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Abstract

The dissemination of sensors is key to realizing a sustainable;\‘intelligent’ world, where everyday
objects and environments are equipped with sensing capabilities te.advance the sustainability and
quality of our lives—e.g., via smart homes, smart cities, smart healthcare, smart logistics, Industry 4.0,
and precision agriculture. The realization of the full potential of these applications critically depends
on the availability of easy-to-make, low-cost sensoritechnologies. Sensors based on printable
electronic materials offer the ideal platform: they,can be fabricated through simple methods (e.g.,
printing and coating) and are compatible with high-throughput roll-to-roll processing. Moreover,
printable  electronic  materials  often /“allow ) the fabrication of sensors on
flexible/stretchable/biodegradable substrates, thereby enabling the deployment of sensors in
unconventional settings. Fulfilling the‘promise of printable electronic materials for sensing will require
materials and device innovations to enhance their, ability to transduce external stimuli—light, ionizing
radiation, pressure, strain, force, temperature, gas, vapours, humidity, and other chemical and
biological analytes. This Roadmapgbrings together the viewpoints of experts in various printable
sensing materials—and devices thergof—to provide insights into the status and outlook of the field.
Alongside recent materialsyand devicedinnovations, the roadmap discusses the key outstanding
challenges pertaining to each printable sensing technology. Finally, the Roadmap points to promising
directions to overcome these challenges and thus enable ubiquitous sensing for a sustainable,
‘intelligent’ world.



Section 1 - Introduction to printable electronic materials for next-generation

sensors
Vincenzo Pecunia?, Luisa Petti? and Joseph B. Andrews>*

1School of Sustainable Energy Engineering, Simon Fraser University, Surrey V3T ON1, BC, Canada

2 Faculty of Engineering, Free University of Bozen-Bolzano, Italy

3 Department of Mechanical Engineering, University of Wisconsin—Madison, Madison, WlUnited
States of America

4 Department of Electrical and Computer Engineering, University of Wisconsin — Madison, Madjson,
WI, 53716, United States of America

Universal access to fundamental necessities such as food, medical care, and cleanair, water, and
energy remains a pressing priority in achieving sustainable development [d4]«Sensors have emerged
as a crucial technology to address these challenges [2]. Through sensors,\we can obtain data from the
physical world to optimize our use of resources, reduce waste, and improve our health and
environment (Fig. 1a). For instance, sensors can enhance food productien by providing farmers with
more accurate control over their crops; reduce food waste throtigh,smart packaging that accurately
monitors food spoilage; and improve access to clean water andair by monitoring water resources and
air quality. Moreover, sensors can enable manufacturing with higher yield and reduced waste; and
deliver accurate health data for tailored healthcare.

To fully realize the potential of sensors for sustainable development, it is essential to disseminate
them widely and provide them with data processing and connectivity—e.g., via the Internet of Things.
In fact, it has been predicted that 45 trillion sensorsiare necessary to enable sustainable development
by the mid-2030s [2]. To make this possible, ;sensorsishould be easy to fabricate, low-cost, and
seamlessly integrate into daily objects and environments, making them affordable for everyone and
easily adaptable to different applications.

Printable electronic materials offer a unique,opportunity to realize a trillion-sensor universe [3], [4].
This class of materials—including organic semiconductors, carbon nanotubes, metal oxides, two-
dimensional materials, halide perovskites,;and.colloidal quantum dots—can be engineered to respond
to a wide range of stimuli for a broad spectrum of applications (Fig. 1a). Since they can be formulated
into inks, these materials enable sensor fabrication using low-cost and high-throughput methods such
as printing and coating (Fig: 1b,c). These methods are characterized by low energy and material
consumption, allowing sensor fabrication with a favourable environmental sustainability profile [5].
Certain classes of emerging printable electronic materials also allow the fabrication of biodegradable
sensors, thus offering additional advantages from a sustainability standpoint. Moreover, the sensing
capabilities of printable, electronic materials can be adjusted by modifying ink compositions and
deposition parameters, enablingithe customization of sensors for different applications. Printable
electronic materials‘are also typically compatible with sensor fabrication on flexible/stretchable
substrates (Fig. 1c), resulting in sensors that are compact and lightweight, hence widely deployable.
Importantly, all these features contrast with conventional sensor technologies (e.g., silicon-based
sensors), .which“have complex and costly manufacturing, substantial carbon footprints, limited
customizability, and rigid form factors.

Alongside the'wide range of benefits discussed above, printable sensors provide considerable market
opportunities. The printed sensor market has a worldwide footprint, with growth demonstrated in
North"America, Europe, and Asia [7]. It was valued at 9.7 billion USD in 2022 and is projected to grow
to 15.3 billion USD by 2030, with an annual growth rate of 5.9 % [7].
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Figure 1 (a) Sensors based on printable electronic materials: (left) examples of applications areas, (centre) types
of stimuli that they.cah sense, and (right) key advantages. (b) Representative methods that can be used to
deposit printable-electronic materials for sensor fabrication. The sketches representing inkjet printing and spin
coating are reproduced with permission from [6], with permission of IOP Publishing Limited through PLSclear (©
I0P PublishingLtd 2020). (c) Roll-to-roll manufacturing of flexible sensors comprising various printable electronic
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In recent years, considerable progressthas been made in printable sensor technologies, as exemplified
by the advances in wearable devices for human health monitoring. Nowadays, screen-printed
wearable smart sensors are ‘beihg developed by several companies and research centres, such as BTI
Butler Technologies Inc, Quad Industries, Holst Center, and VTT. While these sensors are expected to
reach the market in twostonthreetyears, research is already moving towards more performing
solutions, including epidermal [8).and sweat biosensors [9].

Printable sensor technologies,ate also becoming increasingly important in other emerging fields,
especially in precision agriculturesThis field urgently calls for low-cost, sustainable, self-powered, and
biocompatible/degradable’sensors for soil monitoring (e.g., for the detection of soil microbial activity
and moisture)[10]. Although research on printable degradable soil sensors is still in its infancy, various
political actions against climate change (e.g., the UN Sustainable Development Goals) promise rapid
growth forthis technology, with a trend that could potentially follow the one observed with wearable
sensors.

Advancing research in printable electronic materials is crucial to unlocking the full potential of
printable sensors, as these materials are at the core of such sensors. Despite covering a diverse range
of materials, devices, and applications, printable sensor research shares several common overarching
goals and challenges, as illustrated in Fig. 2 and discussed in the following.

Sensitivity. To ensure sensor functionality, printable electronic materials are required to enable high
sensitivity S to the stimulus being sensed (S = output signal / stimulus magnitude; see Fig. 2).



Consequently, a grand challenge faced by most printable sensor technologies is to develop new
printable electronic materials and create innovative device architectures and fabrication methods to
achieve sensitivity levels that rival or surpass conventional sensor technologies.

Selectivity. A grand challenge facing various types of printable sensors (e.g., spectrally selective light
sensors and chemical sensors/biosensors, including gas sensors) is to develop robust approaches to
achieving selectivity in their responses—i.e., the ability for a sensor to discriminate between the target
stimuli/analytes (in1; see Fig. 2) and interfering stimuli/analytes (in2; see Fig. 2). The sensor should
display low or zero cross-sensitivity—i.e., it should not be sensitive to the interfering stimuli/analytes:

Detection Limit and Dynamic Range. Sensors must be also optimized for detection limit,” while
maintaining an appropriate dynamic range. The detection limit (also called limitof detection) is the
smallest change in the stimulus being sensed that elicits a response from the sensor thatis statistically
different from the response in the absence of the stimulus [11], [12]. As electronic/noise plays a
fundamental role in determining the detection limit, a grand challenge in printable sensors research
is to identify, understand, and minimise their noise sources. On the other hand, the dynamic range is
the range of stimulus levels that can be quantitatively measured by theisenser;spanning from the
detection limit to the stimulus level at which the sensor response saturates (Fig«2). At times, however,
optimizing a sensor for a lower detection limit can result in a narrower, dynamic range. Therefore,
achieving the best balance between detection limit and dynamic'range for the intended application is
an important challenge to be tackled for many printable sensontechnologies.

Speed of Response. Although most target applications ofsprintable’sensors involve slowly varying
signals with frequencies up to around 1 kHz, some high-end applications (e.g., light sensing for optical
communications) require exceptionally fast response times. Consequently, identifying and
overcoming speed bottlenecks related to materials properties, processing conditions, and device
architectures is a significant challenge for printablé®@lectronic materials used in sensing.

Eco-Friendliness. To fully leverage the favourable environmental sustainability profile of printable
sensors, an important research priority is to improve the sustainability of their printing processes and
bill of materials. This firstly concerns identifying eco-friendly solvents and materials for printing [13],
as well as reducing the process temperatures [13]. Moreover, enabling the recycling and reuse of
materials employed in printable sensars could drastically improve their cradle-to-grave life cycle
sustainability [14].

Flexibility/Stretchability. A major/ challenge in developing printable sensors that require
flexibility/stretchability is accountingiferimechanical parameters during the design phase. Specifically,
the goal is to achieve a responsethat is not affected by bending/stretching. In turn, this requires a
detailed understanding of the mechanical properties of sensor materials (from substrate to
encapsulation) and a therough design of the sensor geometry.

Stability. Most printable,sensortechnologies have been developed in academic laboratories, typically
aiming for proof-of-prinhciple demonstrations. As a result, data regarding their operational stability is
scarce at present. Additionally, due to the emerging nature of many target applications, standards for
stability characterization relevant to such applications are often lacking. Addressing these challenges
is a key priority.in the field. Specifically, it is important to assess the degradation mechanisms of these
materialsgtnder-the stressors relevant to specific applications, as well as to develop suitable
accelerated aging tests. Another key challenge is to enhance the device stability through materials,
processingpand(device engineering techniques.

Manufacturability and Scalability. As their development has been primarily carried out in academic
laboratories, a significant challenge in printable electronic materials and sensors thereof is to ensure
that their fabrication can be scaled up for mass production, which requires high device reproducibility
and uniformity over large areas. To this end, it essential to prioritize printable electronic materials and



sensors thereof that are robust against the inherent variability of printing and coating methods, which
is greater than that of conventional semiconductor device manufacturing methods.

While building on existing accomplishments in printable sensors research, this Roadmap aims to'look
forward. To this end, the Roadmap discusses the aptitude of an extensive range of innovative printable
materials for all prominent sensing applications: the detection of light (Chapter 2), ionizing radiation
(Chapter 3), and mechanical stimuli (Chapter 4), temperature sensing (Chapter 5), the detection of
gases and vapours (Chapter 6), sensing non-biological analytes in solid or liquid media (Chapter. 7),
and sensing biological analytes and electrophysiological activity (Chapter 8). Each section, written by
experts in the field, highlights current and future challenges faced by a particular class of printable
materials for a specific sensing application, providing insights into how upcoming adwvances could
meaningfully address these challenges. Therefore, the Roadmap aims to helpsresearchers identify
important outstanding research questions and areas where their expertise \could benefit varied
communities. Through its forward-looking insights, the Roadmap ultimately. aims to expedite the
realization of the potential of printable sensors as building blocks for an eco-ffiendly trillion-sensor
universe and a more sustainable future.
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Section 2.1 — Introduction to printable photodetectors
R. Ollearo? and G.H. Gelinck!?

!Eindhoven University of Technology, Eindhoven, The Netherlands
2TNO/Holst Centre, Eindhoven, The Netherlands

Digitization

Photodetectors and cameras that capture and convert optical information into electrical signals play
a crucial role in our society. It suffices to say that every year 1.8 trillion photos are taken worldwide,
corresponding to 57246 cameras operating on average each second. Silicon (CMQOS) image sensors
dominate this market, which expanded and grew with a frenetic pace to > $20 billion pro annum. As
a result of multi-decade optimization, silicon technology and inorganics suchras InGaAs by extension,
excels in device performance, reproducibility, reliability and durability. With the@advent of the internet
of things (loT) era, however, new applications emerge in which light sensing is integrated in everyday
objects and this calls for novel photoactive materials and processes. Emerging, application examples
include transparent imagers for smart glass applications?, in-display Biometricimagers?>* and photonic
patches that can measure vital signs>®. These applications typically.requirérlarge-area and/or flexible
substrates. Such substrates are incompatible with Si CMOS, but are,readily combined with low-
temperature and printable semiconductors.

Printable photodetectors

Over the last 20 years, printable thin film photodetectors have emerged. Printable semiconductor
materials include organics, perovskites, inorganic guantum,dots, and metal oxides. Characterized by
different chemical and structural composition, each ef these material classes can be engineered to
target a specific spectral range (within certain limits)y” Organic semiconductors, i.e., materials
consisting prevalently of carbon and hydrogen atoms organized in conjugated segments, can either
be small molecules or long polymeric chains, and be functionalized with a virtually unlimited number
of molecular structures. This provides.anspectral photodetection window extending from the
ultraviolet (UV) to the near-infrared/(NIR) “range. Metal halide perovskites are instead hybrid
compounds characterized by a typical ABXs unit-cell, consisting of an organic or inorganic cation (A), a
metallic cation (B) and a halide anién'(X). By engineering the halide composition, as well as by varying
the crystal dimensionality using bulky cations, bandgaps ranging from 400 nm to 1100 nm can be
achieved, enabling photosensitivityiip to the NIR. Quantum dots, also known as inorganic
nanocrystals, are semiconductingypatticles characterized by finite electron energies and bandgaps,
which can be tuned by controlling QDs size and shape. Depending on the underlying material, QDs can
be synthesized with wayelength cut-offs from the UV (in case of ZnSe), to visible light (in case of CdS
and CdSe), to NIR wavelengths_(Up to »2000 nm, in case of PbS and HgTe). Metal oxides such as ZnO
and its binary and tertiary-oxides,(InZnO, InGaZnO) typically are wide band gap semiconductors and
have been employed as transparent electronics, mostly in a transistor-type structure. Metal oxides
are also frequently usedas charge selective electrode in a diode structure.

Emerging Applications

Lens-less imaging. Supported by the underlying thin-film technology and manufacturing methods of
OLED displays these printable photodetector materials can be processed in the form of thin films from
solution at relatively low temperatures on large-area substrates. Thus, they lend themselves
particularly.well for large-area lens-less imaging applications. The lack of bulky optics implies that the
imagers remain ultrathin (< Imm). Medical X-ray detectors, color scanner and biometric finger- and
palmprint scanners have been prototyped using organic, perovskite as well as QD materials (Fig. 1b-
j). Incorporating printable photodetectors onto glass and plastic can make surfaces smart and
interactive, for an enhanced user interface experience (Fig. 1c).
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Stacked photodetectors. The high light absorption coefficients of 10° cm™ of these semiconductor
materials translate into films capable to efficiently harvest light within ca. 100 nm thickness, not only
reducing the amount of material used but also reducing parallax’. Interestingly, multiple thin-films,of
printable photodetectors can be stacked on top of each other, e.g., forimproved RGB CMOS camera’s®
or spectrally selective narrow-band sensing®.

NIR sensitive detectors. By extending the light sensitivity to the near-infrared (NIR) region,/printable
thin film photodetectors have great potential in next-generation biomedical imaging and,monitoring,
such as for example pulse oximetry!®, skin cancer diagnosis!! and brain imaging?, /in"biometric
applications such as vein recognition®3, and various industrial inspection applications** (mobilé and
fast spectroscopic analysis®®, proximity sensors, 3D light detection and ranging (LIDAR?®),self-powered
optical wireless communication/Li-Fi technology) (Fig. 1e-).

Flexible and stretchable photodetectors. Medical and biometricimagers are made on glass or on silicon
substrates. As a result, X-ray imaging still relies on flat image sensors that may suffer from vignetting,
i.e., a decrease in image quality approaching the edge of the detectors. Printing and wet processing
on unconventional substrates, such as glass or flexible plastic substrates;allows-instead to easily adapt
to soft and curved objects, i.e., with less rigid form factors. As a result, curved and hemispherical
imagers based on organic photodetectors and flexible scintillators on a'plastic foil eliminates the need
of corrective and bulky lenses and enable compact 3D CT systems*.

Outlook and Challenges

Efforts in contact engineering, materials design, and processing, optimization have resulted in state-
of-the-art photodetection performance over the last decade; rapidly closing the gap between
printable photodetectors and inorganics technology:®™With ‘@®variety of technological advantages,
printable photodetectors can have significant impact in theimaging and sensing market.

In the rapidly escalating field of biometrics, i.e., technologies that measure distinct and unique
characteristics of the human body, large-area, flexible and easy-to-integrate scanners for fingerprint,
veins and iris recognition can acquire,more information and with higher accuracy. For instance,
printable photodetector arrays on flexible substrates would enable nail-to-nail fingerprint acquisition,
wrapped-around scanners onto door hahdles*®®pand, when semitransparent, glasses with iris scanning
sensors integrated in lenses. By fabricating printable photodetectors onto soft and stretchable
substrates, the next generation of fnctionalized skin-like wearable devices can be realized. Such body
conformal systems would involve a skin-like base that can flex and stretch, a local power supply, and
a wireless communicating systems foricontinuous read-out of medical data. Compared with traditional
monitoring devices, these wearables would ensure a less intrusive experience to the user and enable
a constant tracking of heaftbeat, respiration, blood oxygenation, glucose, stress levels etc. Printable
photodetectors are alsosemerging in robotic skin that replicate and amplifies the sensing capabilities
of human skin, as well as artificial retina and human eye-like hemispherical sensors (Fig. 1h)

Yet, several challenges remain. The ultimate performance of any photodetector is reached when the
specific detectivity, i.es, figure of merit describing the capability to detect ultrasmall light signals, is at
its maximum. Such upper limit is called BLIP (background-limited infrared photodetection) detectivity,
and is calculated assuming a unit external quantum efficiency (EQE = 1) and a bulk thermal generated
dark current: BLIP detectivity typically decreases for increasing wavelengths. Most of the reported
photodetectors based on printable semiconductors have shown impressive detectivities, but still far
from BLIP limit{ This is mostly due to the relatively high values of dark current and noise, especially
when_NIR sensitive, which must be minimized. Identifying, understanding and addressing the
underlying causes, such as leakage current, trap and defect states, represent a primary research
direction'>?®, From a material perspective, this translates, for instance, into optimizing processing
techhiques and developing additives and materials with less impurities?..
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Another future research path will be on the development of recipes that uses less hazardous solvents,
preferably water-based or “environmentally benign” options. Here, we point out that lead-free
semiconductors have a strong advantage over the lead (or tin-based) perovskites and \QDs.
Development of lead-free perovskite and QD materials with equal (or better) performance therefore
presents a potentially highly rewarding materials challenge?2.

Improving materials stability in air and ambient represents another area for future action, as the
elimination of a high-performing thin-film moisture barrier will reduce fabrication costs and enhance
mechanical flexibility and stretchability. This holds for both the semiconductor and_the electrode
materials. In the specific case of bulk heterojunction organic photodetectors,| the obtained
morphology should remain stable at elevated temperature. Finally, the ligand exchange and typical
multi-layer deposition of (PbS) quantum dots are slow processes that requiré careful alternative
approaches.

a
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Figure 1 Printable photodetectors and applications. a. Typical printable semiconductor materials for
photodetection, comprising metal.oxides, perovskites, organics and quantum dots. Depending on their chemical
composition, these materialsican offersspectral ranges from the X-ray spectral region to the short wavelength
infrared (SWIR). b, Curved large-area X-ray imager'’. c, Visually transparent NIR-sensitive organic photodiodes-
based arrays placedin front of a laptop display for gesture recognitionapplications?, d, Transparent fingerprint
scanner?, e, Raw images of palm veins obtained with near-infrared organic vein detection imager®3. f, Pulse
oximetry sensorcomposed of two OLED arrays and two OPDs'. g, Smart bandage (Image credit: Holst Centre)>.
h, Hemispherical organic photodetector focal plane array that mimic the size, function, and architecture of the
human eye?*. i, Senorics spectral sensor based on organic photodetectors (Senorics GmbH, Germany)®. j,
Infrared shadew/cast at 1,310 nm of a slide showing a monarch butterfly obtained with a PbS—QD-sensitized
organic NIR imager!®. k, 3D visualization of sub-millimetre depth variation using perovskite-based light detection
and ranging photodetector?®. I, NIR-to-green night vision enabled by all-organic optical up-conversion device
made of OLEDs and organic photodiodes?®,
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Section 2.2 — Printable spectrally selective organic photodetectors
Bahareh Nasrollahi, Javith Mohammed Jailani and Vincenzo Pecunia

School of Sustainable Energy Engineering, Simon Fraser University, Surrey V3T ON1, BC, Canada

Status

Printable organic semiconductors are carbon-based molecules and polymers with alternating single
and double bonds and good solubility in common organic solvents [1], [2]. Their compaosition,
structure, and conformation can be easily tailored to vary their optoelectronic properties.over a wide
range (Fig. 1a, b) [1]. Such tailorability makes them ideal for photodetectérs—referred to as
narrowband or spectrally selective—that can selectively sense light over a narrow wavelength range
(AN = 15-150 nm to date) within the ultraviolet, visible, and near-infraredmregions of the
electromagnetic spectrum (wavelength A = 300-1700 nm to date) without.using external optical
filters (Fig. 1a). Generally, this is not possible with conventional semiconductors, which absorb light
over a broad spectral range. As a result, narrowband organic photodetectors,have simpler and easier-
to-make device architectures, which is attractive from both cost apndisustainability perspectives [3].
Moreover, their mechanical flexibility allows them to conform_te various'shapes [4], which could
enable their widespread deployment for the Internet of Things, computer vision, wearables, and
health and wellness monitoring.

The most widely pursued approach to spectrally selectivesprintable organic photodetectors is termed
narrowband absorption (NBA), as it relies on organic semiconductors that absorb light within a narrow
wavelength range (Fig. 1b, c) [3]. This approach (delivers spectral responses hardwired in the
semiconductors used, as the responsivity spectra of the resultant photodetectors closely follow the
absorbance spectra of the organic photoactive layers 5], [6].

Alternative schemes to narrowband organic’photodetection rely on either internal filtering or
microcavity resonance, at the price, hewever, of greater complexity in terms of device design and
fabrication [7]. Internally filtered approaches require a component of the photoactive layer to
suppress the photoresponse outside the targets spectral range through loss mechanisms such as
optical filtering, carrier recombination, and/or exciton annihilation—as in charge collection narrowing,
charge injection narrowing, and exciton dissociation narrowing (Fig. 1d) [8], [9], [10]. Alternatively,
reflective electrodes can be used o create an optical resonance within the device stack, thus
enhancing the photoresponsewithiniasnarrow wavelength range (microcavity resonance; Fig. 1e) [11].
Both internally filtered and ‘microcavity-based devices rely on broadband absorbers, hence their
narrowband response is ngt hardwired in the materials used (Fig. 1d, e). The required loss mechanisms
in internally filtered pdevices''\may be highly sensitive to the interplay between charge
transport/trapping and optical absorption—as in charge collection narrowing and charge injection
narrowing—leading'to.considerable changes in the spectral response by changing thickness or bias
voltage [9]. Exciton dissociation narrowing requires the formation of a hierarchical architecture within
the organic photoactive layer, which involves its crosslinking and additional processing steps [12].
Finally, the spectral response of microcavity-based photodetectors is highly sensitive to the angle of
incidence and the thickness of the photoactive layer [3].

Current and Future Challenges

Sensitivity. ‘A“key challenge for printable organic narrowband photodetectors is to boost their
sensitivity, (Fig. 2). For instance, printable NBA photodetectors have typically achieved external
quantum efficiencies below 40% in the visible range, with lower values in the near-infrared region [3].
Internally filtered and microcavity-based devices also suffer from moderate to low external quantum
efficiencies—especially in the near-infrared region—due to their inherent loss mechanisms [17].
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Figure 1. (a) Conjugation length tuning of the optical gap of erganic semiconductors. (b) Spectrally selective
absorbance of thin films of representative printable organicsemiconductors [6], [13], [14], [15], [16]. (c)-(e) Main
classes of printable spectrally selective organic photodetectors: (c) narrowband-absorption, (d) internally
filtered, and (e) microcavity-based designs. The diagramsyon the left represent the general device architectures,
while the plots on the right display the normalised spectral’characteristics. EQE: external quantum efficiency; a:
absorption coefficient; IOEF: internal optoelectronic filter; PCL: photoconversion layer. (c)-(e) were reproduced
from [7] with permission of IOP Publishing Llimitedithrough PLSclear (© |OP Publishing Ltd 2020).

Speed of Response. Most printable‘organic narrowband photodetectors have response speeds in the
kilohertz-to-megahertz range [4], which are suitable for common applications such as colour sensing
and imaging. However, applicationsisuch as high-data-rate visible light communications require
operational frequencies of severahbhundred megahertz, which are challenging to achieve (Fig. 2).

Spectral Selectivity. The required full width at half maximum for the responsivity (FWHMEg; Fig. 2)
generally depends on the target application: = 100 nm for colour imaging and a few nanometres for
spectrometry. WhilesprintableNBA photodetectors can meet the requirements for colour imaging, an
important challenge is'to cover the'visible range with multiple NBA photodetectors having FWHMg =
60 nm, as needed forsilluminant-independent colour recognition [3]. Additionally, while internally
filtered approaches have delivered FWHMg = 15-50 nm, they are yet to achieve FWHMg < 10 nm, as
needed for high-end spectrometry. Moreover, microcavity-based devices developed to date exhibit a
strong out-of-band response (Fig. 1e), which requires optical filtering to suppress, countering the
objective of easy-to-fabricate photodetectors.

Spectral Range. The development of printable organic narrowband photodetectors with peak
responsivity.wavelengths (A r; Fig. 2) in the near-infrared range is another significant challenge. This
challénge is especially pronounced for NBA photodetectors due to the current scarcity of organic
semiconductors with narrowband absorption in this range. While internally filtered photodetectors
have'generally enabled peak wavelengths deeper into the near-infrared range, the limited availability
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of organic semiconductors with an optical gap in the vicinity or below 1.0 eV has hindered progress
with these approaches.

Specific Detectivity and Noise. State-of-the-art narrowband organic photodetectors typically exhibit
specific detectivity (D*) values of 10'2-10"® Jones for A, values in the visible range, with lower values
observed in the near-infrared region [3]. However, their ultimate D* potential is considerably higher
(Fig. 2). However, a significant challenge remains in obtaining a quantitative understanding of the
materials and device parameters giving rise to noise in printable narrowband organic photodetectors
[11], which could ultimately allow their engineering towards higher D*.

Manufacturability and Upscaling. The mass production of printable organic, narrowband
photodetectors faces significant challenges due to the use of devices and fabrication technigues that
may have limited resilience to process parameter variations (as inherently fodnd in printing-based
manufacturing lines) or that rely on harmful halogenated solvents. Iny microcavity-based
photodetectors, which depend on external filtering for adequate spectral rejection, reducing
fabrication complexity by using a minimal number of materials and layers remains a challenge.
Moreover, the strong dependence of their spectral response on the thicknesses;of the various layers
makes this approach particularly prone to non-uniformities due te, process<parameter variations.
Furthermore, the fabrication of microcavity-based photodetectors necessitates the deposition of
ultrathin conductive films, with thicknesses down to a few nanemeters, as integral components of
their electrode assemblies on both sides of the photoactive layer [8]."Achieving this reliably and at
high throughput poses a significant technological challenge, particularly in combination with flexible
substrates, owing to the tendency for cluster formation atsuch minimal thicknesses [18]. On the other
hand, internally filtered approaches require photoactive layers with thickness in the region of 1 um or
larger, which raises concerns about material consumption and upscaling. The NBA approach is the
most robust from a manufacturability perspective, asithe resultant narrowband response is hardwired
in the photoactive materials used. Indeed, this/approach ‘has enabled the first demonstration of
solution-based stacking of photodetectors for multicolour sensing [19]. However, upscaling to device
stacks consisting of multiple photodetectors, as required for multispectral sensing and imaging (Fig.
2), poses significant technological challenges. This is’due to the complexity of identifying printable
photoactive materials, interlayers, and electrodes that can be processed from orthogonal solvents, at
compatible temperatures, and resulting in jsmooth films, while also minimizing the optical
transmission losses at the electrodes:[20].

Stability. While essential for real-wofld applications, device stability has been rarely characterised in
printable organic narrowbandyphotodetectors, which constitutes an important remaining challenge.

Advances in Science and Technology to Meet Challenges

Dedicated synthetic efforts are vital to improve the sensitivity, specific detectivity, and spectral
selectivity of printable organic narrowband photodetectors, as well as to extend their spectral range
deeper into the near-infrarednregion (Fig. 2). While the field has largely relied on organic
semiconductors drawn from organic photovoltaics, tailored optoelectronic properties are essential for
narrowband photodetection. In the NBA case, systematically developing narrowband absorbers with
varying conjugation jlengths could create palettes of printable organic semiconductors for
multicolour/multispectral sensing over a wide spectral region (Fig. 2). Particularly promising target
compounds invelve molecules with minimal structural alternation upon photoexcitation (cyanine
limit) or with spectral narrowing due to aggregation effects [7], [17]. Moreover, the synthesis of new
non-fullerene“acceptors with optical gaps in the visible and near-infrared regions will be crucial for
advancingpall types of narrowband organic photodetectors towards multicolour sensing and
spectroscopic applications.
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A comprehensive understanding of the origin/of dark current is necessary to improve the specific
detectivity of organic narrowband photodetectors. Priority research directions include experimentally
assessing their trap states, correlating them to first-principle calculations, identifying their origin, and
designing passivation protocols.

To enhance the speed of.narrowband organic photodetectors towards the gigahertz range, it is
essential to gain a quantitative'understanding of their transient photoresponse by developing more
sophisticated models. Key features to be included are the detailed nanostructure of the photoactive
layers, trapping effects’in theirtbulk and at their interfaces, and the dependence of carrier transport
on charge density, traps, and electric field.

Given the variety and emerging nature of the target applications of organic narrowband
photodetectors, it will be essential for the community to design and reach consensus on accelerated
aging tests.to evaluate their stability. This will provide a platform to identify degradation pathways
specific to the operational requirements of narrowband organic photodetectors, as well as to enhance
their stability by design.

Torenhance the manufacturability of printable organic narrowband photodetectors, priority should be
given, to developing device configurations with minimal sensitivity to process parameter variations
and/@ minimal number of layers and materials [21], as well as to processing strategies that rely on eco-
friendly solvents (Fig. 2).
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Concluding Remarks

Due to their unique optoelectronic properties and manufacturability, printable organic narrowband
photodetectors have considerable potential for spectrally selective light sensing beyond the limits, of
conventional technologies at a fraction of the cost. Realising this potential requires dedicated efforts
to synthesise novel compounds with tailored optoelectronic properties, gain comprehensive
mechanistic insight, and develop strategies to improve dark current, transient photoresponse, and
device stability.
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Section 2.3 — Printable near/shortwave infrared organic photodetectors
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Status

The detection of near-infrared (NIR, 0.8-1 um) and shortwave infrared (SWIR, 1-3"um) light are
essential for a variety of applications including night vision, medical diagnosis, automated navigation,
internet of things, etc. Traditional inorganic semiconductors such as silicon (Si, Aabs:10.3-1.1 um),
germanium (Ge, Aaps: 0.4-1.8 um), and indium gallium arsenide (InGaAs, Aa$s: 0.8-29utm) are mature
technologies for NIR and SWIR detection. However, the brittle and rigid(naturenof these materials
limits their use in large-area, flexible, and wearable applications. Hence, this decade has seen dramatic
progress in stretchable, bendable organic photodetector technology [1]. Organic semiconductors offer
advantages such as large-area coverage by solution processing [2], [3], high absorption and broadband
spectra, biocompatibility, conformal form factor [4], and facile.monolithi¢ integration with silicon
readout chips and up-conversion structures [5] for high-resolution, compact system designs.

The development of organic infrared detectors has benefited fromthe khowledge gained from organic
photovoltaic research, in which materials have been extendedito absorb in the NIR to better match
the terrestrial solar spectrum. However, the desired characteristics of photodetectors are different
from solar cells, as a detector requires high signal to noise whileia solar cell targets high power output
and noise issues are often neglected. Unlike solar cellsywhich are mostly sandwich diodes,
photodetectors have employed various designs/fromndiodes to transistor structures, to enhance
performance through photomultiplication [6]/0r to extend functionalities such as hyperspectral
analyses by printing color-selective pixels side by sidelen the same plane [7], [8].

