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Abstract

This systematic review presents a critical analysis of multifunctional nanowire sensors, with
explicit selection criteria for included studies: we focus on peer-reviewed research, priori-
tizing studies on semiconductor (ZnO, TiO,, 5i), metal (Ag, Au), and carbon-based (CNT)
nanowires that report structural innovations, performance breakthroughs, or industrial
scalability. We systematically analyze their structural characteristics, advanced fabrica-
tion techniques (hydrothermal synthesis, magnetron sputtering, PECVD), and application
performance across biosensing, pressure sensing, and gas monitoring. Unlike existing
reviews limited to single material classes or application scenarios, this work advances
the field by integrating three novel perspectives: it delivers a cross-material comparison
of nanowire structure—performance relationships, incorporates an analysis of fabrication
strategy scalability for industrial translation, and synthesizes unresolved challenges and
future directions. Nanowire sensors exhibit superior sensitivity, rapid response, and broad
detection ranges compared to conventional sensors, with significant potential to advance
healthcare, environmental monitoring, and flexible electronics.

Keywords: nanowire sensors; biosensing; gas sensing; ZnO nanowires

1. Introduction

In gas sensing applications, semiconductor metal oxides (SMOs) have emerged as
the preferred materials due to their high surface-to-volume ratio and exceptional stability.
Research on hydrogen sulfide (H,S) detection demonstrates that structurally optimized
sensors, such as strategically engineered silicon micropillar arrays, can provide supe-
rior growth environments for TiO, and ZnO nanowires, thereby significantly enhancing
gas sensing performance. The fundamental advantages of these nanowire sensors origi-
nate from their distinctive structural characteristics: compared to conventional sensors,
nanowires exhibit not only extremely high surface-to-volume ratios but also unique elec-
tron transport behaviors. For instance, silicon nanowire (5iNW) sensors leverage their
nanoscale dimensions to enable a “whole-volume response” mechanism, where molecular
binding events induce substantial changes in charge carrier concentration throughout
the entire nanowire volume, consequently achieving detection sensitivity far surpassing
conventional devices. Furthermore, innovations in material systems continue to expand
the application boundaries of sensing technologies. Silver nanowire (AgNW) networks
have become ideal candidates for flexible strain sensors owing to their high electrical
conductivity and outstanding mechanical flexibility, while silicon-on-insulator (SOI)-like

Crystals 2026, 16, 173

https://doi.org/10.3390/cryst16030173


https://crossmark.crossref.org/dialog?doi=10.3390/cryst16030173&domain=pdf&date_stamp=2026-03-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-3517-9437
https://doi.org/10.3390/cryst16030173

Crystals 2026, 16, 173

2 of 25

structures have significantly improved both insulation properties and integration density
through optimized device design.

To address the need for a structured overview of this rapidly evolving field, this
review adopts explicit selection criteria for included studies: we focus on high-impact
peer-reviewed research, prioritizing studies on semiconductor (ZnO, TiO,, Si), metal (Ag,
Au), and carbon-based (CNT) nanowires that report structural innovations, performance
breakthroughs or industrial scalability. Conversely, we exclude studies that lack clear
structural characterization or fail to provide comparative performance data against state-
of-the-art devices.

This review systematically compares the performance characteristics of nanowire-
based sensors and their conventional counterparts, providing an in-depth analysis of their
respective advantages and limitations across different application scenarios. By focusing
on the structural properties of nanowires, we thoroughly explore their application potential
in both gas detection and biosensing, offering valuable insights for the advancement of
sensing technologies. With continuous progress in nanotechnology, nanowire-based sensing
platforms are expected to enable groundbreaking innovations across multiple domains.

2. Growth, Integration Strategies, and Structural-Property Relationships
of Multifunctional Nanowire Sensors

With the continuous advancement of technology, structural sensors have become
increasingly important in fields such as engineering, environmental monitoring, and
biomedicine. Traditional structural sensors, based on mature materials and technolo-
gies, offer significant advantages in terms of cost-effectiveness, durability, and ease of use.
The structure of the traditional sensor is shown in Figure 1a, which consists of a substrate,
a signal transmission layer, a protective coating layer, and a tapered sensing layer. How-
ever, the rise of nanotechnology has brought nanowire sensors to the forefront, with
their excellent performance in sensitivity, size, and response time introducing new break-
throughs in structural monitoring. The structure of the nanowire sensor is shown in
Figure 1b, which consists of a substrate, a signal transmission layer, a protective coating
layer and a nanowire-structured sensing layer.

Traditional

Sensor:Assisted Data . .
Collection TiO2, ZnO and Si

/ nanowires

Core Sensing
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areato enhance detection
sensitivity
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Figure 1. Schematic diagram of the sensor structures: (a) conventional sensor; (b) nanowire-
structured sensor.

The performance differences between the two types of sensors are particularly evident
in specific applications such as gas detection. In the field of industrial safety, gas sensors
play a critical role in preventing major workplace accidents. Taking hydrogen sulfide
(H,S) gas as an example, this highly toxic hazardous substance has attracted widespread
attention. According to the U.S. Occupational Safety and Health Administration (OSHA),
the permissible exposure limit (PEL) for H,S gas is 50 ppm [1]. Exposure concentrations
exceeding this threshold can lead to a range of severe physiological reactions, including
impaired motor coordination, memory loss, dizziness, nausea, and loss of smell [2]. In
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this field, SMOs have become the preferred sensing materials due to their excellent cost-
effectiveness, high specific surface area, outstanding detection efficiency, low detection
limits, high sensitivity, and good stability [3-7]. Among them, tin dioxide (SnO,) is widely
used for HyS gas detection due to its broad concentration response characteristics, excel-
lent selectivity, and reliability in practical applications. It should be noted that although
researchers have developed sensing materials with unique nanostructures through vari-
ous synthesis processes to optimize performance [8-12], most sensing systems based on
traditional SMOs still need to operate at relatively high temperatures, which constitutes
a major limitation.

To overcome the above limitations, nanowire sensors provide a new approach through
structural design. Their performance advantages stem not only from the material itself but
also from precise nanostructural design. For example, when comparing two silicon mi-
cropillars of different sizes, significant structural differences can be observed between those
with an average diameter of 600 nm and a height of 3.2 um and those with an average diam-
eter of 400 nm and a height of 1.5 um [13]. Specifically, the larger spacing between adjacent
micropillars in the former provides more space for the growth of TiO, and ZnO nanowires,
enabling the nanowires to achieve larger diameters and better crystallinity during the
growth process, ultimately leading to better performance in gas sensor applications [13].
This ability to optimize structure and performance at the nanoscale is key to achieving high
sensitivity, fast response, and even lower operating temperatures in nanowire sensors. In
addition to H,S gas detection, both types of sensors are also widely used in the detection
of alcohol molecules, biomarkers, glucose, and other related sensing applications. This
paper aims to compare and analyze nanowire sensors and traditional material-based struc-
tural sensors, exploring their core advantages and disadvantages in different application
scenarios to provide useful references for future sensor selection and application.

In terms of sensor structural integration, substrate and packaging technologies are also
crucial. For instance, depositing 145 nm SiO, and 40 nm polysilicon on a silicon substrate
forms a structure similar to SOI [14], offering advantages such as enhanced insulation
performance, electrical properties, thermal stability, radiation resistance, electrochemical
stability, integration capability, and scalability. This structure effectively isolates charge
carriers on the silicon substrate, reduces leakage current, and improves the insulation
performance of the device. Meanwhile, the polysilicon layer provides good electrical
properties. Due to the isolation effect of the insulating layer, the SOI structure can reduce
the impact of radiation on the silicon substrate, enhancing the device’s radiation resistance.
Additionally, the SOI structure can mitigate the effects of electrochemical reactions on the
silicon substrate, improving the device’s electrochemical stability. This structure facilitates
easier integration and packaging of devices, enhances integration density, and allows for
more straightforward scalability design, further improving the device’s scalability.

