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Article Info Abstract
This article summarizes the structural design, manufacturing technologies
and the technological landscape of high performance sensing materials for
low moisture surroundings (< 10%RH). At levels of humidity that are very

low, the usual network of water molecules disappears, and special interfaces
This article is an open have to be developed which are able to detect minute traces of water vapour.
access article Three major classes of materials are investigated: nanostructured metal

distributed under the oxides (MOxs) that have oxygen vacancies as Lewis’s acid sites; highly
terms and conditions of crystalline, microporous Metal-Organic Frameworks (MOFs) with tunable
the Creative Commons pores for selective gas capture; and 2D materials or heterostructures (such as
Attribution (CC BY) graphene oxide, MXenes) with high surface to volume ratios and sensitive
license electronic junctions. While accurate fabrication is essential to translating
https://creativecommon  these materials into useful industrial sensors. The paper explains the substrate
s.org/licenses/by/4.0 preparation that involves Interdigitated Electrodes (IDEs) with their
geometric optimization and its effect on the electric field and signal to noise
ratio. In addition, various solution deposition methods are investigated, from
cost-effective solution processing (spin coating, drop casting) to high-
precision direct writing (inkjet and 3D printing), and advanced atomically
precise and high uniformity solution process (CVD and ALD) are evaluated.
Lastly, a comprehensive performance matrix brings together a variety of
sensor configurations and fabrication routes and various operational metrics.
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1. Introduction

In the production of semiconductors, lithium-ion batteries, and aerospace systems, where even
minute quantities of moisture can cause irreversible performance loss, the accurate detection of
ultra-low relative humidity (<10% RH) is crucial [1-4]. This study provides a mechanism-oriented
investigation of humidity sensing in dry settings, in contrast to other studies that focused on
materials or transduction techniques [5-7. It investigates how fundamental physical concepts affect
sensor performance and direct the creation of materials for use in industrial settings. We compare
the typical physisorption/ionic conduction that predominates at higher humidity levels with the
effects of chemisorption, dielectric modulation, quantum tunneling, and interfacial charge transfer
on sensor performance at sub-10% RH [8-11].

The correct detection of trace amounts of moisture (< 10%RH) is important in many high-tech
industrial applications, but is extremely difficult to achieve because the usual continuous water
network breaks down under severe dry conditions. Typically, dense ceramic films have poor
transport kinetics and reduced response signals. To overcome these limitations, recent paradigm
has been directed toward advanced nanostructured sensing materials having engineered interfaces.
The nanostructured metal oxides with a large amount of oxygen vacancy defects provide active
sites with tuned properties, and highly crystalline metal-organic frameworks with tunable micro-
porosity and high surface area 2D heterostructures are promising to provide active sites with
tailored properties for the effective trapping of isolated water molecules. However, when the
translation of these raw materials to strong industrial devices is needed, precision processing is
required. This encompasses not only the geometric optimization of interdigitated electrodes to
maximize the electric field strength, but also scalable thin-film deposition methods, from the low-
cost and efficient solution casting to the atomically precise vacuum processes.

2. High-Performance Sensing Materials

The advanced sensors with low moisture (< 10%RH) require special interface, as the network of
water molecules disappears at low moisture. Nanostructured metal oxides (MOxs) such as TiO,
have engineered oxygen vacancies as deep Lewis’s acid sites which can chemically trap isolated
water molecules. Metal-Organic Frameworks (MOFs) are highly crystalline, microporous
materials with tunable pores which are used to selectively capture trace vapours in a very large
surface area. In Figure 1, 2D materials and heterostructures (graphene oxide, MXenes) are shown
and have the biggest surface sites and create very sensitive electronic junctions. The materials are
based on localised charge transfer and quantum tunneling within nanogaps to detect minute
changes in moisture.

pg. 175



KIMR VOL.03 NO. 03 (2026) MICRO-POROSITY, HETEROSTRUCTURES, AND .......