One of the most important metrics for photodetectors is the specific detectivity (D*), which is defined
as D* = AO'SR/Sn, with A being the detecter active area, R being the responsivity, i.e., the
photocurrent output divided by the incident illumination power, and S, being the total noise. The D*
is the signal-to-noise ratio, a usefalfactorto compare different detectors. Figure 1 illustrates the
reported D* of NIR-SWIR organic detectors with examples of chemical structures. The organic NIR
detectors have been shownito outperform silicon. Yet for SWIR wavelengths, the performance of
organic photodetectors lags behind) conventional inorganic counterparts, because the inherent
narrow bandgaps exacerbate hoise'and recombination problems. While organic semiconductors are
strong IR absorbers andymay transduce in the midwave to longwave IR up to 14 um [9], [10], more
systematic studies are needed to understand the electronic transduction processes including charge
generation and transport mechanisms.

Current and Future Challenges

The current key challenges involve materials and device engineering aspects. The progress in material
synthesis and modular structure modifications have demonstrated organic semiconductors with SWIR
absorptioni However, the peak absorption tends to remain in wavelengths shorter than 1.2 um, and
additional research is required to red-shift the absorption characteristics of highly conjugated
semiconductors. With regards to device engineering, the high dark current noise due to the narrow
bandgap and energetic disorder [11] is an obstacle to improve the detection limit. Schottky-Read-Hall
recombination [12], [13] and carrier tunneling [14], [15] introduce noise under an applied bias and
diminish the specific detectivity of organic photodetectors. Meanwhile, low responsivity also stems
fromcarrier recombination based on the energy gap law [16] and the strong exciton binding energy
of organic materials because of their low dielectric constants [2]. It should be noted that there were
errors in some publications where the detectivity values were exaggerated, in which they invoked the
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shot-noise assumption and under-estimated the true noise level by orders of magnitude as pointed
out by Reference [17].

Other challenges in realizing organic IR detectors include the need for IR transparent electrode
materials in order to integrate with readout circuits. Conventional indium tin oxide (ITO) electrodes
are SWIR absorbing and would lower the external quantum efficiency of organic photodetectors. With
the developments in electrode technologies using high-conductivity PEDOT:PSS, graphehe, silver
nanowires, and carbon nanotubes, the ITO problem is solvable but requires more efforts,to make,the
new electrode alternatives more conductive, stable, and transparent. The environmental stability of
organic materials is another challenge because oxygen and humidity would affect the long-term
stability. Nonetheless, this challenge is tractable, because encapsulation technologies,are already
mature as evident in the commercialization of organic light-emitting displays. Besides environmental
factors, the inherent electronic stability of an organic system requires further study to reveal
degradation mechanisms. For example, the analysis of the density of states.s.suitable for identifying
the energy levels of traps and their changes over time, to understand the origins of performance
degradation and subsequently mitigate the defect states.
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Figure 1 Detectivity, or signal-to-noise ratio, of organic NIR/SWIR detectors, along with the corresponding
molecular structures.

Advances in Scienceland Technology to Meet Challenges

To address the‘aforementioned challenges, our research community is rapidly amassing foundational
knowledge to'relate molecular designs to optoelectronic properties. Synthesis of organic IR materials
with superior propérties are underway using new designs of donor-acceptor polymers, conjugated
small maleculesy, as well as the exploration of interfacial materials to improve electrode contacts.
Materials.design for low bandgap (E;< 1.0 eV) involves the substitution of strong electron-withdrawing
moieties in donor polymers. The engineering of non-fullerene acceptor molecules has demonstrated
efficient mahipulation of energy levels. Furthermore, interfacial materials for alleviating energy
barriers between active layer and electrodes have been widely developed, which enhances charge
extraction and photocurrent. The chemical structures, molecular ordering, and disorder level of
organic IR materials are being correlated to the thin-film morphology, charge generation, transport,
and recombination properties, to lower the noise level and enhance the photoresponse in the devices.
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Besides the material aspect, novel device designs and processing concepts are being investigated to
modify interfaces for balancing photomultiplication gain and noise, and strategies based on doping or
employing ternary blends are shown to affect mid-gap and sub-gap states near the band edges,and
suppress noise. The recent advances illustrate that there is room for organic IR detectors to improve
by tailoring the optoelectronic properties and to scale up by leveraging the ease of fabricationsfrom
digital printing to large-scale roll-to-roll patterning.

In terms of future applications, the flexibility and biocompatibility of organic materials renderthem
suitable to be used in human-computer interfaces such as wearable electronics. New, system
architectures with neuromorphic computing and machine-learning algorithms can help to enhance
the target identification capability of an organic imager despite noisy signals [18]. Advances in scaling
up organic device fabrication can make infrared detectors more affordable“and ubiquitously
deployable like today’s cell phone cameras. The promise of room-temperature operation with organic
photodetectors will allow size, weight, and power reduction in the next generation of IR systems, with
significant impacts on medical diagnostics, machine vision, and optical communications [19], [20] as
shown in Figure 2.
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Figure 2 Potential applications of organic IR detectors. (a) Reproduced with permission of Ref. [4]. (b)
Reproduced with permission of Ref. [19]. (c) Reproduced with permission of Ref. [6].

Concluding Remarks

With continuing efforts to increase ‘performance, organic NIR/SWIR detectors are catching up to
traditional infrared technologies while providing more flexibility in material choices, device designs,
and innovations in functionalities. The printable organic IR detectors would potentially lower costs of
infrared systems, as today’s inorganicidevices are prohibitively expensive at ten thousand US dollars
per wafer, mostly due to complex processing steps. While the material chemistry and device physics
of organic IR semiconductors goresent.new challenges compared to detectors operating in visible
wavelengths, great progress is being made to gain more in-depth and complete understandings of the
relationships between molecular structures and properties, the mechanisms in charge
photogeneration and recambination, aiming at clarifying key criteria for high performance and novel
functions in organic IR systems.
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Status

With the advancement of photoelectric technologies, lead-halide perovskites show great potential
and possess desirable characteristics such as solution-processability, high carfier mobilities, long
diffusion lengths, tuneable bandgaps, and high defect tolerance. These characteristics\.enable lead-
halide perovskites to provide attractive solutions to challenges faced by conventionaliphotodetector
technologies. For instance, Liu et al. demonstrated that avalanche photoelectric diodes based on
silicon exhibit notable improvement in the detection of high-energy,ultraviolet photons when a
CsPbBr; perovskite quantum dot film is integrated via a drop-casting method. The film downshifts
ultraviolet photons to lower-energy visible light photons, as silicon's response to the former is
unsatisfactory. The minimum wavelength of the enhanced avalanehe photeélectric diode is extended
from 350 to 250 nm and the photocurrent increases by 100% for photons with wavelengths under
365 nm. [1]

New types of photodetectors are being developed to” adapt to the increasingly complex and
specialized tasks in fields such as medicine, self-driving /cars,”and the exploration of extreme
environments. Among them, progress made in the fieldiof bionic'lead-halide perovskite detectors and
bendable lead-halide perovskite sensors demonstrates extraerdinary versatility and has attracted the
attention of researchers and the general public/alikex A perovskite nanowire array mimicking the
human retina fabricated via a vapour-phase method by Gu et al. displayed most of the desirable
characteristics of the human eye, such as its extraordinarily wide field of view (155°), sensitivity, and
minimal aberration. Notably, the density of perovskite nanowires in the array surpasses that of
photoreceptors in the human retina ataround 10 million per square centimetre. This suggests that
the perovskite nanowire array may even outperform its natural equivalent in terms of resolution (the
resolution of the human eye is about.1 arcminfper line pair at the fovea).[2]
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Figure 1 Some potential applications of LHP photodetectors and properties of lead-halide perovskites.
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Research by Van Breemen et al. on bendable perovskite photodetectors is also of great interest. They
fabricated a bendable photodetector based on an organic halide perovskite, which surpasses its
counterparts built on glass substrates. These flexible detectors are advantageous as they are,less
cumbersome and can be applied in medical settings, such as X-ray detectors that can adapt in shape
to accommodate the patient.[3] This innovative approach holds promise for lead-halide-perovskite
sensors, as the flexibility inherent in such designs allows for a more precise fit to the specific.contours
of interest. This not only indirectly enhances their efficiency but also enables the development ofmore
advanced and sophisticated photodetectors.

Current and Future Challenges

Though lead-halide perovskites possess outstanding characteristics, there are.areas that’warrant
improvement, including environmental friendliness, stability, response speed, and spectral width. To
minimize the adverse impact of lead on human health and the environment, it is imperative to reduce
lead concentration in lead-halide perovskites as much as practically possible. However, this subject is
covered by other researchers on this Roadmap (Section 2.5), hence it will net'be discussed here. The
sensitivity of lead-halide perovskites to moisture, heat, and oxygen"makesrelated photoelectric
devices highly susceptible to degradation over time, limiting thein performance in environments
where exposure to such conditions is unavoidable. Additionally, if lead_concentration cannot be
eliminated from perovskite sensors, the risk of lead content leakage will rise with their instability. This
is especially a concern in fields such as medicine and bionigs, where human contact is inevitable.
Therefore, increasing the stability of lead-halide perovskites.is of greatvimportance.

The response time and spectral width of lead-halide-perovskite photodetectors still have potential for
improvement, especially in terms of response speed for photodetectors based on solution-processed
lead-halide perovskites. Because it is challenging to createlleakage-free compact films from solutions,
lateral structures are more likely to arise in photedetectors made of inorganic semiconductor
nanoparticles. This could drastically impair respense speed. Response time is additionally hampered
by the existence of charge traps, which are intraduced in solution-processed semiconductors to
produce a photoconductive gain.[4] Although lead-halide perovskites are frequently applied to
photodetection in the ultraviolet-visible region with a decent response to light in the region 300-800
nm, their lack of response in the near-infrared region (780-2526 nm) necessitates further investigation
to extend the spectrum. Methods such /as the combination of perovskites with organic
semiconductors or other infrared/absorbing materials are a worthwhile subject of investigation.[5]
Therefore, optimizing the spectra; résponse range is an area where the performance of lead-halide
perovskites has yet to be fullyfealized:

Advances in Science and Technology to Meet Challenges

To improve the stability’of lead-halide perovskites, efforts are focused on suppressing charge-carrier
recombination. However, daing.so without chemical treatment remains an open challenge. Research
by K. J. Lee et al. réveals that the recombination rate in lead-halide perovskites can be significantly
decreased (up to sixitimes)by using three-dimensional lead-halide perovskite polycrystalline thin films
on hyperbolic /metamaterials. This study also demonstrates the importance of dipole interaction in
reducing decay rates Jand increasing photoresponsivity. Further theoretical and practical studies on
the transition dipole‘properties of lead-halide perovskites may open avenues for physically regulating
the recombination process. [6]

To achieve ultra-fast and broad-band response in lead-halide-perovskite photodetectors, the use of
organic-inorganic halide perovskites over lead-halide perovskites could prove a solution. Research
from ourlab demonstrates that the high mobility and ultra-low trap density of a perovskite absorber
layer achieved through charge-trap passivation enable effective and rapid charge-carrier extraction,
resulting in a sub-nanosecond response speed. [4] The incorporation of organic components into lead-
halide perovskites, as observed in the MAPbI; and PDPPTDTPT/PCBM composite detector reported by
our group, expands the response range to the near-infrared region. This composite detector exhibits
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a wavelength extension to 950 nm with a 5 ns ultrafast response time, surpassing the limitations of
MAPDbI3, which is restricted to wavelengths below 820 nm and does not cover the near-infrared range.
Therefore, we believe that incorporating organic components into lead-halide perovskites could,be’a
viable strategy for further improving the properties of lead-halide-perovskite photodetectors. [7]

Concluding Remarks

The field of lead-halide-perovskite photodetectors is increasingly dynamic andpromising. The
development of new photodetectors with exceptional capabilities is made possible by theyproperties
of lead-halide perovskites. Such photodetectors hold potential for specialized applications with/high
efficiency thanks to the design advantages that lead-halide perovskites have oyver, conventional
absorbers. However, some fundamental guidelines should be followed when_creatingnew lead-
halide-perovskite photodetectors. First, these photodetectors should have high sensitivity, quick
response times, and a wide spectral response to fully leverage the advantages ofithesé materials. In
addition, considerations during the fabrication and integration of devicesghould. include addressing
issues such as manufacturing costs, downsizing, and achieving high integration density. Customization
for specific applications is crucial, and the devices should ideally“be flexible, wearable, and
biocompatible. We believe that the effectiveness of such photodetectors could lead to significant
advancements in related industries.
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Section 2.5 — Printable lead-free perovskites and derivatives for

photodetection
Vincenzo Pecunia

School of Sustainable Energy Engineering, Simon Fraser University, Surrey V3T ON1, BC, Canada

Status

Lead-free perovskites and derivatives—hereafter referred to as lead-free perovskites for brevity—
constitute a diverse family of synthetic materials. They exhibit either a perovskite structure with a
general formula ABXs, or derivative structures featuring corner-sharing or edge‘sharing metal-halide
BXs octahedra (A*: monovalent cation; B*: bivalent metal cation; X™: halide anien; see figure 1) [1].
Lead-free perovskites have attracted considerable interest due to their potential to replicate the
favourable optoelectronic properties of lead-halide perovskites without toxic.lead [2]. Their appeal for
photodetection is firstly due to their diverse spectral properties in thedultraviolet; visible, and near-
infrared regions (figure 1), which can be readily tuned by compositional engineering [3], [4]. Moreover,
the application of lead-free perovskites in photodetectors has’garnered ‘interest due to their
printability, which could enable low-cost, high-throughput devicefabrication. The printability of lead-
free perovskites is harnessed by synthesising these materials throughsthe self-assembly of their
component ions from solutions of relevant salts in common organie solvents. An additional attractive
feature of lead-free-perovskite photodetectors is their abilityito operate in self-powered mode (i.e.,
with zero applied voltage), which is highly sought-after for place-and-forget sensors for the Internet
of Things [5].

The adoption of tin as the metal cation in lead-freesperovskites has been primarily explored to realise
ABXs absorbers (A*: monovalent cation; B* = Sn?*; X:.: halide anion). These absorbers adopt a
perovskite structure featuring corner-sharing SnXe octahedra (figure 1). The bandgaps of these
materials can be readily tuned by varying the halide anions X7, resulting in optical gaps approximately
of 1.2-1.3 eV for ASnlz, 1.8-2.1 eV for'ASnBr3, and 2.9-3.5 eV for ASnCls [4]. The resulting devices have
achieved the highest external quantum/efficiencies—above 80 %—for all lead-free perovskites while
operating without photoconductive gain[6]. However, these performance levels are typically achieved
under controlled atmospheres, as tincbased'perovskites suffer from significant instability in ambient
conditions due to the oxidation ofiSn?* to Sn** [7].

Alternative strategies for lead-free-perovskite photodetectors use bismuth- and antimony-based
compounds. The stability of bothyBi?* and Sb** leads to highly stable absorbers [1], which adopt
perovskite derivative struc¢turesidue to their 3+ charge. Many such compounds have a general formula
As3ByX9 (A*: monovalent €ation; B¥: Bi** or Sb3*; X™: halide anion), which can adopt a zero-dimensional
structure with isolated,B,Xs bi-octahedra (figure 1) [1]. Alternatively, AsB2Xo absorbers can adopt a
two-dimensional structure)featuring planes of staggered, corner-sharing BXs octahedra (figure 1) [1].
Because of the reduced self-trapped-exciton effects and enhanced carrier transport and lifetimes of
two-dimensional As;B,Xs absorbers compared to the zero-dimensional counterparts [8], the resulting
photodetectors have achieved significantly higher external quantum efficiencies (up to 62-65 %
without phetoconductive gain for two-dimensional RbsSb,ls and Cs3Shalg.«Cly [9], [10]).

Another{subset lof Bi- and Sb-based perovskites that have attracted interest for photodetection
includes silver/copper pnictohalides with a general formula AB,Xx3y (A*: Cu*/Ag*; B3*: Bi**/Sb3*; X™: I”
/Br7) [11] (figure 1). Thanks to their three-dimensional structures, these materials have achieved the
highest external quantum efficiencies (up to = 80 %) among all Sb- and Bi-based lead-free perovskites
[12], spanning the visible spectral range and thus offering an attractive solution for near-infrared-blind
visible-light photodetectors [13].
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Bi- and Sb-based lead-free perovskites may also come as A;BB’Xs double perovskites (A*: monovalent
cation; B*: monovalent metal cation; B’3*: trivalent metal cation; X™: halide anion), which exhibit a
three-dimensional structure with alternating, corner-sharing BXs and B’Xs octahedra (figure 2).
Absorbers of this class have delivered favourable photodetector performance in the near-ultraviolet
and blue spectral regions with high stability [14].

),
S

A4B,X, (0D)

AsB,Xs (2D)

 ABXuy

Figure 1 Representative lead-free perovskites for photodetectioniigéneral formulas, structures, and maximum
cutoff wavelengths. OD: zero-dimensional; 2D: two-dimensional.

Current and Future Challenges

Materials development and device engineering. To rationally optimise the photodetector performance
of lead-free perovskites, a major challenge is toxcomprehensively establish their structure-processing-
property relationships relevant to photodetectars. This is particularly critical due to the wide range of
compositions—only partly discoveredto date—and processing methods. Additionally, the selection of
charge-transport layers to complete the photodetector device stack has narrowly drawn from
perovskite photovoltaics research toydate, which may not be conducive to optimal charge extraction.

Sensitivity vs Stability. A common challenge faced by lead-free-perovskite photodetectors pertains to
achieving both high stability and\high external quantum efficiency. For instance, tin-based-perovskite
photodetectors typically exhibit superior external quantum efficiencies but considerably degrade in
ambient atmospheresDespiteinotable progress in addressing the instability of tin-based perovskites,
a comprehensive solution to thisiehallenge has yet to be achieved [15]. Conversely, photodetectors
using bismuth- and‘antimony-based absorbers typically exhibit higher stability but lower external
quantum efficiencies compared to tin-based counterparts. While photoconductive gain can be
implemented to circumvent this sensitivity challenge, this often results in a sluggish response and
nonlinearoehaviour, limiting the practicality of the resultant devices.

Speed of response. To date, lead-free-perovskite photodetectors have typically exhibited response
times in the millisecond range, even when operating without photoconductive gain [3]. This sluggish
response restricts their potential applications and is at odds with the transit times predicted based on
the reported carrier mobilities [16]. Therefore, a critical challenge involves comprehensively
understanding the device and material parameters that influence response speed, aiming to reduce
response times to microseconds or less.
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Linear dynamic range. A linear relationship between photocurrent and incident optical power in
photodetectors is highly sought after for photometric purposes. However, with only a few exceptions
[8], [13], many lead-free-perovskite photodetectors developed to date exhibit a sublinear response
[17], [18]. Therefore, a key challenge is to identify and overcome the microscopic causes of/this
sublinear behaviour in order to achieve a linear dynamic range competitive with incumbent
photodetectors technologies.

Manufacturability and upscaling. Lead-free-perovskite photodetectors thus far have been developed
only in academic laboratories using small device areas. Therefore, to commercialise this technology;
an important challenge is to uniformly deposit lead-free perovskites, alongside all other layers,in the
device stack, over large areas with high throughput [19].
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Figure 2 Roadmap for advancing lead-free-perovskite photadetectors: (a) computational materials screening;
(b) materials/device characterisation, simulation, and optimisation; (c) process engineering. (a) is reproduced
with permission from [20]. Copyright 2020 WILEY-VCH Verlag'GmbH KGaA & Co.

Advances in Science and Technology to/Meet,Challenges

Computational materials screening. The lead-free perovskites investigated for photodetection thus far
have predominantly been borrowed.frompphotovoltaics research. However, to fully unlock their
potential in photodetection, a systematiclinvestigation involving high-throughput materials screening
must be pursued to identify ,materials’ tailored to specific spectral ranges and photodetector
performance metrics (figure 2(a)). The application of machine learning could play a pivotal role by
enabling simulations and predictions of material properties and device performance. This effort
should go hand in hand with the systematic screening of charge transport layers to enhance charge
collection efficiency andreduce photocurrent noise.

Investigation of structure-processing-properties relations for photodetection. To enhance the speed of
response, linearity, 'external quantum efficiency, and stability of lead-free-perovskite photodetectors,
a comprehensivé» understanding of charge transport, charge-trapping, exciton self-trapping, ion
migration, and their)interplay with processing conditions is imperative [8], [16] (figure 2(b)).
Experimental characterisation should be complemented by device simulations under relevant
operational conditions. A systematic investigation of the noise behaviour of lead-free-perovskite
photodetectors should also be pursued to assess the detection limits of the resultant photodetectors,
given the limited experimental characterisation and mechanistic understanding of this key
performanceaspect to date.

Process engineering. To enhance photoconversion efficiency and stability, it is imperative to develop
experimental protocols capable of increasing grain size in polycrystalline films of lead-free perovskites
films/beyond the 1 pum threshold (figure 2(c)). Additionally, efforts should focus on achieving the
preferred alignment of crystalline planes to enhance charge extraction in photodetectors, as well as
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additive engineering for defect passivation (figure 2(c)). Furthermore, a departure from conventional
spin-coating methods is recommended to ensure the scalability of the technology (figure 2(c)).
Techniques like slot-die coating, spray coating, and inkjet printing, which allow for depositionyover
larger areas, should be prioritized for fabricating lead-free-perovskite photodetectors with high
throughput. Importantly, adopting eco-friendly solvents for the preparation of lead-free-perovskite
inks is crucial to ensure the sustainable and straightforward industrial application of these materials.

Concluding Remarks

Lead-free perovskites have emerged as promising candidates for light sensors across(the ultraviolet,
visible, and near-infrared spectrum, as these absorbers eliminate the use of toxic lead present in their
lead-based counterparts. While tin-based embodiments are challenged by their instability, the
encouraging stability displayed by bismuth- and antimony-based absorbers holds great potential.
Realising this promise requires concerted efforts in material development and device engineering.
Equally important is delving into the intricacies of structure-processing-properties relationships
specific to photodetection. Alongside these pursuits, engineering processingimethods to enhance film
quality and deposition scalability is crucial for the advancement of‘these materials and devices
towards commercialisation.
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Status

Nanocrystals are semiconductor nanoparticles, see Figure 1a. Thanks to quantum confinement the
band gap energy can be easily tuned as opposed to alloying strategy used to tune the band gap of bulk
semiconductors. The smaller the particle the bluer will be the spectrum. Such nanocrystals are grown
using chemical processes (Figure 1a) leading to the formation of an inorganic/€ore surrounded by
organic ligands, whose role is to stabilize the particle within the solution and to electronically passivate
the surface.

Interest for such particles was first driven by their bright luminescence whichrled to applications such
as biolabeling, single photon source and most importantly their use as blue light.down converters for
display. It was only around 2000, that applications involving charge transportinnanocrystal array were
because it was crucial to first identify a strategy to increase thé particle coupling. At that time,
nanocrystals started to raise interest for solar cells. Thanks to theirtunable band gap, the size of the
particle can be optimized so that their band gap matches the Queisser-Shockley criteria. Despite clear
progress in the material performances, the silicon remains a strong challenger in terms of cost and
integration. Thus, when it comes to the use of nanocrystal'for light sensing, the benefits are obtained
at wavelengths that silicon cannot address and at wavelengths longer than its band gap (1.1 um). This
spectral ranges also corresponds to wavelengths thatyerganic’electronic cannot address due to a
strong exciton vibration coupling. As a result, most of the,effort relative to light detection using
nanocrystals have been focused on infrared wavelengths. Among the advantages of nanocrystals, one

Absorption or phot
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Figure 1 a. Transmission electron microscopy image of infrared nanocrystals. The inset is an image of a vial
containing a colloidal solution of infrared absorbing nanocrystals. b. Absorption and photoluminescence spectra
of short-wave infrared active HgTe nanocrystals
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can cite (i) a reduced fabrication cost, (ii) a broad spectral tunability from visible to THz without
constraint coming from being lattice matched, (iii) processability through wet chemical processes (e.g.,
inkjet and spin coating) which ease the coupling to the read-out integrated circuit and consequently
favour the pixel size reduction.

Since one key benefit of nanocrystals over conventional semiconductors is the cost, the main targeted
spectral range to date is the short wavelength infrared (from below silicon band gap to 2.5 um). There
the band gap remains large compared to thermal energy at room temperature and operation with
limited cooling remains possible.

Current and Future Challenges

Though the concept of infrared sensing using nanocrystals array[1]—[3] has been established almost
20 years ago, the path from material to technology has been quite long. Certainly one of the first
challenges to tackle have been hopping conduction. In an array of colloidal particles, the weak
interparticle electronic coupling is associated with low mobility values (10° ecm2V's? before ligand
exchange) and thus short diffusion length. As a result, it was believed that this would be incompatible
with high quantum efficiency or may limit the device time response. Ligandiexchange procedure that
preserves the surface passivation have been developed to bring the mobility‘in the 10%-1 cm2.Vis?
range. Furthermore, fast sensing down to few ns time response has beenréported. This has enabled
anincrease of photoresponse[4] (i.e. capacity to convert light into anelectrical signal) and has brought
focus to another bottleneck that is noise. In a nanocrystal array, noise is mostly limited by 1/f noise[5],
whose magnitude is also driven by interparticle electronic/€oupling. This has made the development
of photodiode crucial to operate the device under reduced bias and thus under reduced dark current.
However, diode design is quite complex since the electronicistructure of this colloidal material is far
less known than the one of IlI-V material. Indeed, in addition,to bulk electronic structure, quantum
confinement and effects relative to surface chemistry.must/be considered. Thus, rational designs of
diode stacks necessitate systematic studies ofathe bandyalighnment in nanoparticle thin film using
methods such as X-ray photoemission[6], [7] or electrochemistry[8].

A major step to demonstrate the potential of this technology beyond the academic level have been
the switch from single pixel device to image sensor, see figure 2. To do so, the nanocrystal film is used
to functionalize a read-out integrated 'circuit. Marious demonstrations, either using PbS[9], [10] or
HgTe[11], [12] nanocrystals, have been abtained, with focus on operation from 950 to 2000 nm.
Traditional short-wave infrared read-out integrated circuits have been used with VGA format and 15
um pixel pitch. The most promisingresult relates to wafer level processing with pixel size close to the
diffraction limit[9]. A size that even recent progress relative to copper-based hybridization is far from
reaching[13]. Active imaging.applications such as industrial vision (material sorting, detection of
damages on food, moisture detection) are particularly targeted because they impose less constraints
on the magnitude of the'dark current and the quantum efficiency value than astronomy or defense.
Fast detection to achieve time of flight measurement is also targeted for LIDAR applications.

Advances in Science and:Technology to Meet Challenges

Though a clearincrease in mobility values has been obtained the diffusion length remains shorter than
the absorptionidepth and as a result the obtained devices are poorly absorbing. This is why recent
efforts focus'on the'introduction of photonic structure which role is to focus the light over a distance
compatible with'the diffusion length. This concept is well known from the field of infrared sensing,
since for example diffraction gratings have already been used in the 90’s to light sensitize quantum
wells;that selection rule makes blind under normal incidence. However, the transfer of the concept to
nanogcrystal requires some severe technological update. Indeed, nanocrystals tend to be less robust
that conventional semiconductors and present degraded optoelectronic performances after exposure
to lithography (baking or exposure to solvent). Thus, fabrication process in which the nanocrystal
deposition is coming as one of the final steps have to be favoured. Multiples geometries of light
resonator[14] have been tested including plasmonic[15] grating, guided mode resonator[16], and
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Fabry Perot cavity. At present, devices absorbing 70 % of the incident light are routinely achieved. An
interesting direction to pursue to generate more localized modes and reduce the electrically active
volume (that drives the amount of dark current) will be the use of deposition methods that, are
compatible with spatially selective deposition. Some efforts using inkjet[17] and nanoprinting[18]
have already been obtained but will now have to be integrated on chip and repeated over a_million
pixels. Such localized depositions are also relevant for the fabrication of multicolor sensor[19].
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Figure 2 a. Schematic of a ROIC functionalizedhby a nanocrystal film to sensitize it in the infrared. b. image of the
Eiffel tower taken with a HgTe nanocrystal-based infrared camera with 2 um cut-off wavelength. Reprinted with
permission from [20]. Copyright 2023 American Chemical Society.

Certainly, efforts in developing thermaterial also must be continued. PbS and HgTe are the two
prevailing materials when it comes to infrared sensing using nanocrystals. However; PbS is prone to
oxidation, while HgTe tends,to sinter if exposed to elevated temperature. Furthermore; and though
the suppression of stibstrate and low temperature processability reduce the amount of heavy metal
and energy consumption compared to traditional semiconductor growth, some efforts are still
required to developigreener infrared active colloidal materials. To date -V (InAs) and silver

chalcogenides are the most promising alternative platforms but they lag far behind in terms of
integration.

Concluding Remarks

Thanks to their inorganic core, colloidal nanocrystals have become the most advanced platform as an
alternative to epitaxially grown semiconductors for infrared optoelectronics. Beyond the growth cost
disruption that they bring, they also ease coupling to small pixel size imager. The use of spray and

printing methods is very promising to achieve wafer level processing of nanocrystal technology that
may shrink by another order of magnitude the device cost.
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Section 2.7 — Photodetectors based on 2D materials
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Status

Since the isolation of graphene from graphite, two-dimensional (2D) van der Waals 'materials’have
attracted intense research interest due to their atomically thin structure and resulting superlative
optoelectronic properties that are particularly well-suited for photodetector applications. Compared
to bulk inorganic semiconductors, 2D materials offer a wide range of bandgap!tunability and room-
temperature excitonic physics that enable tailored spectral response. Moreover, 2Dimaterials can be
exfoliated from bulk layered materials via solution processing, resulting in optoelectronically active
inks for fully printed and mechanically flexible photodetectors.

The performance of photodetectors based on 2D materials is determined by their thickness-
dependent bandgaps, free carrier mobilities, electrostatic field“effects, and optical absorbance
properties [1]. For example, transition metal dichalcogenides,/such as MoS,, undergo qualitative
changes in bandstructure from indirect to direct bandgap whén bulk crystals are exfoliated down to
atomically thin limit. High-aspect-ratio monolayer nanosheets areidesirable for photodetectors due
to their increased optical absorbance, strong electrostati¢’gating, and high mechanical flexibility. The
most common solution-based exfoliation method for 2D"'materials is liquid-phase exfoliation, where
thin nanosheets are isolated from bulk layered crystals, via“ultrasonic energy in the presence of a
compatible solvent and/or stabilizing additives, which is thenfollowed by size-selecting centrifugation
[2]. Methods based on liquid-phase exfoliation also provide a straightforward pathway to formulating
inks for all-printed 2D material photodetectors.

Printable 2D material inks can be formulated for a wide range of printing methods by changing the
solid loading of the ink and correspondingly the ink viscosity. Percolating film 2D material
photodetectors have been fabricated by inkjetyprinting [3]-[10], electrohydrodynamic printing [11]-
[13], and aerosol-jet printing (Figure 1a),[14],/[15] on rigid and flexible substrates including silicon
wafers, polyimide, and paper. Printed 2D material photodetectors typically rely on photo-generated
excitons being dissociated into free electrons and holes, which are then collected by externally applied
electric fields between two electrodessin a vertical or lateral geometry (Figure 1). In fully printed 2D
material photodetectors, printedigraphene electrodes are frequently employed [5], [6], [8], [10], [14].
Performance metrics suchfas photoresponsivity, speed, and detectivity are maximized through the
refinement of liquid-phase exfoliation methods in addition to optimization of doping, minimization of
extrinsic losses, and development of channel geometries that promote efficient photon capture and
charge extraction. The earliestidemonstrations of printed 2D material photodetectors focused on
inkjet-printed, visible~light/MoS, jphotodetectors [6], [7], which showed photoresponsivities on the
order of 1 mA/MWhwith response times in the range of 10-100 ms. Although early work encountered
trade-offs between photoresponsivity and response time, recent improvements in flake crystallinity,
printed percolating film morphology, and minimized surface residues have enabled
photoresponsivities up to 103 A/W with 1 ms response times [9], [14]. Additionally, recent efforts have
focused ‘on 2D/materials beyond transition metal dichalcogenides, such as inkjet-printed black-
phosphorus-based photodetectors that are responsive at near-infrared (NIR) wavelengths [3].
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Figure 1 (a) Schematic of an aerosol-jet printed MoS: photodetector with printedsgraphene electrodes,
reproduced with permission from reference [14]. Copyright Wiley-VCH, 2022."(b) Schematic depicting a
percolating nanosheet channel and various mechanisms that control photodetector, performance metrics.