Beyond rigid sensors, nanowires also demonstrate outstanding performance in the
field of flexible sensing. The conductive layer formed by AgNWs networks on flexible
substrates, characterized by high conductivity, sensitivity, tunable resistance, good me-
chanical properties, ease of integration, cost-effectiveness, and environmental friendliness,
makes them one of the important materials for preparing high-performance strain sen-
sors [15]. This network structure provides more contact points through its cross-linked
architecture, increasing the number of conductive paths and thereby enhancing sensor
sensitivity. Furthermore, by adjusting the density and arrangement of the AgNWs network,
the sensor’s resistance can be tuned to meet the requirements of different applications. The
AgNWs network layer exhibits good flexibility and stretchability, allowing it to adapt to
various deformations and stresses, ensuring stable sensor performance even in complex
environments. At the same time, the AgNWs network layer can be integrated with other
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materials or structures, such as CNTs and conductive polymers, to enable the construction
of multifunctional sensors. The preparation process of AgNWs is relatively simple and
low-cost, giving AgNWs-based network layers a high cost-performance ratio in the sensor
field. Moreover, AgNWs possess good biocompatibility, allowing them to be safely used in
the human body without causing immune reactions or toxic effects [16].

From an overall structural perspective, significant differences exist between traditional
sensors and nanowire-based sensors in terms of structure and performance. Traditional
sensors are typically based on thin films, film-ceramic composites, or mechanical structures.
These sensors have relatively simple structures, primarily composed of a single material or
a combination of a few materials. For example, resistive sensors may be based on thin-film
resistive materials, while capacitive sensors may rely on thin-film capacitive materials.
A sensing concept based on field-effect transistors (FETs) was proposed decades ago and
applied to planar FET devices (known as CHEMFETs) [17,18]. However, due to the limited
sensitivity of such planar devices, they have not had as profound an impact as chemical or
biological sensors. The structures of these sensors are relatively fixed and lack high specific
surface area and unique electronic properties.

In contrast, nanowire-based sensors utilize nanowires, such as carbon nanotubes, metal
nanowires (e.g., AgNWs, CuNWs), and semiconductor nanowires (e.g., ZnO nanowires,
TiO, nanowires), which possess high specific surface area and unique electronic character-
istics [19-21]. This structure endows nanowire sensors with higher sensitivity and faster
response speeds. For example, silicon nanowire (SiNW) sensors, due to their unique nanos-
tructure and nanoscale cross-section and the ability to be precisely tuned as p-type or n-type
materials, exhibit well-defined and reproducible high-performance FET characteristics,
significantly overcoming the sensitivity limitations of traditional planar CHEMFETs [22-25].
Unlike planar devices, which sense only through the surface region, the nanoscale dimen-
sions of SINWs enable the binding of target molecules to their surface to induce depletion
or accumulation of charge carriers throughout the entire volume of the nanowire [26-29].
This whole-volume response characteristic gives SINW sensors extremely high detection
sensitivity, even enabling detection at the single-particle level [30]. Theoretically, this
nanowire-based sensing mechanism is universal; any semiconductor nanowire material
can be designed into an FET structure for highly sensitive detection of various biological
and chemical substances.

However, nanowire sensors also face several challenges. Controlling the diameter,
orientation, and position of nanowires remains challenging in mass production. Certain
nanowires (e.g., CuNWs are prone to oxidation, and ZnO nanowires are sensitive to hu-
midity) may experience performance degradation in practical environments, necessitating
strategies such as coating (e.g., with 5iO, layers) or material modification to enhance stabil-
ity [25,26]. With the advancement of nanotechnology, nanowire-based sensors are expected
to find applications and development in more fields.

3. Sensing Mechanisms of Nanowire-Based Sensors
3.1. Hydrothermal Reduction Method

The hydrothermal reduction method is a chemical synthesis technique that directly
reduces metal ions into metallic nanomaterials within a high-temperature, high-pressure
aqueous environment by introducing reducing agents. This technology offers mild re-
action conditions, controllable processes, and environmental friendliness, leading to its
widespread application in fields such as catalysis, sensors, and electronics. Furthermore, the
hydrothermal reduction method enables the one-step synthesis of metallic nanomaterials,
eliminating intermediate steps and enhancing synthesis efficiency, making it extensively
utilized in materials science and nanotechnology [27].
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Directional growth occurring in high-temperature and high-pressure aqueous systems,
a technique whose nanowire dimensions are regulated by precursor concentration, is
characterized by distinct performance trade-offs: it is a method that boasts low equipment
cost and exhibits good compatibility with both metal and semiconductor nanowires [31];
however, it is also a process that suffers from relatively poor batch uniformity and involves
relatively long reaction cycles [32,33]. In terms of scalability, this is a technique that is
feasible for mass production through continuous-flow reactors and which is well-suited for
fabricating heterojunctions in gas sensors [34].

3.2. Radio Frequency (RF) Magnetron Sputtering

Radio frequency (RF) magnetron sputtering technology, as an efficient thin film deposi-
tion method, plays a crucial role in modern industry. It utilizes plasma generated by an RF
power supply to excite a high-energy ion beam [28]. This ion beam subsequently bombards
a target material, sputtering material from the target surface, which is then deposited onto
a substrate material to form a thin film. This sputtering process enables the formation
of uniform, high-quality films on substrates, characterized by a high deposition rate and
strong controllability. Consequently, RF magnetron sputtering finds extensive application
in various fields, including semiconductor manufacturing, flat-panel display technology,
solar cells, and optical coatings.

RF magnetron sputtering—a physical vapor deposition technique that relies on plasma-
induced target sputtering to deposit seed layers on substrates—is frequently integrated
with hydrothermal synthesis to fabricate heterojunction nanowires for advanced sensing
applications. This technique boasts distinct advantages: it delivers high film uniformity,
whose consistency minimizes performance deviations between individual devices and
ensures the reproducibility of subsequent nanowire growth; it also enables precise control
over seed layer thickness, which lays a robust, homogeneous foundation for directional
nanowire nucleation [29]. However, it carries inherent limitations: it is a method that
requires substantial investment in specialized equipment, which restricts its accessibility
for small-scale research teams; it is a process that depends on stringent high-vacuum
environments, which adds complexity and operational costs to large-scale production
setups; and it is a technique that faces constraints in tuning nanowire aspect ratios, which
limits its adaptability to applications demanding extreme morphological precision. In terms
of scalability, this is a method that exhibits moderate potential, as it can be adapted for
roll-to-roll processing that caters to flexible substrate fabrication—an attribute that makes
it a suitable choice for manufacturing thin-film substrates used in flexible optoelectronic
sensors [30].

3.3. Plasma-Enhanced Chemical Vapor Deposition

Plasma-Enhanced Chemical Vapor Deposition (PECVD) is a thin film deposition
technique that utilizes the high reactivity of plasma to promote chemical reactions, enabling
the formation of solid-state films on substrate surfaces at relatively low temperatures [31].
This technology can be employed to fabricate various types of thin films, including insulator,
semiconductor, and conductor films, and finds extensive application in fields such as
microelectronics, photonics, and nanotechnology. By adjusting process parameters, the
composition, structure, and properties of the deposited films can be precisely controlled to
meet the requirements of specific applications [32].
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For instance, in the fabrication of a high-sensitivity nanowire biosensor for detecting
CysC (Cystatin C), a critical step involves depositing a 30 nm-thick silicon nitride (SizN4)
film onto the sensor surface using PECVD. Subsequently, silicon nitride reactive ion etching
(RIE) technology, a dry etching method, is employed to perform directional etching on the
film [31]. This process constructs two vertical SiNy sidewalls on both sides of the amor-
phous silicon (a-Si)—a key structural design that acts as a support template for directional
SiNWs growth, ensuring the nanowires maintain uniform alignment to enhance sensing
sensitivity. The SiNy sidewalls are retained in subsequent fabrication steps to constrain
SiNWs orientation, resolving the visual discontinuity previously noted. PECVD offers
several advantages compared to traditional Chemical Vapor Deposition (CVD) methods.
These include operation at relatively low temperatures, deposition of high-quality films
with excellent adhesion, precise process control, applicability to a wide range of materials,
high deposition rates, and reduced byproduct formation [32]. Notably, the low-temperature
deposition characteristic of PECVD avoids thermal damage to the Si substrate during Si3Ny4
film growth, while the high adhesion ensures the SiNy sidewalls remain intact throughout
subsequent etching and SiNWs growth steps—directly addressing the structural stability
requirements of high-sensitivity sensors. These benefits render PECVD a versatile and
flexible thin film deposition technology, particularly suitable for applications requiring
low-temperature deposition and high-performance films.

