InP Determined from Galvanomagnetic Measurements. physica status 

solidi (a), 135, K67-K70 (1993). 

[51]  Y. J. Su, T. N. Yang, X. Zhao, Z. X. Cai, G. R. Chen, M. L. Yao, K. L. Chen, M. Bick, J. J. 

Wang, S. D. Li, G. Z. Xie, H. L. Tai, X. S. Du, Y. D. Jiang and J. Chen, A wireless energy 

transmission enabled wearable active acetone biosensor for non-invasive prediabetes 

diagnosis. Nano Energy, 74, (2020). 

[52]  P. H. Zhu, S. S. Li, X. Y. Jiang, Q. Wang, F. Q. Fan, M. Yan, Y. Zhang, P. N. Zhao and J. 

H. Yu, Noninvasive and Wearable Respiration Sensor Based on Organic Semiconductor 

Film with Strong Electron Affinity. Analytical Chemistry, 91, 10320-10327 (2019). 

[53]  X. W. Chen, T. Wang, Y. T. Han, W. Lv, B. L. Li, C. Su, M. Zeng, J. H. Yang, N. T. Hu, Y. 

J. Su and Z. Yang, Wearable NO2 sensing and wireless application based on ZnS 

nanoparticles/nitrogen-doped reduced graphene oxide. Sensors and Actuators B-Chemical, 

345, (2021). 

[54]  S. Y. Wei, Z. Li, A. John, B. I. Karawdeniya, Z. Y. Li, F. L. Zhang, K. Vora, H. H. Tan, C. 

Jagadish, K. Murugappan, A. Tricoli and L. Fu, Semiconductor Nanowire Arrays for High-

Performance Miniaturized Chemical Sensing. Advanced Functional Materials, 32, 210756 

(2022). 

[55]  K. J. Albert, N. S. Lewis, C. L. Schauer, G. A. Sotzing, S. E. Stitzel, T. P. Vaid and D. R. 

Walt, Cross-reactive chemical sensor arrays. Chemical Reviews, 100, 2595-2626 (2000). 

[56]  M. A. H. Khan, B. Thomson, R. Debnath, A. Motayed and M. V. Rao, Nanowire-Based 

Sensor Array for Detection of Cross-Sensitive Gases Using PCA and Machine Learning 

Algorithms. Ieee Sensors Journal, 20, 6020-6028 (2020). 

[57]  T. Itoh, T. Akamatsu, A. Tsuruta and W. Shin, Selective Detection of Target Volatile 

Organic Compounds in Contaminated Humid Air Using a Sensor Array with Principal 

Component Analysis. Sensors, 17, 1662 (2017). 

[58]  Z. Y. Wu, Z. X. Jiang, P. Y. Song, P. E. Tian, L. G. Hu, R. Liu, Z. L. Fang, J. Y. Kong and 

T. Y. Zhang, Nanowire-Seeded Growth of Single-Crystalline (010) -Ga2O3 Nanosheets with 

High Field-Effect Electron Mobility and On/Off Current Ratio. Small, 15, 1900580 (2019). 

 



183 

 

Chapter 8. Conclusions and Future work 

8.1 Conclusions  

This thesis aims to develop high-performance gas sensor based on InP nanowire (NW) 

arrays. Sensing performance has been optimised at various levels, encompassing InP NW 

thickness, density, doping concentration, electrical structure, and surface 

functionalisation. 

 

Chapters 1 to 3 present the research motivation, applications, and background for the 

development of gas sensors, particularly semiconductor gas sensors (SGSs). The 

importances of nanomaterials, in particular InP NWs, for SGS applications are discussed. 

Additionally, experimental techniques employed in this thesis are introduced, such as top-

down etching and bottom-up SAE-MOVPE growth of InP NWs, device fabrication, and 

gas sensing properties characterisations.  