Current and Future Challenges

Concurrently optimizing percolating charge transport and optical absorption in printed 2D material
percolating films is a significant challenge for 2D printed photodetectors, influencing performance
metrics such as photoresponsivity, speed, and detectivity/In disordered, printed films, variable-range
hopping across van der Waals gaps between overlapping nanosheets limits the overall charge
transport through the percolating nanosheet network’[2]. Additionally, both defects within individual
flakes and interfacial residues can act as charge_traps andsrecombination sites that compromise
photoresponse [13]. While non-conductive residues canhinder charge transport, conducting residues
can quench exciton formation and dissociation, processes. Furthermore, the electrode-channel
interface not only determines contact resistance butcan also generate photocurrent due to the built-
in field at metal-semiconductor Schottkyjjunctions [16]. In the case of printed graphene electrodes, a
high degree of percolation between grapheneand photoactive flakes at the contact-channel interface
can improve photodetector performance. Therefore, the morphologies of both the contacts and the
channel need to be optimized by tailering printing methods, solvent choice, ink rheology, deposition
parameters, and/or curing conditions:

Another challenge is achievinga highimonolayer fraction in solution-processed 2D material inks, which
strongly influences optical absorbance and spectral response. Traditional liquid-phase exfoliation
methods primarily yieldd¢few-layer nanosheets, resulting in relatively poor photoresponsivity
compared to monolayer nanosheets, particularly for transition metal dichalcogenides where
monolayers are required toachieve a direct bandgap. While size-selection methods such as multi-step
liquid cascade centrifugation“have been developed to carefully isolate thin nanosheets, these
centrifugation methods are arduous and typically insufficient for achieving high monolayer
concentrations«17].

Beyond transition metal dichalcogenides, printed photodetectors from alternative 2D semiconductors
such as black phoesphorus, InSe, and tellurene are of interest due to their promising optoelectronic
properties. For example, black phosphorus and tellurene exhibit NIR response at telecommunications-
relevant waveleéngths, and InSe exhibits a direct bandgap at few-layer thicknesses that enables high
optical absorption. However, these alternative 2D semiconductors are chemically unstable in ambient
conditions, which requires printing in inert atmospheres and/or passivation schemes that arrest
chemical degradation pathways. Thus far, black phosphorus is the most heavily investigated 2D
semiconductor beyond transition metal dichalcogenides, but challenges with ambient reactivity have
thus far resulted in relatively low photoresponsivities (~10 mA/W) and slow response times (> 1 sec)
at NIR wavelengths [3]. Since other NIR-sensitive 2D material photodetectors have shown similar
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metrics (Figure 2) [10], additional research effort is still required to achieve high-performance printed
2D NIR photodetectors. In all cases, it would be of high interest to not only achieve isolated
photodetectors but also large-area arrays that are directly integrated with readout integrated circuits
to achieve video-rate high-resolution cameras at both visible and NIR wavelengths. In this regard,
direct printing of 2D material photodetectors could present significant practical advantagessover
traditional inorganic semiconductors that currently require expensive wafer-bonding methods for
integration with a read-out integrated circuit.

Advances in Science and Technology to Meet Challenges

In recent years, the morphology of printed 2D percolating networks has been improved by tailoring
ink formulations, printing conditions, and post-deposition processing parameters. A particularly
promising approach is the utilization of inks with laterally large but thin nanosheets toydecrease the
percolation threshold. Towards this end, electrochemical intercalation prier_to' liquid-phase
exfoliation has emerged as a promising approach, where the inter-layer spacing.is expanded in van
der Waals crystals via the electrochemical insertion of intercalant species, thus lowering the energy
threshold to exfoliate into thin flakes with large lateral dimensions: ln,addition, highly uniform,
percolating network morphologies have been achieved by tailoringssolvent drying [3], [9]. Another
example of a post-processing scheme for improving morphology is calendaring, in which porous films
are mechanically pressed to decrease film roughness and inter=flake resistance [18]. Photonic
annealing has also been shown to be an effective curing method following printing, which not only
removes undesirable residues at relatively low temperatures but alse.improves intermixing between
nanosheets at the electrode-channel interface to lower contact resistance [8], [14]. Further
improvements can be anticipated in the future by synergistically combining these best practices to
optimize overall photodetector performance. Due’ tanthe large processing phase space, high-
throughput experimental screening coupled with.machine=learning-guided optimization is likely to
accelerate progress.

Recently, megasonic exfoliation, in which secondarythinning enriches the monolayer fraction of the
ink, has been demonstrated for aerosol-jet printed MoS; [14]. Megasonic exfoliation occurs at
megahertz sonication frequencies, compared to the kilohertz frequencies of conventional ultrasonic
liquid-phase exfoliation processing, resulting insmore uniform, localized cavitation during solution
processing. This more controlled cavitation promotes efficient exfoliation with reduced flake fracture,
ultimately yielding high-aspect-ratio monolayer flakes and dramatically enhanced photoresponsivities
that outperform previous reports by/up to/4 orders of magnitude. Extending the megasonic exfoliation
methodology to other 2D materials'beyond MoS, remains an open challenge with the potential to
enable printed 2D photodetectorsiwith spectral responses over additional wavelength ranges.

For ambient-reactive 2D|semiconductors, opportunities remain for the development of solution-
based passivation strategies that would result in printable inks that do not require cumbersome inert
environment processing. Although post-deposition polymer encapsulation imparts some ambient
stability [3], it does|not avoid air exposure during ink handling and printing. In addition, encapsulation
layers have the potentialto absorb or scatter incident light, thereby reducing overall photoresponse.
Therefore, direct chemical passivation during solution-based exfoliation is of high interest to broaden
the range of ‘2D semiconductors for printed photodetectors. Alternatively, the identification of
additional’photoactive and ambient-stable 2D materials would allow the wavelength range of printed
2D photadetectars to be expanded. For example, recent work has shown that solution-processed and
ambient-stable’RuCls exhibits a strong photoresponse at NIR wavelengths [19]. Diversification of the
portfelio of printable 2D semiconductors also presents opportunities for realizing solution-processed
2D heterostructures, such as printed p-n heterojunctions, which could present additional exciton
dissociation and charge extraction pathways than single-component percolating networks [20]. In this
manner, printed 2D photodetectors could be extended to more advanced device architectures,
including avalanche photodiodes and single-photon detectors, which represent the state-of-the-art
for conventional inorganic semiconductors but have not yet been realized with printable 2D inks.
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Figure 2 Comparison plots of response time versus responsivity (left) and responsivity versus wavelength (right)
for printed 2D photodetectors. Reports that did not provide a responsetime or wavelength were excluded from
the respective plots. Labels correspond to the following references =2 11: [11],2:,3], 3: [4], 4: [5], 5: [15], 6: [7],
7:[8], 8:[14], 9: [9], 10: [10], 11: [12], 12:[13].

Concluding Remarks

Printed 2D material photodetectors hold significant “promise for combining the optoelectronic
performance of bulk inorganic semiconductors withithe high throughput and mechanical flexibility of
roll-to-roll additive manufacturing. To realize the full potential of printed 2D material photodetectors,
optoelectronically active inks need to be derived using liquid-phase exfoliation followed by optimized
printing and post-deposition processing methods. In this context, transition metal dichalcogenides
have been the most heavily investigated van der Waals materials to date, although recent work has
begun exploring alternative 2D semiconhducting inks to cover the entire electromagnetic spectrum
from the visible to NIR wavelengths. However, these 2D semiconductors, which go beyond transition
metal dichalcogenides, present challehges in high-aspect-ratio exfoliation to the monolayer limit in
addition to complications resulting from their higher propensities for chemical degradation in ambient
conditions. Chemical passivation coupled with the identification of alternative photoactive and
ambient-stable 2D semiconductors provide pathways for not only diversifying the range of single-
component 2D photodetectors,butalso enabling the exploration of more advanced architectures such
as p-n heterojunctions and avalanche diodes. In this manner, printed 2D material photodetectors have
significant headroom for even higher performance in future work.
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Section 3.1 — Introduction to printable ionizing radiation detectors
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During the past decade the employment of ionizing radiation has spread in different fields'of human
society, from medical treatments and diagnostics to civil security in public places and industrial testing.
Such application areas require novel properties and functionalities of ionizing radiation‘detectors (e.g.
large detection area, conformable structures and lower operation power) and innovative technologies
for their fabrication. Currently available ionizing radiation detectors are mostly. based on inorganic
semiconducting materials such as silicon, germanium, cadmium telluride, cadmiumizinc telluride.

Despite their outstanding detection performance, the sustainable growth'of large-size, high-quality
inorganic semiconducting crystals is still an unsolved challenge, as well/astheirprocessing into large-
area pixelated detector matrices, possibly onto flexible, curved substrates.

Printable active materials offer the possibility to implement ionizing radiation detectors able to cover
large areas in the form of pixelated detector panels, fabricated with limited costs and offering
lightweight and low power operation. Thanks to the low/ temperatures associated to printing
processes, it is possible to use non-conventional substratesqallowing to envision detector panels able
to conform to 3D structured surfaces, thus also prospecting innovative scenarios for their application.
Figure 1 shows examples of applications for such large-area_and bendable panels, such as cargo
security inspection systems and radioactive threat préventien, if placed on the walls of public buildings
or of spacecrafts to monitor the radiation receivedfrom solar particle events or galactic cosmic rays.

lonizing radiation, i.e. high energy photons (X- and.gamma-rays) and charged particles (protons, ions,
electrons, alpha particles), can be detected by twoldifferent classes of functional materials, both
printable: scintillators and semiconductors, working following an indirect and direct detection
process, respectively (Figure 2). In scintillaters.and semiconductors, the impinging radiation interacts
with the material by a primary ionization process that results in the production of electron-hole pairs
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Figure 1 Scenarios envisaging innovative printable ionizing radiation detectors.
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(excitons) as a secondary interaction process. In the case of scintillators, the excitons’ energy is first
transferred to the luminescent centers present in the material, and then radiatively released as UV-
visible light (the emission spectrum depends on the scintillator material). Thus, in the indirect
detection mode, the incoming ionizing radiation is transduced into an electrical output signal in a two-
steps process: in the first step the scintillator transforms the radiation into visible photons andsin;the
second step a coupled photodiode or a photomultiplier converts them into an electrical signal. In the
direct detection process, the excitons resulting from the interaction with the impinging radiation are
dissociated by an electric field and generate charges carriers that are directly collected by the device’s
electrodes as an electrical output signal.

Generally speaking, the direct approach reduces the response time and increases the signal-to-noise
ratio thanks to the simpler one-step process with respect to the indirect detection one,

Printable materials can be employed as scintillators and/or UV/vis photodetectors in indirect
detectors as well as semiconducting active layers in solid-state direct detectors, Although relatively
large single crystals of ionizing radiation sensitive materials can be printed™?gprintable materials offer
the unique opportunity to produce large-area flexible detectors, thus,/imithe fellowing we will focus
on the peculiar properties and processes relevant for printed film-based devices.

In order to fully understand the perspectives and challenges_for printable materials as ionizing
radiation detectors, the main requirements and fundamental figures of. merit will be discussed in the
following.

Sensitivity, defined as the total charge collected, per unit&xposure of incident radiation and per unit
irradiated area, can be considered as one of the benchmark metrics. It describes the ability of a
detectors to respond to a specific amount of radiationsythat summarizes the overall detection process:
from radiation absorption to charge pair creation, transport;,and collection. Therefore, sensitivity is
directly dependent on three other fundamental metries: (i) the attenuation fraction, also known as
quantum efficiency ng (o = 1 — e Hot), wherel w, is the linear attenuation coefficient and t the
thickness of the active layer); (ii) the charge pair generation efficiency, i.e. the number of the electron-
hole pairs created by each absorbed photon, defined‘as the average absorbed energy divided by the
electron-hole pair creation energy W=, typical of a specific material; (iii) the charge collection
efficiency, that depends on the mobility-lifetime (ut) product, on the external electric field, and on
the geometry and architecture of the,detector: Due to such triple dependence, sensitivity values can

vary over several orders of magnitude, typically from 10 up to 10° uC Gyt cm23">

Dark current, the current flowing inteithe device during working conditions and in the absence of any
impinging radiation, is another fundamental parameter for UV-Vis photodetectors or direct detectors.
A good sensor has low curfent; in the range of nA or lower, and can be achieved by high-resistivity
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Figure 2 Schematics of the indirect (left) vs. direct (right) radiation detection processes.
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photoconductor materials, or by the insertion of charge-blocking layers. The minimum detectable
dose, or limit of detection (LoD), is the lowest amount of radiation measurable by the radiation
detector. In sensors, it is commonly accepted the definition of LoD as corresponding dose/flux that
gives an output signal with signal-to-noise ratio equal to 3.>* By the definition, it is clear thatsbeth
sensitivity and dark current concur in the LoD value. In order to achieve high-sensitivity and good
efficiency, large detector volumes are thus in principle required to maximize the probability of
interaction of the impinging radiation in the detector volume. This is particularly relevant for printed
thin-film detectors, where an appropriate choice and use of 2D and 3D printing technologies cannmake
the difference in the resulting detectors’ performance.

As a matter of fact, the thickness of a printed scintillation layer can be easily/increased up to few
millimeters by the employment of 3D printing techniques (e.g. material-extrusion method), and the
thickness of the active layer of a direct detector achievable without affecting'the charge transport by
means of 2D printing techniques (inkjet, bar coating, screen printing) can be varied,over a quite wide
range [10 nm-10 pm].5®

Besides the interaction volume, it is the high atomic number (Z) that assures efficient radiation—atomic
interactions, since the cross-section for photoelectric absorption in a“material of atomic number Z
varies as Z", where 4 < n < 5. Printable materials offer the relevant advantage of the easiness of
tailoring the chemical composition of the functional ink' by insérting high-Z elements or
nanocomposites (e.g. perovskite quantum dots, bismuth- or lead-based nanoparticles) to enhance the
absorption of the high energy radiation. Printable semicanducter inks for organic electronic devices
are generally based on an intrinsically low-Z matrix (mostly'/composed of H, C ad O atoms). If such
organic printed thin films are employed as detection layers without further blending, their interaction
with ionizing radiation results similar to that of human bodytissues, i.e. they are considered tissue
equivalent materials. This is a highly needed and soughtafter' property in medical dosimetry, especially
in radiotherapy applications, where the accurate' measurement of the actual radiation dose impinging
or released onto the patient’s body. is a crucial requirement to assure radioprotection and to
customize therapeutical plans.

Printed semiconducting films typically exhibitsimicro-nano crystalline morphology usually associated
with high trap state density in the bulk, at.the surface and at interfaces with electrodes or dielectrics,
generally leading to lower mobilityvalues and lower lifetime of the charge carriers with respect to the
single crystal counterparts. Achieving good transport properties, i.e. high ut (i.e. 10°/10° cm? V! for
amorphous selenium/cadmium zinc'telluride, as benchmark for large-area detectors)?, and high
collection efficiency for excess chargelcarriers (electron-hole pairs) generated by the interaction with
the radiation, is the mostfimpacting intrinsic limitation of printed thin film based detectors. A poor
control of these transport parameters would lead to high dark currents and lower material resistivity
(typically >10° Q cm is required for efficient radiation detectors), affecting the limit of detection of the
device, due to a lower signal-to-neise ratio.

Trap-related effects may-also affect the detector response time. The output signal rise-time achievable
by printed detectors under irradiation with ionizing radiation, is hardly lower than few microseconds,
due to the large.charge recombination times. The great benefit of printing techniques is the possibility
to efficiently act on the film morphology and crystallization to control trap states that eventually
intervene in the detection process. Following this strategy, it is possible to exploit processes such as
the photoconductive gain, which dominates the detection of printed detectors based on organic

semiconductors, to boost the sensitivity up to extremely high values, such as 10>-10° uC Gy* cm=.91°

Concerning printed plastic scintillators, the possibility of printing layers with a thickness in the range
[0.1-:1] mm allows them to absorb a larger amount of energy from the impinging radiation with respect
to thin-film-based direct detectors, maintaining a bendability that grants a superior mechanical and
optical coupling with flexible or curved photodetectors (thus implementing a bendable fully printed
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indirect detector). Furthermore, the ease of tunability of printable polymeric inks enables the
functionalization with a large variety of luminescent nanoparticles or quantum dots (e.g. CdSe:ZnS-,
ZnCdSe-, GOS:Tbh-based) that can optimize and maximize the optical matching to the coupled
photodetector. The issues that may require specific attention for printed scintillators are their light
yield, possibly limited by low transparency and the anisotropy of the scintillation output signal%!

Given all the above considerations, and the exceptional results that the scientific_.community has
provided over just a few years, the greatest challenge for printed ionizing radiation detectors is'Tnow
to exploit all their unique and extremely valuable properties in applications that are_presently not
accessible to detectors fabricated with not-printable inorganic materials. A tremendous wealth of
science, technology and innovation is ready to surge thanks to the use of printable electronic materials
as ionizing radiation detectors.

The following contributions present an insightful roadmap on the most promising, printable material
platforms for ionizing radiation. Undoubtedly lead halide perovskites (Section 3.2) and organic
semiconductors (section 3.4), as well as nanocomposites, e.g. quantum dotsi(section 3.5), have been
the most investigated and performing material among them. Further, With the«aim to overcome the
toxicity of water-soluble Pb compounds, i.e. lead halides, in perovskites, signifieant efforts are ongoing
to develop lead-free counterparts for ionizing radiation detection as testified by section 3.3.
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Section 3.2 — Printable lead-halide-perovskite radiation detectors
Haodi Wu?, Guangda Niu'?, Jiang Tang'?

! Wuhan National Laboratory for Optoelectronics and School of Optical and Electronic Information,
Huazhong University of Science and Technology, Wuhan 430074, Hubei Province, People's Republic
of China.

2 Optics Valley Laboratory, Wuhan 430074, Hubei Province, People's Republic of China.

Status

In recent years, lead-halide perovskites gain wide attention in radiation detéction due to their
exceptional properties [1], such as high X-ray absorption coefficient, low defect density, and high
mobility-lifetime (ut) product. These characteristics enable high X-ray detection sensitivity and low
detection limit. Furthermore, unlike traditional radiation detection materials such,as CdTe and a-Se,
lead-halide perovskites offer the advantage of low-temperature solution processing [2]. This permits
its direct preparation of large-area film by using printing techniques’ likexdoctor-blading and spray
coating (Figure 1). Consequently, lead-halide perovskites can befeasily integrated with thin-film
transistor or complementary metal oxide semiconductor (CMQS) readout arrays, facilitating the
fabrication of high sensitivity, high spatial resolution, and low detection,limit X-ray flat panel detector
(FPD).

In 2017, Yong Churl Kim et al. [3] prepared MAPbI; thick film' on.a thin-film-transistor array using the
doctor-blading technique, which resulted in the first perovskite-based X-ray FPD. This detector
achieved a sensitivity of 3,800 uC Gy* cm, which is 490.timesithat of a traditional a-Se detector. In
2021, Jiuk Jang et al. [4] introduced guanidinium into A-site and/formed GAo.1MAo sPbls, yielding a more
stable perovskite composition. Due to solvent evaporation during the annealing process, numerous
pores formed inside the thick film, affecting carriertransport and decreasing the film density. In 2022,
Menglin Xia et al. [5] addressed the issue of film densification by incorporating a polymerizable binder
into MAPbIl; and employing soft-pressing. The ut product of the device increased by an order of
magnitude (from 5.3x10° cm? V! to 6.8x10%em? V'), and the sensitivity reached 17432 uC Gy* cm?,
indicating the improved carrier transport after densification treatment.

Compared to the doctor-blading te€hnique, spray coating and inkjet printing are more advantageous
for fabricating dense thick film with,Columnar crystals [6]. Henning Mescher et al. [7] prepared lead-
halide-perovskite films usinglan inkjet=printing method, achieving a flexible film with vertically aligned
columnar crystals. Wei Qian et al. [8] developed an aerosol-liquid-solid spray method, producing
oriented perovskite films andirealizing an X-ray detector with high sensitivity of 1.48x10° uC Gy™* cm-
2, Spray coating requires,more time to prepare hundreds of micrometers thick film, and due to the
large distance between'the hozzle and the substrate, material utilization is comparatively low.

In a relatively short period, lead=halide perovskites have exhibited remarkable performance and
demonstrated their‘application potential for X-ray imaging. Further advancements in printable lead-
halide-perovskite radiation detectors have the potential to greatly enhance their performance,
stability, and integration, ultimately fostering the growth of the radiation detection industry.
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Figure 1 The schematic of doctor-blading (a) and spray coating (b) method for printable lead-halide-perovskite
film fabrication. LHP: lead-halide perovskite.
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Current and Future Challenges

Although lead-halide perovskites have shown promising results in the field of radiation detection,
several challenges remain to be addressed, including composition and crystal structure exploration,
film density optimization, dark current density inhibition, response speed improvement, and circuit
integration.

Composition and crystal structure exploration. The composition and crystal structure of lead-halide
perovskites directly influence their properties like carrier mobility, carrier lifetime, defect
concentration, and ion migration activation energy [9], [10]. Currently, lead-halide-perovskite
radiation detectors primarily rely on simple compositions, such as MAPbl; and CsPbBrs, which exhibit
poorer stability and lower carrier lifetime compared to their mixed lead-halide-perovskite
counterpart. Learning from the development of perovskite photovoltaics, enhancéd'performance, and
stability can be achieved by developing mixed-cation and mixed-halide perovskites.

Film denseness. During the annealing process of perovskite thick films prepared by solution doctor-
blading, numerous pores form inside the film due to solvent evaporation. These pores severely
negatively impact carrier transport, device uniformity, and degrade spatial reselUtion. Additionally,
film density is a critical parameter in radiation detectors, and the,presence/of pores significantly
reduces the attenuation efficiency of lead-halide perovskites for radiation.

Dark current density. The dark current density of lead-halide perovskites lead-halide-perovskite
radiation detectors mainly ranges from 10® to 10° A cm™ [11]., The dark current density directly
impacts the devices' shot noise, leading to a decrease in thesignal-to-noise ratio and a reduction in
detective quantum efficiency (DQE) in X-ray imaging. Furthermore; due to the capacitance limitations
of thin-film-transistor or CMOS arrays, the high dark current/density can compress the imaging
dynamic range [11]. The readout circuit requirements for, the dark current density of lead-halide-
perovskite detectors should be less than 101° A cm2,

Response time. Response time comprises rise time and fall time. Current research indicates that the
rise and fall times of lead-halide-perovskite detectorsare on the tens to hundreds of millisecond scale.
This results in a significant lag in detectors, with over 10% lag after 35 ms [3], [12]. This lag far beyond
commercial scintillators, and also worse/thanicommercial a-Se detector (<0.5% @30 ms) [13]. Severe
lag causes artifacts in X-ray imaging, rendering the detector unsuitable for dynamic imaging
applications.

Integration. Integration with the readout array is a crucial issue that needs to be addressed for lead-
halide-perovskite detectorstin” thefutdre. This encompasses the robustness of integration and
subsequent device packaging. Theeffective connection between lead-halide-perovskite detectors and
the readout array directly’influences signal readout and the number of defective pixels for the
detectors. Packaging can,prevent the performance degradation of lead-halide perovskites from water
and oxygen erosion. Air-tight and radiation-robust packaging methods for lead-halide-perovskite
radiation detectors/till need tolbe developed.

Advances in Science and Technology to Meet Challenges
Figure 2 illustrates the strategies to meet several challenges, which we will expand on below.
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Figure 2 The schematic of main challenges and their solutions.
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Development of novel lead-halide-perovskite materials. Previous studies have demonstrated that
cubic phase lead-halide perovskites exhibit higher defect formation energy and shorter phonon
lifetime, which can reduce defect density and increase the carrier lifetime of the lead-halide-
perovskite film. Moreover, cubic phase lead-halide perovskites possess enhanced hydroxyl land
thermal stability. Drawing on the research experience of perovskite photovoltaics, ideal cubieslead-
halide perovskites can be identified and synthesized through the mixing of cations and ‘halides:
Yucheng Liu et al. [14] fabricated a FAo.s5sMA0.1Cs0.05Pbl2 55Bros single-crystal X-ray detector,/achieving
a carrier lifetime of 6.4 ps and the highest sensitivity up to date of 3.5x10° uC Gy! cm, /lemphasizing
the importance of component and structural optimization of lead-halide perovskites.

In addition to 3D crystal structures, quasi-2D lead-halide perovskites also present a promising option.
In quasi-2D lead-halide perovskites, 3D and 2D structures are arranged alternately. By selecting an
appropriate number of 3D layers, high carrier mobility, and low ion migration can be achieved. Xin He
et al. [15] fabricated a PEA;MAgPbol,s Ruddlesden-Popper type quasi-2D. perovskite thick film,
achieving an ion migration activation energy of 1.46 eV and exhibiting negligible device current
baseline drift. However, the traditional wet chemistry method will lead to_insufficient precursor
reaction in the preparation of high-entropy perovskites, resulting inthe, uneven component
distribution or phase separation. Haodi Wu et al. [16] employed“amechanochemical ball milling
method to enable a complete precursor reaction, aghieving Thigh-purity, high-quality
FA0.9MA0.05Cso.0sPb(lo.sBro.1)s over 1 kg per batch. They reported the firsthigh entropy perovskite-based
X-ray FPD with large ut product (7.5x103 cm? V1), high sensitivity.(2.1x10* uC Gyt cm2), and high
spatial resolution (0.46 Ip/pixel).

Densification treatment of the film. The densification in polycrystalline thick films can be effectively
improved through the application of pressure. Menglin'Xia et'al. [5] applied a 2 MPa soft pressing on
a TMTA-MAPbI; thick film, enhancing its densification. Scanning electron microscopy image further
confirmed the removal of pores within the film. Ning Litet al’[17] used a hot-pressing method (100°C,
150 MPa) to promote grain fusion in the thick filmpobtaining a smooth and dense film. The ut product
of the processed device was comparable to the singlelerystal-based detector, reaching 102 cm? V1. In
subsequent work, hot isostatic pressing,can be introduced to achieve more uniform pressure.
Additionally, encouraging lead-halide-perovskite self-assembly is also an effective strategy. Ziyao Zhu
et al. [18] demonstrated that BaTiOs ferroelectric dipoles strongly couple with lead-halide perovskites,
fostering their growth in a dense;seolumnar structure aligned with the charge-carrier transport
direction.

Defect passivation. Defect passivationiisian effective method to address the lag of X-ray detector and
suppress ion migration. Traditional jsemiconductor defect analysis methods, such as drive-level
capacitance profiling (DLEP) and thermally stimulated current (TSC), can be employed to identify
defect types in lead-halide-perovskite thick films. The defect passivation strategies in perovskite solar
cells are worth learning from, where passivation by coordinate bonding, ionic bonding, or chemical
conversion have proven -effectiver in mitigating the negative impacts of defects [19]. Mature
passivation recipesiin lead-halide-perovskite photovoltaics can be applied in X-ray detectors with
some necessary‘modifications.

Design of device structure. Effective device structure design can result in low dark current density and
high response speed for lead-halide-perovskite radiation detector. Amlan Datta et al. [20] reduced the
dark current density to 2.5x10° A cm by introducing electron and hole-blocking layers. Yin Zhou et
al. [21] constructed a heterojunction to effectively lower the device's dark current density (7.0x10*°
Arem:2), enhancing the signal-to-noise ratio and enabling imaging under a low dose rate of 32.3 nGya;
sit. Additienally, by designing PN or Schottky device structures, the detector can operate under higher
bias; achieving faster response speed (t=d*/uV, where d is the thickness, V is the bias).

Integration. Generally, a pixel array has an uneven surface. A connecting layer is needed to establish
a stable connection between the lead-halide-perovskite film and the array. Yong Churl Kim et al. [3]
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used a polyimide layer to bond the lead-halide-perovskite film with the thin-film-transistor circuit.
Sarah Deumel et al. [12] employed a grid-structured photoresist to achieve stable heterogeneous
connections. It is crucial to develop methods that provide both excellent longitudinal conductivity.and
robust connections, and anisotropic conductive film (ACF) bonding may be a good choice. In terms of
device packaging, metal foil with a low atomic number is the best choice, such as Be or Al, whiechycan
ensure perfect water and oxygen isolation and meanwhile minimized X-ray attenuation.

Concluding Remarks

Thanks to their solution processability, printable lead-halide-perovskite radiation detectors,have
achieved exciting results, such as high sensitivity, low detection limit, with large size. and uniform
performance. Some famous companies, like Samsung and Siemens, have also carried outresearch on
printable lead-halide-perovskite radiation detectors. Further development requires addressing issues
related to composition optimization, thick film densification, dark current reductien, response speed
improvement, and circuit integration. Printing methods enable the fabrication_of large-area lead-
halide-perovskite radiation detectors with high sensitivity and high spatial resolution, and holds
promise for medical, industrial, and security application.
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Status

Printable perovskite radiation detectors are a breakthrough technology that can enable low-dose and
high-resolution ionizing radiation detection. Perovskite materials, which was first found by Russian
researcher Lev Perovski in 1839, have recently sparked keen interest as a neW- class of radiation
detector materials. Unlike conventional detectors that require expensive and.complex fabrication
processes, printable perovskites can be produced on large substrates using simple and low-cost
methods. This makes them ideal for creating flexible and portable detectors«that can be used for
various purposes. The lead (Pb)-free perovskites, in which lead is replaced by comparable high Z-
number materials, such as bismuth (Bi) and tin (Sn), have drawn special attention owing to their non-
toxic nature to human being and the environment.

There are several typical methods for fabricating the printable,lead-free perovskite radiation
detectors. First, the spin-coating, in which perovskite precursors are déposited on the high-speed
rotating substrate, is one of the most widely used ways to fabricate flexible perovskite thin films. Many
high quality of perovskite films have been successfully produced, using the spin-coating technique [1].
Second, blade-coating, a method that the blade can be used to spread the precursor uniformly, have
been quickly developed thanks to its merits of fast grinting'and direct deposition [2]. Third, spray-
coating, a technology that can print liquid and powder on the,substrate, have been actively exploited
thanks to their high deposition efficiency and flexibilitysin substrate selection [3].

Using environmentally friendly lead-free perovskite and various types of fabrication techniques, a
series of radiation detection devices have been developed and some recent success are listed in Table
1. All-inorganic lead-free double perovskite Cs, AgBiBr, film with high stability and ideal bandgap
have been successfully deposited [4]. Zhang etal.reported a Au/Cs,AgBiBrg /Au X-ray detector with
excellent sensitivity of level of 10* uC Gy cm™2 and long diffusion length of 700 nm [5]. Another
X-ray detection device, W /Cs,AgBiBr /Pt, with relatively high sensitivity of 487 uC Gy_.X cm™2 was
demonstrated by Haruta et al. [6]. The methylammonium cation-based perovskite MA3;Bi, Iy (MA =
CH3;NH3) was investigated for X-ray detection by Dong et al. [7] and Xin et al. [1], revealing high
resistivity and low detection limit. Another all-inorganic lead-free perovskite Cs,Tels, which was
fabricated by electrospray-coating, have shown suitable X-ray detection limit of 170 nGy,;,-s~* [8]
and high sensitivity of 226.8 uC Gy(;i} cm™2[9]. Jia et al. reported that hybrid perovskite FACs (FA =
CH(NH,),) has excellent detection limit of 3.5 nGy,;-s 1 [10].