[ Nanostructured MOxs ] [ Metal-Organic Frameworks ] [ 2D Heterostructures ]
* High thermal stability * Tunable micro-porosity * High surface-to-volume ratio
* Rich vacancy defects « High specific surface area » Quantum tunneling effects

High Surface-to-Volume Ratio
Metal - T
cluster &* - Tom

. - 0 A O
< Tunable [&3 3 o | Y
Channel >3 e ~ % . '
TSP . A
M * i Tunneling

etal Tunneling
Otyg[;en’Vatcancy Cluster High Surface Area .| "Bamer. Probabity (v
efects Nanostructure HKUST-1 Example High Surface-to-Volume Ratio
morphological view ¥ ~3000 m?

Figure 1: Stability and Porosity of Sensing Materials
2.1 Nanostructured Metal Oxides (MOxs)

However, nanostructured ceramics and metal oxides such as porous Al,O3 and a Fe;O3; TiO,,
SnO, and ZnO, which are known for their high thermal stability and chemical resistance [11-15],
are widely used [16-20]. In order to optimize these materials in low moisture conditions,
processing engineering emphasizes the ability to increase the number of structural defects and the
number of oxygen vacancies.

Such vacancy sites are also deep Lewis’s acid sites, which can coordinate strongly with incoming
water molecules, leading to robust sensing under severe desiccation [1, 21-26], the mesoporous
structures with controlled pore distribution allow for fast gas transport, overcoming the slow
response that is generally observed in dense ceramic films [27-30].

2.2 Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs)

MOFs and COFs are a class of materials with notable specific surface areas (usually above 3000
m? - g~1) and crystallographically specified micro-porosity which is highly tunable. Using open
metal sites such as Cu®*, Cr®*, and AI**, and appropriate frameworks, such as HKUST-1 or MIL-

101, it is possible to engineer pores that can capture water molecules, which have a kinetic diameter
of ~ 0.265 nm.

The structural matching enables selective adsorption and condensation of trace water vapor in the
crystalline voids, which results in a change of the electrical capacitance or optical signature at
10%RH [1].

The structural design of two-dimensional (2-D) nanomaterials and heterostructures is discussed.
Structural design of two-dimensional (2-D) nanomaterials and heterostructures are discussed.

The high surface-to-volume ratios of graphene oxide (GO), MXenes (Ti3C,Tx) and transition metal
dichalcogenides (MoS, and WS,) allow for nearly all atoms to be exposed to the gas phase. The
graphene oxide exhibits a large number of oxygen functional groups (hydroxyl, epoxy, carboxyl
groups) which serve as strong anchoring sites for the isolated water molecules through hydrogen
bonding [31].

pg. 176



KJMR VOL.03 NO. 03 (2026)

The surface terminations (e.g., —O, —OH, —F) in layered MXenes facilitate fast charge transfer at
the interfaces when exposed to moisture. The formation of vertical or lateral (2D) heterostructures
(such as MXene/graphene oxide or MoS2/PANI) gives rise to high concentrations of Schottky or
p-n junctions. Under dry conditions, the electrical characteristics of these junctions can be vastly
different when they come into contact with trace water molecules, making them highly sensitive
to trace water molecules (Alam, 2025).

3. Fabrication Technologies and Structural Design

To bring a raw sensing material into a strong sensor, capable of use in an industrial environment,
precision deposition and fabrication methods are necessary. The selected production method has a
direct effect on the morphology, distribution of pores, adhesion and other characteristics of the
film and its performance.

The substrates and electrodes are prepared using the above procedures. The above procedure is
adopted to prepare the substrates and electrodes.