3.4. Electrochemical Deposition

Electrochemical deposition is a technique that forms a metallic deposited layer on
a conductive substrate through the electrochemical reduction of metal ions. In this process,
an applied electric field drives the migration of metal ions in the electrolyte solution
towards the cathode (the negatively charged electrode). At the cathode surface, these ions
undergo reduction reactions, resulting in the formation of a metallic deposited layer on the
substrate [27]. This process adheres to Faraday’s law, whereby the mass of the deposited
layer is proportional to the quantity of electricity passed through the electrochemical
cell [33]. Precise control over parameters such as current density, electrolyte concentration,
and deposition time enables fine-tuning of the deposited layer’s thickness, morphology,
and properties [34,35].

An additional advantage of electrochemical deposition technology in the prepara-
tion of noble metal nanostructures lies in its lower cost and simple, easy-to-operate pro-
cess [36]. Compared to other nanostructure fabrication methods, such as physical vapor
deposition and solvothermal synthesis, electrochemical deposition typically does not re-
quire complex reaction apparatus or stringent reaction conditions [37]. Instead, it only
necessitates a simple electrochemical cell, a power supply, and a small quantity of chemical
reagents. This characteristic of low cost and operational simplicity makes electrochemical
deposition technology more readily applicable in industrial production [37]. Simulta-
neously, electrochemical deposition allows direct deposition onto the substrate without
requiring cumbersome post-processing steps, significantly enhancing process efficiency.

Furthermore, electrochemical deposition technology is renowned for its high control-
lability, enabling facile and precise tuning of the scale and morphology of the deposited
layer [38]. This technique permits reactions under relatively mild conditions, further
broadening its application scope and flexibility. Another application example of electro-
chemical deposition technology in noble metal nanostructure preparation is the fabrication
of nanowires and nanotubes [39-41]. By performing electrochemical deposition with tem-
plate assistance, noble metal nanowires and nanotubes of various scales and morphologies
can be synthesized. The diameter of the synthesized nanowires progressively increases
with the enlargement of the template pore size [42,43]. Electrochemical deposition is also
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utilized to prepare nanoparticles. Using templates such as anodized aluminum oxide
(AAO), researchers have successfully synthesized noble metal nanotubes with diameters of
only tens of nanometers and wall thicknesses as low as a few atomic layers [44].

These one-dimensional nanostructures not only possess an ultra-high specific surface
area but also exhibit unique performance advantages in fields such as electron transport
and sensing [37,45]. Various parameters during the electrochemical deposition process
significantly influence the morphology, size, and properties of the prepared noble metal
nanostructures [46,47]. Current density is one of the critical parameters, as it determines
the rate of metal ion reduction during deposition, thereby influencing the nucleation and
growth processes of the deposited layer [44].

Electrochemical deposition technology has yielded fruitful results in the exploration
of noble metal nanostructure preparation. For example, utilizing pulsed electrodeposition
techniques, researchers have fabricated gold nanotubes with hierarchical structures [34].
These nanotubes feature distinct pore sizes and porosities on their inner and outer walls,
exhibiting excellent performance in catalysis and sensing applications. In the preparation
of silver nanowires, the introduction of a magnetic field can induce directional growth
along specific orientations [29]. This approach enables the production of highly aligned
silver nanowire arrays, which demonstrate outstanding performance in optoelectronic
devices and sensors. Furthermore, through surface modification of the substrate, epitaxial
growth of gold nanoplates has been achieved. This method yields uniformly oriented
and size-controlled gold nanoplate arrays, showcasing significant application potential in
surface-enhanced Raman scattering (SERS) and catalysis [32]. Additionally, platinum (Pt)
nanowire arrays have been fabricated using AAO membranes via electrodeposition meth-
ods [48-51]. Details of the preparation methods can be found in Table 1. Table 1 compares
four nanowire deposition methods (Hydrothermal Reduction, RF Magnetron Sputtering,
Plasma-Enhanced Chemical Vapor Deposition, and Electrochemical Deposition), evaluating
them in terms of film quality, deposition rate, thickness control, temperature requirements,
equipment complexity, and application range by linking process characteristics to real-
world application demands and technical trade-offs. Overall, method selection hinges
on balancing performance needs with scalability constraints: electrochemical deposition
excels in low-temperature processing (critical for thermally sensitive flexible substrates),
conformal 3D structural coverage (enabling wearable sensor integration), and atomic-level
thickness control via pulsed current—making it the preferred choice for flexible electronics,
though its alloy gradient film uniformity requires precise electrolyte tuning; RF magnetron
sputtering’s high uniformity and rapid large-area deposition perfectly match industrial-
scale flat-panel sensor fabrication (e.g., consumer electronics), yet its vacuum system
dependency elevates production costs; hydrothermal reduction enables low-cost synthesis
of high-quality metal/conductive films but is limited to gas sensors with moderate con-
sistency requirements (as film quality is highly electrolyte-parameter-sensitive); PECVD
produces dense, high-crystallinity amorphous/crystalline films ideal for high-sensitivity
biosensors (demanding ultra-dense active layers) but is restricted from large-scale use by
slow deposition rates and complex plasma equipment [52-55].

Table 1. Comparison of Different Nanowire Deposition Methods.

Method Film Quality Deposition Rate Film Thickness TemPerature Equlpme.nt Application Reference
Requirements Complexity Range
Hl%z f;l;r:ﬁl;;hty Generally fast, Typically within Relatively simple, Suitable for
Hydrothermal dep osition but limited by Precise, controllable arange from room but requires deposition of
Reduction ararlie ters and electrolyte through current and temperature to precise current metals and [34]
Method P electrolyvte stability and potential adjustments higher and potential conductive
condi tigns current control temperatures control materials
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Table 1. Cont.
. . " . . Temperature Equipment Application
Method Film Quality Deposition Rate Film Thickness Requirements Complexity Range Reference
Relatively high, Suitable for
. . . . : requiring almost all
Radio Frequency High Wlt.h and ngh suitable for Precise, allowing for Lower, suitable for high-power laser materials,
(RF) Magnetron good film rapid Preparation . -
S . £ . accurate control of room temperature systems and especially high- [35]
puttering uniformity and of large-area . ; . . -
. . . film thickness operation vacuum melting-point
Technique density films d o .
eposition and brittle
chambers materials
Generally slower, Lower, suitable for Higher, requires Applicable to
Plasma' Enhanced High, cgpable of but can improved ) ) ) temperamres an RF power d}verse materlals,
Chemical Vapor producing dense by optimizin Precise, adjustable via ranging from room supply and including both [31]
Deposition high-quality y 0151’ m & plasma parameters temperature to plasma amorphous and ;
(PECVD) films a};aans'le tirs a few hundred generation crystalline thin
P degrees Celsius equipment films
Pulsed current enables
single-atomic-layer Low-
Alloy films with control, offering ow-temperature Uniform coating
B . c The deposition 4 process (most Strong scalability
ectrochemical composition . excellent coverage on o . A on 3D structural )
. . rate in local areas <50 °C) can deposit Simple [48]
deposition gradient can be . complex substrates - X surfaces can be
can be adjusted . thermally sensitive maintenance .
prepared (deep hole/filling) materials achieved

with real-time
thickness monitoring.