Current and Future Challenges

In spite of manyfascinating advantages, i.e., low toxicity, high resistivity, low detection limit, flexibility,
and especially.reasonable fabrication cost, the printable lead-free perovskites have several challenges
to be overcome. Atsthis point, the development of lead-free perovskite materials is still at a relatively
early stage compared with their well-studied lead-based counterparts, and their performance and
stability need to be further improved. The limitations of printable lead-free perovskite detector
materials can'be connected to both intrinsic factors of lead-free perovskites and unique characteristics
of printablesperovskites.

lonymigration. Similar to other types of perovskite radiation detector materials, printable lead-free
perovskites, especially hybrid perovskites, have suffered from ion migration. lon migration could
potentially cause the degradation of material quality, affect the electrical properties, and lead to the
instability of detector performance. For example, the representative printable lead-free perovskite
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MA3Bi, I, film has an intrinsic tendency of ion migration, which comes from the movement of MA*
cations inside the perovskite structures [12]. This kind of ion migration could cause the change of
charge transport behaviour over time. Further studies are needed to address this issue.

Grain boundaries. Printable fabrication methods, such as spray-coating and blade-coating, have a
chance to promote the formation of many grain boundaries, which directly influence charge transport
and collection efficiency. Grain boundaries can act as charge traps, leading to the charge carrier
recombination, which usually cause the degradation of whole detector device performance and deep
level defects [13].Thus, it should be a big challenge to increase the grain size, while minimizing the
number of grain boundaries during the printing the lead-free perovskites [2].

Need to extend detection range into higher energy. Most of printable lead-free perovskite radiation
detectors have been focused on X-ray detection (less than 100 keV), while the reports of detecting
higher energy radiation, i.e., gamma-ray (several MeV), using these detectors ‘are relatively lacking
compared to non-printable perovskites [14]. In order to detect higher-energy radiation, thick detector
medium must be used to ensure sufficient absorption of incident radiation: However, most of the
current fabrication methods are only capable of producing films on the orders6f several um. The
printable gamma-ray detector devices should be developed and investigated; which could offer an
enabling technology in nuclear safety, non-proliferation inspection and homeland security
applications.

Advances in Science and Technology to Meet Challenges

Doping. Many doping materials, such as CI [15] and MACI [7] have been investigated to increase the
ion migration activation energy, which helps suppress the ion migration and improve the transport
behaviours of charge [1]. In addition, adding appropfiate additives in the lead-free perovskites can
achieve the enhancement of crystallinity and marphologyywhich results in higher optoelectronic
performance [10].

Large size cation-based perovskites. Because ‘the eation size could influence the crystallinity and
quality of the perovskite films [16], lead-free perovskite with larger size of cations could help obtain
better radiation detection performance from suppressed ion migration and improved material quality.
Most commonly used cation for fabricating printable lead-free perovskite should be MA* and Cst,
whose sizes are smaller than FA™ cation [17]. Adding some other additive cations with MA* /Cs* and
exploring the FA™-based lead-free/perovskites should be further explored.

Improved fabrication methods.,The traditional methods for printable lead-free perovskites, such as
spin-coating and blade-coatingphave certain limitations that often hinder their capabilities to obtain
compact, flexible, high-crystallinity,;and low-defect of perovskite films due to the fact that the solvent
molecules could break throughithe shell during the nucleation process [18]. Scalable spray-based
methods, including mist deposition [Figure 1(a)], aerosol deposition [Figure 1(b)], and electro
spraying, have an ability to proceed both nucleation and growth simultaneously, resulting in the
fabrication of uniform/and thick perovskite films [2]. These merits generally enable the generation of
columnar grains, which.lead to high mobility-lifetime product and reduced charge recombination [6].
Another promising printing technique, inkjet printing, has an advantage of forming thick and multi-
layered lead-free perovskite [19][20]. It should be noted that the thickness of perovskites is essential
for high-ehergy gamma-ray detection considering the effective attenuation of gamma-rays in the
detectorrmedium [14]. Spray-based deposition and inkjet printing methods can be applied on thin and
flexible substrates, which help enlarge the application portfolios [8].

Concluding Remarks

Recently, the research of printable lead-free perovskite-inspired radiation detector has attained many
remarkable achievements, e.g., demonstration of high-sensitivity and low-detection-limit on X-ray
detection and versatile technologies to fabricate flexible lead-free perovskite detector devices.
However, there are still some challenges that need to be addressed to further improve detector
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performance. In this regard, ion migration, charge recombination at grain boundaries, and insufficient
detector development for high energy gamma-ray detection are three representative issues. On-going
efforts of material synthesis and device fabrication have made positive progress to help address the
challenges to accelerate the development of printable lead-free perovskite detector technologies for
enabling high performance radiation detection at competitive cost. Further systematic work is needed
to improve their performance and stability.

Table 1 Recent research results of printable lead-free perovskite films and the fabricated X-ray detection devices.

. L X-ray detection property
l(\l/ljaetteeréi;r device) r:ibtgggtlon Sensitivity (Bias) | Resistivity | Detection limit gtzfaerr)ence
[kC Gygr em™] | [Q.cm] [nGYairs ']
Cs,AgBiBrg . . 4 ]
(4u/Cs,AgBiBr, | Au) Spin-coating 1.8x 10* (5V) 145.2 [5] (2020)
Cs,AgBiBrg . . 10 i
(W/Cs,AgBiBr,/Pt) Mist deposition | 487 (10 V) 1.0 x 10 [6] (2021)
MA3Bi, I, P u
(Au/MA,Bi,l,/ITO) Blade-coating | 100.16 (15V) 3x10 98.4 [7] (2022)
MA3 Byl Spray-coating | 35 (15 V) 5x 1011 140.0 [1] (2022)
(ITO/MA;Bi, 1,/ Au) :
Cs2T616 - . 10 i
(FT0/Cs,Tel, /PTAA/ Au) Spray-coating 19.2(1V) 4.2x10 [11] (2018)
Cs2T616 - . 11
(PI/Cs,Tel,/Au) Spray-coating 76.27 (5V) 1x10 170.0 [8] (2021)
Cs2T616 - . 11 )
(PI/Cs,Tel,/Au) Spray-coating 226.8 (10V) 1.9 x 10 [9] (2022)
FACs .
(ITO JFACs/Cu) Spray-coating 3433 (—=0.5V) - 3.5 [10] (2022)
(a) (b)
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Figure 1 (a) Schematic illustration of mist-deposition technology using pre-wetted crystals [6]. (b) Aerosol-liquid-
solid fabrication process and nueleation mechanism of deposited solution. Reprinted from [18], Copyright 2021,
with permission from/Elsevier,
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Status

Radiation detectors used in commercial applications typically consist of inorganic,semiconductors
such as silicon or germanium since their high atomic numbers (Z) result in a strong interaction with
the radiation, making them very sensitive. This behaviour, however, is very diffefent thanthat of the
human body, which consists of low-Z elements. Consequently, in medical applications/the recorded
output must undergo corrections to match the response of a tissue-equivalent (water-equivalent)
target.[1] The instrument calibration is dependent on the specifics of the.setup, as well as the
treatment regimen and the needs of the patient; such a complex protocol is inevitably prone to errors.
Organic semiconductors have emerged as a viable solution to this problem given their similarity in
response to that of the human body, which eliminates the need for extensive corrections, thus
improving the precision and reducing the complexity of the equipment. The incorporation of organic
semiconductors in radiation detectors brings several other advantages. First, their processing using
solution or laser printing reduces the cost even further, also making them compatible with different
form factors and with flexible substrates conformal to the hdman body.[2]-[4] The vision is to develop
remote monitoring devices consisting of large-area arrays of diserete detectors that can be placed
directly at the point of contact to provide precise, instantaneous feedback with high spatial resolution
(Figure 1). Accurate control of the magnitude of the dose at every point of contact is critical in
delivering the prescribed amount to the target, while,preserving the bodily functions of surrounding
and/or neighbouring organs and tissues. Second, the lightweight of organic devices makes them
suitable for wearable electronics addressing worker,radiation safety in high-exposure environments
like nuclear plants, space and aircrafts; or hospital and research facilities using X-Ray sources. The
incorporation of organic semiconductor_radiation detectors in portable medical equipment, along
with the lower cost, would lead to a mare inclusive and affordable healthcare.

Materials

Figure 1 Organic semiconductor-based radiation detectors. a) Small molecules and polymers used in radiation
detectors. b) Large=area arrays of radiation detectors enabled by organic semiconductors. c) Wearable radiation
sensor.

These remarkable properties have been recognized early on and, as such, organic semiconductors
were tested.«n various radiation detecting technologies. Small molecule and polymeric
semiconductors have been incorporated in radiation detectors both as active layers to directly
transduce the ionizing radiation into electrical signal, or in conjunction with scintillators for indirect
sensing.[5], [6] The devices include diodes, photodetectors and transistors,[1], [7]-[9] and several
demonstrations of integration with flexible substrates are already available; for more details please
see the recent review on this topic by Posar et.al.[10] Notably, the sensitivity of organic radiation
dosimeters has rapidly improved, reaching values of 1.3-10* uC/Gy-cm? along with minimum
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detectable dose rates of 35 uGy/s.[11] While related to its sensitivity, the clinical utility of a detector
has to be weighed among other factors relative to its intended purpose, therefore accuracy, detection
limit, specificity are amongst additional factors that are taken into account.

Current and Future Challenges

Both radiation detectors and radiation dosimeters are crucial tools for understanding, exploiting, and
managing the risks associated with ionizing radiation. However, they serve different{purposesawhile
detectors provide information on the real-time intensity and type of radiation, dosimeters measure
the cumulative absorbed dose over time.[12] Typically, the dose is normalized per unit mass and
expressed in units of Gray (Gy = J/kg). In the medical field, detectors are incorporated in X-ray imaging
in diagnostic radiology, while dosimeters provide radiation delivery verification for radiotherapy
treatment of cancer, benign tumors or other conditions (heterotopic ossification, keloids,
arteriovenous malformations, etc).

Organic semiconductors exhibit unique properties that are not present in any other class of materials
employed in radiation detection, making them serious candidates for large-area detectors conformal
to the human body. But to fully exploit this potential, it is critical that the mechanism for radiation
detection is clarified; most likely, it will be dependent on the nature of the radiation, e.g. ions,
neutrons, protons, X-ray, gamma. Several key questions should be addressed to allow a transition
from the current trial-and-error approach to a rational design of materials and device structures
efficient in radiation sensing. What determines the sensitivity of a device? Are there certain features
in the organic semiconductors chemical structure or thin-film microstructure that can enhance the
response, which would translate in a higher sensitivity? A large number of organic semiconductors
became available and their environmental and operational stability now match the requirements for
most optoelectronic applications.[13], [14] But is this stability maintained under radiation exposure?
How can one distinguish between the effects resulting from interactions with radiation and other
effects such as bias-stress or environmental degradationywhich can also yield changes in electrical
properties of the organic semiconductor films2 The mechanical strain introduced during
bending/flexing to address irregular shapes on the human body could also lead to reversible or even
irreversible damage to the sensor. Due to the sensitivity of transport to the microstructure, another
challenge that needs to be addressed isithe areakuniformity in film properties, which is a pre-requisite
for the incorporation in large-area detector arrays necessary to evaluate dose non-homogeneities.
Therefore, controlling film formation on length scales relevant to real-life dosimeters, especially
during high-volume processing, becomes critical. The spatial resolution is proportional to the number
of devices (pixels) within theymatrix‘and thus downscaling the detector size would result in better
accuracy in the 2D mapping of thelbeam properties. Downsizing electronic devices, on the other hand,
makes manufacturing more difficult and can result in reduced performance due to high contact
resistance and less effective heat dissipation.

Advances in Science and Technology to Meet Challenges

The research efforts focused on organic semiconductors have spanned several decades and have
generated a large number of materials which have been critical in establishing structure-property
relationships for the development of high-performance optoelectronic devices. Similar lessons should
now be developed in the context of radiation detection, and it is possible that an effective sensor
response implies different material design strategies. This is a burgeoning area of research, which will
take advantage of the rich chemical versatility of organic semiconductors to introduce functionalities
tailored for each type of radiation, as well as for well-defined energy windows. But the rational design
of new materials is dependent on the understanding of the mechanism responsible for radiation
detection. Another possible outcome is that discarded materials which have been found to exhibit
sub-par electrical properties can be revisited, by focusing on the requirements for response to
radiation which may not include the need for a high charge carrier mobility.
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Organic semiconductor film formation proceeds through stochastic crystallization via multiple and
often competing pathways during solution drying, making microstructure control across large area
surfaces not trivial. Fortunately, decades of research focused on programming film crystallisation for
the development of transistors, diodes or solar cells provided an increased maturity in processing-
structure-property relationships and generated the much-needed toolbox for controlling thesfilm
formation in the fabrication of radiation detectors/dosimeters.[15], [16] An alternative route is that
of employing amorphous films, which offer isotropic properties, with no grain boundaries.

The device design will go hand in hand with material progress: for example, the sensitivity was found
to be dependent on the gate-source voltage in RAD-OFETs (Radiation Detector Organic Field-Effect
Transistors).[1] The resilience to mechanical stress upon bending is dependent on the nature of the
consecutive device layers and the bending radius, both imposing challenges in considering multiple
factors in device architecture to preserve the sensitivity. Encapsulation is an efficient way to increase
the environmental and operational stability but choosing the encapsulant layer should also consider
its response to radiation. Device downscaling provides higher resolution in mapping the spatial
properties of the radiation beam, but it also exacerbates the contribution of the contact resistance to
the overall device response, thus introducing errors.[17], [18] Contact resistance can be reduced
through chemical tailoring the electrode surface with self-assembled monolayers, insertion of
interlayers, doping, or adoption of organic contacts.[17] The latter brings the additional benefit of a
more uniform radiation absorption in an all-organic device.

Concluding Remarks

Organic semiconductors could revolutionize the way that radiation interaction with the human body
is detected and measured given the similarity in in the Z-number.with that of tissue, greatly enhancing
the precision and reducing the complexity of medical,equipment. Low-cost, light-weight and
mechanically well-matched interfaces for biological'systems will allow sensor placement directly onto
the human body to improve the quality and lower the cost of healthcare. New applications that are
impossible to realize with the current technologies,ilike, for example wearable personal dosimeters,
will greatly impact our wellbeing. Incerporation of jorganic semiconductors in radiation sensors,
however, is dependent on a clear understanding on the physical processes taking place upon
interaction of the organic semiconductors withsradiation: development of new structure-property
relationships in the context of radiation detection will result in precise and radiation type-selective
response imbued by synthetically'tuned, molecular building blocks generated in new materials or,
possibly, in revisited old compounds. Creative device designs, along with a thorough control of the
mechanical and electrical propertiestand how they are affected by processing will accelerate the
commercial readiness of printabléiorganic semiconductor-based radiation detectors.
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Status

Colloidal quantum dots have emerged as a promising class of materials for printable radiation
detectors. In particular, previous research was focused on using quantum dots as, scintillators for.
indirect X-ray and gamma detectors due to their excellent optical propertiesn,.and strong
photoluminescence.[1] Moreover, heavy-metal based quantum dots can also be applied for the direct
conversion detectors due to high radiation absorption and good charge transport properties in films.
Due to the presence of heavy atoms, PbS quantum dots possess higher X-raysstopping power
compared to traditional materials for the direct X-ray imagers such as Si and Se«(Figure 1).[2] Another
technological advantage of quantum dot material is the amorphous structure of quantum-dot-based
layers. Typically, in an amorphous semiconductor, the diffusion distance of charge carriers is much
smaller compared to drift, thus minimizing charge sharing betweenypixelsand allowing for high-
resolution sensors. In combination with the ease of deposition of.,quantum’dot films from solutions
by simple printing techniques, these advantages make quantum dot, technology an important
candidate for next generation X-ray detectors.

One of the first attempts of fabricating quantum-dot-based radiation'detectors was based on a hybrid
qguantum dot/organic approach, where quantum dots were used as X-ray sensitizers, and organic
heterojunction as charge transport material.[3] However, the'efficiency of charge transport from
guantum dots to the organic matrix limited the perfarmance,ef the devices.

Other notable approaches are growing macroscopic erystals from quantum dot solution[4] or
compressing quantum dot powder into pellets[5].:The compressing method can provide mm thick
guantum dot pellets which are required for efficient stopping of high energy radiation. While these
methods allow easy and straightforwardyfabrication of thick quantum dot radiation absorbers,
production of large area flat-panel detectors using them remains challenging. Also, such methods are
not suitable for printable sensors.

Recent progress in deposition of thick'quantum dot films by printing techniques enabled prototyping
X-ray sensors compatible with large4area manufacturing.[6] Lab-scale devices suggested that quantum
dots demonstrate X-ray absorption and sensitivity potentially suitable for mammography application.
These results encouraged further R&D efforts to demonstrate a quantum dot X-ray sensor, able to
deliver high-resolution X-ray images (Figure 2).
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Figure 1 Mass X-ray attenuation coefficient for PbS, Se, and Si.
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Figure 2 X-ray image of a hand phantom obtained using the first highresolution guantum dot sensor. Image
courtesy of QDI systems and Varex Imaging.

Current and Future Challenges

Ink fabrication. Fabrication of X-ray detectors requiresisignificant amounts of quantum dots due to
large area and film thickness. For example, a single.medical X-ray detector requires tens of grams of
guantum dots. Thus, an upscaled synthesis of quantim dots needs to be established to reliably
produce high-quality material. After'thensynthesis, quantum dots are typically capped with long
insulating ligands which should be replaced with shorter species to enable good electrical transport in
deposited films.[7], [8] This is done by phase transfer ligand exchange and resultant inks can be printed
by various solution-processable technigues.[9] This process is associated with complex processing and
difficulties in scalable production/and needs to be further developed for X-ray technology with high
material demand.

Film deposition. The thickness of the guantum dot film for radiation detectors needs to be orders of
magnitude thicker than submicron quantum dots films that are sufficient for IR detectors or solar cells.
Deposition of such thickifilms uniformly on a large area is a tremendous challenge and information
about this is scarce.

Stability. Environmental and operational stability of the quantum dots layer and the detector as a
whole is crucially.important for medical X-ray application. The device performance can degrade due
to oxygen or water vapors, operation at high temperature or bias and prolonged exposure to ionizing
radiation.

Performance of the detectors. Quantum dot radiation detectors must meet a set of criteria to get a
green light.for the commercialization of the technology. These parameters include low lag (< 2% after
33 ms), low dark current (< 1 nA/cm?), high conversion rate (> 0.24 uC/cm?R for 20 keV photons), and
high detective quantum efficiency (>65% at zero spatial frequency).[10] A future challenge can be the
optimization of each of device performance parameters to the level where it will outperform current
commercial detectors.

Cost.) Quantum-dot-based sensors need to be competitive compared with well-established
commercial technologies in terms of price. Being a highly-engineered material, quantum dots are
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associated with higher material costs, however cost-efficient deposition process allows vendors to
have an eventual competitive advantage.

Environmental impact. Quantum dot processing requires extensive use of organic solvents, heavy-
metal containing chemicals and toxic reactive organic precursors. Thus, the environmental impact of
large-scale production should be carefully considered and different measures need to be taken to
minimize it.

Advances in Science and Technology to Meet Challenges

Ink fabrication. The synthesis of quantum dots can be scaled up and the industry leaders produce tens
of tons of quantum dots for displays.[11] However, upscaling of the ligand exchangeyprocess still
represents a challenge, with a few g of quantum dots (lab scale) batches” demonstrated.[12]
Nevertheless, it is necessary to upscale it even further for the fabrication of radiation detectors and
decrease the associated cost. For that, continuous ink fabrication approach maybe introduced,
similarly to the continuous flow synthesis of quantum dots.[13]

Film deposition. Printing of quantum dot films with the right thickness‘for. radiation detectors is still
under development, nonetheless 140 um thick quantum dot films were successfully demonstrated.[6]
Typically, such thick films are deposited by ultrasonic spray coating method, which minimizes material
losses and results in a good surface morphology.

Stability. The encapsulation layer is typically used in order to protect,the quantum dot layer from
environmental factors.[7], [14] Likewise, encapsulation might,be utilized in X-ray sensors to increase
the stability. However, more research is needed towards studying the sources of degradation of the
device under the combination of temperature, humidity, voltage bias and X-ray exposure.

Performance of the detectors. It is difficult to summarize theyperformance of the detectors due to the
low number of reports and various types of quantumidots and structures described in them. It was
reported that a 140 um thick spray-coated PbS quantum dot layer have sufficient X-ray absorption to
be applied in mammography with X-ray sensitivity éxeeeding state-of-the-art amorphous selenium
several times.[6] Here, it is useful to note that the performance of the pixelated sensors is more
relevant and can vary greatly when compared.to single area devices.

Cost. Modelling of the synthetic cost shews that the price of PbS quantum dots can potentially be
decreased to the level of a few tens of USD/g.[15] Nevertheless, the commercial price of quantum
dots on the market still remains high/(hundreds or even thousands of USD/g).[16]

Environmental impact. The environmental impact of production of quantum-dot-based detectors
should be reduced. All the chemical.waste which is formed during the synthesis must be carefully
disposed of in accordance to the regulations. Solvents can be recycled or substituted for greener
alternatives, if possible/Solvent evaporation during the deposition of thick quantum dot films results
in fumes, which can besscrubbed from the exhaust.

Concluding Remarks

The recent adyvances in quantum dot synthesis, ligand-exchange and deposition have resulted in lab-
scale prototypes of printable quantum dot radiation detectors. A set of technological challenges need
to be solved for'the commercialization of this technology. They are associated with the upscaled
guantum dot synthesis and ink fabrication, the deposition of thick quantum dot films on large areas
and optimizatioh of the performance and stability of the detectors.

Development of such detectors is a multidisciplinary R&D project and requires collaboration between
scientists and engineers with different backgrounds and involvement of commercial partners,
especially when it comes to the fabrication and characterization of the imaging devices. This is a
relatively new and undeveloped field; therefore, it is difficult to predict the direction of its evolution
and full technological potential. It is anticipated that one of the first niches for this technology will be
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direct conversion medical X-ray sensors. Quantum-dot-based radiation detectors have a promising
technological advantage for mammography applications, because of higher X-ray sensitivity compared
to those of amorphous selenium.
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Section 4.1 — Introduction to printable mechanical sensors
Joseph Andrews'?
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Electronic mechanical sensors can be defined as electronic devices that transduce a,mechanical
process into a measurable change in an electronic parameter. In terms of mechanical processes, the
most sensed include strain and pressure, as depicted in Figure 1. These are often sensed using passive
resistivel? or capacitive components,®>* but there have been demonstrations/f utilizing printed active
components for increased sensitivity.>® The realization of mechanical sensorsshas, benefited several
fields. Health care is a prime example, where strain sensors can besused to sense heartbeat or
breathing cycles’ and force sensors can be used to detect gait patterns.® Many other fields, including
structural integrity monitoring® and industrial process monitoring'®have also been impacted through
the development of mechanical sensors.

Printable Mechanical Sensors
Pressure

nanomaterials macromolecules

Figure 1 Overview of the primary parameters relative to mechanical sensing along with materials to enable next
generation sensors.

Utilizing printed electronics "to fabricate mechanical sensors can provide many advantages over
traditional techniques. The freedom in substrate choice has led to the development of more
stretchable sensing technologies for high strain applications. Another key advantage is the ability to
fabricate non-traditional geometrical structures. One example incorporates curved patterning within
a strain gage to drastically, increase sensitivity due to localization of stress fields within serpentine
conducting lines.? Lastly, printed./electronics can offer the ability to generate large-area distributed
sensing systemS.'This“can enable spatially resolved sensing for parameters such as pressure. A
prominent example ofithis utilized solution processed carbon nanotube thin-film transistors to create
an active _matrix;pwhere capacitive sensors based on pressure sensitive rubber composites were
interrogated spatially using minimum electrical connections.!! Printed electronics can enable future
sensing systems that require high conformability, customized geometry, and spatially resolved data
capture.

Key benchmarking elements for mechanical sensors include sensitivity (also referred to as gage factor
fonstrain sensors), specificity, and dynamic range. Gage factor for strain sensors can be defined as the
percent change in resistance for a given change in percent strain. For a typical off-the-shelf commercial
sensor consisting of evaporated constantan on polyimide substrates, one can expect a gage factor of
approximately 2.2 While sufficient for many applications, printable devices with unique geometries
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including serpentine patterns, can achieve gage factors that are orders of magnitude higher, with on
example approach 107.2 Similarly, pressure sensors can be benchmarked related to their sensitivity,
with highly sensitive devices needed for applications such as heartbeat monitoring. The sensing
dynamic range is another key factor to consider for pressure sensors. There has been significant work
to increase the range of capacitive sensors to allow for dynamic linear sensing ranges from 0.te:175
kPa.® Lastly, the time response of both sensing technologies is something that should be,carefully
considered. It is of note, however, that often the means of applying a mechanical impulse caniindeed
be slower than the response of the sensor. For example, a pressure sensor tested using/aitraditional
load frame would have trouble loading the sensor at a rate that is slower than the pressure’sensor
response itself, precluding insight into the time response.

Printed Strain Gage for Increased Sensitivity
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Figure 2 Examples of printable mechanical sensors including a printed strain gage (A-C) and a printable
capacitive pressure transducer (D, E). (A) Extrusion printing of S shaped patterns, as displayed in (B) with the
resulting strain sensing properties for varied radii of curvature (C). (D) Two substrate printing required for
forming parallel plate capacitive structures separated by elastomeric domes for capacitive pressure sensing,
including the results displayed in (E). (A-C) are adapted with permission from [2], and (D, E) are adapted with

permission from [3].

Currently, printed sensors for mechanical transduction have been demonstrated using a wide variety
of printable materials including/polymeric materials such as PVDF, carbon nanocomposites, 2D
materials, nanomaterials, and organic materials. In this section of the roadmap, each material will be
discussed, specifically focusing on the challenges and potential advances to meet those challenges.
Many of the challenges discussed in the following sub-sections relate to material processing
challenges that ‘preclude sensor yield and uniformity. One of the reasons that constantan thin-film
strain gages are‘a main stay for strain and pressure (through integrated load cells) measurements is
their consistency. In working with new materials and processes, the device-to-device uniformity must
be improvedthrough a more thorough understanding of the material processing parameters and the
sensor working principles. Another key challenge to overcome is parameter cross sensitivity. Many of
the'printable materials used for their sensing properties, such as carbon nanomaterials or polymeric
materials, are inherently sensitive to environmental parameters such as humidity or temperature.
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Schemes must be addressed to allow for real-time calibration or elimination of cross-sensitivity all-
together.

The field of printable electronic mechanical sensors is quite broad and therefore uses many different
techniques for printing, with those techniques being distinguishable as enabling two dimensional
technologies (inkjet, aerosol jet, gravure printing) and those that enable three dimensional stractures
(extrusion). Two-dimensional printing technologies are often used for strain gage fabrication, where
thin conductive traces are used to transduce mechanical strain of a flexible substrate, however, three
dimensional techniques are extremely attractive for developing compressible structures forpressure
monitoring. Given the broad set of potential deposition techniques, the challenges of material
processing are sufficiently broad, but contain broad themes related to material dispersibility,
rheological optimization, and process uniformity. To compete with more mature, non-printing
techniques such as physical vapor deposition, innovations are needed. For example, sensors that rely
on small geometrical changes for transduction must have consistent print patterns, likely necessitating
closed-loop control during the deposition process, an active area of researchnfor many printing
techniques.

The final challenge relevant to the broad area of printable mechanical transducers is the attachment
of the sensor interrogation electronics. In a flexible hybrid electronie, scheme where the sensor
consists of a printed electronic device, but the data logging capabilities utilize rigid silicon ICs, the
connection point is often the weakest.?® This weak connectioh stems frém the need to utilize low-
temperature epoxies or other electrical connection schemes dueto,thé low processing temperature
requirements of flexible and stretchable substrates. This mechanical weak point must there be
isolated or mitigated in some fashion to not influence the data transmission or recording of the sensor.
This can be accomplished through mechanical affixation, stress-relieving passivation techniques, or
initiating wireless data communication. Solving this challenge’is critical in terms of transitioning the
advantageous printed sensors from the lab to the real=world.

Overall, printed electronics technology is poisedito have a significant impact on the future of
mechanical sensing. Indeed, the fieldfis already dominated by thin-film technologies, and the many
important advantages of printing the transducers motivate their introduction into real-world sensing
applications. The performance increaselthat isirealized from using novel material sets, as discussed in
subsequent sections, will also allow for new application spaces, such as wearable or even implantable
technologies. In addition to the pefformance increase, the additive nature of printing processes is
expected to allow for more sustainable manufacturing schemes, specifically if attention is paid to the
full life cycle of the materials! Thesesmotivating factors will lead to the scientifically discovered
solutions to the presented challenges, allowing for increased utilization of printing technologies for
mechanical sensing.
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Status

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer with high electroactive properties [1].
PVDF copolymers and ternary polymers have been developed (Table 1) inforder to improve specific
material characteristics, including the electroactive properties [2]. The main properties of PVDF-
related materials for electromechanical conversion applications, includé the piezeélectric coefficients
ds; and djs;, the electromechanical coupling (kss) and the dielectric constant (€")are presented in Table
1. These characteristics are tailored to improve PVDF materials for applications as sensor and energy
harvesting devices.

Table 1 Electroactive properties of PVDF based materials (left) and characteristics of the inks for specific printing
technologies (right) [3].

Main Properties ds; / ds3 ka3 €' Printing 3D Inkjet Screen
PVDF 8-22/-24 -34 0.2 6-12 T‘\*/Ci:c’;‘;',‘t’gy - 7730 7000

, _ _ "000-

PVDF-TrFE 12/-38 0.29 18 (mpa.s)y 500,000 10,000
PVDF-HFP 30/-24 0.36 11 Resolution 50-200 20-100 30-100
PVDF-CTFE -/ -140 0.39 13 Cost Low Moderate Low
PVDF-TrFE-CTFE - - 40 Speed Low Moderate Low

PVDF can be reinforced with high-piezoelectric ceramics to be tailored for piezoelectric and capacitive
sensing applications [4]. With respect(to the mechanical characteristics, tensile stress and Young
modulus are in the order of 35-55 MPa and,1<2 GPa, respectively, with maximum elongations up to
500 % [3]. Increasing filler content typically leads to an increase of the electroactive properties, at the
cost of increasing Young modulus ahd decreasing maximum elongation. Moreover, PVDF composites
have also been implemented as,piezoresistive sensors by the incorporation of conductive fillers [1].
Accordingly, working principles for/PVDF-based pressure sensors are divided into three main
categories: voltage (piezoelectric), capacitance, and resistance transduction under the mechanical
excitation.

Voltage variations in piezoelectric sensors are related with the piezoelectric coefficients (Table 1). For
capacitive sensors, the dielectric constant, and geometrical factors (area/thickness) are altered
when under pressure. For piezoresistive pressure sensors, materials with electrical conductivity close
to the percolation threshold show a higher sensitivity. The sensitivity of the different sensors can be
determined by $y=.60(AX/X,)/SP, where X is electrical response for the different types of sensors,
typical values being 19 mV/kPa for piezoelectric transduction, =1 kPa™ for capacitive transduction, and
67 kPa™ for piezoresistive PVDF based pressure sensors [1, 5].

Focusing on the piezoelectric effect, the most representative sensing principle for PVDF, the typical
sensor applications (Figure 1) include monitoring human signals, tactile sensing, and soft robotics. 2D
printed devices have been mainly used for low pressures (from 10 to 10 N), whereas 3D-printed
sensors have been also applied as self-powered devices and typically allow sensing higher pressure
ranges (from 1 to 10° N) [6]. The main PVDF-related materials, printing techniques and sensitivity of
the sensors are presented in Figure 1.
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Actlv?. Pnnt.lng Typical Sensitivity | dss| Ref.

Material technique Force (pC/N) P(VDF-TrFE)
P(VDF-TrFE) Screen 0.5-3N 112 mV/kN - [7] M PEDOT:PSS
P(VDF-TrFE) | Bar coating 1-3N - 26.9 [8] Parylene-C

PVDF Blectrohyd | 5 105N | 0.2mg - 9]
rodynamic
PVDF DWP 50N 443 mV/N - [10]
P(VDF-TrFE) DIW 46 kPa ~2 V/kPa 130 [11]
61.6
BT/PVDF DIW 500 kPa mV/kPa 69.1 [12]
PVDF FDM 2N 4.8 V/N 47.8 [13] i oul #
PZT/PVDF FDM 14kPa_| 21 mv/kPa - [14] | s lo2sured puise wave o
- >
IL/CNT- Eos 2w
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G/BT/PVDF FDM 1N B 302 | [17] Time (5)

Figure 1 Left: typical parameters of printed PVDF-based pressure sensors. RightisExample of a printed
transparent pressure sensor for bio-signal monitoring based on P(VDF-TrFE),[18].