The fabrication of high-precision sensors starts by selecting the right substrate for the sensor.
Commercially available silicon wafers with thermally grown silicon dioxide (Si0O,) layers are used
for rigid micro-sensors, and quartz, glass and alumina ceramics are excellent alternatives. In the
world of flexible or wearable applications, treated polymers such as Polyimide (PI), Polyethylene
Terephthalate (PET) or refined nanopaper are becoming increasingly popular [32-33]. Figure 2
shows structure and material with influence of total finger count and geothermal parameters.
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Figure 2: Structure and Material with influence of total finger count and geothermal parameters
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The pattern of Interdigitated Electrodes (IDEs) is usually etched on the substrate by either
photolithography, electron beam evaporation or high resolution lift-off processing to measure very
small changes in resistance or capacitance.

The adhesion layer is a very thin layer of chromium (Cr) or titanium (T1), 5 to 20 nm, that is first
deposited to ensure the correct adhesion of the electrodes to the substrate.

Then a conductive layer such as a thick layer of a noble metal like gold (Au) or platinum (Pt)
(100 to 300 nm) is deposited to prevent oxidation and to ensure stable operation over long periods.

The structural parameters of the IDEs, such as the finger width w, inter-electrode distance s and
number of fingers $N$ are designed to be optimized in order to enhance the electric field strength
inside the sensing film, reduce parasitic capacitance and increase the signal-to-noise ratio.

3.1 Material Deposition Techniques

To control the thickness, density and connectivity of the moisture-sensitive film, it is important to
select the material deposition method properly.

3.1.1 Spin Coating and Drop Casting

Solution processing is a simple and cost-effective method which has been widely used in the
preparation of NPRs, such as spin coating and drop casting [35]. By varying the rate of rotation,
the acceleration and the viscosity of the solution, spin coating is an excellent way to control the
thickness of the film:

t o ™ 1/2

In equation form, it is ¢ and w that are film thickness and angular velocity. The films created by
spin coating are very uniform, but there is sometimes a loss of precursor material. Drop casting is
the simpler method but may suffer from the ‘coffee-ring effect' due to capillary driven evaporation
around the edges of the substrate [35]. This non-uniformity can be reduced by proper thermal
annealing.

3.1.2 Inkjet Printing and 3D Printing

Inkjet and 3D printing allow a functional sensing ink to be deposited with high precision and accuracy
on a specific region of the substrate, thereby reducing material usage [34]. The formulation of these
inks is adjusted to the correct rheological properties (viscosity 20 to 50 mPa - s, surface tension
20 to mN - m™1) to prevent nozzle clogging and to produce uniform drops.
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Figure 5: Inkjet, Droplet, and 3D printing processes

The use of advanced printing techniques, such as the ability to combine structural materials with
conductive elements like nickel-based or silver nanoparticle paints, enables the production of the
sensor housing, electrodes and active layers all in a single, efficient process [34].

3.1.3 Chemical Vapor Deposition (CVD) and Atomic Layer Deposition (ALD)

Vacuum-based deposition processes are ideal for high quality films in high-end industrial
applications. CVD enables the formation of highly crystalline, pure 2D layers (such as graphene
or MoS,) on the electrode surface layer by layer in the high-temperature range.

The basis of ALD is the self-limiting, alternating surface chemical reactions that allow the
deposition of ultra-thin films with atomically precise control. This ability will enable uniform
deposition of metal oxides on complex 3D structures with high aspect ratios, thereby providing
uniform performance throughout the sensor surface.

The 5th item is the comprehensive summary of fabrication methods and material performance.
The fifth is a comprehensive summary of fabrication methods and material performance.

4. Conclusion

Finally, high-performance trace moisture detection at 10% RH is key to a synergetic combination
of tailored nanostructured materials and precision fabrication pathways. The desired deep Lewis
acid sites, tunable micro-porosity and high surface areas to efficiently trap isolated water
molecules are provided by nanostructured metal oxides, metal-organic frameworks, and 2D
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heterostructures. Optimization of interdigitated geometry of the electrodes with increased signal
to noise ratio and appropriate deposition techniques are essential to the translation of these
materials to the development of robust industrial devices. In the end, it matches the properties of
the materials with advanced manufacturing processes that sets the groundwork for next-generation,
high-resolution environmental sensors.
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