4. Application Perspectives of Multifunctional Nanowire Sensors
4.1. Biosensor

A biosensor is an analytical device that converts a biomolecular recognition event
into a quantifiable signal, typically comprising a biorecognition element (e.g., enzymes,
antibodies, nucleic acids) and a physicochemical transducer (e.g., electrochemical, optical,
or thermal sensors) [39]. Its operation relies on specific interactions such as enzyme-
substrate binding, antibody—antigen recognition, or DNA complementary pairing. Upon
binding of the target molecule (such as glucose, proteins, DNA, or hormones), a specific
signal is generated and transduced into an electrical, optical, or other measurable form,
enabling rapid and accurate detection. This principle underpins their broad applications in
medical diagnostics, environmental monitoring, food safety, and scientific research [40].

Recent advances in nanostructure engineering, particularly the continuous optimiza-
tion of nanowire morphology, dimensions, and surface properties, have significantly aug-
mented the detection capabilities of biosensors [41]. These structural improvements en-
hance the interaction efficiency between the sensing interface and target organic molecules,
leading to remarkable gains in sensitivity and specificity. Specific performance data illustrat-
ing these enhancements are summarized in Table 2. Table 2 systematically compares diverse
nanowire-based biosensors, covering core dimensions including nanowire material types
(single-component, composite, core—shell structures), sensing mechanisms (fluorescence,
electrochemical, colorimetric, photoelectrochemical), target analytes spanning neurotrans-
mitters, antibiotics, metabolic molecules, and enzymes, as well as key performance metrics
and corresponding testing conditions. It reveals that the matching of nanowire material
properties with specific sensing mechanisms determines suitability for different detec-
tion scenarios: composite nanowires integrated with graphene or bimetallic components
often adapt to electrochemical mechanisms for multi-analyte detection, while semicon-
ductor nanowires tend to pair with photoelectrochemical/fluorescence mechanisms for
trace biomolecule sensing. The table clearly presents the intrinsic link between material
design, mechanism selection, and application orientation, providing direct guidance for
the targeted development of high-performance nanowire biosensors. Furthermore, such
nanoscale refinement not only strengthens signal transduction efficiency but also improves
sensor stability and applicability in complex biological environments, driving the evolution
of biosensing technology toward higher precision and robustness.
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4.1.1. The Structural Composition of Biosensors and the Nanowire Construction Process
The working principle of biosensors integrates three interdependent components, en-
suring coherent transduction from target analyte recognition to final data presentation. The
schematic diagram of the nanowire biosensor structure is shown in Figure 2. The nanowire
biosensor is mainly composed of a three-dimensional nanowire array, a biorecognition
layer, a transduction layer, a signal processor and a display unit. Firstly, the biorecognition
element—comprising enzymes, antibodies, or specific DNA sequences—undergoes specific
binding with the target analyte. This molecular interaction constitutes the core detection
event [42]. Subsequently, the transducer converts this biorecognition event into an electrical
signal. This conversion process not only confirms the presence of the target molecule
but also quantifies its concentration through signal intensity variations. However, as the
electrical signals generated by transducers are often weak, signal processing and display
units are required to amplify and digitize these signals [56-58].
Table 2. Performance Comparison of Nanowire Biosensors.
Material Mechanism Target Conlc{entratlon Limit of Detection Sensitivity Test.u.1g Reference
ange Conditions
Gamma- Room tgltxlgerature;
Silicon NWs Fluorescence Signal ~ Aminobutyric 970 ftM-7 uM 9.7 uM / excriation [59]
. wavelength:
Acid (GABA)
488 nm
e _ _ _ _ Room temperature;
) . Penicillin and 300-240 uM 412 uA uM~t em—2 41.2 pA pM~ ! em 2 . -
P-AuNWSs Cyclic Voltammetry Tetracycline 300-210 pM 264 pA pM ! em 2 264 pA pM~! cm 2 apphgillpé) {;entlal. 0]
Ru@V,0, Colorimetric Room temperature;
N ; Cysteine 3-50 uM 0.139 uM / reaction time: [57]
anowires sensors .
10 min
Cu,O/Cu@C . . 1 T applied potential:
CoreShell NWs Amperometry Uric Acid 0.05-1.15 mM 330.5 pAmM ! cm 330.5 pAmM ! em 404V [60]
Rutile/ Anatase Photoelectrochemical 1o . .
TiO, (R/A-TiO,) Biosensor Glucose 1-20 mM 0.019 mM 571 uA-mM~'-cm applied bias: +0.4 V [61]
Electrochemical
Sensor (Cyclic
I}EA;_QNACCI)I\;VY; Voltammetry, Dopamine 0.001-48.0 uM 0.8nM 123 pA uMtem2 DPV potential [62]
i cdde Differential Pulse ~ and Tyrosine  0.001-478.0 uM 1.4nM 8.9 A uM~! em—2 range: 0-0.6 V
raphene Vol
oltammetry
(DPV))
UV light irradiation
Photoelectron . 2 IR (A =365nm);
CuO/Cu;ONWs chemistry tyrosinase 0.05-10U/mL 0.016 U/mL 21 pA-(U/mL) '-ecm applied bias: +0.5V [63]

(vs. Ag/AgCl)

Enzyme/Antibody/DNA

Probe
Function: Biological recognition -— Amplification Circuit
layer, enables specifc capture of —_——
target analytes
oY Enhanced Microelectromechanical
Silicon/Zinc Oxide Material (_)_) Signal Display Unit
Provides high specific surface area to
enhance detection sensitivity
A4
Metal Electrode/Conductive Polymer U LCD Screen
——
Converts biological recognition signals Function: Visually presents quantitative detection
into electrical signals 00 results

Figure 2. Schematic Diagram of the Nanowire Biosensor Structure.
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This enables intuitive quantitative presentation to the user via the display unit, thereby
completing precise detection and analysis of the target analyte [43].

During biosensor construction, precise control over nanowire dimensions and aspect
ratios typically necessitates a post-synthesis heat treatment stage. As documented in refer-
ences [53-56], this stage frequently involves a self-limiting oxidation process. Currently,
the three primary methods for nanowire fabrication include suspension techniques, electro-
chemical deposition, and vapor deposition [52]. Following initial synthesis, these methods
may require thermal treatment to fine-tune nanowire structure and properties, ensuring
efficient and accurate biosensor operation.

Through integration of biorecognition molecules/elements capable of specific target
identification (e.g., glucose, lactose, enzymes, DNA, RNA, or viruses) with sensor tech-
nologies possessing energy conversion capabilities, the system can monitor physiological
changes as well as chemical and biological constituents in the environment while recording
relevant data. These devices exhibit diverse designs and dimensions, enabling detection of
ultra-low concentrations of disease biomarkers, hazardous chemicals, and pH fluctuations.

Based on the analyte type or detection signal modality, these devices are categorized
into multiple classes, each optimized for specific application scenarios. With technological
advancements, their applications in healthcare, food safety, and environmental monitoring
continue to expand [53-55].

4.1.2. Detection of Neurotransmitters and Organic Molecules

Biosensors, as a high-precision detection technology, have demonstrated indispensable
roles in multiple critical fields, including environmental monitoring, food safety, and
medical diagnostics. This technology enables highly selective detection of key chemical
substances such as dopamine, glucose, and cholesterol [45,46].

(a) Detection of penicillin and tetracycline

To achieve simultaneous detection of penicillin and tetracycline, researchers de-
veloped a hybrid nanowire/nanoparticle array electrochemical biosensor incorporat-
ing multiple biomolecular sensing elements. In this system, penicillinase was first im-
mobilized onto gold nanoparticles (NPs) via the cross-linking action of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Subse-
quently, a monolayer was formed on Pt nanowire segments through electroless plating
using L-cysteine, serving as the bioreceptor for tetracycline detection. These nanowire
segments were deposited onto discrete gold segments. Furthermore, vertically aligned
Pt-Au nanowire arrays were fabricated within anodic aluminum oxide templates using
electrodeposition technology [56].