Current and Future Challenges

PVDF-based materials are receiving increasing attention due to theinallowance for simple fabrication,
mechanical flexibility, chemical and radiation stability, and high-performance dielectric and
piezoelectric properties. Using their intrinsic properties, these sensors can convert a pressure into an
electrical response, with the advantages of simple fabrication;low-cost, wide frequency range, and
high sensitivity [17, 19]. However, the conversion efficiency (electromechanical coupling factor
increases with ceramic reinforcement) and the/stability of the signal over time must be further
improved. Capacitive and resistive pressure sensors are highly dependent both on intrinsic physical-
chemical properties and geometrical factors variationsy(geometry variations leading typically to much
lower sensor sensitivity than intrinsic variations), contrary to piezoelectric sensors. An important
aspect for improving pressure sensitivity, response time, and linearity of piezoelectric sensors is the
control of the B-phase crystalline content, which determines the piezoelectric response of the
material.

Thus, a challenge relies on increasing the/crystalline content of the PVDF without losing mechanical
flexibility. Similar factors mustébe considered in composites, especially with large amounts of fillers,
being critical a homogeneous dispersion and a low filler size. The B-phase content can be increased by
means of nucleating agents, additives (including ceramics, ionic liquids and conductive fillers), or by
employing specific processing strategies (e.g. application of specific temperatures or electric field) [1].

An interesting charaeteristic ofiPVDF pressure sensors is their multifunctionality, as the same material
can act piezoelectric and capacitive; nevertheless, to identify the specific signal to the applied stimulus
can be complex and specific electronics is required. Furthermore, self-power flexible devices have
been also presented working without external power supply, though energy conversion efficiency and
power outputimust be improved to obtain fully self-powered functional monitoring systems. The
enhancedmultifunctionality combined with self-power characteristics is one of the critical advantages
of PVDF materials.

One importantiissue in soft materials is the interconnection of the flexible PVDF based sensors with
theread-out.circuitry, for which low resistance, highly adhesive electrode interconnects are ultimately
required. Additionally, the sensing operation range must be addressed through specific geometrical
designs of the sensor. Finally, the readout of weak signals (biomedical monitoring) and noise
interfefence are still relevant challenges influencing sensitivity.
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Advances in Science and Technology to Meet Challenges

There is continuous research for novel PVDF-based polymers, composites, and blends with enhanced
electroactive properties and dielectric constant, allowing improved sensitivity and sensing range,
among the most critical parameters for sensing applications (Figure 2). Copolymers and ternary
polymers and composites allow higher piezoelectric coefficients, while also allowing tuning the degree
of crystallinity. To improve the piezoelectric phase content, ceramic or nucleation| agents
(nanoparticles or ionic liquids) represent a suitable strategy, together with spécific processing
conditions including the application of poling and mechanical stretching. Ternary PVDF based
materials lead to large dielectric constant suitable for capacitive sensors (linear, reversible, and fast
response sensors), whereas piezoresistive sensors must increase cycling stability \by improving
polymer matrix interactions with the conductive network. Piezoresistive sensors critically'depends on
and therefore are tuned by the filler properties (geometry and conductivity) [2, 3]. Functionalized
nanocarbonaceous allow to enhance the polymer-filler chemical interaction, and.consequently, the
sensor response [4]. With respect to the sensing response time, it is in the order of tens to few hundred
milliseconds for piezoelectric, capacitive and piezoresistive sensors, being suitable for a wide range of
applications. The hysteresis to recover can be large, but critically dependson thewexternal stimuli given
to the sensor.

Devices obtained through processes such as lithography are time-expensive, complex to process and
involve high material waste. This is overcome by large area printing methods such as screen-, spray-
or 3D printing methods. These methods allow for high" customization, reduced number of
manufacturing steps, minimized materials waste, and large-scale production of sensing devices.
Developing inks for sensing applications typically implies including further additives to establish the
necessary rheological qualities, requiring a post-treatment, procedure for their removal. These
materials should be common for different printing techniques to achieve uniform industrial processes.
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Structured pattern and geometrical (area/thickness) factors can also be a key issue for improving
sensitivity of the sensor. Thus, pyramidal assemblies present larger sensitivity even for low pressures,
while pillar structures exhibit a larger and linear sensing detection area (Figure 2). Furthermore,
porous structures show a lower detection limit and a larger deformation detection range due to softer
mechanical properties of the material.

Ongoing research should be focused on achieving improved sensitivity, flexibility, and adhesion to
substrates and between layers. Additionally, work is needed to improve cycling stability and toallow
for implementation in harsh environmental conditions. Improving response sensitivity and,sensing
range in future PVDF pressure sensors is a challenge, as often improving one is detrimental of the
other. The response time of the piezoresistive sensors, in the range of tens of milliseconds is suitable
for a wide range of applications, though the recovery time can be slow (in thé order of seconds),
limiting fast dynamic applications. Therefore, to obtain a suitable balance for ‘a specific application
constitutes an important design challenge that must be addressed.

Concluding Remarks

PVDF-based materials present outstanding electroactive properties to enableflexible pressure sensors
with transduction schemes including piezoelectric, capacitive and/piezoresistive. PVDF copolymers
and ternary materials allow for the improvement of electroactive and dielectric properties when
compared to pristine PVDF, that can be combined with reinfoarcement.fillers (nanocarbonaceous or
high-dielectric ceramics) to further optimize specific properties for. functional applications. There is a
wide range of processing methods and geometries in which"PVDF-based materials can be processed,
allowing a wide range of applications with suitable integration into devices. Additive manufacturing
technologies for the processing of PVDF-based materials hold.great promise for the implementation
of those sensors in the scope of the loT. High-resolution printing compatible with specific polymer
substrates and green chemistry allow an increasing the number of application areas.

The academic and industry continuous search to'improve the intrinsic properties and processability of
PVDF-based materials and devices allows foreseeing ansinteresting future due to their broad and easy
processing, flexibility, low-cost, mechanical, thermal, radiation and chemical resistance. Human
motion and health monitoring, artificial/skin,)smart and soft robotics are some of the relevant fields
of applications of PVDF based materials for pressure sensing applications.
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4.3 Printable pressure sensors based on carbon nanocomposites
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Status

Due to their exceptionally low cost and chemical inertness, carbon-based conductors have been
extensively used in both academic research and commercial development of deformation sensors. For.
example, as one of the first companies to develop printed flexible pressure sensors, Teksean patented
a pressure-sensitive ink formulation in 1999 based on carbon black [1].

In sensors based on intrinsic piezoresistance (varying the resistance due to)changes in particle
distributions within composites), carbon black has been used for decades [2], but these compositions
typically suffer from hysteresis. Newer carbon allotropes such as carbenshanotubes (CNTs) and
graphene with high aspect ratios have enabled composites with reducedhysteresis[3] and controlled
temperature dependence [4]. With the explosion of interest in “electronic skin®/in the mid 2010’s, the
use of contact resistance between elastic surfaces was re-popularized due to'its advantages of higher
sensitivity, thinner active layers, and independence from tempefature. The roughness of the surface
could be rationally tuned using micromachined templates [5]./Scalable, low-cost alternatives include
templating carbon materials onto rough surfaces such as paper [6},and sandpaper[7], while regular
structures such as steel meshes[8] provide better reproducibility. Directly printing the active layer
enables the production of deterministic microstructures with/customizable shapes that have not been
possible previously.

The rapidly expanding interest in 3D printing has created new opportunities and challenges for carbon-
based deformation sensors. For example, sensars canhbe created with active layers that include
structures with variable heights or shapes to enable unprecedented sensitivities [9] and tailorable
dynamic range [10]. Furthermore, 3D /printing enables integration with emerging 3D device concepts
such as soft robots [11].

Demonstrations of printed sensors can already achieve performance metrics (sensitivity, dynamic
range, and response time) comparable to or.larger than those of non-printed devices (Table 1). These
performance metrics are sufficient for many of the envisioned applications, such as measuring the
pressure distribution in shoe soles'(Which/mainly requires high dynamic range) and measuring arterial
pulse waveforms (which mainly.requires high sensitivity. In some cases, printed sensors can achieve
these performance metrics with reduced fabrication complexity. For example, there is often a trade-
off between the sensitivity and'dynamic range. One way to increase both metrics simultaneously is to
increase the number of contact interfaces in the active layer. For conventional fabrication approaches,
this can require elaborate  fabrication approaches involving aligning and transferring multiple
structures. In contrast, extrusionyprinting can directly produce active layers with the number of
contact interfaces proportional to the number of print layers, enabling high sensitivity and dynamic
range [12]. However, these printed devices often have reproducibility and uniformity much lower than
the more mature techniques based on lithography and microfabrication.

Current and Future Challenges

Micron-sized.carbon fillers such as carbon fibers can achieve reproducible random dispersions that
correspond with theoretical predictions [15]. However, the unique lack of chemical groups on CNTs
and graphene and their high surface areas make them unusually difficult to disperse, even compared
to'other nanomaterials with similar dimensions.[16] Chemical modification can improve dispersion at
the ‘cost of conductivity, while the use of surfactant dispersants can affect the properties of the
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Table 1 Performance metrics of reference and printed pressure sensors. Sensitivity refers to the highest
sensitivity within the sensing range (the sensitivity usually varies with pressure). Three micromolded devices are
included as a reference to conventional fabrication approaches.

Device Sensitivity Dynamic Range Reference | Year
(kPa1) (kPa)

Micromolded CNTs 15.1 25 [5] 2014
Micromolded graphene 14 10 [13] 2016
Micromolded graphene 2000 40 [14] 2019
Micromolding + CNT printing 20 1000 [8] 2020
Extrusion printed CNT composite | 200 146 [12] 2020
Extrusion printed CNT/CB 212 400 9] 2022
composite

Extrusion printed graphene foam 3.1 400 [10] 2022

(@) New Carbon Structures
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Figure 1 Opportunities for innovation include: (a) Design of new carbon fillers [18]. (b) Improved control over

dispersion characteristicsi[10] (Reproduced with permission from Wiley-VCH). (c) Leveraging printing to tailor
composite morphology\{15] (Reproduced with permission from Wiley-VCH).

printing links. The aggregation rate is highly sensitive to the surface chemical functionality, and
achieving ‘surface modification reproducibly between batches can be a challenge. Even commercial
products sometimes have batch-to-batch variations in the surface energy, making it challenging to
achieye reproducible devices.

In moving from lab-scale device demonstrations to scalable printing, the printing process becomes a
critical” factor in determining the composite performance. For example, when an ink is extruded
through a nozzle, the resulting high shear forces modify the dispersion of fillers. After printing, those
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fillers can redistribute before reaching a kinetically trapped state. In fused deposition modeling (FDM)
printing, slow thermal cooling results in dispersions that are sensitive to many factors that include
external temperature and print speed.[17] As a room temperature extrusion printing process withra
very short time to kinetically trap the ink, direct ink write printing can achieve more reproducible
printing processes.[10] Due to the proliferation of new printing methods, understanding how:these
printing processes affect composite properties is essential.

Few of the described device platforms are fully printed. For example, Wu et al. printed the silver
electrodes and CNT active layer [8], but the critical step of patterning the microstructures was done
manually using molding. Truly scalable fabrication will be enabled by printing all components of a
device using a fully automated manufacturing process [19]. However, translating high=performance
bench-scale device concepts into large-scale printed devices will require innovations in printing and
ink designs.

Advances in Science and Technology to Meet Challenges

Initial work shows promising synergistic interactions between different carbon allotropes. For
example, CNTs provide high conductivity and low percolation threshold while carbon black improves
the dispersion of CNTs and the rheology of the printing ink [20]:Carbon structures with new
morphologies can create unprecedented capabilities. For examplesthe preparation of carbon particles
with sharp surface protrusions enables devices with high sensitivity, based on Fowler-Nordheim
tunnelling [18]. Continued exploration of new filler morphologies and combinations will enable
improved device performance. In addition, most of these works were done on cast or molded samples,
and studying the effect of aspect ratio and morphology inithe highly dynamic non-equilibrium printing
processes will be critical for fully printed devices.

Progress in understanding printing technologies can be levéraged to control the morphology of
composites. For example, the “coffee ring effect” duringithe drying process of low-viscosity inks causes
non-uniform distribution of the materials that has been exploited to increase the sensitivity to
deformation [21]. Multimaterial printing processes can‘also be leveraged to control the aggregation
of graphene to enable improved uniformity and conductivity [22]. In extrusion printing, the shear
forces within the nozzle can align high”aspect ratio fillers to tailor the percolation threshold and
piezoresistance coefficient. Advances lin the integration of acoustic stimulation into the printing
process has been used to align carboen,fibersito improve the reproducibility [15].

Concluding Remarks

Carbon allotropes are typicallyathe lowest cost filler for piezoresistive sensors and have therefore
remained in common use despite the'proliferation of alternative nanomaterials. The precipitous drop
in the price of CNTs and graphene over the last decade have enabled all carbon allotropes to be cost
effective. Consequently, the primary discriminating factor between different carbon allotropes is now
the performance and'suitability for the application. Carbon materials have the largest versatility in
dimensionality andstructure, and further progress in the field will focus on finding synergies between
the structure of the fillers@nd the processing characteristics of each printing technique.
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Status

Printable strain sensors are attractive for wearable electronics. To achieve high sensitivity and
stretchability, printable nanomaterials and elastomers have been collated to develop composites for
strain sensing applications. This can be achieved via printing conductive inknonte polymers or
incorporating them together to print free-standing conductors [1]. The mechanisms of
nanocomposite-based strain sensors depend on the strain propagation attributed to mechanical
mismatch between supporting substrates [2], geometrical interface (strétching catises change in cross-
sectional area due to Poisson’s ratio) [3], electrical conduction ortunnelling [4]. In synergy with
manufacturing, selection of appropriate materials is crucial for designing,strain sensors. Conducting
materials such as carbon (carbon nanotubes, carbon black, graphene),[5], metallic nanowires (NWs),
nanoparticles (NPs) and nanofibers (NFs) [6], or conductive fabrics have been implemented as active
sensing mediums. As per the percolation theory, a decrease.in conduetivity is observed as the spacing
between the NPs becomes prominent during bending and/stretching.”To overcome this, NP conductive
network can be preserved by adding NWs as conductive and flexible scaffolds subjected to strain [7].

Moreover, these active materials are incorporated in“stretchable substrate materials including
thermoplastic polymers [8], and silicone elastomefts[5]. The/interaction between the active materials
and supporting materials significantly impact the'sensing properties of the printed strain sensors. Table
1 lists the materials utilized, printing techniques, operating principle, and sensitivity of different strain
sensors. Figure 1 depicts strain sensing mechanisms and certain on-body applications. Figure 2
illustrates certain materials for fabricationhof strain sensors and uses for physiology applications.
Reliability is another challenge pertaining to stretchable nanocomposite sensors. This can be mitigated
via selection of an apt strain rate and operating range, as well as suitable cyclic loading profile to
ascertain the settling down of nanomaterials and nanomaterial-polymer interface. Ensuring this
minimizes (or eliminates) hysteresis.and enhances cycling performance. In terms of non-linear sensing,
the input/output stimuli can follow an‘algebraic function, thus deeming a stable, highly reproducible
sensor performance with required number of loading/unloading cycles during application. Even

Material Process Substrate Operating Sensing GF/Sensitivity
principle range

CNTs, Ecoflex, Micro-contact Embedded | Capacitive 50% Tensile GF: 0.5
PDMS printing
PEDOT: PSS Inkjet PET Piezoresistive | 0.33% GF: 165
Polyvinyl Sereen Printing Pl Piezoresistive | 0.14% GFiensite: 741
chloride/carbon
black, Ag GFeompre: 1563
P(VDF-TrFE), Screen Printing | PI Piezoelectric 0.5—-4N 0.05 V/N
Ag
PVDF, AgNPs Inkjet Embedded | Piezoelectric | 3N 28+ 0.9 mV/N

Table 1 Comparison of strain sensors based on different sensing mechanisms [9].
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though there have been considerable advancements in strain sensors, further research is required to
address prevailing issues such as non-linear behaviour, a small degree of hysteresis, poor
reproducibility, and detection limits for promoting their practical applications further.

Polydimethylsiloxane (PDMS) consists of several comprehensive characteristics, namely better
adhesion to other materials, good chemical inertness, and biocompatibility. Additionally, it Has“high
compressibility, bendability, and stretchability, with low Young’s modulus value in the rangé 0.4 — 3.5
MPa, thus enhancing its overall stretchability [10]. Eco-flex (soft silicone) has a simple,preparation
process, a tensile factor of ~600%, and is biocompatible with human skin [11]. For applications
requiring high stretchability, eco-flex is more beneficial compared to PDMS and PVDBF (a 1 mm thick
film of Eco-flex is more stretchable than its PDMS counterpart with similar dimensions){12]. PVDF also
boasts of chemical inertness alongside good mechanical, thermal and physical characteristics such as
piezoelectricity and piezoresistivity. Additionally, with hydrophobic capabilities, it lis useful for
applications necessitating anti-fouling or waterproofing [13]. For nanomaterials ‘déposited on these
substrates, drawbacks include susceptibility to delaminate and interfacial®failure, because of
mechanical mismatch between the substrate and nanomaterial of interest. Moreover, the
viscoelasticity or plasticity characteristics of these substrates may cause perfermance degradation due
to induced instability of deposited nano-structural materials, when sdbjected tohigh strain and loading
frequencies. To attenuate these effects, strategies have been realized forensuring substrate-nano-
structural material compatibility based on the application requirement, an example involves tuning
the substrate modulus [14].

Current and Future Challenges

It has been proposed that achieving a sensor with high stretchability (€ > 100%), linearity and sensitivity
(GF 2 50) would pose a significant challenge [4]. Several efforts have been put forth for addressing
these challenges, with the latest developmentsfovercoming some of them, such as having high
stretchability and sensitivity [19], low-hysteresis and high cyclic stability [20]. Although newly
developed nanomaterial sensors target high sensitivity and stretchability, very few report details on
reliability, a prerequisite for sensors to be utilized as actual gauges. Moreover, resolution monotonicity
is another less unexplored area. The interaction between the conductive nanomaterials and polymers,
as well as the viscoelastic nature of the ‘latter contribute to the hysteresis of the printable
nanocomposite sensors [4]. Additionally,the accuracy of the sensor is afflicted by numerous conditions
including calibration, temperaturé, non:linear behaviour, and hysteresis resulting in inaccurate
readings. Under dynamic conditions; thermally insulating elastomers may experience heat build-up,
thus affecting their performance. These errors may happen under extreme temperature and can be
alleviated by the circuitry and programming software applying specific compensations, which can lead
to upwards of 99.557% measurement accuracy [1]. The deteriorating interface between the polymer
substrates and nanomaterials or irreversible changes to the nanomaterial arrangement with increasing
loading cycles adds to.the increased resistivity, causing unreliability.

A nanocomposite strain sensor capable of measuring decoupled strain in multiple directions and
deformations is challenging to implement, and studies need to be conducted to create a novel sensing
network, such/as metamaterials and 3D structures [21]. Strain sensors with stretchable characteristics
(> 100%) are usually manufactured by embedding conductive fillers in stretchable matrices. However,
the rigid conductive filler-based sensors could experience electrical failure when subjected to long-
term stretching cycles. Metallic NPs show a lower working strain range (20%) compared to NWs (80%)
attributableitoithe high aspect ratio of the latter. Moreover, a higher processing temperature (>1502C)
istrequired to eliminate the organics capping the NWs and grant desirable conductivity. This
temperature is unfavourable for some polymer-based substrate materials as it deteriorates
dramatically following high temperature processing. Hence, there is also a need for developing metallic
ink nanomaterials that are processable at lower temperatures to prevent degradation of substrate
materials. Additionally, metallic nanostructures exhibit low resistance to oxidation, resulting in
deterioration of electrical performance over time.
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Advances in Science and Technology to Meet Challenges

New materials with nanostructure designs and advanced packaging techniques are necessary for
eliminating the obstacles described above concerning environmental factors. The temperature
interference can be decoupled via a support structure that can compensate for the temperature
variations. For humidity, hydrophobic coatings can be implemented to intercept water moleculesifrom
entering the strain sensing network. For addressing the weak adhesion of conformal strain sensors on
human skin, gecko-inspired structures [22], pressure-sensitive additives [23] are’being pursued.
Materials that can conformally adapt to the skin roughness or integration with skin=composite
microfibers would be beneficial. To prolong the life cycle of the strain sensor, self-héaling materials
may be considered, which will allow the supporting material to regress to their original shape with full
or partial functional recovery after sustaining damage. This concept can bemimplemented for
developing highly sustainable and durable strain sensors. An avenue to expand the operational lifetime
of the strain sensors is to incorporate healing capability into electronic applications: A process that can
achieve large-scale and economical synthesis of high-quality nanomaterials ith uniform characteristic
dimensions (e.g., length, diameter) would be beneficial for stretchable ‘€lectronics. Moreover, to
prevent oxidation, additional materials can be incorporated to coat the metalliemanostructures, thus
prolonging their lifespan. For instance, when using copper nanostructures, graphene has shown to be
effective for oxidation and corrosion-resistance [24].

Additional research is needed for integration of devices and 3D printingaimed towards multifunctional
devices with efficient performance and elongated lifespans. Fabricating.multifunctional strain sensors
will provide an insight on the biological understanding which®will enable the formulation of hypotheses
for investigation of living organisms. On a similar note, soft sensingienabled by functional nanomaterial
composites will assist with veterinary care and biomechanics/ overall. Besides developing sensor
hardware, a software is required as an interface between the device and the user. Different
transduction mechanisms outline different sensing'capabilities, thus there arises a need for developing
algorithms for processing and interpreting different signals/from different transduction units. Figure 3
briefly highlights the healing mechanism, possibleyuses of strain sensors for physiological signal
monitoring and system integration.

Concluding Remarks

As the modern technology extends in Various sensor-based applications, rapid progress on strain
sensors has been made in the last few years by coupling additive manufacturing with functional
nanostructures, deeming the use'of strain sensors in real-life applications a possibility. The thriving
development of multifunctional nanematerials, capable of additive manufacturing, has led to
unprecedented advancement of strain sensors with quick response proficiency. Several methods
including aerosol jetting, inkjet printing, direct writing and screen printing have been implemented for
fabrication of strain sensing devices. Stretchable, wearable, and ultrasensitive sensors have emerged
as a result as ideal candidates,for several applications, enabling them to become a crucial component
for upcoming flexible hybrid eleetronics. This progress affirms the concept that strain sensors may
serve as an essential.component for robotics, military, medical and industry sectors. Nevertheless,
several challenges relating to the design of high-performing sensors, low dynamic response, a small
degree of hysteresis, robust packaging, and conformal adhesion onto surface of interest still need to
be taken into cansideration. A comprehensive understanding of mechanical, electric, and thermal
propertiés is a must for the sensors to be utilized in target monitoring applications.
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Section 4.5 — Organic semiconductors for mechanical sensing
Antonello Mascia, Mattia Concas and Piero Cosseddu
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Cagliari, Italy

Status

Organic semiconductor-based devices have attracted considerable interest in the last decades since
they can be deposited on flexible plastic substrates through a low-cost and “selution-based
manufacturing process. However, due to the polycrystalline nature of most organic semiconductor
thin films, their electrical properties are typically influenced by mechanical deformation.

In this context, very few examples of two-terminal devices based on organic semiconductors have been
reported as strain sensors. In this configuration, the applied mechanicalydeformation affects the
organic semiconductor conductivity, thus leading to a resistance variationief the.thin film. A significant
example was introduced by H.-j. Kim et al., who reported a two-terminal straind sensor obtained by a
solution-processed rubbery elastomeric semiconductor nanocomposites (P3HT-NFs percolated in
PDMS), with a gauge factor of about ~32 and a uniaxial stretchability,of 100% in a stretch and release
repetitive test [1].

However, among the many device architectures introduced over the years, the most employed
approach involves using Organic Thin Film Transistors (OTFTs), as/in this case the transistors can be
employed not only as mechanical sensor, but also to address the'sensing elements in matrices/arrays
and/or to locally amplify the sensor response, thus strongly simplifying the required readout circuitry
complexity. Thin-film transistors can be employed asistrain sensors by exploiting different effects, such
as dielectric capacitance or contact resistance variations.Moreover, as also the charge carrier hopping
mechanism across the active layer is generally affected by mechanical deformation, such conductivity
changes induced by mechanical deformation in the active layer can be employed for the realization of
flexible strain sensors [2]. In fact, it was found that, when working at deformations below 2% of surface
strain, such behavior is generally reproduciblesand linear, therefore, different kinds of organic
semiconductors have been employed over the years for the development of flexible mechanical
sensors, mainly in the wearable electronics application field [3] [4]. Many works have been recently
reported showing that a very large class of molecules can be employed, from pentacene and its soluble
derivatives [5] to solution-processable” perylene-based systems [2], as well as heptazole-based
semiconductors, employed by P.J. Jeon et al. that reported the performance of a strain sensor based
on a complementary inverter,achieving a gauge factor of up to 90% [6].

Cosseddu et al. demonstrated that Pentacene-TIPS OTFTs can be also employed as flexible strain
sensors capable to detect strains up to 2% with remarkable reproducible performances [7]. More
recently, J. Y. Oh et al. [8] developed a strain-sensitive, and autonomously self-healable semiconductor
polymer capable of achievihg a gauge factor of 5.75 - 10°.

Such insights/have allowed for the development of different applications in the field of wearable
electronics. Recentlys several research groups have reported about the development of OTFT-based
printed matrices of tactile transducers for the development of artificial skin prototypes [9]. Lai et al.
reported.en the /development of a smart glove for the detection of finger and wrist motion, whereas
Someya’s group reported on the development of highly sensitive pressure sensors that can be
potentially. employed for the fabrication of a smart glove for monitoring tissue hardness and eventually
for early detection of breast tumors [10]-[11].
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Figure 1 Some examples of recently reported mechanical sensors, strain and pressutre,“based on printable
organic semiconductors (a), (b) and (c) and their application in the field of wearable,eléctronics (d). Reprinted
with permission [5][6][9][10].

Current and Future Challenges

Despite the many progresses that have been made in the development of novel materials and
architectures, which allowed for the development of highlyaflexible mechanical sensors with
remarkable performances, and many interesting applications in particular in the field of wearable
electronics and robotics, there exist some important issues that are still limiting their actual diffusion
into real products. First of all, the reliability of such systems is generally reduced by early aging effects
due to moisture and oxygen contamination of the organic semiconductor. This issue is well known and
very common to all flexible electronic devices based en organic semiconductors, as it is very difficult
nowadays to develop and routinely fabricate over large areas flexible thin film packaging capable to
act as efficient barriers for moisture and oxygen permeation. This issue represents a very important
challenge as mobility variation, as well as threshold voltage shifts induced by contamination
processes, can strongly influence the entire,system’s performance.

Moreover, it has also to be considered that in applications such as wearable electronics, where
continuous deformations are applied.to thesentire flexible electronic system, such induced mechanical
stresses could lead to unexpected issuesyin different layers/interfaces of the flexible devices. It has
been recently demonstrated that centinuous stress can lead to internal cracks in the metal layers and
some organic semiconductor thin films [12] [13]. Furthermore, also delamination between the
different layers forming the final'device can take place thus leading to a failure of the device in the
long term.

Last but not least, one more, often under-evaluated issue, regards the fact that flexible sensing
systems require not only the sensing matrix but also a dedicated circuitry for local addressing and
possibly amplification’of the signals. Therefore, in this contest, it is necessary that in such systems only
the sensing areasi(matrices of sensors) respond to the mechanical stimuli, whereas all the other parts
of the system/(i.e. interconnections, local readout circuitry), must withstand the induced mechanical
deformations, as;a.variation in the readout circuitry transistors mobility and/or threshold voltages will
lead such circuitry to deviate from its ideal functionalities.

Advances in'Science and Technology to Meet Challenges

Thereare several very promising ways which are being developed and optimized, in these past years,
for efficiently overcoming the reported challenges. In particular, stability of organic semiconductor
materials is an issue that involves all the possible applications in which such materials are required.
Alongithe years, material scientists are spending huge effort to develop novel materials, with suitable
energetic levels and a proper microstructure capable to minimise the interdiffusion and also chemical
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reactions of contaminants into the active. Moreover, different examples of very promising multilayer
flexible encapsulating solutions have been reported, capable to increase the shelf life of organic solar
cells by several months. Similarly, such approaches can eventually be employed for a suitable
packaging of flexible sensing systems [14]. A remarkable effort has been also made by researchers for
finding new approaches for minimizing mechanical stress-induced reliability issues, assmetal
interconnection fracture and delamination. The fabrication of ultrathin, possibly also 2D, conductive
layers, that have a much lower stiffness could better withstand such deformations, as well/as proper
engineering of their geometry can dramatically minimize this issue. For instance, several works
reported that mechanical robustness can be also improved by a proper embedding of the entiredevice
structure, as well as by using spring-like, kirigami, or serpentine-shaped electrodes [11]- [15].

Finally, novel solutions for alternative highly stretchable organic semiconductor systems have been
also reported over the years. Very recently Shim et al. reported the development of a navel approach
for embedding organic semiconductors into an elastomeric matrix, for the fabrication of highly
stretchable transistors and logic circuits that can be stretched up to 50%Without showing any
significant loss in their performances [16].

Concluding Remarks

Solution processable organic semiconductors are without any doubt very'good candidates for the
development of flexible mechanical sensing systems as they can be processed over large areas, at
relatively low temperature, thus compatible with the most used plastic substrates, and, most
importantly, by using cost efficient technologies as différent kinds of printing techniques. High
performances and reproducible results have been recently reported allowing scientists to develop
demonstrators in several application fields, from artificial skinypatches for robotics and prosthetics, to
smart garments for sportswear and also personalized healthcare, showing the huge interest that such
technology has in the scientific community. However, there are still some bottlenecks, particularly
concerning their long-term reliability, that must be considered to allow their commercialization.
Recent findings and materials optimizations have 'shown that there are good chances to overcome
such issues and possibly turn these devices and systems into real products soon.
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Section 4.6 — 2D materials for mechanical sensing
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Status

Layered crystals have a wide range of electronic, electrochemical and photonic properties butitheir.
true potential is only fully unlocked once they are exfoliated into 2D layers [1]. There was a massive
increase of interest in 2D materials following the first isolation of graphene in 2004, that prompted a
flood of research into its unique physical properties. It is now recognised that there is a\whole family
of 2D materials with a range of properties that can be prepared from different layered crystals that
include hexagonal boron nitride, transition metal dichalcogenides, and MXenes#[2]. One of the best
ways of preparing 2D materials in large quantities is the exfolation of layered crystals in a variety of
liquids [3] and this lends itself to the development of liquid-phase ‘2D inks’. as solution-based media
that can be used in different surface deposition methods such as spin,coating, ink-jet printing, spray
coating and drop casting [1]. The optimum solvents for liquid-phase.exfoliation are not necessarily the
best media for ink applications. The formulations of the 2D inks are therefore usually adapted for the
type of 2D nanomaterial and the specific deposition technique. being employed to optimise the
rheology, drying behaviour wettability and adhesion to thesubstratey[1].

One of the main attractions of monolayer graphene is thabit iexhibits very high electrical conductivity
(~10° S/m). When it is incorporated in an electrically-insulating polymer matrix to form a 2D
nanocomposite, it can lead to the polymer being able conduct electricity as shown in Figure 1(a) [4].
The level conductivity of the nanocomposite is foundto,depend upon a number of factors such as the
type of graphene, polymer matrix and graphene dispersion. The most characteristic feature is,
however, that the conductivity first increases rapidlypwith the level of graphene loading (e.g. weight
or volume fraction) until it reaches a critical value, known as the percolation threshold, at which point
the conductivity reaches a plateau level/5]. The percolation threshold corresponds to the formation
of a conductive network of the nanofiller particles and this phenomenon can be exploited for
mechanical strain sensing [6]. If a nanocomposite with a composition near that of the percolation
threshold is deformed it is found/that its\resistivity (R) changes with strain as shown in Figure 1(b).
This is because the deformation calses a'reversible change in the contacts between the conducting
filler particles in the nanocompesites and shown schematically in Figure 1(c) [7]. The dependence of
the change of resistivity (or.conductivity) on strain is often linear, as seen in Figure 1(b), and is usually
characterised in terms of the ‘gauge factor’ G defined as G = (AR/Ro)/&, where ¢ is the strain and Ro
the zero-strain resistivity. Conventional metallic resistance strain gauges have a value of G in the range
2-5. Semiconductor;based strain gauges, based upon boron-doped silicon or germanium, can have
gauge factors >100 (depending upon the level of doping) and both types of strain gauge are also only
capable of measuringstrain at relatively low levels (<5%). The first strain gauges based upon spray-
deposited percolative films of 2D materials reported gauge factors in excess of 150 and the ability to
measure strainreversibly over 4000 cycles [6].