 

Chapter 4 investigated and optimised the top-down etching conditions to achieve highly 

tailorable and well-ordered NWs array for NO2 sensor applications. An innovative sensor 

configuration was demonstrated through tilt-angle deposition method, enabling partial 

contacting of vertical NWs for gas sensing. Results from NO2 sensing measurements 

revealed a significant enhancement in sensitivity with decreased NWs diameter and 

increased NWs density. Electrical simulation and the Langmuir-isotherm kinetic theory 

were applied to explain the diameter and density effect on NO2 sensitivity. This sensor 

achieved a 10-ppb level sensitivity, fast response speed (response time < 50s), high 

selectivity, humidity tolerance, and long-term stability at room temperature. 
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Chapter 5 showcases a self-powered NO2 sensor based on p-n junction InP NWs by 

bottom-up approach. Guided by numerical simulation, NO2 sensitivity can be enhanced 

by exposing the i-segment of the NWs, and i-n NWs is expected to outperform i-p NWs. 

An exposure window structure was developed to expose the junction region while 

preventing short-circuiting of the junction from the metal top contact on NWs. The self-

powered gas sensing performance was characterised, achieving ppb-level sensitivity and 

a 0.49 ppb limit of detection. Moreover, the sensing response demonstrated fidelity to 

decreasing light intensity, even down to 5% of standard 1 sun illumination. Based on 

these superior properties, this self-powered device was applied to measure NO2 

concentrations from a vehicle exhaust in an outdoor environment, showing consistent 

results with those measured from a commercial sensor. 

 

Chapter 6 explores the pathway for transitioning the sensitivity of InP NWs from NO2 to 

acetone. This involves reducing the NW diameter, using Pt as the contact metal, and 

surface-functionalisation with chitosan. Through these modifications, InP NW arrays 

with high sensitivity and selectivity to acetone (compared to interruption gases, and 

potentially small volatile ketones (2-butanone)) have been achieved. The InP NW array 

acetone sensor also exhibited a wide dynamic range (0.4 ppb - 110,000 ppm) and 

humidity tolerance at room temperature. Sensing mechanism was studied by electrical 

simulation and control experiments. This acetone sensor was further integrated into a 

user-friendly portable apparatus, the Ketowhistle, as a prototype point-of-care breath 

testing tool successfully testing simulated exhaled breath.  

 

Chapter 7 combines the research in Chapters 4-6 and further explores the physical sensing 

properties of InP NWs to demonstrate a multifunctional wearable array device. A signal 

decoupling strategy is developed, incorporating NW arrays with different geometries 
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achieved through substrate patterning design, MOVPE growth and wearable device 

fabrication steps, to enhance the detection accuracy under an interrupting environment. 

A new fabrication method was developed for the vertical assembling and transferring of 

the NWs array to a flexible substrate, to achieve different functionality from each array 

element for body temperature, heart rate, NO2 and acetone sensing with high sensitivity. 

These results suggest that InP NW array is a new and promising material platform for 

development of next generation multiplex wearable sensors.  

 

8.2 Future work  

In this thesis, we have successfully realised InP NW array based gas sensors for both 

oxidising and reducing gases detection, featuring high sensitivity, selectivity, fast 

response and self-powered operation at room-temperature. Based on the understandings 

from our studies, three new research directions could be carried out in future work to 

broaden the capability and functionality of NW array based gas sensors: 1) exploration of 

new III-V NW materials; 2) design of radial junction NW structures (PV) gas sensing; 3) 

modification of surface-functionalisation layer; 4) incorporation NW array devices with 

microfluidic system for biosensor applications. 

 

8.2.1 Exploration of new III-V NW materials  

The change of NW array material could change or enhance the sensitivity to large subset 

of gases and broaden the detectable analytes.[1] In the future, different III-V 

semiconductor NWs can be synthesized and optimised to achieve high sensitivity for 

different types of gas molecules. Through NW transferring, the NW with different 

chemical composition (e.g. InAsP, InAsSb, AlGaAs …) can be assembled onto the same 

substrate, with different gas sensing functionalities in each pixel, as schematically shown 
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in Figure 8-1, to achieve highly integrated multipixel gas sensor array with wide chemical 

diversity.  

 

Figure 8-1. The schematic of the conceptual sensor array based on different NW arrays and 

assembled by the NW transfer process 

 

8.2.2 Design of the radial p-n junction based PV gas sensors 

To improve the device performance and functionalities of the self-powered devices as 

mentioned in Chapter 5, the axial p-i-n junction based NW structure an be further 

optimised by reducing the n-segment length and increased the i-segment length to further 

push the sensitivity. However as shown in Chapter 5, the fabrication process for the axial 

junction based PV gas sensor is quite complicated. Therefore, apart from the axial p-n 

junction, it may be worthwhile to investigate the radial-junction p-n NW structure, which 

could not only provide a larger junction region but also simplify the device fabrication 

process, as schematically shown in Figure 8-2.[2]  

 

Figure 8-2. The Schematics of the conceptual radial junction self-powered InP NWs gas sensor. 