The integrated design leverages the distinct functionalization on Au and Pt segments,
allowing the sensor to operate via separate recognition pathways for each antibiotic. Upon
exposure to a sample containing both analytes, the immobilized penicillinase catalyzes the
hydrolysis of penicillin, while L-cysteine on the Pt nanowires selectively complexes with
tetracycline, each generating measurable electrochemical signals.

This multifunctional biosensor array enables efficient simultaneous detection of both
antibiotics. The electrode, composed of gold (Au) functionalized with L-cysteine and
Pt conjugated with penicillinase, confers dual detection capability for tetracycline and
penicillin while exhibiting exceptional sensitivity. Specifically, the electrode demonstrated
sensitivities of 41.2 A-uM~!.cm~2 for penicillin and 26.4 A-uM~! cm~2 for tetracycline.
Researchers also analyzed the influence of different segment lengths on sensitivity. During
practical sample testing using chicken and beef extracts, the electrode exhibited favorable
recovery rates, validating its effectiveness for real-world applications [56,58].
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(b) Glucose detection

One-dimensional TiO; nanorods are regarded as highly promising materials in the
field of photoelectrochemical (PEC) biosensors, primarily owing to their efficient electron
transport properties, which help reduce the recombination of photogenerated electrons
and holes [64]. Vertically aligned one-dimensional TiO; nanorod arrays grown directly
on various transparent conductive substrates exhibit numerous advantages, including
a high specific surface area, rapid charge transfer, and enhanced light absorption due to
light scattering effects [65]. A technique developed by Liu and Aydil has become one of
the widely adopted methods for preparing rutile-phase TiO, nanorod arrays, particularly
on fluorine-doped tin oxide (FTO) substrates [66]. This technique not only ensures ro-
bust bonding between the nanorod arrays and FTO substrates but also provides a direct
pathway for photogenerated electrons to reach the electron acceptor. Nevertheless, the
insufficient charge separation in single-phase TiO, nanorod arrays remains a significant
weakness [67-69]. Clearly, further efforts are required to effectively suppress electron-hole
recombination.

Building on previous research findings [70-72] combining two distinct semiconduc-
tor materials can optimize interfacial charge separation efficiency, attributed to their
unique band positions and bandgap energies. Integrating anatase and rutile phases—
the two most common TiO, polymorphs in photoelectrochemical applications—effectively
reduces charge recombination, thereby enhancing photocatalytic activity [73]. Utilizing this
strategy has yielded significant achievements in multiple application fields, such as water
splitting reactions [74], solar cells [75], and photodetectors [76]. Typically, the conduction
band of rutile TiO,(R-TiO,) lies at a lower energy level than that of anatase TiO,(A-TiO5),
while their valence bands are relatively close. This energy level difference may serve as the
key driving force for carrier separation. When rutile/anatase TiO,(R/A-TiO;) heterostruc-
tures are activated under light illumination, photogenerated electrons migrate from the
conduction band of A-TiO;, to that of R-TiO,.

Here, a novel PEC biosensing platform for glucose detection is developed by im-
mobilizing glucose oxidase (GOy) on R/A-TiO; heterostructures. The high surface area
and unique hierarchical morphology of this structure facilitate enzyme immobilization
and loading [77]. Optimized electron transfer pathways combined with appropriate het-
erostructure design enable smoother electron transport to the electrode surface. Compared
to single-phase TiO, nanorod arrays, R/A-TiO; heterostructures demonstrate superior
performance in PEC biosensing applications.

Field emission scanning electron microscopy (FESEM) analysis revealed the fine
morphology and nanostructure of the samples. R-TiO, nanorods, grown directly on the
FTO substrate via a secondary hydrothermal method, exhibited diameter distributions
in the range of 50-100 nm. Subsequent secondary hydrothermal treatment led to the
growth of A-TiO; nanowires, approximately 5 nm in diameter, on the tips of the R-TiO,
nanorods. These A-TiO, nanowires combined with the R-TiO, nanorods to form a tree-like
branched architecture, with the A-TiO, nanowires acting as fine branches and the R-TiO,
nanorods serving as robust trunks. The overall TiO; film had a thickness of approximately
2 um. This well-designed structure facilitated rapid electron transport between the R-
TiO, nanorods and the FTO substrate. The heterostructure not only increased the number
of active sites but also provided more active lattice facets due to the fine dimensions
of the A-TiO, nanowires [61]. Building upon this, a PEC system for glucose detection
was successfully constructed by modifying glucose oxidase (GOy) onto the R/A-TiO,
heterostructure array [67].

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was employed to in-
vestigate the light absorption properties of the R/A-TiO, heterostructure. Detailed analysis
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of its light absorption performance was conducted across the wavelength range of 300 to
800 nm [61]. This enhanced visible light absorption is likely attributed to light scattering
effects within the hierarchical structure. The improved light absorption contributes to
providing greater kinetic energy for enzymatic reactions [78].

The researchers loaded glucose oxidase onto the R/ A-TiO, electrode, thereby applying
this heterostructured nanotree array electrode for glucose detection. The standard proce-
dure involved drop-casting 10 uL of a 10 mg/mL glucose oxidase solution, pre-dissolved in
1% sodium chloride, onto the FTO electrode. Time-dependent photocurrent measurements
were performed on the electrode at different glucose concentrations (1 to 20 mM). A fixed
bias voltage of +0.4 V, as mentioned in a previous study involving glucose detection via
a PEC biosensor in 0.1 M PBS, was applied throughout the experiments 60 [79].

The results indicated that the photocurrent displayed high stability at all glucose
concentrations and responded rapidly to on/off irradiation cycles within the 1 mM to
20 mM range, confirming the efficient PEC performance of the sensor. Furthermore,
a significant correlation coefficient of 0.995 was observed between the photocurrent and
glucose concentration across the 1 to 20 mM range. This indicates an excellent sensitivity
for electron transfer of 5.71 pA mM~! cm™2 and a low detection limit of 0.019 mM for
glucose (signal-to-noise ratio = 3) [61].

4.2. Strain Sensor

A strain sensor refers to a device that undergoes deformations such as stretching, bend-
ing, twisting, or compression when subjected to external stress. This deformation induces
microstructural changes within the device, leading to alterations in its electrical charac-
teristics. Upon stress removal, the sensor recovers to its original state [79]. This process
converts mechanical signals into electrical signals. Based on the transduction mechanism
from input stimulus to output signal, strain sensors are categorized into resistive [80,81],
capacitive [82,83], piezoelectric [84], and triboelectric types [85]. Piezoelectric and tribo-
electric strain sensors typically operate at high frequencies. Due to rapid charge transfer,
they cannot capture static strain, and their practical application in multi-scale and wear-
able strain sensing remains questionable [64]. On the other hand, resistive and capacitive
strain sensors have been extensively studied in recent years for wearable electronics due to
their relatively simple readout, high stretchability, acceptable dynamic performance, and
straightforward fabrication processes. The following sections primarily elaborate on the
research status of flexible strain sensors from these aspects: response mechanisms, material
systems, device architectures, fabrication techniques, and current research limitations [86].

In the field of flexible strain sensor research, scientists and engineers are dedicated to
enhancing sensor performance through novel composite materials and innovative structural
designs. These sensors find broad applications in biomedical monitoring, motion tracking,
industrial control, and other fields, demonstrating significant market potential. However,
despite notable research progress, flexible strain sensors still require improvement in key
performance metrics such as sensitivity and detection range [68].

Currently, the primary challenge lies in enhancing sensor sensitivity and broadening
the detection range. Typically, these two performance indicators are difficult to optimize
simultaneously: sensors with high sensitivity often function only within small to moderate
strain ranges, while those covering wide strain ranges may exhibit insufficient sensitivity.
This limitation arises because different physical mechanisms—such as sliding fractures,
tunneling effects, or crack propagation—predominantly operate within smaller strain
ranges, whereas large-strain detection relies more heavily on geometric effects [69].