Current and Future Challenges

One of the'main potential applications of strain sensors based upon printed 2D materials is in the area
of stretchable, skin-mounted and wearable strain sensors for healthcare monitoring [8]. The challenge
of this application is that it requires strain sensors with a high gauge factor, based upon flexible low-
modulus materials that are capable of measuring high levels of strain and being cycled reversibly many
times without significant levels of hysteresis [9].
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Figure 1 Strain sensors based upon printable graphene-based nanocomposites (G-putty). (a) Conductivity
plotted as a function of graphene volume fraction comparing sprayed, material compared to bulk G-putty [4].
Note that the conductivity scale is logarithmic. (b) Fractional resistance versus strain for sprayed G-putty for four
different mass fractions [4]. It can be seen that G decreasésias the graphene loading increases. (c) Schematic
illustration of the change in the graphene network in a single cycle,showing the original state, the state of the
network following stretching and the state after the unloading process [7]. (d,e) Strips of G-putty screen-printed
onto an elastomer film mounted on a wrist for pulse/measurement [4]. (f,g) Variation of the resistance of the G-
putty coated film with time showing a pulse rate of the order of 60 beats/minute [4]. Reproduced with
permission of John Wiley and Sons and of the,Royal Society of Chemistry.

The gauge factors of strain sensors based upenfprinted 2D nanocomposites are found to depend upon
a number of factors and considerable effort is now being expended upon maximising the value of G
and over a large sensing range for particular strain sensor systems [10]. The response of a strain sensor
may also become non-linear over a range of high strains, which can be a challenge. Boland [10]
introduced a parameter known as the working factor (W), the maximum strain to which the sensor
response is linear, as a figure of merit defining the limitation of the mechanical response of a particular
strain gauge system. He also pointed out that the Young’s modulus (E) of the strain gauge is an
important consideration in the:performance of a strain gauge and suggested benchmarks of G >7, W
>1 (i.e. 100%) and E >300 kPa forthe optimum sensing of motion in the human body. Figures 1(d)&(e)
show the use of a graphene/polymer strain gauge for monitoring the pulse in a human wrist and the
resistance changes monitored from the associated deformation of the skin are shown in Figures 1
(f)&(g). The strains involved in pulse monitoring are quite small (~2%) whereas much larger strains
(>100%) are associated with other applications such as the bending of joints, illustrating the challenges
involvediin healthcare monitoring.

One of the main drawbacks of employing resistance strain gauges is that they need to be wired into
electricalicireuits. Moreover, they measure only the average strain over the whole area of the strain
gaugé which may have dimensions greater than the of the order of many mm (e.g. Figure 1(d)). They
aretherefore not suitable for applications where more local strain measurement is needed or where
electrical connections are not possible.
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Advances in Science and Technology to Meet Challenges

One possibility of constructing different types of strain sensors using 2D materials is by employing
Raman spectroscopy [11] whereby a laser beam is focused on the sensor and the scatteredylight
monitored. 2D materials such as graphene undergo resonance Raman scattering such that a well-
defined spectrum can be obtained from a graphene monolayer on the surface of a polymer substrate
as shown in Figure 2(a). The resonance Raman scattering is so strong that it swamps any signal from
the substrate or from the polymer matrix in a nanocomposite [11]. When the substrate is deformed
there is a large shift in the Raman band positions as shown in Figure 2(a). Moreover, thelband peak
position undergoes a reproducible, linear and reversible shift with strain as shown(in Figure.2(b),
precisely the behaviour needed for strain gauge applications. Since the exciting radiation is delivered
by a laser beam it can be focused to a spot of the order of 1 um enabling strain measurements over
regions of this size. An example of this is shown in Figure 2(c)&(d) where the local strains around a
crack in a graphene monomer flake deformed on a substrate are monitored onthe micron scale by
Raman mapping [12]. Strain measurements with similar resolution can be/undertaken in monitoring
surface cracks in the polymer substrate under a 2D crystal [13]. An additional advantage of using
Raman spectroscopy is that since the laser beam is polarised there is the pessibility of using polarised
Raman spectroscopy [14] to map strain in different directions.

This research upon carbon materials has been greatly facilitated throtigh the development of
improved hardware in the form of Raman microscopes that,are essentially Raman spectrometers
combined with optical microscopes [15]. They are more versatile and compact than conventional
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Figure 2 (a) The Raman 2D band of a monolayer graphene flake on a PMMA substrate before and after the
applicationlef 1.37% strain [12]. (b) Strain in the graphene determined from the band shift shown in (a) [12]. (c)
Schematic illustration of a pre-crack along the armchair direction in a graphene monolayer crystal, on a PMMA
substrate, under stress in the vertical direction [12]. (d) The measured strain distribution around the crack tip in
the graphene at 0.33% applied strain [12]. Reproduced with permission of John Wiley and Sons. (e) Evolution of
the PL spectrum of a monolayer WS: flake as strain increases [16] (CC BY 4.0 DEED). (f) The energies of A exciton
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Raman spectrometers but implementation of these optical strain sensors will, however, require
further developments of more compact Raman hardware such as hand-held systems that are not
currently available. Some other 2D materials give rise to strong Raman scattering with well-defined
strain-induced band shifts and so can be employed in a similar way to measure strain. An analogous
technique that can be employed is the photoluminescence (PL) of monolayer 2D transition-metal-
dichalcogenide crystals of WS, that are direct-gap semiconductors that give rise to strong PL, as shown
Figure 2(e). Such PL spectra are obtained using similar spectrometers with focused laser beams and
large, well-defined reversible shifts of the PL peaks are found with the application of strain [16] as
shown in Figure 2(f).

Concluding Remarks

2D materials are often prepared by liquid-phase exfoliation and this lends itself(to the preparation of
inks containing 2D material particles that deposit well on surfaces. Resistance strain.gauges containing
2D materials printed on a substrate are now well established based upoén inks or polymer-based
nanocomposites deposited through a variety of printing techniques. The¥factors that control the
sensitivity and strain range of such sensors are now well established, particularlysfor applications such
as in healthcare where a flexible strain gauge and wide range of strain,measurement are needed. The
possibility of developing a completely new generation of strain sensors based upon the strain-induced
Raman band shifts of 2D materials has also been discussed. Such sensors would have the advantage
of being able to monitor strain remotely in micron-sized regions with the possibility of directional
strain measurement through employing a polarised Raman lasen beam. Additionally monolayer
transition metal dichalcogenides undergo strong photoluminescence’with PL peaks that undergo large
strain-induced shifts. This gives rise to an additional non-contact optical technique again based upon
2D materials in the form of printable inks or polymerfbased nanocomposites.
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Section 5.1 — Introduction to printable temperature sensors
Tomoyuki Yokota and Takeo Someya

Department of Electric and Electronic Engineering, The University of Tokyo, Tokyo, Japan

Temperature is one of the most commonly encountered physical quantities in our daily livesalt_is
crucial in various aspects, from weather forecasts to body temperature monitoring for health,reasons:
Moreover, temperature considerations are crucial in the design of household appliances, such as
computers, smartphones, and digital cameras, particularly to reduce the heat generated during their
operation™ 2, Among the different types of temperature sensors available, resiStance temperature
detectors (RTDs)® and thermocouples® are the most commonly utilized. RTDs utilize a metal or
semiconductor material whose resistivity changes with temperature. They are.knownifor their ease of
miniaturization and high accuracy. On the other hand, thermocouples generate.anelectromotive force
by joining two different metals, creating a temperature difference between the contacts.

When evaluating temperature sensors, key benchmarking elements include sensitivity, linearity,
response speed, and temperature range. Sensitivity refers to the ‘percentage change in the output
signal, such as the resistance, capacitance, and voltage, for a given percentage change in temperature.
Metal-based RTDs typically exhibit constant sensitivity over a/wide température range (for example,
Pt RTDs exhibit good linearity from -200°C to 600°C). In contrast, semiconductor-based RTDs exhibit
high sensitivity within a specific temperature range and low sensitivity outside of this range. In the case
of thermocouples, their sensitivity and temperature range are determined by the metals they
comprise. A typical thermocouple utilizes a rhodium=platinum alloy and platinum, which provide
stability. This thermocouple demonstrates a sensitivity of 5-25uV/°C and can effectively operate from
0°C to 1600°C. Thermocouples exhibit a faster response compared to RTDs. The response speed is
defined as the time required for a temperature sensor to respond to a 90% step change in
temperature. The heat capacity of a sensor is cruciahin determining its response time. The sensor
structure should be carefully designed talincrease response speed.

Compared with resistance thermometeérs, thermocouples possess a simple structure and are cost-
effective. These temperature sensorshave lbeen successfully miniaturized as well, making it
challenging to replace them with temperature sensors fabricated using printing processes. However,
in recent years, novel applications§ have emerged that require flexibility®™ ® and multi-point
temperature measurementsi’Z® instead of conventional single-point temperature measurements
(Figure 1). Many applications'utilize alarge area; one notable application is the use of artificial skin in
robotics. For instance, it isTasserted that the human palm contains approximately four temperature
sensors per square centimeter®, Therefore, large-area multi-point sensors are crucial for realizing
electronic skins. These applications require a high sensitivity of at most 0.1°C, temperature
responsiveness similar to humanisensory perception, and stability in various environments. Moreover,
if the measurable temperature range can be increased, in the sensor can be employed in temperature
regulation and guality assurance inspections within industrial production lines. A promising application
is in healthcare sensots!'!?, Because healthcare sensors are expected to measure body temperature
over an extended,period, placing a temperature sensor that adheres closely to the skin surface is
crucial. This can\be effectively achieved by utilizing a printing process to integrate the sensor onto a
flexible substrate!> 4. Unlike conventional rigid substrates, flexible substrates are composed of soft
materials, enabling the sensor to conform to the skin's contours and securely attach to it. This enables
accuratesmonitoring of body temperature!*> ¢, In addition to monitoring body temperature, flexible
température sensors also find valuable applications in wound monitoring!*”. The healing process
involves increased blood flow, which results in a slight increase in body temperature. Therefore, the
utilization of printed temperature sensors with multiple points allows for the tracking and mapping of
wound conditions over time.
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Therefore, a significant number of temperature,sensors that can be fabricated via printing have been
developed in recent years. To fabricate atemperature sensor using a printing process, a functional ink
that contains a material whose carrier mobility or crystal structure changes with temperature should
be fabricated. A wide range of materials ane being explored as potential candidates, including polymer
materials (Section 5.2) and metals (Section 5.3), which are also utilized in conventional temperature
sensors. In addition, next-generationsemiconductor materials, such as organic semiconductors and
carbon nanotubes (Section™5:4) as well as two-dimensional materials, like graphene and MXene
(Section 5.5), are being utilized. The detailed reports on printed temperature sensors for each material
are introduced in the following sections. These materials can be transformed into ink by dissolving
them in a solvent/or, by, dispersing pulverized nanoparticles or flakes in a solvent. Therefore,
temperature sensors.can be fabricated on various substrates, such as rubber and polymers by utilizing
the printing procéss. Some printable temperature sensors exhibit properties comparable to those of
conventional temperature sensors. For example, nickel ink-based resistance temperature detectors
demonstrate a'sensitivity of 0.44%/°C and exhibit high linearity within a temperature range of -60°C to
160°C 8/ Furthermore, screen-printed In,03/ITO thermocouples exhibit a sensitivity of 44.5 uV/°C and
can be effectively utilized across a wide temperature range from 25°C to 1270°C [*°!. However,
achieving the 'same characteristics as conventional sensors using functional inks poses a challenge
owingtojlimitations in materials and processes. In addition, compared with the high-purity materials
utilized in conventional temperature sensors, printable materials are limited in that, to process them
intolinks, organic substances (such as dispersants) adhere to the surface, resulting in poor crystallinity.
Consequently, these printable temperature sensors exhibit lower temperature characteristics, lack
long-term stability, and have a narrow temperature range owing to the influence of organic
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substances. Therefore, technologies, such as the formation of high-purity thin films and the stable
dispersion of nanomaterials in a solvent are crucial for industrialization.

Among the printed temperature sensors, flexible RTDs have been extensively investigated?® 2th{As
earlier mentioned, resistance thermometers utilize materials, such as conductive polymers or metals,
which exhibit a linear change in resistance with temperature. Therefore, flexible temperature/sensors
employing silver electrodes?® formed through a printing process or conductive polymersjsuch as
poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS)?Y have been investigated.
Other commonly reported products include thermistors utilizing organic semiconductor materials and
oxides. Similar to RTDs, thermistors rely on changes in resistance with temperature; Compared with
RTDs, thermistors exhibit a significant non-linear change in resistance!®. Furthermore, flexible
temperature sensors have explored a wide range of materials, such as organic semiconductors!?? and
carbon nanotubes!?®, providing a diverse selection compared with the aforementioned resistance
thermometers. Another widely used printable temperature sensor is the thermistormade of a polymer
material™® 24, This material is composed of a polymer blended with a conductivéfiller, which allows
for easy viscosity adjustment and exceptional printability. Polymer thermistors are/characterized by a
large change in resistance near the glass transition temperature or melting point of the polymer.
Beyond their application as temperature sensors, their application’in protection circuits, such as
thermal fuses, has been reported as well.

Concluding Remarks

As elucidated earlier, several studies on the developmént, of printed temperature sensors are
underway, with an increasing number of reports showcasing hovel applications, such as temperature
distribution measurements and measurements of body temperature in daily life. However, several
issues regarding printed temperature sensors remain unresolved, such as device variation and the
stability of sensor characteristics. To mitigate device variation, it is imperative not only to enhance the
stability and uniformity of functional inks but also to enhahce printing and drying methods. Another
critical concern revolves around the impact of distortion on device characteristics. Unlike conventional
sensors that remain solid, flexible substrate-based sensors undergo distortion when the substrate is
bent, causing changes in their characteristics. This distortion-induced change is particularly significant
for temperature sensors with minimal resistance fluctuations, such as resistance thermometers,
rendering accurate temperature measurement unattainable. Furthermore, thermistors exhibit
hysteresis in response to temperature changes. Therefore, this hysteresis should be minimized to a
certain extent to achieve precise temperature measurements.
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Status

n-Conjugated polymers are a special class of polymers with an extended m-conjugated system’that
endows them with unique electronic properties and can be processed into inks for printed electronics.
These polymers can be used for temperature sensors by exploiting their temperature-dependent
electrical resistance. Conjugated polymer-based temperature sensors enable low cost, high
throughput, and ease of large-scale fabrication, making them attractive, for apwide range of
applications.

Pristine conjugated polymers have very low conductivity, whereasfafter chemical, electrical or
electrochemical doping they become conductors. In general, charge tradsport in moderately
conductive conjugated polymers follows a variable range hopping model [1], and the resistance of
conjugated polymers decreases with increasing temperature,fexhibiting a negative temperature
coefficient. These characteristics allow conjugated polymérs to berused for thermistor type
temperature sensors, where chemically doped conjugated polymers,aré used as the channel material
between two electrodes [1-5]. The resistance of the device, is, measured as the output versus
temperature, and the sensitivity is expressed using the temperature coefficient of resistance. Organic
field-effect transistors based on pristine conjugated pelymers'can also be used as temperature sensors
[6]. The conjugated polymer channel becomes conductive under a gate bias, and its conductivity varies
with temperature in a manner similar to that [of chemically doped conjugated polymers. Some
conductive conjugated polymers are excellent thermoelectric materials, and their thermoelectric
response can used to detect temperature changes [7]¢ Thermoelectric temperature sensors detect
voltage changes caused by temperature fluctuations. Among them, the thermistor type temperature
sensors are very simple and easy to fabtricate and have been most widely studied. Representative
conjugated polymers used for thermistor type temperature sensors are shown in Figure 1.

Conjugated polymer-based tempeérature sensors have potential applications in various fields,
including smart packaging, electronic skin for robotics, biomedical sensing, and environmental
monitoring. For example, they/can begused to monitor the temperature of perishable goods during
shipping and storage. In biomedical sensing, they can be used as smart patches and tattoos to monitor
body temperature or detect temperature changes in biological samples. In environmental monitoring,
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Figure 1 Representative conjugated polymers used for temperature sensors reported in the literature: poly(2,3-
dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) [1], polyaniline (PANI) [2], polypyrrole (PPy) [2],
P(S-EDOT) [3], PEEB/PENB [4], and RP-T50/RP-T50-COOH [5].
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they can be used to monitor temperature changes in air and water. They can be integrated into
electronic devices such as smartphones, smartwatches, and wearable technology. Although this
research field is still in its infancy, with most of the work done within the past decade, conjugated
polymer-based temperature sensors have shown great application potential and accelerated efforts
are needed to commercialize this technology.

Current and Future Challenges
Despite their attractive features, conjugated polymer-based temperature sensors still/ face several
challenges that need to be addressed before they become a commercial reality.

Insufficient sensitivity and accuracy. The sensitivity and accuracy of conjugated polymer-based
temperature sensors may be affected by numerous factors such as the intrinsic properties of the
material, material composition, device configuration, and processing conditions. When conjugated
polymers are used as the sole sensing material in thermistor type sensors, theitemperature coefficient
of resistance of the sensors is typically <1%/°C, which is insufficient for achievingythe high accuracy
and reliability required for some applications such as monitoring the body temperature of patients.

Poor long-term stability and durability. Conjugated polymer-based temperature sensors are usually
not as durable as inorganic material-based sensors, and can degrade over.time due to environmental
factors such as moisture and UV exposure. For example, PEDOT:PSS-based temperature sensors are
extremely sensitive to the ambient humidity due to the highly hygroscopic nature of the dopant PSS.
Small changes in the water uptake in PSS lead to microstructuralchanges, resulting in significant
changes in the electrical resistance of PEDOT:PSS. The PEODT:PSS, layer can be encapsulated with a
hydrophobic polymer layer to improve the ambient stability of the'sensor [8]. However, the long term
stability of these encapsulated devices remains a con€ern,especially for wearable devices.

Limited sensing temperature range. Conjugated polymer-based temperature sensors typically
experience a significant decrease in sensitivity around 40=50 °C due to increased interchain distances
in the conjugated polymer phase and/or expansionief the dopant phase at temperatures above this
range. In addition, dopants may undergo irreversible phase separation or evaporation, leading to
device performance degradation or evenxfailure. The rather low upper sensing temperature of
conjugated polymer-based temperature sensorsywill limit their applications.

Integration with other devices. Conjugated polymer-based temperature sensors need to be integrated
with other devices to form a sensor System for real-time temperature monitoring in various
applications. The fabrication of the conjugated polymer-based temperature sensors and their
performance must be compatible with other devices in the system.

Biocompatibility and environmental considerations. Many conjugated polymer-based sensors will be
used in wearable electronics, biomedical devices, and food and drug packaging, and all components
of atemperature sensor must.bebiocompatible. The negative environmental impact of the production
and disposal of electronic produets,is escalating, thus there is a strong demand for the development
of green solvent praocessable and biodegradable temperature sensors.

Advances in Science and Technology to Meet Challenges
There are_severalzadvances in science and technology that are needed to meet the challenges
associated with'conjugated polymer-based temperature sensors.

New materials«The development of conjugated polymers with higher sensitivity, higher stability, and
better environmental tolerance is essential to meet the sensor performance requirements. The
thermal'sensitivity of conjugated polymers is governed by the chemical structure, chain conformation,
crystallinity, film morphology, etc. Further studies are required to better understand the structure-
sensitivity relationship for developing conjugated polymers with enhanced sensitivity. The instability
of the conjugated polymer-based sensors may be caused by the weak polymer-dopant interaction and
hygroscopic nature of the polymer and/or dopant. Formation of more stable polymer-dopant charge
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transfer complexes, use of non-hygroscopic dopants, strengthening intermolecular interaction, and
attaching dopant groups to the conjugated polymer may improve the sensitivity, thermal stability, and
long-term stability of the sensors [3-5]. Addition of nanofillers such as carbon nanotubes [9] te.the
conjugated polymer matrix may also be a viable approach to improving the sensitivity of the sensors:

Different types of polymers should be developed to meet the specific requirements of température
sensors for various applications. Atom economy, synthetic complexity (or cost), greefysolvent
processability, biocompatibility, and biodegradability should also be considered when, developing
conjugated polymers for temperature sensors.

Device fabrication and system integration. Traditional roll-to-roll printing techniquesisuch as screen
and gravure printing are ideal for manufacturing conjugated polymer-based sensors at low.costs, but
they may compromise the device performance. In addition, depositing other components (such as
electrodes and encapsulation layer) may face issues such as poor compatibility, lew resolution, poor
registry, and high cost. Therefore, advances in fabrication methods such as additive manufacturing,
microfabrication, and nanofabrication are crucial for improving the accuracy and precision of the
sensors while reducing their cost and increasing their scalability.

Integrating a temperature sensor with other devices to form a sensarsystem'is the final but crucial
step in pushing the sensor to practical applications. The development oficompatible interfaces and
communication protocols is necessary for the successful integrationnof ,conjugated polymer-based
temperature sensors with other devices. For example, building a'sensor/system to measure and store
the temperature history of a package would require an antenna, a transponder, and a battery (Figure
2) [10]. The joint efforts from different disciplines are required to'develop high-performance and cost-
effective conjugated polymer-based temperature sensors for practical applications.
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Figure/ 2 Real-time testing and validation of the time—temperature history monitoring system. (a) The

smartphoné displays the temperature history log extracted from the NFC thermistor attached to the chicken

package. (b) Magnified view of the logged temperature data under different conditions [10]. Reproduced from

Ref. [10] with permission from the Royal Society of Chemistry.
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Concluding Remarks

Conjugated polymer-based temperature sensors have shown great potential in various emerging
applications such as wearable electronics, electronic skin, biomedical devices, and food packaging. As
the enabling materials, conjugated polymers play a vital role to meet the stringent requirements for
accuracy, reliability, temperature range, mechanical properties, and cost of the sensors. Sincesthis is
a relatively new research area, only a limited number of conjugated polymers have been explored.
PEDOT:PSS has been most widely used for conjugated polymer-based sensors. However, its, high
hygroscopicity leads to low sensor sensitivity and poor stability and additives are neededto increase
the devise sensitivity. Therefore, there is an urgent need to develop new conjugated polymers. with
higher sensitivity and long-term stability to meet application demands. Biocompatibility,/green
manufacturing, and biodegradability are additional challenges in developing conjugated polymers for
temperature sensors. The final step, integration of conjugated polymer-based sensors with other
devices and elements to form high-performance, cost effective, and green sensorsystems is also very
challenging, which requires joint efforts of several disciplines. Nonetheless; the development of new
materials, substrates, and fabrication techniques is expected to make conjugated polymer-based
temperature sensors a commercially viable technology and widely usedinyvarious applications in the
near future.
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Status

Temperature measurement can be performed using thermocouples, resistance temperature
detectors (RTDs), and thermistors (Figure 1). Thermocouples are constructed using two metals or
metal alloys. They usually operate in a temperature range of -270 °C to 1600 °C with a Seebeck
coefficient varying from 5 pV/°C to 40 uV/°C. Conventionally, thermocouples are fabricated by
sputtering or microfabrication. Low-cost fabrication methods such as printing havesbeen utilized for
fabricating thermocouples. Printed thick thermocouples would lead to long response time. Hence, the
recent focus has been on printing thin-film thermocouples. Platinum-gold based thin-film
thermocouple was fabricated using screen-printing. The responsé time of the platinum-gold
thermocouple was 8.6 ps, 10.1 ps, 11.2 us, and 12.3 us with thicknessof 2.7 gm, 5 um, 16 um, and 20
um, respectively.[1] High sintering temperature associated with-printedimetals for thermocouples
such as platinum can hinder their use on polymeric substrates. Silver-and nickel-based screen-printing
inks were used to lower the sintering temperature to 200 °C; the silver ink included 70 wt% silver
content and flake size of 1.5 to 4 um, while the nickel ink hadh62 wt%ickel content and particle size
of 2 to 10 um. The printed silver-nickel thermocouplés demonstrated a linear response in the
temperature range of 40 °C to 240 °C. It was also insensitive to the sintering level with a constant
Seebeck coefficients of ~20 pV/°C for different sinteringiconditions.[2] In addition to lowering the
sintering temperature, performance of the printedthermocouples under mechanical deformation and
external environment such as humidity and oxidation sheuld be stabilized. Flexible thermocouples
were inkjet printed using liquid metal-organic decemposition materials, consisting of copper and
copper-nickel particle-free conductive,inks. The Seebeck coefficient for the thermocouple was
recorded to be 20.6 uV/°C, insensitive to external stimuli, such as bending, humidity, and thermal
cycling.[3] Understanding the influence of micro- and nano-structure of the printed film on the
electrical and mechanical performance ofithe thermocouple isimportant. A thermocouple was aerosol
jet printed on a flexible Kapton substrate using commercial copper and copper-nickel inks. The copper
and copper-nickel nanoparticles have the size of 86 + 4 nm and 140 - 210 nm, respectively. The
Seebeck coefficient of the thermocouple varied with only 2.5% of its initial value (39.83 uV/°C) after
200 bending cycles with a bending,radius down to 25 mm and 200 twisting cycles at an angle of 120°.
The stable performance of theithermocouple under repeated mechanical load was attributed to the
porosity of the sinteredinanoparticles in the film. The fused copper and copper-nickel nanoparticles
lowered the effective_elastiecsmodulus of the film by an order of magnitude when compared to the
bulk. This allowed fthe film to“reduce stress build-up during bending and twisting.[4] An inherent
drawback of thermocouples is that small voltage signal that would require a signal amplification and
translation circdit.

RTDs are characterized with positive temperature coefficient. They exhibit linear response and benefit
from simplified 'sensor design. For RTDs, a high temperature coefficient of resistance (TCR) is
preferred. Commonly used metals for RTDs are copper, nickel, platinum, silver, and gold among them
nickel hastheshighest TCR. A commercial thermoplastic polymer/resin-based nickel flake ink was used
asra,sensing material for RTD. The ink was screen-printed on a flexible polyimide substrate followed
by thermal curing at 130 °C for 15 min. The nickel-based RTD monitored temperature ranging from -
60°C to 180 °C with a TCR of 0.44%/°C, 3 times higher than the TCR of a printed silver-based RTD
(0.1%/:C). It also showed good repeatability under dynamic heating and cooling cycles between -40
°Cto/160 °C.[5] Nanomaterials such as nanoparticles and nanowires exhibit different properties from
their bulk counterparts, offering great potential for printed temperature sensors. For instance, metal
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nanoparticles have a significantly lower melting temperature than their bulk, allowing printing on
polymer substrates. Stable platinum nanoparticle-based ink was inkjet printed for the fabrication of a
resistive heater and an RTD. For printing, thiolate ligand-stabilized platinum nanoparticles with,size
ranging from 3 to 5 nm were synthesized. Then, a highly conductive ink with 15 wt% platinum
nanoparticles dispersed in a toluene-terpineol mixture was formulated. Use of nanoparticles allowed
the sintering temperate to be 200 °C, significantly lower than the conventional sintering temperature
of the bulk platinum. The RTD showed linear resistance-to-temperature response fromhroom
temperature to 130 °C.[6] Additionally, nanoparticle-based metallic inks can permeate textiles, which
can be used for the development of flexible wearable sensors.[7] However, the resistance change in
wearable RTDs can be influenced by the human body motions. A Kirigami-inspired /strain insensitive
wearable RTD based on silver nanowires was fabricated by spray depositions The ‘sensor was
characterized in the wearable temperature range of 25 °C to 60 °C. The designed Kirigami pattern
accommodated large tensile strain up to 100% by out-of-plane rotation showing ahegligible resistance
change. TCR of the silver nanowire network embedded in polyimide film could be enhanced by
increasing the nanowire density and annealing temperature, approaching TCR of bulk silver (3.8 X 10
3 /°C at 20 °C). For example, the sensor displayed a TCR of 3.32 X 1073 /°Cifor silver nanowire density
of 2.053 per um? and annealing temperature of 200 °C. The silver nanowire-based wearable RTD was
used to measure skin temperatures at the biceps and knee.[8] Thermal and.electrical sintering of silver
nanoparticle-based printed RTD enabled a TCR of 3.8 X 103 /°C at 22:°C. After printing, conditions for
thermal sintering were optimized by in-situ resistance measurement on the aerosol jet printed silver
pattern. Next, electrical sintering generated localized heat_at the grain boundaries, increasing grain
coalescence, and thus improving TCR. The printed RTD displayedireliable and linear response up to 70
°C.[9]

Thermistors can have either positive or negative temperature coefficient. They are typically fabricated
using either ceramic-type semiconductor materialsyor polymer-based materials. Please refer to
chapter 5.2 and 5.6 for polymer and ceramic based thermistors, respectively.
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Figure 1 Schematicwshowing different types of temperature sensors, fabrication techniques, and sensing
material. [Inkjet printed copper and copper-nickel based thermocouple. Reprinted with permission from [3].
Copyright(2022) American Chemical Society. Screen-printed nickel based RTD on flexible polyimide substrate.[5]
Aerosol jet printed silver based RTD. Reproduced with permission from [9]. John Wiley & Sons. © 2023 Wiley-
V/CH GmbH. Kirigami-inspired thermoresistive temperature sensor based on silver nanowires. Reproduced with
permission from [8]. John Wiley & Sons. © 2019 Wiley-VCH GmbH. AgNW-colorless polyimide film-based
temperature sensor for monitoring the temperature of blood packages. Reprinted with permission from [10].
Copyright (2018) American Chemical Society. Stretchable temperature sensor based reduce graphene oxide and
polyurethane. Reprinted with permission from [11]. Copyright (2019) American Chemical Society.

107



Current and Future Challenges

Sensitivity. The higher the sensitivity in either voltage (thermocouple) or resistance change (RTD and
thermistor), the smaller the temperature change that can be detected by the sensor. For health
monitoring applications, the stable human body temperature usually ranges between 37 °C and 37.5
°C, which requires high sensitivity. To improve the sensitivity of printed metal enabled temperature
sensors, choice of metal materials (platinum, copper, nickel, silver) nanostructure of, metallic
component (e.g., nanoparticles, nanowires, nano meshes) and fabrication processes are/the,main
challenges. For example, compared with the classic Pt temperature sensor (TCR = 0.0055/K!), the TCR
of Gr-PDMS composite material can reach up to 0.286 K™1.[12]

Response time. Response time is related to the thermal response of the printed metal itself and
reflects the rapid response ability of the sensor to temperature change. Challenge lies in applications
such as real-time human body health-monitoring and wearable artificial intelligent elements with an
instant response.[13] A Xene-AgNW-PEDOT:PSS-pp:TeNW temperature senser exhibited a response
time of 1.8 s, and a relaxation time of 6.5 s, which might not be sufficient'for some real-time
applications, for example, temperature-based respiration sensing.[14]

Accuracy. Most methods for measuring temperature require contact between the sensors and the
subject. The quality of contact is hence the key to accurate temperature. measurement. The printed
temperature sensors provide some level of flexibility thus decent quality of contact with the subject.
However, for high-precision temperature measurements, it femains challenging to develop highly
conformable printed temperature sensors. The printed metal-based,temperature sensors provide
some level of flexibility. However, for high-precision/ temperature measurements, it remains
challenging to develop highly conformable printed temperature sensors.

Stability. Stability means stable measurements against external stimuli and under prolonged, cyclic
application. As mentioned above, some printed métals suffer from environmental degradation, such
as oxidation and corrosion. It is important topmaintainystable performance when other types of
loadings are present such as mechanical deformation. Some progress has been made towards the
durability of printed metal-based temperature sensors in harsh environments. For example, an
oil/PDMS encapsulated sensor has shown'good sensing performance under a 35 PSU salinity water
environment.[15] It remains challenging to develop temperature sensors with excellent material and
mechanical stability for long-term applications.