(a) n-shell/p-core and (b) p-shell/n-core. The i-region could be exposed by wet etching method to 

remove the shell layer. 
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8.2.3 Modification of surface-functionalisation layer  

From the sensing mechanism study in Chapter 6, the acetone sensing mechanism is 

strongly related to the chitosan surface-functionalisation. Further fine tune of the 

molecular weight of chitosan and its degree of acetylation might lead to even better 

performance.[3] Chitosan layer thickness could also play a role in acetone sensitivity. 

Therefore, alternative deposition methods (to drop casting) that provide a better control 

of the layer thickness should also be explored.[4] Moreover, other functional layers with 

amine functional group could be investigated to explore for enhanced sensitivity and 

specificity for acetone sensing, whose potential candidates are listed in Figure 8-3. The 

molecule structure of chitosan can be further explored to improve gas adsorption. The 

chitosan used in this work was unmodified, and the research showed that the modification 

of chitosan could enhance its surface area and O2 absorption, which is critical for 

producing oxygen ionic species in the acetone sensing mechanism to further enhanced 

the acetone sensitivity.[5]   

 

Figure 8-3. The chemical structure of chitosan and other polymers with -NH2 functional group (a) 

including in Poly(allylamine), Poly(4-aminostyrene), Poly(l-lysine hydrobromide), 

Polyacrylamide, Poly(ethylene glycol) bis (2-aminoethyl) (b). 

 

https://www.polysciences.com/german/polyallyl-amine-mw15000
https://www.polysciences.com/german/poly4-aminostyrene
https://www.polysciences.com/german/polyl-lysine-hydrobromide-mw-40000-60000
https://www.polysciences.com/german/polyacrylamide-mw-400000-1000000
https://www.polysciences.com/german/polyethylene-glycol-bis-2-aminoethyl-mw-10000
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Furthermore, a range of new surface-functionalisation layers can be designed and applied 

to InP NW arrays to achieve its sensitivity other types of gases, in addition to NO2 and 

acetone. For example, ammonia is a waste product that the kidneys usually filter out. 

Elevated levels of ammonia in the body can indicate kidney dysfunction or other health 

issues.[6] The sensing technology for ammonia in the context of renal disease could also 

be based on chemiresistive gas sensors.[7] To realise the ammonia sensitivity with the 

InP NWs gas sensor, surface-functionalisation is critical considering their reductive 

property. In the past, several types of materials have been found to have high ammonia 

affinity that could be considered as potential surface functionalisation layers for 

developing InP NW array based ammonia sensors, including organic ligands or polymers 

such as polyaniline and polypyrrole,[8] low dimensional materials such as graphene, 

carbon nanotube,[9] or immobilise biological recognition elements like enzymes or 

antibodies.[10] 

 

Figure 8-4. The chemical structure of organic ligands that have a high affinity for ammonia. 

 

8.2.4 Incorporation of NW array devices with microfluidic system for biosensor 

applications 

Microfluidic systems offer precise control and manipulation of small volumes of fluids, 

enabling the development of highly sensitive and portable devices for biosensing 
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applications.[11] A biosensor system is normally composed of microfluidic chip channels, 

pumping, sensor and transducer, on-chip processing, power supply, etc. Single InP NWs 

have already been study as the biomolecule sensing materials showing ultrasensitive 

detection of a Chagas disease biomarkers from Richard Janissen et. al.[12] In future, our 

InP NWs array sensor can also be integrated with a microfluidic system for biosensor 

investigations. 

 

Finally, apart from the development of new gas sensors, the knowledge and understanding 

obtained in this thesis work can be extended to further integration of the gas sensors with 

Internet of things, wearable personal health monitoring systems, and even spacecrafts. 

The development of many other NW-based devices could also be further investigated for 

inspiring new research directions and potential applications, such as pressure sensors, and 

biosensors with the microfluidic system for medical studies, etc. 
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