Another issue is the excessive variation in the gauge factor (sensitivity factor) of highly
sensitive sensors across different strain levels. Particularly in the latter half of the sensing
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range, where the elastomer approaches fracture or resistance increases drastically, the gauge
factor can be significantly higher—by several orders of magnitude—than its value at low
strains [69]. Therefore, maintaining linearity in sensitivity variation throughout the sensing
range and minimizing gauge factor disparities across different strain intervals are critical
problems requiring resolution in current research [87].

Nanowires—renowned for their exceptional electrical conductivity and mechanical
robustness—are widely recognized as ideal building blocks for high-performance flex-
ible strain sensors, their one-dimensional (1D) geometry inherently enabling efficient
charge transport and structural adaptability under deformation. Driven by advances in
nanomanufacturing, researchers have explored a spectrum of nanowire morphologies
tailored to strain sensing, including discrete individual nanowires, hollow architectures
(e.g., carbon nanotubes, CNTs), ordered arrays, and random networks, each engineered
to balance sensitivity, stretchability, and scalability [88]. Among these, electrochemically
deposited AgNW networks—characterized by high-density, fine-scale interconnections—
exhibit a relatively high gauge factor (GF) but are constrained by limited stretchability. In
contrast, hydrothermally grown poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate)
(PEDOT:PSS) nanowire arrays, with their well-defined aspect ratios, deliver improved
stretchability alongside moderate GF yet suffer from poor batch-to-batch consistency. By
comparison, silicon nanowires (SiINWs) synthesized via PECVD—Ileveraging high-purity
vapor-phase growth to form crystalline structures—boast an exceptionally high GF but are
hindered by inherent brittleness that restricts deformability [89,90].

To precisely respond to minute mechanical stimuli during human motion, researchers
have developed ultrasensitive wearable strain sensors based on nanowire arrays. Specif-
ically, they fabricated poly(3,4-ethylenedioxythiophene): poly (styrenesulfonate) (PE-
DOT:PSS) nanowire arrays via capillary lithography, integrated them into strain sensors,
and embedded the devices onto flexible substrates (e.g., PET) [72-76]. The aligned nanowire
arrays enable bending signal amplification for reliable sensing responses, endowing the
sensors with high sensitivity, distinct responsiveness to microstimuli, fast response speed,
good mechanical stability, low hysteresis, and low power consumption. Additionally, the
ordered structure ensures geometric uniformity across the sensing area, reducing inter-
device performance variations [77]. Besides uniform arrays, nanowire networks also serve
as an effective approach to manufacturing high-performance flexible strain sensors.

4.3. Racetrack Resonator Optical Sensor

In cutting-edge research exploring SINW waveguides, a research team successfully
developed a novel optical router based on the principle of a directional coupler, as described
in reference [78]. This innovative device achieved significant performance improvements,
exhibiting an insertion loss as low as 1.3 dB. In this design, the router’s cross-section inge-
niously incorporated three parallel SINWs, each with a diameter of 100 nm and uniformly
spaced 200 nm apart, resulting in an overall height of 600 nm. In directional couplers,
bending loss is not a concern since they contain no bends. However, in the current work,
a SiNWs sensor utilizing a ring resonator mechanism is being developed. Consequently,
bending loss must be considered. When optimizing optical waveguide design, a common
strategy involves increasing the amount of silicon material and reducing free-space regions
to minimize power radiation at waveguide bends, thereby reducing bending loss. Specifi-
cally, this may involve increasing the number of spiral turns, enlarging their diameter, or
decreasing the spacing between spirals. In this process, a balance must be struck between
bending loss and sensor sensitivity. On one hand, increasing the gaps and reducing sili-
con enhances the interaction between photonic modes and the analyte, improving sensor
sensitivity, but this may come at the cost of increased bending loss. On the other hand,
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reducing gaps and increasing silicon effectively lowers bending loss but may sacrifice
sensor sensitivity. Therefore, careful trade-offs between these two factors are essential in
the design [91-94].

The research team has introduced an innovative design for a silicon nanowire optical
sensor. This sensor employs meticulously arranged silicon nanowires configured into
a ring resonator structure, where the cladding of the nanowires and the gaps between
them are filled with the substance to be analyzed [79-82]. This sensor is distinguished
by its compact footprint of 16 pm x 16.5 um and an exceptionally low insertion loss of
0.4 dB. A bending radius of 8 um was selected, yielding an insertion loss of 0.4 dB and
dimensions of 16 um x 16.5 um. Figure 3a illustrates the 3D design of the silicon nanowire
ring resonator, while Figure 3b shows its cross-section. The refractive indices used were
1.45 for SiO, and 3.45 for Si, while the indices for the gaps and cladding were initially
set to 1 at A = 1.55 um. The bus waveguide width and height were 100 nm and 600 nm,
respectively. The SiO, thickness was 3 pm.

$0nm 100nm
L -4 >

| A
600nm

v

(b)

Figure 3. Schematic structure of vertical silicon nanowire racetrack resonator optical sensor
(a) Perspective view; (b) Cross-sectional view. Figure redrawn from reference [95].

Different fabrication methods have been proposed for this purpose. On SOI chips with
a 600 nm-thick device layer, silicon nanowire patterns are defined through electron-beam
lithography or nanosphere lithography techniques, followed by deep reactive-ion etching
(DRIE) processing [92,93]. The fabrication process involves three primary approaches: In
the first approach, photoresist is coated onto the SOI wafer device layer, selectively exposed
via electron-beam writing or UV exposure through a mask, and developed to remove
unexposed regions, forming the desired pattern; DRIE is subsequently employed to create
vertically aligned silicon nanowire structures. Alternatively, the second method utilizes
UV exposure through a mask to pattern the photoresist, followed by development to re-
move unexposed areas, with DRIE then forming the vertical nanowire configuration. The
third approach entails depositing nanospheres onto photoresist, patterning through devel-
opment to eliminate unexposed regions between nanospheres, removing the nanospheres
via oxygen plasma etching, and finally applying DRIE to fabricate vertically oriented silicon
nanowire structures. These procedures collectively constitute the precision manufacturing
process for silicon nanowires.

Research findings indicate that a previously reported silicon nanowire (SiNWs)
sensor [83-86] utilized a ring resonator design, achieving a sensitivity of 243 nm per
refractive index unit (RIU). This sensor incorporated nanowires with the following
parameters: nine nanowires of 50 nm diameter, 75 nm pitch, and 700 nm height. However,
an alternative design measuring 16 um x 16.5 um with an exceptionally low insertion loss
of 0.4 dB demonstrated significantly enhanced sensitivity of 430 nm/RIU [87-90]. This
configuration maintained the 0.4 dB insertion loss while implementing an 8 um bending
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radius within the same 16 um x 16.5 um footprint. Such performance represents a notable
achievement in optical sensing technology [93,95].

4.4. Pressure Sensor

Pressure sensors represent another crucial branch in mechanical sensing, particularly
distinguished by their high sensitivity to longitudinal responses to mechanical forces. To
fabricate flexible piezoresistive pressure sensors, nanowires with diverse architectures can
be incorporated into elastic polymers, hydrogels, or onto flexible substrates as conductive
fillers or functional sensing elements. Upon stimulation by external pressure, these conduc-
tive fillers exhibit significantly enhanced electrical conductivity, thereby enabling precise
pressure detection.

(a) PU/AgNWs (Polyurethane/Silver Nanowires)

PU/Ag NWs (polyurethane/silver nanowire) composite functional membranes can
serve as pressure sensors, comprising two layers of PU/Ag NWs films arranged with
their microstructured surfaces facing each other. In this configuration, patterned Ag
NWs deposited on dome-structured surfaces act as conductive fillers, forming a non-
uniform conductive network that enables highly sensitive sensing [90,91]. Similarly, re-
searchers [92-96] reported a method involving the coating of vertically aligned silver
nanowires (AgNWs) on ordered micropyramid arrays to fabricate high-performance wear-
able pressure sensors.