Additional challenges for wearable ,applications. For wearable applications, printed temperature
sensors offer several advantages including softness, stretchability, and conformability. User comfort
is a crucial issue for long-term temperature measurement. To improve the comfort, the substrate for
printing should be thin, lightweight)conformal, and breathable.

Advances in Science and Technology to Meet Challenges

Printed metal-basedstemperattre sensors have seen exciting advances. However, limitations exist
including high sintering temperature, little resilience to external environment, low sensitivity, and
poor mechanical robustness. Nanocomposite is a promising approach to improve the performances
when comparéd to pure metal-based temperature sensors. In particular, it is promising to formulate
a conductive hybrid ink which utilizes multiple nanomaterials in its formulation. In a recent example,
a hybridizéd’ink ‘comprising of silver, copper, and nickel nanoparticles had the potential to increase
the overall sensitivity of the printed temperature sensor by 300%.[16] Formulation of a hybrid ink will
involve carefuliconsideration of the compatible metallic nanoparticles, compatible solvent/additives
with.different nanoparticles, and a suitable printing method. Additionally, the concept of hybrid ink
can also be extended to include carbon-based nanomaterials such as graphene and carbon nanotubes
with the metallic nanoparticles. For example, incorporation of carbon-based materials could mitigate
oxidation of metals like copper for high-temperature sensing.
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For wearable applications, the effect of mechanical deformation on the performance of the
temperature sensor must be eliminated. One approach would be to significantly increase the
sensitivity of the temperature sensor such that the signal due to mechanical perturbation is negligible.
The other approach is to create material/structure whose resistance or thermoelectric response does
not change with mechanical strain. In addition to exploiting the intrinsic stretchability of the printed
metallic nanomaterial, a variety of stretchable designs such as Kirigami, fractal, serpentine, mesh-
shaped, and island-bridge can mitigate the mechanical effect.[17], [18], [19] Additionally, textile:
based temperature sensors can seamlessly integrate with human bodies and offer the benefits of
lightweight, conformal, and breathable wearable electronics.

Printing and postprocessing processes are key to the performance of printed temperature sensors.
Sintering plays a key role for the nanomaterial-based temperature sensors{20] Novel sintering
methods that are compatible with low-thermal-budget substrates are in great heed. For example, it
was demonstrated that laser reductive sintering could increase the activation energy required for
electrical conduction in nickel oxide, which in turn could increase the sensitiVity.[21] Sustainable
manufacturing is a promising direction to reduce the footprint of plastic-based substrates for printed
temperature sensor. This can be achieved by utilizing biodegradable substrates and recycling of the
metal nanomaterials used in the printed temperature sensors.[22]
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Figure 2. (a) Aerosol jet printed copper and, coppen-nickel temperature sensor on flexible Kapton substrates.
Reprinted with permission from [4]. Copytight (2019) American Chemical Society. (b) Flexible sensor consisting
of two temperature sensing curved electrodes, i.e., platinum and indium oxide (In203).[18] (c) Finite elemental
analysis and optical images of a differential temperature sensor under various mechanical deformations such as
bending, twisting, and uniaxial stretching..Reproduced with permission from [19]. John Wiley & Sons. © 2015
Wiley-VCH GmbH. (d) Recycling process for printed silver nanowire-based sensor. Reproduced with permission
from [22]. John Wiley & Sons. © 2021 Wiley-VCH GmbH.

Concluding Remarks

Printing metals for temperatureisensing has gained popularity due to their low-cost fabrication, high
scalability, and less'material wastage. The ability of the metallic nanomaterials to be dispersed in an
ink or be constituted as conductive filers in a composite has provided better sensitivity, reliability,
anti-oxidation, and superior mechanical performance. However, more research is needed for
development ofshybrid inks, hybrid composites, and hybrid printing processes to overcome the
challenggs presented by individual metallic nanomaterials and printing processes. Hybrid printing will
allow the fabrication of printed metals on textiles, paving their way for wearable sensing. Since printed
metals show a change in resistance with temperature, different structural designs such as Kirigami,
serpentine;,or fractal patterns need to be incorporated to decouple the influence of mechanical
stimulus especially for wearable applications. Lastly, recyclability of the printed metals for
temperature sensors is important for an eco-friendly manufacturing approach.
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Carbon nanotubes (CNTs) are a potential material for printed temperature sensors, .owing to their.
mechanical flexibility and ease of mass-production at low-cost[1-7]. Furthermore, the ahility to control
CNT conductivity by selecting appropriate metals and semiconductors, which caf'be modified based
on wall thickness, i.e., single-wall or multi-wall and chirality, is advantageous in\designing sensors for
specific applications. However, for printed sensors using CNTs, several things.needitorbe considered.
CNT networks or composite thin films can be formed on a variety of substrates.atllow-cost using mass
fabrication processes. Without a networked thin film, electrical conductivity, which is an essential
property of resistive temperature sensors, cannot be realized. To achiéve conductivity, CNTs must be
sufficiently concentrated when dispersed in an ink for uniform printingslf other polymer materials are
used to form CNT network films, the concentration of CNTs needs. to belabout <10 wt% to prevent
aggregation of CNTs in the polymer.

After considering material composition and formation methods, then the sensor can be characterized
in terms of sensitivity, stability, and repeatability. Most/cases,using CNTs for temperature sensor
application are to measure two-terminal electrical resistance by printing Ag or other electrode
materials onto CNT-based films. This section focusesfonly onirésistive-type temperature sensors to
discuss sensing mechanisms, electrical performance, and challenges to practical applications.

Current and Future Challenges

Two main sensing mechanisms using CNT-compositéxmaterials are explained. The first is the use of
CNT temperature coefficient of resistance (TCR) only. Every conductive material has a TCR function
due to electron scattering or hopping in"thexmaterial. Depending on electron behaviors, resistance
increases or decreases as temperature lincreases. For example, a CNT and graphene oxide composite
film has been reported to form a highly sensitive temperature sensor[7]. According to that report,
single-walled CNTs (SWCNTs) show a/high\TCR of ~60x107 °C"* compared to other CNT-based sensors
[1, 3, 6]. In the foregoing case, resistance decreased as temperature increased. Graphene oxide served
as a lubricant to prevent CNT aggregation in the ink, which is important for printed sensors. Another
mechanism is electron hopping atthe interface between CNTs and other conductive materials in the
composite film in addition to TCR. One example is a mixture of SWCNTs and SnO; nanoparticles [4, 6].
Since the interface between these two materials detects temperature differences, sensitivity is varied
by changing the ratiotof SWCNTs and SnO,. Notably, the TCR of SnO; nanoparticles, which is much
larger than that of CNT, is negligibl€, because it has a much larger resistance than does CNT, such that
sensor resistance.is defined mainly by the CNT resistance. After optimizing the composition ratio, the
sensitivity is ¥2x1073,°C?, which is relatively low compared to the CNT/graphene oxide system.
However, although the sensitivity is low, it achieved long-term stability, which is a challenge for
printed sehsor applications.

For printed temperature sensors, reproducibility and stability of sensor output are two important
parameters.“Since a temperature sensor must output absolute values of temperature, it is
unacceptable to have hysteresis or sensor output drift over time. However, due to the use of organic
materials as ink lubricants or solvents, printed temperature sensors are often unstable for a long-term
use.One approach using a CNT and SnO, composite film showed relatively long-term stability with an
errorjléss than 0.15°C in the period of about a week [6]. The study tried to remove organic solvent
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Figure 1 Graphene oxide-CNT temperature sensor. Photos of sensors (a) under bending and (b) on a hand. (c)
Resistance and (d) normalized resistance as a function of temperature. Reproduced with permission. [7]
Copyright 2021, American Chemical Society.
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Figure 2 CNT-SnO2 temperature sensor. (a) Resistance change ratio at different SnO2 compositions in a CNT ink
and at different temperatures.(b) Sensitivity and activation energy of the sensor with different SnO:
compositions. (c) Long-term temperature monitoring compared to the output of a commercial thermocouple
used in a temperature-controllable oven. Reproduced with permission. [6] Copyright 2019, John Wiley & Sons.

from the/printed thin film by rinsing with hot water after pre-curing the materials. While at present
this may'be one way to achieve stability and repeatability of temperature detection, much more stable
materials must be developed in the future.

Anotherimportant parameter is selectivity between temperature change and other stimuli. Printed
CNT4based temperature sensors are often used in flexible sensors. Accordingly, mechanical flexibility
and\insensitivity to bending, i.e., strain, are required. Since CNTs have small diameters, strain
distribution in single CNTs is small, in principle. However, by combining CNTs with polymers to form
composite films, this strain needs to be considered. To minimize the effect of strain or bending of the

113



substrate, CNT-based temperature sensors are usually designed to be in neutral regions of strain
against bending by adding a film substrate over the sensor. This protective layer also blocks other
stimuli such as moisture, which would otherwise cause resistance changes. In fact, a CNT/SnO,
temperature sensor was passivated to achieve highly stability using a fluorine elastomer to block
moisture [6]. In consideration of these issues, device structures, including film lamination oversthe
sensor, should be carefully considered when designing a sensor.

Advances in Science and Technology to Meet Challenges

In the future, the primary challenge in relation to CNT-based temperature sensors (will be how to
realize long-term stability and reliability, similar to commercially available thermistors, Pt temperature
sensors, and thermocouples. To address this challenge, surface functionality .of, CNTs»and other
composites must be understood and must be developed based on a knowledge of surfaces and their
modifications. Although sensitivity is also an important parameter for detectingssmall temperature
changes in medical applications, without improving reliability, it may be difficult to.use flexible sensors
as temperature sensors.
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2D materials offer significant opportunity for developing high-performance temperature sensors
based on changes in their electrical resistance (resistance temperature deétectors (RTD) and
thermistors) and on thermoelectric effects (thermocouples). This is due to their.high carrier mobility
and high thermal conductivity leading to high sensitivity to temperature changesiand fast response
times. To this end, first demonstrators of RTDs based on single sheets of graphene,(see Figure 1a) [1]
show high sensitivity due to the low thermal mass, reaching that of commercial Platinum RTDs.
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Figure 1 Temperature sensors based on 2D materials. Schematic view of (a) the single graphene thermoresistive
sensor. Reproduced from [1]. (b) the U-shaped single-material graphene thermocouple. Reproduced from [5].
(c)uthe_graphene/epoxy-based capacitive temperature sensor. Reproduced from [6]. (d) Energy diagram
depicting the process of self-trapped excitons (STEs) with strong temperature dependence of the
phetoluminescence. Reproduced from [7]. (e) A local temperature increase causes the hexagonal boron
nitride lattice to expande and produces detectable spins shift in the resonant frequency. Reproduced from [8].
(f) the dp/dT curve of twisted bilayer graphene (tBLG) devices for different twist angles ©® and carrier
concentrations. Reproduced from [20].
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Furthermore, other 2D materials like transition metal dichalcogenides, MXenes show high electrical
conductivity and Seebeck coefficient, resulting in high thermovoltage output and sensing resolution
[2, 3], ideal for thermocouple operation. In some 2D materials like graphene, the good sensing
performance is preserved over wide working temperature ranges, and even in harsh environment;
making them suitable for high-temperature sensing applications like fire alarms [4]. Besidesstheir
advantages, there are some properties specific to 2D materials that can limit their \sensing
performance. For example, a RTD based on a single layer graphene can be influenced by surface
defects, edges or even its substrate [1].

Thermocouple-based sensors typically require a junction between two materials \with different
Seebeck coefficient which can be realized by stacking different 2D materials (e.g. MXéneand graphene
[2], WS, and NbSe; [3]) on top of each other, or by geometrically patterning a single material [5]. The
latter has been applied to fabricate single material graphene thermocouples with a U-shaped pattern
[5] (see Figure 1b), achieving a maximum sensitivity of AS = 39 uV K. A few studies have also explored
using other temperature-dependent physical quantities beyond the electri€alhones to develop
temperature sensors in 2D materials, which involves detecting changes in’ capacitance [6],
photoluminescence intensity [7] and spin shift [8] and may offer other ways,to temperature sensors
(see Figure 1c-e).

Advances in fabrication technology have enabled researchers t0 accurately engineer the electronic
band structures and geometry of 2D materials to improve temperature sensing performance. 2D
material inks allow for making large-scale temperature sensing pathways or films. For example, a
printed MXene temperature sensor based on thermally activated electron transport was formed on a
flexible polymer substrate [9]. Lastly, 2D materials can be ultimately scaled to the single atomic layer
limit. Such ultra-thin temperature sensors can be intégrated- into micro-/nanoelectronics, wearable
devices and robotic systems [10]. Table 1 summarises and .cempares the performance of several 2D
materials that have been used to fabricate temperature,sensors.

Table 1 Performance of temperature sensors based on 2D materials.

Material Sensor type Temperature Sensitivity Reference
range
Graphene single flake RTD 10to 30°C 0.22% K! [1]
MXene/Graphene film Thermocouple 0to 200 °C 53.6 uvV K1 [2]
WS,/NbSe: film Thermocouple 10to 60 °C 82-90 uv K1 [3]
Graphene Thermistor 100 to 350 °C [4]
oxide/polydopamine
Graphene single flake Thermocouple 39 uv K1 [5]
Graphene/SU48 epoxy Capacitance 10 to 60 °C 40.4 fFK? [6]
Tin-halide perovskites Luminescence -100to 110°C 20 nsK? [7]
hexagonal boron Spin 5to 350K -623 kHz K*! [8]
nitride film
MXene, film RTD 20to 55°C 0.066% K! [9]
Twisted bilayer RTD 7% K? [20]
graphene
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Current and Future Challenges

Fabricating a good 2D materials temperature sensor involves the preparation of high-quality 2D
materials and their integration in functional devices. Some 2D materials are air-sensitive making them
unreliable over time. Also, due to their large surface-to-bulk ratio, 2D flakes are prone to electrostatic
changes of their electronic properties by the substrate, by the atmosphere/gases or by contaminants.
This makes them highly susceptible to changes of their surrounding environment, which can then
cause fluctuations in the temperature sensing signal. Finally, a thermocouple sensoriusually requires
two differently doped 2D materials. Even though some 2D materials naturally possess an intrinsic
doping due to their fabrication process, it is desirable to control the type of majority carriers and.their
density precisely. This is however still a key challenge, because most doping methods developed for
bulk semiconductors cannot be directly applied to 2D materials. What is more,.methods,that have
been demonstrated to dope 2D materials — which include chemical vapor transport (CVT), charge
transfer and plasma treatment — are time-consuming, unstable over time and camidamage the crystal
structure [11].

The integration of 2D materials into a single-flake temperature sensorrequires to control precisely
the position and alignment of the flakes, as well as the contacts on the 2Dymaterials. However, it is
hard to prepare high-quality 2D materials with large lateral sizes. When printing small 2D flakes, the
electrical resistance (and its temperature dependence) of the resulting film is mostly dominated by
the (often weak) electronic coupling between the 2D flakes rather than, by the intrinsic properties of
the single flakes themselves. Additionally, enabling a low access resistance to the thermometer
requires making good ohmic contacts on 2D materialst®Fhis is' inherently problematic for 2D
semiconductors like MoS; or WSe; where often non-ohmie.contacts and high Schottky barriers due to
Fermi level pinning are observed [12].

Understanding heat transfer in a temperature sensor is essential to achieving precise temperature
measurement. This depends on the material [and geometric configurations. The low thermal
conductance of some substrates like polymers can.increase the response time. Meanwhile, ultrathin
2D flakes have low heat capacity, leading to a weaker’electrical response to temperature changes.
Additionally, the deformation of 2D material induced by thermal expansion or external mechanical
forces may add strain on flakes, resulting in‘an ajteration of their electrical and thermal properties,
and in extra electrical signals caused by piezoelectric and flexoelectric effect [13]. Therefore, the
current limits to their sensitivity may;not bewviable for some specific applications that require to detect
tiny temperature changes, such as local heating in scientific research or biological processes.

Advances in Science and Technology to Meet Challenges

Further improvements are. needed in mass production, doping techniques and surface
functionalization. Often bulk ‘sensors do not possess the high sensitivity found in mechanically
exfoliated single crystalline flakes. To this end, the surface chemistry must be controlled to ensure a
low contact resistancé betweeniindividual flakes and to passivate them from their environment. Some
2D materials with reactive surfaces (e.g., MXenes, graphene oxide) might offer simple and scalable
strategies for optimization [14]. 2D materials inks [15,16] allow researchers to develop large-scale
temperature sensors\by forming a network junction and uniform films with desired geometry on
various substrates. Nonetheless, further efforts are needed to solve the self-stacking problem of 2D
material jnks [15]. Typical metal contacts on 2D materials often result in large access resistances,
which can be improved by defect engineering [17] or thickness modulated doping [18]. Furthermore,
some recentiexperiments [11, 12] have achieved low contact resistance using Sb and Bi contacts with
vamder Waals materials.

Encapsulation layers (e.g., hexagonal boron nitride, polymer coatings) and surface modification are
being explored to improve the air- and moisture-stability of 2D materials. Although hexagonal boron
nitridé” encapsulation has been demonstrated to successfully prevent highly air-sensitive materials
from degradation over months, this method still lacks scalability.
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The sensitivity of thermocouples depends on the difference of Seebeck coefficient of two materials.
The magnitude of the Seebeck coefficient can be increased by introducing sharp changes of the DOS
at the Fermi energy. To this end, it has been demonstrated that dilute isovalent sulfur dopingof
Bi.Te,Se flakes can alter the effective mass of charge carriers and thus almost double the Seebeck
coefficient [19].

It is worth mentioning that —for devices consisting of single flakes — there are alternative proposals to
reach high sensitivities. As an example, it has been demonstrated recently that by twisting two'single
layers of graphene [20], electron-phonon interactions could be increased. To this end, by engineering
a twist angle of 1.24° between the two layers, sensitivities of up to 300Q/K (=7%/K).can be reached
(see Figure 1f). Furthermore, optical temperature sensing (e.g., photoluminescence [7])and quantum-
sensing technologies (e.g., spin defects in hexagonal boron nitride [8]) allow to,_ detect small
temperature changes with high spatial resolution. The exciton emission lifetime of perovskites and
resonance frequency of spin in hexagonal boron nitride are strongly temperature=sensitive, making
them excellent temperature sensors. For temperature sensing down to"mK temperatures,
superconducting junctions of 2D materials [21] could serve as highly sensitive thermometers. Lastly,
the temperature dependence of mechanical properties of 2D materials cambe exploited to fabricate
sensors based on membranes, where single layer graphene resonatars showed a change of quality
factor by one order of magnitude within 100 Kelvin [22].

Concluding Remarks

The field of 2D materials has grown rapidly over the past tWo,decadeés, offering a great platform for
printable devices in temperature sensing. Despite some reported progress in 2D materials for
temperature sensing, only a limited number of 2D materials,are currently available for large-scale
applications. This stems mostly from the low contral of'inter-flake couplings in printed films which
results in a large difference between single-flake, and jbulk-film behaviour. With respect to
performance, 2D materials potentially enable high speed temperature read out due to their high
electron mobilities and high thermal conductivities.\Therefore, it is essential to combine theoretical,
experimental, and computational methodologies to further study and optimize the performance of
2D temperature sensors by exploiting novel and unique functionalities like the tunability of 2D
materials by defect engineering, van der Waals héterostructures, and twisted moiré systems.
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Section 6.1 — Introduction to Printable Gas/Vapour Sensors
Krishna C. Persaud

Department of Chemical Engineering, The University of Manchester, Manchester M13 9PL, United
Kingdom

Gas or vapour sensors can be realised using many different materials, based on a variety of.working
principles. They are used in many applications, often related to health and security such as air quality.
monitoring (indoor and outdoor), vehicle emissions, toxic and hazardous gas alarms, personal
healthcare - medical screening and diagnosis, food quality monitoring, agrictltural and farming
emission monitoring. Some sensors are designed for single use — such as smart food labels. Others are
used for continuous monitoring of an environment or process. Electronic nesestiutilise an array of
different gas sensors that display broad overlapping specificity to differentschemical families, to
produce a response pattern that allows fingerprinting a complex mixture of compounds and
discrimination of complex mixtures?. For these sensors to be successful they need to be sensitive to
target volatiles, respond rapidly and reversibly, and have reasonable‘selectivity to gases or vapours of
interest. Desirable features are low-manufacturing cost, stable operation‘over many cycles of use, and
low power consumption.

Common gas sensor technologies include electrochemical redox gas,sensors, chemoresistive sensors
where there is a change in conductance proportional/to the concentration of the target gas,
capacitance based sensors, organic field-effect transistors’'showing a change in source-drain current
in response to a gas, mechanical sensors such as quartzierystalimicrobalances, surface acoustic wave
devices, micro and nano electro-mechanical Systems displaying a change in resonant frequency due
to interaction of gases on a surface, together with optical gas sensors where the change in optical
absorption may be measured. Target gases of cemmercial importance to the gas sensor industry
include reducing gases such as CO, H,, CH4, oxidisingigases such as O3, NOy, Cl,, requiring detection
limits in the ppm region, gases such a@s'H,S and SO, and NH; requiring detection at ppb levels, and
others such as CO,, alcohols, O, where yéry high concentrations (1% or higher) need to be detected.
Electrochemical gas sensors are generally much more selective to target gases, but more expensive
than other gas sensor technologies. Low-cost;gas sensors based on metal oxides show lower selectivity
and cross react with other potentially interfering gases and vapours. Printed gas sensors based on
these materials show much the,same performance as their counterparts manufactured traditionally?.
Electronic nose applications have opened the need for sensors that can discriminate a large range of
volatile organic chemicals such as‘aldehydes, ketones, esters, heterocyclic compounds, and others at
concentrations of ppm to ppb levels required for environmental or food quality applications. This has
opened new opportunities;for sensors based on organic conducting polymers, 2D-materials or other,
but many of these are'experimental and still need to demonstrate robustness in practical applications.
This is an ongoing challenge for printed gas sensors.

Chemoresistiverand field-effect transistors type devices typically consist of a thin layer of sensing
material deposited between two electrodes. Generally, the sorption (adsorption or absorption) of
volatile molecules.onto a sensitive surface is a prerequisite for triggering a transduction process in a
gas sensor platform, and it is this sensitive surface that has been the focus for using printable
materialsaOther component parts, such as interdigitated electrodes, connectors and even first stage
amplification“are also amenable to printing. Of these technologies, metal oxide-based gas sensors
have predominated the gas sensor market. Despite their disadvantages of high-power consumption,
lack of selectivity and prone to drift, they are low cost and easy to mass manufacture. Screen printing
techniques were applied early in gas sensor manufacture for metal oxide gas sensors promoting
volumeé manufacture and increased reproducibility.
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The development of soluble conducting polymer materials has allowed increased use of spin coating,
inkjet printing, micro-drop dispensing, aerosol printing, or 3D-printing for sensor fabrication. This has
facilitated development of more complex organic field effect gas sensors that provide higher
sensitivity as well as more measurable parameters of gas adsorption such as change in field effect
mobility, threshold voltage, on-current, and the subthreshold swing®.

Figure 1 illustrates some of the perspectives of printable gas sensors going from_a repértoire of
materials available to a range of different devices with large potential applications. A new driver.for
printable gas sensors is the freedom to print gas sensors, heating elements, connectors and even
associated electronics on flexible materials such as plastics, paper, or textiles — opening new product
opportunities as well as sustainable manufacturing practices. Feeding into this iis the increasing
availability of two-dimensional materials such as graphene and graphene oxide (containing carboxyl,
hydroxyl, epoxy groups) with a thickness of a few nanometres or less, allowing electron movement in
a two-dimensional plane. These materials may be functionalised with other organic or inorganic
materials, mixed with nanostructures such as carbon nanotubes, metal oxide nanoparticles, biological
materials as well as organic semiconductors to confer unique gas adsorption properties. This flexibility
allows formulation of new inks with unique properties for printing individual gas sensors as well as
arrays of sensors with different selectivity to different gases or vapours’. | Different categories of
materials such as hydrogels that swell on sorption of a gas or vapour can‘now be easily printed®’.
Associated with this is the increasing use of biomimetic materials, aptamers, peptides, proteins as
more selective molecular recognition elements in a gas sensor®.

As a result, the repertoire of materials available for research and potential commercial application is
increasing daily. Understanding the mechanisms of action' of these materials is challenging. For
example, one-dimensional materials with diameters comparablé to the Debye length (a few to tens of
nanometres) are potentially advantageous for achieving a high sensor response for 2-D materials,
while creation of porous structures with large specific, surface areas to enable enhanced gas
adsorption and diffusion, increases performange.

With the emergence of new sensing materials and new methods of manufacture, the gas sensor field
is being forced from convention to innovation and is on the verge of a paradigm shift in terms of
manufacture as well potential applications. There are very few established manufacturers of gas
sensors worldwide, and they only exploititraditional well proven materials and transducer platforms.
They will only accept new manufacturing methods if they are robust and show a defined cost-benefit.
This opens both opportunities as well as a myriad of problems. There are many potential applications
of gas/vapour sensors eachief whichshave widely different requirements in terms of sensitivity,
selectivity, stability. Ideally a"gasisensor should be reversible, molecules should not be chemisorbed
onto the active surface, they should be robust, long lived, free from poisoning and long-term drift.
Some applications mayarequire single use sensors that may give a simple colour change when a
particular gas or vapour is detected. Most of the new materials reported in the literature come from
research laboratonies /where “there have been limited characterisation of the robustness for
applications. Many ‘claims of selectivity to chemical species are exaggerated and are often dependent
on a limited range of chemicals tested. Hence there are challenges to the research community to
prove which materials and manufacturing processes should be adopted for printed gas sensors.
Specification of matetials, and application of recognisable standards are lacking. Choice of appropriate
printing technology is dependent on the material selected as well as the potential market volume.
These bartriers need to be overcome for printable gas sensors to become adopted by manufacturers
for routine production. Going from research, prototyping to manufacture requires risk analysis and
marketianalysis of new and emerging markets likely to be opened by the availability of printable
gas/vapour sensors.

The'market for gas sensors is increasing rapidly due to critical industries releasing gases of concern
into the environment. These include carbon monoxide, carbon dioxide, ammonia, hydrogen sulphide,
and hydrocarbons driving the requirement for gas monitors to minimise effects on human health due
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to excess emissions®. There are widespread applications of gas sensors in automobiles, air quality
monitoring systems, and various consumer devices and increasing use of micro-electromechanical
devices that are internet of things connected that put pressure on manufacturers to achieve
competitive prices. The availability of cloud computing and big data processing now opens
opportunities for deployment of large numbers of sensors covering wide areas creating environmental
sensing networks that give real time 3-dimensional distribution of gas emissions®,
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Section 6.2 — Printable gas/vapour sensors based on organic semiconductors
Eduard Llobet
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Catalonia, Spain

Status

The development of fully printed, organic gas sensors has been fuelled by the evolution of the Intérnet
of Things and the need of achieving flexible, stretchable gas sensing devices to meet thexrequirements
of a wide spectrum of potential applications such as air quality monitoring, foodlogistics,lindustrial
safety, security or health monitoring. Besides showing a semiconducting behaviour, ithe electrical
conductivity of conjugated polymers such as polythiophene, polypyrrole, ‘polyaniline, poly(p-
phenylene vinylene), poly(p-phenylene sulphide), polycarbazole, polyacetylene, polydiacetylene,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and their derivatives can be tuned via
chemical doping. Conducting polymers have modifiable backbones, end groups and side chains, which
enables tailoring their electrical properties and surface chemistry [142].. Gaseous species interact with
organic polymers either via adsorption involving significant charge.transfener via weak intermolecular
forces such as m-m interaction, hydrogen bonding or dipole-dipole interaction, which generate charge
doping effects that modify electrical properties. Furthermore,/conducting polymers can be hybridised
with conducting fillers such as carbon nanomaterials, metalor metal’oxide nanoparticles to further
improve response intensity and dynamics at room temperature [3]. All this explains why these
materials have been studied for developing organic electronic devices and, particularly, gas sensitive
devices. Organic semiconductors have been used as the gas-sensitive channel in printed organic field

Figure/1 Printed chemoresistive gas sensor undergoing repeated automated bending tests for studying its
reliability. Au Interdigitated electrodes are printed on polyimide by inkjet and the gas sensitive film consists of
air-brushed polypyrrole nanoparticles supported on graphene flakes (top). Printed piezoelectric energy
harvester on polyethylene. The piezoelectric film consists of polyvinyl acetate + poly(3,4-
ethylenedioxythiophene) + ZnO.
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effect transistors or in chemoresistive devices. While chemoresistors are simple but prone to suffer
from temperature influence and moisture cross-reactivity, organic field effect transistors can be made
more stable to environmental variables at the cost of requiring more involved fabrication processes,
not always amenable to the desired fully printed approach. Printable sensors employing organic
semiconductors are well suited for developing low-power, low-cost gas/vapour sensing devices for
achieving ubiquitous gas sensing and for being integrated in autonomous, unattendéd loT/networks
(Fig.1). Such sensors can be printed to polymeric, elastomeric, fibres, yarns or fabric substrates for
becoming flexible and stretchable, thus enabling their use in smart packaging or in weafables. Current
challenges are related to the low sensitivity achieved so far in the detection of some target molecules,
the slow response dynamics often experienced with room-temperature operated.devices,the limited
stability of organic semiconductors when subject to operate under ambient canditions, and finally,
the lack of selectivity, especially due to important ambient moisture cross-sensitivity. All these
shortcomings currently hinder the high market potential of printed gasfvapour sensors in many
application fields. These limitations and ways to overcome them are discussed in the next sections.

Current and Future Challenges

The development of printed organic semiconductor gas sensors facesimany challenges that range
from the production of heterogeneous materials, their integrationin_printing processes or meeting
the required specifications for a broad range of applications. The production of organic nanomaterials
and hybrids does not use always solution processed approaches, which would help achieving high
guantities of nanomaterials for mass market manufacturing atlow cost. Currently printed organic gas
sensors have been developed for sensing different gases using polypyrrole (acetic acid, NHs),
polyaniline (CO, NO,, NHs, VOCs, H,S), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (nerve
agents, CH,0, NHs), poly(3-dodecylthiophene) (volatile organie’compounds) [4,5]. The most promising
results have been achieved for detecting NO, and NHs3. .Chemoresistive or field effect transistor sensors
employing the aforementioned materials show goed sensitivities at ppm levels. While this is enough
for some target gases, current sensitivity is not enoughifor CH,O in indoor air quality monitoring (tens
of ppb), for reliably detecting nerve agents in security applications (units of ppb) nor for detecting
volatile organic compound biomarkerszin health applications (units of ppb). In addition, selectivity
remains an open issue as organic semiconductors, even when doped or functionalised, show a broad
selectivity and respond to many gases andwapours, including ambient moisture. Their long-term
stability under open-air operation cohditions (a few months) is still poor compared to than that of
inorganic semiconductors (up te two.years). Printed organic semiconductor sensors operate at room
temperature, which is highly@dvantageous for lowering power consumption, however, this often
results in slow response dynamics (typically units to tens of minutes) and in lengthy or incomplete
recovery (tens of minutes to hours). Such long response and recovery times are inappropriate for
occupational safety and for. security applications (units of second times). High performance organic
field effect transistors'currently. use slow deposition processes and printed devices do not meet the
high-frequency perfofmance needed in radio frequency identification applications [6]. Indeed,
advancing towards fullysprinted, passive and chip-less tags with gas sensing capabilities would help
meet the stringent lew costs needed in smart packaging for food logistics applications. With the
development of suitable substrates for better printability, stretchability and breathability, and the
amelioration of conductive inks for achieving stretchability of conductive paths and electrodes, there
is a need for developing printed organic gas sensors with higher reliability upon bending and stretching
(avoiding ‘delamination of the gas sensitive organic semiconductor film). Finally, addressing self-
healing properties of printed organic gas sensors for achieving better in-field performance [7] and re-
use and designing for the recyclability and disposability are also challenges for the near future.