Typically, vertically alighed AgNW microarrays are grown on PDMS (polydimethyl-
siloxane) films with pyramidal microstructures via a modified seed-mediated growth
approach. This integration of hierarchical micropyramid structures with vertical nanowires
facilitates the production of high-performance flexible pressure sensors. Such sensors
exhibit sufficiently high sensitivity (~23 kPa~!) in the low-pressure regime (<600 Pa),
rapid response/recovery times (<10 ms) during loading /unloading cycles, and exceptional
stability over 10,000 compression cycles [97,98]. Furthermore, other bioinspired struc-
tural designs—such as micropore arrays and micropillar arrays—can be incorporated into
flexible pressure sensors to achieve high sensitivity and favorable signal-to-noise ratios.
This enhanced performance arises from significant resistance changes caused by rough or
uneven contact between functional layers and electrodes due to surface topography. Addi-
tionally, combining nanowires with other functionally layered materials further augments
pressure sensor capabilities [99]. Generally, integrating nanowires with two-dimensional
graphene generates synergistic effects that confer superior electrical properties compared to
sensors fabricated solely from metallic nanowires. For instance, an ultrathin flexible piezore-
sistive skin sensor based on a hierarchical nanonetwork composite of silver nanowires,
graphene, and polyamide nanofibers (PANFs) demonstrates both high sensitivity and
a broad pressure-sensing range [100].

(b) Flexible p-GaN thin film/n-ZnO nanostructures

Sensors emulating human tactile perception play pivotal roles in domains such as
health and environmental monitoring, human-machine interaction, and next-generation
robotics. Such sensors necessitate critical characteristics, including high spatial resolution,
rapid response capability, high sensitivity, and large-scale integration capacity [101-106].
Researchers have developed diverse tactile sensors based on resistive or capacitive vari-
ations that respond to external pressure changes. These devices are typically fabricated
using conductive elastomeric composites (e.g., hybrid rubbers incorporating single-walled
carbon nanotubes) or microstructured elastic dielectric layers (often integrated with field-
effect transistors), achieving millimeter-scale resolution [107-109]. To meet the require-
ment for spatial resolution exceeding 50 pm in electronic skin (mimicking human skin),
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a research team proposed a pressure sensor array based on ZnO nanowire/p-GaN LED
structures. Leveraging the piezophototronic effect, this array achieves precise mapping of
two-dimensional pressure distribution with spatial resolution as fine as 2.7 pm [80].

To address the insufficient flexibility of rigid substrates, researchers have developed
flexible pressure sensor arrays based on hybrid inorganic materials (such as ZnO and
CdS nanowires) and organic materials (PEDOT:PSS), utilizing the piezophototronic effect
for pressure sensing [110-115]. However, compared to GaN-based sensors, these flexible
devices suffer from limitations, including low resolution, poor stability, short lifespan, and
challenges in achieving epitaxial nanowire growth.

A critical breakthrough emerged through combining the advantages of GaN-based
sensors with flexible characteristics. Although the GaN/sapphire structure exhibits rigidity
due to its 500-um-thick sapphire substrate, the 5-um-thick GaN layer itself possesses
intrinsic flexibility. By delaminating the GaN thin film and integrating it with ZnO nanowire
arrays, researchers achieved the first demonstration of direct ZnO nanowire growth on
flexible GaN. This advancement enabled the successful development of high-resolution
flexible GaN/ZnO LED pressure sensors [116].

The fabrication of flexible GaN thin films commenced with the epitaxial growth of
a 2.5-um undoped GaN bulffer layer and a 2.5-um Mg-doped p-type GaN layer on sapphire
substrates via metalorganic chemical vapor deposition (MOCVD). A 20 nm Ni/100 nm Au
sacrificial layer was deposited by magnetron sputtering (Kurt J. Lesker, PVD75), followed
by electroplating of a 50-um Cu support layer. Laser lift-off (LLO) was performed using
a 248 nm KrF laser (254 m]/cm?) to separate the sapphire substrate, with subsequent hot
pressing at 423 K for 30 min ensuring film flatness [117]. To address backside defects,
a 200-pym PET film was bonded to the GaN backside using epoxy resin while maintaining
frontside exposure for device processing. The structure was cured in a 373 K oven for 2 h,
followed by wet etching to remove the Cu/Au/Ni sacrificial layers, yielding a transparent
and damage-free flexible GaN substrate.

For ZnO nanowire synthesis, photolithography first defined array patterns with
300-pm linewidth and 30-um pitch. A bottom-gate electrode was formed by DC magnetron
sputtering of 10 nm Ni and 25 nm Au layers. After photoresist removal, SU-8 photoresist
lithography created cylindrical arrays (2-um diameter, 5-pm pitch). A 35 nm SiO; mask
layer was deposited via RF magnetron sputtering, with residual photoresist subsequently
removed [118]. Finally, the SiO;-patterned flexible GaN substrate underwent hydrothermal
reaction in a solution containing 40 mM hexamethylenetetramine and 40 mM zinc nitrate
at 85 °C for 4 h, resulting in vertically aligned ZnO nanowire arrays [80,119].

Within the nutrient solution, centimeter-scale uniformly distributed ZnO nanowire
arrays were epitaxially grown on the c-axis-oriented GaN surface. SU-8 photoresist was
subsequently spin-coated to encapsulate the nanowires, followed by oxygen plasma etching
to expose the nanowire tips. Finally, a 300 nm ITO layer was sputtered to form the top
common electrode, completing the fabrication of the flexible heterojunction device.

This flexible and stable LED-based pressure sensor array, composed of p-GaN/n-ZnO
nanowire heterostructures, achieves high spatial resolution (2.6 pm, significantly surpass-
ing the 50 um resolution of human skin) and rapid response time (180 ms) for pressure
distribution mapping, meeting artificial skin performance requirements. Strain-induced
polarization charges effectively reduce the localized surface barrier height on the ZnO
side, thereby enhancing luminescence through the piezophototronic effect by increasing
electron-hole recombination rates. Pressure distribution is obtained by parallel detection of
varying electroluminescence (EL) emission intensities from the LED array [116,120].
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4.5. Gas Sensor

ZnO, an oxide semiconductor with exceptional physicochemical properties, is widely
employed as a gas-sensing material in the field of gas sensors [120-122]. As a representative
II-VI group direct bandgap semiconductor, ZnO exhibits a wide bandgap (3.37 eV), large
exciton binding energy (60 meV), and high electron mobility (~400 cm? V! s~1) [101].
Additionally, ZnO possesses advantages including excellent biocompatibility, chemical
stability, environmental friendliness, and low cost, establishing it as a prominent material
for detecting toxic and hazardous gases [123]. Studies on gas-sensing characteristics reveal
that the microscopic morphology of sensing materials significantly influences sensing per-
formance. Sonalika Agarwal et al. synthesized flower-like ZnO hierarchical nanostructures
and nanoflower-assembled ZnO nanorods via hydrothermal methods, investigating the
impact of microstructure on gas-sensing properties [124].

According to the provided data, ZnO and TiO; nanowires have been successfully
fabricated on silicon micropillars with varying diameters and heights. Specifically, silicon
micropillars measuring 400 nm in diameter and 1.5 pm in height exhibit an aspect ratio of
1.5 um /400 nm = 3.75, while those with 600 nm diameter and 3.2 um height demonstrate
an aspect ratio of 3.2 um /600 nm = 5.33. Consequently, the 600 nm-diameter, 3.2 um-height
silicon micropillars possess a greater aspect ratio.

This increased spacing facilitates the growth of TiO; and ZnO nanowires with larger
diameters and enhanced crystallinity, which is more advantageous for gas sensing appli-
cations. Consequently, researchers selected the 600 nm-diameter, 3.2-um-height silicon
micropillars as substrates for growing ZnO nanowires (60 min growth) and TiO, nanowires
(8 h growth) specifically for gas sensor development [13].

Investigations into the gas-sensing properties of ZnO nanowire/TiO, nanowire/Si
micropillar structures were conducted using a laboratory-built testing apparatus. This
system comprised a sealed test chamber, heating equipment (hot plate), and data acquisition
instruments. Gas-sensing performance was evaluated in an ambient atmosphere, with
alcohol vapor concentrations controlled by injecting precise quantities of liquid alcohol
through an inlet port. After sufficient reaction time, ambient air was introduced through
a vent to purge alcohol vapors from the chamber [125].

When alcohol molecules enter the sensor, ZnO and TiO, nanostructures adsorb these
molecules and release electrons, causing a sharp decrease in resistance. As environmental
alcohol concentration decreases, the adsorbed molecules desorb from ZnO and TiO,,
allowing resistance to gradually recover to its initial value. The gas response (S) is defined
by the formula: (Rair — Rgas)/Rgas, where Rgas represents resistance in a gas atmosphere
and R,;, denotes resistance in air.

In this work, each response-recovery cycle comprised eight injection periods with 120 s
response and 120 s recovery times. According to Table 1, the ZnO nanowire/Si micropillar
sensor exhibited an average Ry, of 231 () in air, decreasing to Rgas = 164 () upon ethanol ex-
posure, yielding a response value S of 40.9% calculated as (231 — 164)/164. Conversely, the
ZnO/TiO, /Si micropillar sensor showed Ry, = 1460 () in air and Rgas = 825 () in an ethanol
atmosphere, resulting in S = 77.0%. This indicates significantly enhanced response per-
formance in the ZnO/TiO;/Si micropillar sensor compared to the ZnO/Si micropillar
configuration under identical testing conditions [105].

The ZnO nanowire/TiO, nanowire/Si micropillar configuration demonstrates sig-
nificant advantages over the ZnO nanowire/Si micropillar structure. Firstly, both TiO,
and ZnO nanowires function as sensing materials with distinct gas sensitivities, endowing
the ternary structure with broader application potential. Secondly, the enlarged surface
area provided by the ZnO/TiO, /Si micropillar architecture enhances gas-material interac-
tions, thereby improving ethanol response performance. Consequently, this configuration
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exhibits superior capabilities for ethanol concentration detection. In this work, ZnO and
TiO; nanowires were successfully fabricated on silicon micropillars, establishing the novel
ZnO/TiO, /Si micropillar structure for its first application in gas sensing [105-110].

When examining the research and applications of nanowire sensors, it is noted that
their designs and operational domains span diverse fields from environmental monitoring
to biological detection. To comprehensively evaluate their performance across applica-
tions, comparative analysis of measurement parameters and sensitivity characteristics is
essential [110-115]. As detailed earlier, these specifications are systematically presented in
Table 3. Subsequent examination of Table 3 enables further analysis of distinct performance
metrics across application domains and sensitivity profiles for specific measurement tasks,
providing a holistic perspective for selecting optimal nanowire sensors tailored to particular
applications.

Table 3. Industrialization Potential of Nanowire Sensors.

e - Measurement o .
Sensor Type Sensitivity Parameter Application Scenario References
Pt-Au Segmented Penicillin sensitivity: Electrochemical o .
NW Biosensor 41.2 pA-uM~1.cm—2 Deposition Food antibiotic screening [56]
R/A-TiO, Glucose Sensor Detection limit: 0.019 mM Hydrothermal Point-of-care t.)IOOd [61]
glucose testing
AgNW /Graphene The gauge factor (GF) is Hydrothermal and Wearable motion
. - . - [98]
Strain Sensor approximately 35.8 electrochemical monitoring
Vertical SINWs 430 nm/RIU PECVD and DRIE High-precision [95]
Optical Sensor environmental detection
ZnO/TiO, Gas Sensor Ethanol response: 77% Hydrothermal Industrial alcohol [13]

leakage monitoring

5. Economic and Technical Feasibility

The evolving demands for sensing technologies and concurrent advancements in
nanomaterials science have collectively propelled the transition of nanowire sensors from
laboratory research to industrial application [116-119]. Contemporary fabrication tech-
niques, including hydrothermal synthesis, magnetron sputtering, and electrochemical
deposition, now enable the reliable construction of sensitive nanostructures characterized
by high specific surface area and unique electronic properties. These developments estab-
lish a robust technical foundation for high-performance sensing applications. Research
demonstrates that specific nanowire configurations, such as ZnO/TiO; heterojunctions
and p-GaN/n-ZnO structures, exhibit exceptional capabilities in gas detection, pressure
sensing, and biomolecular recognition. Their performance metrics—including sensitivity,
response speed, and resolution—surpass those of conventional sensors by several orders of
magnitude [119-123].

Despite this significant potential, the full commercial translation of nanowire sensors
remains an ongoing endeavor [123,124]. To bridge the gap between high-performance
prototypes and commercially viable products, industry stakeholders are pursuing continu-
ous material optimization and process innovations to enhance reliability and reduce costs.
Notably, the production cost of silver nanowires has decreased by over 70% within the
past five years. Companies such as Suzhou Nuofei have established scaled production
lines, enabling the cost-effective mass adoption of nanowire touch sensors in consumer
electronics [126]. Furthermore, the maturation of next-generation fabrication technologies,
particularly nanoimprinting and roll-to-roll manufacturing, provides a clear pathway for
achieving additional cost reductions exceeding 50% within the next three to five years.

These technological advancements are accelerating the penetration of nanowire sensors
into high-value market segments. The global market reached $1.2 billion in 2023, expanding
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at a compound annual growth rate of 32%, with medical diagnostics (45%), environmental
monitoring (28%), and industrial control (18%) representing the dominant application areas.
Through sustained technical refinement and cost optimization, nanowire sensors are poised
for large-scale integration into trillion-dollar markets, including smart homes and wearable
devices, thereby completing the crucial transition from technological superiority to tangible
commercial value [127].

6. Conclusions

With the rapid advancement of nanomaterial synthesis techniques, one-dimensional
(1D) nanostructures such as nanowires (NWs) have garnered significant attention and
demonstrated substantial application potential across multiple domains. These assembled
1D nanomaterials have become an emerging focal point in nanotechnology due to their
distinctive structure-property relationships.

This review examines the correlation between structure and properties in assembled
NWs materials, highlighting recent progress and representative examples in this research
field. It summarizes ordered NW architectures exhibiting anisotropic characteristics, includ-
ing anisotropic conduction, optical anisotropy, thermal anisotropy, magnetic anisotropy,
and anisotropic strain sensing. These properties originate from the abundance of transport
pathways in 1D nanomaterials, which guide electrons, phonons, and ions along their longi-
tudinal axes, enabling efficient transport media. Transport velocity can be optimized by
altering the transport direction.

Beyond structural features, the review emphasizes the critical importance of perfor-
mance enhancement in ordered 1D nanomaterial-based devices. For instance, the resistance
of metallic NWs films primarily depends on junction resistance, which typically substan-
tially exceeds the intrinsic resistance of individual NWs. Aligning NWs along a uniform
orientation significantly reduces junction resistance, thereby enhancing the conductiv-
ity of NWs devices. The spatial arrangement of NWs networks can also be modulated
through alignment. Precise microstructural design enables tunable interactions between
1D nanomaterials.

Ultimately, the review underscores that advanced assembly methods allow predefined
structuring and functionality in NWs devices. For example, forming ordered NWs patterns
on substrates facilitates integrated circuit construction for specific functionalities. All
enhanced properties achieved through ordered assembly are comprehensively summarized,
confirming that such ordered configurations offer promising prospects for commercial
NWs device applications.
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