Advances in Science and Technology to Meet Challenges
For increasing selectivity several approaches need to be explored further and possibly combined. The
main approach consists of modifying the surface chemistry of conducting polymers via engineering
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doping, modifying their terminal groups and side chains to favour specific interactions with target
molecules. Functionalisation effects in selectivity can be enhanced further by promoting modifications
in the physical structure of the organic sensing films to favour the interaction with target gasesyThis
could be achieved via using 3D printing or the design of sacrificial layers developed for controlling
parameters such as porosity, film thickness, microstructure and the interphase with substratessand
electrodes. A more sophisticated approach worth developing is the coating of the organic gas.sensitive
films with organic filters acting as molecular sieves. Printing superimposed filmstof hydrophobic
polytetrafluoroethylene should be explored as a way to limit humidity cross-sensitivity orthe printing
of solution processed metal organic frameworks or covalent organic frameworksfwould enable
boosting selectivity via tailored physicochemical interactions. Metal or covalent organic framework
films may also help pre-concentrate target analytes, thus enabling the lowering ofdimits of,detection
and ameliorating response times (as lower response times are generally achieved at higher analyte
concentrations). Finally, the hybridisation of organic semiconductors with carboninanomaterials such
as graphene [8] deserves to be developed further. The reason is twofold as ¢arbon nanomaterials help
extend the range of gases that can be detected (e.g., H2) and may amelioratéithe stability and sensing
performance of organic semiconductors operated in humid environments (given the hydrophobic
character of graphene). Besides improving gas sensitive materials, uneonventional operating methods
should be developed not only for improving selectivity, but also sensor recovery and baseline stability.
Organic semiconductors have their electrical and optical properties medified upon gas adsorption and
covalent organic frameworks show fluorescence properties. This should be explored for achieving
multimodal sensors (e.g., electronically and optically interrogated) for enabling the orthogonal
detection of target analytes in multi-gas mixtures. Light activation has been seldom used in organic
semiconductor gas sensors and its use could help improving sensitivity and surface cleaning (i.e.,
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Figure 2 a) Schema and b) photograph of the self-healing chemiresistor consisting of a transparent (yellowish)
self-healingisubstrate, self-healing organic polymer electrodes and jelly-like self-healing and pliable induced self-
healing polymer filled with organic ligand caped AuNP film. c) Schema of the ligands coating the AuNPs. The self-
healing substrate is a crosslinked polyurethane (sh-crl-PU) elastomer. This unique characteristic is due to the
reversibility of hydrogen and/or covalent bonds that are formed inside the polymer. These are broken during
scratching and recover in the self-healing process. Adapted from [7] ©2015 WILEY-VCH Verlag GmbH & Co.
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improving recovery). Soluble acene crystals for solution processing and printing of organic field effect
transistors with improved performance are under development [9]. Ameliorated devices should be
used in the next years for achieving fully printed wireless tags with sensing capabilities, thus making
an impact in food logistics. As new elastomer substrates are being developed with self-healing
capability [7, 10] (Fig.2), a similar approach should be used for achieving gas sensitive organiefilms
with self-healing properties matching those of substrates.

Concluding Remarks

The advantage of organic semiconductors for gas/vapour sensing lies in their versatile response
mechanisms that comprise adsorption induced charge doping, proton doping/and changes in
conformation or orientation of molecular chains. Polymers can be easily functionalised fortailoring
their surface chemistry, thus tuning their selectivity to some extent. Their/conductivity can be
improved via doping or by hybridizing with more conductive fillers such as carbon'hanomaterials. Such
materials are multifunctional, as they can be used in the near future not only as gas sensitive films,
but also for developing the front-end electronics, conductive paths, energy storage capacitors or
antennas for wireless communications. Organic materials and their hybfids,canbe’Solution processed,
which makes them particularly suited for developing fully printed gas,sensorsion virtually any type of
substrate (i.e., rigid, flexible, stretchable). Additionally, they can helpaveiding the use of expensive
metals and enable the development of self-healing sensors, thusienhancing inexpensiveness, re-
useability, recyclability and disposability. Despite all these advantages, this roadmap has identified the
currently existing issues with printed organic gas sensors.and prevides some directions on how
research efforts should be directed for addressing them to; help)implement the translation of lab
prototypes into marketable products.
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Section 6.3 — Printable gas/vapour sensors based on carbon nanotubes
Soufiane Krik, Sahira Vasquez, Martina Aurora Costa Angeli, Luisa Petti and Paolo Lugli

Faculty of Engineering, Free University of Bozen-Bolzano, Italy

Status

Carbon nanotubes are especially interesting for gas sensing, due to their high surface-to-volume ratios
(1315 m?/g), excellent electrical (107 S/m) and thermal (3500 W /mK) conductivity, notably’high
adsorption capacity (29.97 gC0, /K g adsorbent), and good sensitivity towards differentanalytes [1].
Particularly investigated is the high affinity of pristine carbon nanotubes towardssNH;, NO5, SO,, and
0,, besides the minor response to N,, H,, H,0, and CO,. Such good response.is mainly due to the
high number of active sites available for gas adsorption through the inner_and thesouter surface of
carbon nanotubes. Upon adsorption, gases transfer charges on the nanotubessidewalls, leading to
changes in their electrical properties. This phenomena takes place beth in single and in multiple
carbon nanotubes, also when these are randomly oriented in networks [2]-[6]. Despite the limited
resulting specificity of such process, the capability of undergoing chémical modification through their
sidewalls allows functionalizing carbon nanotubes and thus tuning their‘response and selectivity to
targeted gases/vapours. Printed and functionalized carbon nanotube-based gas sensors have shown
promising performance (down to ppb level in few seconds)/fordifferent gases/vapours (i.e., NHs,
ethanol, CO, formaldehyde, NO,) with response time down#6:>10 s, eVen at room temperature under
both inert (e.g., N2) and air atmosphere [7]. Printablel carbonynanotube-based gas/vapour offer
manyfold advantages, not only in terms of low-cost_manufacturability, but also for their ability to
operate at room temperature with low power consumption, as compared to metal oxide-based gas
sensors that require operating temperatures typically,above 200 °C. The versatility of using printing
processes on unconventional substrates [8], makes these'sensors appropriate as portable, disposable,
conformable, and wearable devices [9], for applications’such as the early identification of diseases
[10], as well as the monitoring of foad,spoilage directly on the package [11]. Even if these sensors
meet some of the features required, such,as (i) high sensitivity for low concentrations, (ii) rapid
response, (iii) low cost, and (iv) low power consumption, their technology readiness level is behind
conventional counterparts (e.g., metal-oxides, electrochemical, and optical sensors), because they still
lack (i) reversible operation, (ii) good selectivity, and (iii) stable operation over time. Nevertheless, the
fact that commercial gas sensors,are bulky and require high operating temperatures, pushes for
further advancement with alternativermaterials. Furthermore, the detection of new gas/vapours in
unconventional environments (e:g., Jin vitro systems modelling the gastrointestinal tract where
traditional sensors fail dué to'the harsh acidic and anaerobic conditions) makes carbon nanotubes
ideal materials to develdp next-generation gas sensors [12].

Current and Future'Challenges

The current challenges that still limit the use of printable gas/vapour sensors based on carbon
nanotubes mainlyinvolve the use of nanotubes as sensing material and the fabrication methods (i.e.,
printing) employed. Figure 1 provides an overview of the main challenges linked to the current
research and develepment of printed carbon nanotubes gas/vapour sensors.

Fundamentally, one of the major obstacles is surely the low reproducibility and reliability of carbon
nanotubes,hwith the difficulties in synthesizing carbon nanotubes with high purity (e.g., >99%),
homogeneity in size (especially length), and further chemical functionalization [13].

Additional/variability is also provided by the printing methods used to fabricate the sensors, which
typically show a lower reproducibility compared to the conventional fabrication process.
Consequently, the variability in the printed outcome as compared to the nominal layout can influence
the homogeneity of the sensor performance. Even if experimental results show that carbon nanotubes
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Figure 1 Overview of the main challenges related to printed carbon nanotube-based gas/vapour sensors, with
key research directions required to advance the field.

are able to detect several gases, there are’stillha lot of unanswered questions regarding the
fundamental processes underlying the, working pringiple of carbon nanotubes. Specifically, in the
complex sensing mechanisms (Schottkysbarrier, inter and intra carbon nanotubes) of carbon
nanotubes-based sensors (Figure 1), the resolution of the contacts bridging the electrodes and the
homogeneity of the conductive film plays,a major role in the device operation [14].

Despite the high sensitivity, fast responsetime, and low limit of detection, key issues for the transition
of these sensors from research to'industrial scale are their limited selectivity, the slow recovery time
at room temperature, and the drift overtime (Figure 1). Over the past years, the functionalization of
carbon nanotubes with metal nanoparticles (such as Au, Ag, Pd, and Pt), chemical groups or organic
molecules, and innovative composites have remarkably strengthened both sensitivity and selectivity
to some gas species (WH;, NO,, N,, H,, H,S, CO) [15]. However, further progress is needed to
comprehensively examine “how carbon nanotubes contribute on the composite gas sensing
performances and meét the technical criteria (reproducible specificity to target gas/vapour at a fast
rate in the presence of high humidity and temperature variability) of real applications. In fact, carbon
nanotubes may also, be affected by environmental factors, such as temperature and humidity
fluctuations, that can/potentially interfere with the sensing mechanism.

Advances in Science and Technology to Meet Challenges

To addressithea@bovementioned challenges, inter and multidisciplinary approaches in both basic and
applied research and developments are required. First of all, efforts must be focused on the
development of new and optimized carbon nanotubes synthesis and purification processes to
enhance their purity and their quality (i.e., length and diameter), leading thus to gas/vapour sensors
withybetter sensitivity and reproducibility. In addition, more basic research is required to better
comprehend the principles behind the carbon nanotube sensing mechanism and serve as a guide for
creating new strategies to boost the functionality of carbon nanotube-based sensors, opening thus

130



the possibility of exploitation of not yet explored transduction technologies. This could be done by
working on theoretical and computational modelling methods, such as density functional theory.
Carbon nanotube functionalization and hybridization with novel composites, along with suitable
printing methods, is a further future direction expected to advance the performance of carbon
nanotubes gas sensors at room temperature. For instance, it has been demonstrated that decorating
carbon nanotubes with metal oxide nanoparticles or wrapping carbon nanotubes on conductive
polymers that do not interact with interfering sources, allows enhancing both the sensitivity'and the
selectivity of carbon nanotubes-based gas sensors [16]. For example, as shown in Figure,2, a fully
printed ethanol vapour sensor has been made by functionalizing carbon nanotubes with carboxylic
acid or PEDOT:PSS, showing an improvement of the sensitivity compared to the pristine carbon
nanotube sensor by 1.7X and 2.53x, respectively [17].

In parallel to the improvement of the sensing material itself, it is fundamental.to work also on the
integration of carbon nanotubes with printing techniques to realize reproducible devices. For
example, improving carbon nanotubes’ homogeneity and dispersion in solventsWithout the need of
surfactants, combined with the adhesion of the printed pattern to thesnominal design would surely
enhance the reproducibility of the devices.

Besides this, most effort must be done towards data analysis through powerful computational
techniques, such as machine learning, to compensate for the intrinsiclimitations of the used materials
and the technology (i.e., selectivity, time stability, and interference”to environmental factors),
enabling the advancement of the knowledge and potentially allowing predicting unseen situations in
real applications.

=7 3,
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Figure 2. Fully printed and flexible carbon nanotubes-based gas sensor: (a) carbon nanotubes
functionalization with carboxylic acid (O- carbon nanotubes) and PEDOT:PSS (P- carbon nanotubes); (b)
printing of silver electrodes; (c) printing of carbon nanotubes; (d) photograph of the sensor on flexible
substrate; (e) optical microscope image shows the printed silver interdigitated electrodes and (f) scanning
electrode microscope image shows the printed carbon nanotubes. Reproduced with permission from [17].

Concluding Remarks

Printed'gas/vapour sensors based on carbon nanotubes have demonstrated exceptional great promise
for avariety of new applications in which state of the art commercial metal oxides and electrochemical
sensors, as well as spectroscopic technologies are not suitable, due to their high operating
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temperature (300-600°C) and resulting high power consumption, as well as their bulky size and high
cost. Despite printable carbon nanotubes-based gas sensors are still in the early stages of
development for practical applications and further efforts are required to employ them under realistic
usage scenarios, the research has been making for more than two decades unremitting efforts to
enhance the performance of these sensors. Although it is hard to anticipate the long-term impact.on
the market, the fabrication of printable gas/vapour sensors based on carbon nanotubes gives
academics and business experts a sizable chance to progress in the field of gas sensing'technology, by
developing fresh and creative solutions to unconventional applications.
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Section — 6.4 Printable gas/vapour sensors based on metal oxides
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Status

The idea of Brattain and Bardeen of using semiconductors as gas sensitive devices led to theidiscovery.
of a chemoresistive effect in metal oxides (Heiland, 1954). Namely, it was observed that the
adsorption/desorption processes of gaseous compounds on the surface of a semicondueting material
could change their electrical parameters, i.e., resistance, playing a key rolesin’determining the
presence of target analyte in the environment. The subsequent pioneering research reported in 1962
(Seiyama et al. and Taguchi) and the consecutive successful commercialization.of gasisensors by Figaro
paved the way to significant development efforts in this emerging field. Since thei70's, owing to their
easy and simple synthesis manipulation, the metal oxides (e.g., SnO>, ZnQO, In;03, and WOs) have been
established in the market as the standard printable functional films for gas,sensors. In the late 80's,
their primary revolutionary application was as alarm devices to prevent firesin homes through real-
time monitoring of the amount of explosive and hazardous gases-presentiin’indoor environments [1,
2].

Nowadays, due to their tuneable physico-chemical properties and their robustness, metal oxides are
still the most used functional materials for fabrication of pfintable solid-state gas sensors. Indeed, the
global metal-oxide gas sensors market is expected to grow to USD 2.1 Billion by 2027, expansion
attributed to the increasing requests in emergingapplications, for instance, sewage treatment,
medical, oil and natural gas, automobile industry, food industry, and smelting [3]. Smart cities and
building automation are the main applications drivingiddemand, which include weather stations and
environmental monitoring in both public places and transportation (figure 1). The gases that can be
detected most easily with metal-oxide,sensors are ammonia, nitrogen dioxide, carbon monoxide, and
volatile organic compounds, even if moreresearch is needed to accomplish both applicative detection
limits, i.e., for NO,, and selectivity, e.g., breath contains over 3.500 volatile organic compounds [2].

Metal-Oiide
Gas Sensors

Figure 1 Application targets required by metal oxides-based gas sensors mass market and relative analytes of
interest.
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Therefore, the enhancement of already feasible features of metal oxides will result in both a gain of
the sensing materials performance and a viable technological implementation of the devices. First,
the availability of innovative strategies for structural engineering will pave the way for ground-
breaking metal oxides, overcoming the significant disadvantages of standard ones, such as limited
long-term stability and selectivity, and strong moisture interference. Moreover, starting from.recent
technological advances in miniaturization, further reductions in size, manufacturing cost, and power
consumption will enable their future endorsement to the Internet of Things paradigm for large-scale
applications [4]. Therefore, the combination of enriched physico-chemical properties “and
technological advances will corroborate such solid expertise developed on metal-oxide gas sensors so
far.

Current and Future Challenges

The major shortcomings of metal oxide-based gas sensors are the short-term reproducibility of the
response, the stability of conservative performance and the long-term signal drifts, which reduce the
sensor life. Indeed, the structural properties of these materials can changéduring their usage over
time because of poisoning gases, grain growth induced by elevated opeérating temperatures, changes
in crystallographic faces, and point defects. Preventing such preblems would simplify sensor
calibration, avoid uncertain results and false alarms and extend sensaor.operation to commercially
requested 5-10 years’ service life (e.g., oxygen sensors).

Additionally, the activation of an effective sensing mechanism, based on gas-solid chemical reactions,
represents a crucial hurdle for metal oxide-based gas sensefsalndeed, the reversibility of processes at
the surface requires an activation energy, typically supplied by heating the sensitive layer at elevated
temperatures (200-700°C). This condition is the main limitation for a wide-spreading of low-powered
metal-oxide sensors and it inhibits their applicability in explosive/degradable environments [5]. Then,
significant efforts aim to reduce the operatingftemperature without compromising the sensing
performance in terms of kinetics and reversibility'of the‘reaction mechanism.

Several attempts have been pursued to increase sensitivity exploiting the broad palette of precursors
and synthetic techniques that enable metal oxides' compositional, crystallographic, and
morphological properties to be tailored.»Nevertheless, because of expensive reagents and
sophisticated equipment needed, the large-scale technological transfer for the industry is commonly
demanding. Moreover, despite the.encouraging results obtained in controlled atmosphere, ambient
temperature and moisture have shown to significantly contribute in determining the overall sensor
performance. To date, the ydevelopment of humidity-independent metal-oxide sensors for
atmospheric real-time gas measurements is extremely challenging, e.g. Os; sensors, because water can
easily yield hydroxyl groups, negatively affecting the electrical properties of the sensitive film
(response lowering >30%) while limiting target gas adsorption [6]. Additionally, the low selectivity of
standard metal-oxide senseors, induced by kinetic competition in redox reactions between different
gaseous species on the'surface=active sites, is a crucial obstacle for the detection of the analyte in gas
mixtures, especially when present at sub-ppm concentrations. The combination of unsuited sensitivity
and selectivity restricts.the range of gas detection and the sensor calibration linearity, which are
widely regarded as essential parameters for challenging applications addressed both to monitor
extremely low.and remarkably high target concentrations. Detection constraints in the order of few
ppm are sequired for air quality monitoring and toxic gases, e.g., SO, (1 ppm), NO; (10 ppm) and CO
(25 ppm), while quantification of high gas content is appealing for industrial applications, e.g., CO;
(>1000 ppm)and H, (~4% per volume of air) [7]. Among the difficult gases to detect with metal-oxide
sensors, CO, and oxygen are the most critical. Indeed, to date, CO, has been inert for detection by
metal-oxide semiconductors, while elevated temperatures (600-900 °C) of exhausts require oxygen
sensors working in a harsh environment [8].
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Along with the issues for commercialization of suitable metal oxide-based sensors, major challenges
concern the more fundamental theoretical and experimental research to fill the lack of knowledge,
which persists on the gas sensing mechanism, especially in photo-activation mode [9].

Advances in Science and Technology to Meet Challenges
The challenges mentioned above could be addressed through a multiscale strategy (Figure 2).

(i) Sustainable solutions aimed to lower long-standing metal oxides power consumption and. to
enhance sensitivity by cost-effective materials. The use of visible light to activate gas /sensitivity in
metal oxides is an attractive and unexplored alternative to thermal activation for harsh applicative
demands. Visible light would be preferred over UV both to avoid possible affection oflanalytes, e.g.
reducing NO, to NO, and to exploit better efficiency than UVB/UVC sources. However, metal oxides
own bandgaps with energy higher than those of visible light photons, then they need to be sensitized,
e.g. by doping or decorating with narrow-band semiconductors or plasmohic metal nanoparticles.
Alkali metals have also long been predicted to be an ideal plasmonic materialf[10]. Moreover, they
represent a cost-effective and affordable alternative to noble metals, since they canintroduce defects
in metal oxides, contributing to the appearance of impurity intra-band levels, which lead to the
adsorption in the visible range.

(i) New mechanistic studies leading to overcome lack of selectivity and to accomplish a feasible
calibration. Enhanced sensitivity must be addressed by increasing porosity and surface-to-volume
ratio of printable nanostructured sensing films, while improvingametal oxides reactivity through
heterojunctions or incorporating functional materials. Sensor, selectivity can be achieved by (1)
optimizing the device working temperature and/or the chemical composition of the active layer, to
regulate the gas sensing reactions between targets andimetal'oxides, (2) using gas sensor arrays, in
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Figure 2 Overview of challenges and addressed cutting-edge strategies for printable metal oxide-based gas
sensors. The molecular dynamics simulation image is reprinted with permission from ref. 12. Copyright 2016.
With kind permission of The European Physical Journal (EPJ).
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combination with sophisticated algorithms. Indeed, machine learning and artificial neural networks
are pioneering data-processing approaches to improve selectivity and to compensate for signal drift
and non-linear sensitivity, both establishing an effective calibration procedure and paving the way for
Internet of Things.

(iii) Advanced theoretical and experimental techniques to provide new insights into gas Sensing
mechanisms. Operando approaches combine investigation on sensing transduction together with
advanced characterization techniques (e.g. Diffuse Reflectance Infrared Fourier, Transform
spectroscopy), monitoring the metal-oxide film under its actual working, i.e. under device operation
conditions. These effective and promising methods would allow us to examine reactions occurring at
such rough-surfaced solid metal-oxide films, giving hints on the gas sensing mechanism{21]. However,
reaction dynamics usually proceeds too fast to be determined by operando characterization, resulting
in limited information. Therefore, simulations by molecular dynamics including'chemical reactions in
heterogeneous phase would be a valuable tool to support experimentalnanalyses, studying the
dynamics of physical/chemical adsorption of gaseous molecules on metal-oxidessurface [12].

Concluding Remarks

The starring role earned by metal oxide-based gas sensors during thé “sensor decade”, the first of the
21st century, is out of discussion. Starting from the first printing teehniquentsed for the metal oxides,
i.e., screen printing, significant efforts have been made to adapt existing printing methods to the
fabrication of electrical gas sensors. Nowadays, the term “printable” is no longer limited to inks/pastes
used for the sensing layer, but rather extended also to electrodes and substrates, then these three
components are interdependent [2]. On the contrary to gas sensors manufactured using conventional
methods, printed metal-oxide gas sensors could achieve the Internet of Things paradigm due to their
low-cost, low-power consumption, and technological integrability. Besides the compatibility studies
on materials and methods for electrodes and substrates, e.g. microfabrication techniques, diverse
research directions are opening on metal oxides. If onyone side the significant lacks on sensing
mechanism will foster the development of new computational interfaces also addressed to tailor
highly selective metal oxides, on the/other side, we expect that the design of innovative operando
systems for photoactivation studies will retrieve and exploit knowledge from other nearby areas, such
as photocatalysis and photonics, and in additionwill enable room-temperature operating metal oxide-
based sensors.
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Status

Two-dimensional (2D) materials, including graphene and related materials,, layered™ metal
dichalcogenides, hexagonal boron nitride, and MXenes, the latter referring to Mn.XiTx (M = transition
metal, X = Cand/or N, and T = surface-terminating functional group like -F, -OH, or-0), have emerged
as compelling gas sensing materials due to their unique physical and chemicalproperties [1]. These
properties encompass atomically thin layered structures, tunable electronie.and optical properties,
and extraordinary mechanical strength. Furthermore, the inherent stability of 2Dimaterials allows for
long-term operation and robustness in harsh environments, making them suitable for real-life
applications.

The gas sensitivity of 2D materials arises from their high surface-to-volume ratio and abundant active
sites, rendering their charge transport susceptible to gas molecule ‘adsorption [2]. The absorption of
gas molecules with varying electron-doping or withdrawing/abilities at the interfaces can induce
bandgap alternations, generating resistance responses [1]. Typicalanalyte-material interactions in 2D
material-based gas sensors encompass van-der-Waals interaction, charge transfer, m—m interaction,
hydrogen bond interaction, and coordination. The strong noncovalent interactions induced by defects,
atomic orbitals, and surface chemistry of 2D materialsicentribute to high sensitivity and selectivity at
room temperature.

Printing of 2D materials presents an attractive,aption for cost-effective gas sensor fabrication [3].
Large-scale production of 2D material flakes withyedge defects and active sites can be achieved
through liquid-phase exfoliation. Thefdispersion of 2D flakes can then be formulated into inks for
printing methods such as inkjet, screen printing, and gravure. Graphene oxide and reduced graphene
oxide, with functionalized surfaces and bettersdispersity, can be easily prepared via Hammer's
methods and are extensively reported for.fabricating both capacitive and chemoresistive gas sensors.
Additionally, graphene's high surface-to-volume ratio and excellent conductivity make it a promising
scaffold for loading other active ynaterials and providing conductive channels. Layered metal
dichalcogenides, such as MeS; anduSnS,, possess tunable bandgaps and can interact with gas
molecules through various noncovalent interactions. It is noteworthy that MoS; is intrinsically n-type
doped but can be p-type dopéd.in the form of exfoliated flakes, enabling gas sensor printing without
additional doping or madification [4]. Pristine TisC, MXene is a metallic 2D material with surface
terminal groups. Analogous, to/graphene, its sensitivity and selectivity can be improved via an
oxidation process [5]. Multiple heterojunctions of TisC; and semiconducting TiO, can form Schottky
barriers within the'flakes, specifically enhancing the selectivity of nitrogen dioxide by an order of
magnitude. Al-based data processing are effective methods to achieve accurate gas/vapour sensors
based on 2D materials with high selectivity in complex gas mixtures and environments.

Current and Future Challenges

Current research on printed 2D material-based gas sensors focuses on extensively explored graphene
and related“materials and layered metal dichalcogenides in different applications ranging from
personalyexposure monitoring to toxic and polluting gases to washable textile-based sensors for
wearable electronics applications with ultrahigh sensitivity, down to 20 or 100 ppb of NO; in dry and
humid air respectively [6]. While several 2D materials, such as graphene and related materials, MXene
and black phosphorous inks, have been formulated to fulfil printability requirements [7], there is a
need for further research to optimize their use in gas sensor fabrication.
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Commercially available chemoresistive gas or vapour sensors are generally based on heated metal
oxides (e.g. Sn0O3, Zn0O, TiO,, Cuz0) to provide an estimation of the total volatile organic compounds
(VOCs) in air or the concentration of toxic or polluting gases such as CO, NO,, and othersywith
concentration in the range of 1 part per million or higher. Compared to these, printed gas sensors
operating at room temperatures generally exhibit slower response and recovery due the difficulty.to
promote desorption of gas molecules absorbed in the sensing layer. 2D material-based gas'sensors
have the ability to work at room temperature and to run at low-power consumption as required in
portable and mobile device applications. Thanks to the high surface area (2630 m?/g forgraphene)
and surface activity of 2D materials used as sensing layers 2D-materials based gas sensors are capable
of ultra-high sensitivity and lower limit of detection (LOD), down to the part per billion (ppb), as
required for detecting a large variety of gases and vapours, as well as odours, selvents,yand other
potentially toxic gases that are present in minute concentration in indoor or outdoor environment [3].
An expedient way to initialize the sensors is to apply pulsed high heat or UV expoesure'to accelerate
the desorption of gas molecules. Additionally, the performance of printed/layers. of 2D materials for
gas sensing is inevitably degraded compared to CVD-grown layers and singlé'flake devices due to the
disordered hopping transfer in the percolating network [8]. Conversely, theginherent defects in
exfoliated flakes can dominate the electrical properties of 2D materials. Many effective strategies have
been developed to enhance the performance of 2D material-based gas sensors, such as surface
modification, heterostructure, and nanostructure [9]. Graphene exhibits poor sensitivity to gas
molecules but can be enhanced through doping and chemical modification. There have been types of
gas sensing diodes with increment on sensitivity based on_single-flake or CVD-grown layered metal
dichalcogenides. Consequently, a current challenge is the transferral of these existing strategies and
the development of distinct strategies for solution-processed 2D/materials.

The majority of reported printed gas sensors based on 2D materials can only generate single outputs.
In the future, more complex tasks like recognizing mixtures of unknown gases will necessitate gas
sensing arrays or multivariable gas sensors with/multiple'outputs [10]. CMOS gas sensors with printed
2D materials as active layers are a promising option’for commercialization, but they still face
challenges such as high manufacturing costs and pooridevice-to-device reproducibility [11].

One of the main challenges in utilizing/Al for.deyeloping models of 2D materials-based gas/vapour
sensors is the ability of the Al model to apply effectively in heterogeneous sensing environments, that
requires model interpretability and.explainability. While Al can assist in the design and fabrication of
2D gas/vapour sensors, determining the optimal material properties, sensor geometries, and
fabrication processes, to achieve a'specific sensing target, the Al model is often unable to provide a
deep understanding of the underlying physical and chemical processes. This requirement is difficult to
achieve with black-box neural.network models [12].

A key aspect of 2D materials-based gas sensors is the slow desorption of gas molecules from the sensor
surface, leading to prolonged recovery times. This issue stems from the strong adsorption forces
between the gas molecules and,the 2D material surface. Innovative approaches to mitigate this
challenge include surface functionalization and the integration of hybrid and porous materials. Surface
functionalizatioh can alterthe chemical properties of the 2D materials, thus weakening the adsorption
forces and facilitating faster desorption. Moreover, the use of hybrid structures combining 2D
materials with othef nanostructures (e.g., metal oxides or polymers) can enhance gas molecule
mobility fand desorption kinetics. Further research in these areas could substantially improve the
recoverytimes of these sensors, making them more viable for practical applications. [13]

Advancesiin,;Science and Technology to Meet Challenges

A'promising approach for detection of gas and volatile organic compounds (VOCs) present both in
outdoor and indoor environments encompasses the use of bio-inspired Murray materials, as
hierarchical porous structures that control absorption and desorption of the different gas molecules
present in air [14]. These materials can be manufactured by solution-phase additive manufacturing
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techniques and are used to obtain self-assembled porous structures with nano- and micro-level pores
that mimic the hierarchy of length scales found in xylems and leaf veins in plants. With multiple levels
of interconnected channels, this universal structure has evolved over many million years to ensure
mass transport (i.e., fluid permeation) with minimum energy expenditure through the preservationof
volumetric flow rate. This approach (Figure 1) allows optimum through-flow of gases to the,2D
material composite structure, providing a fast, highly sensitive and selective response [15].

Al methods used for classifying detected gases/vapours include classical machine learning metheds,
such as Principal Component Analysis (PCA), Support Vector Machine (SVM), Multilayer Perceptron
(MLP) [16-18], and deep learning methods, such as Convolutional Neural Network (CNN) and
Recurrent Neural Network (RNN) [19] (Figure 2). The former is suitable for use in application scenarios
with relatively simple environments and single data modality, while the latter/are better suited in
situations where multiple complex gases/vapours are interrelated and data contain a certain degree
of temporal complexity.
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Key to the success of printable gas/vapour sensors based on 2D materials operating at room
temperature, is the integrated analysis of accurate gas classification and concentration regression. A
fully inkjet-printed room-temperature gas sensor based on graphene-metal oxide hybrids and utilising
a machine learning-assisted visualization platform, has been developed. It demonstrated high stability
and reliability with a portable low-power design [20]. Transfer learning is a promising method. to
address the challenge of developing Al models that can be effectively utilized in heterogeneous
sensing environments by leveraging knowledge gained from one environment and applying,it to
another related environment [21]. Explainable Artificial Intelligence (XAl) has the potentialito address
the challenge of model interpretability and explainability by providing insights into (the underlying
decision-making processes of Al models. For example, XAl techniques can provide/explanations for
specific model decisions, making it possible to understand why a particular material, geometry, or
fabrication process was chosen or recommended by the Al model. This information can be used to
fine-tune the model or validate its predictions against domain knowledge and expertdntuition [22].
Local interpretable model-agnostic explanations (LIME) can be applied to deep learning models used
in 2D gas/vapour sensors to identify the most relevant features and interactions responsible for the
model's decisions [23].

Concluding Remarks

In conclusion, the application of 2D materials, beyond graphene and transition metal dichalcogenides,
in printed gas sensor fabrication is still rare. While several 2D materials, such as MXene and black-
phosphorus inks, have been formulated, there is a need for.furtheriresearch to optimize their use in
gas sensor fabrication. Combining the ideal characteristics of 2Dymaterials with bio-inspired printable
3D nano and mesoporous network structures designed for/minimum-energy fluid permeation is a
promising research area to achieve unprecedented |évels,of sensitivity in gas and vapour sensing. Al
methods are utilized to assist both in the modelling,and dataranalysis to achieve highly accurate and
selective 2D materials-based gas and vapour sensor-devices, as well as in the design of advanced
sensor structures by modelling hierarchical porous,structures and predicting the gases/vapours and
surfaces interactions.
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Status

Metal halide perovskites have recently attracted significant attention in optoelectronics, contributing
to numerous breakthroughs in applications, including solar cells, light “emitting devices,
photodetectors, sensors, and transistors [1], due to their favorable optoelectronicproperties, such as
high optical absorption coefficients and tuneable bandgaps. Moreover, compared to other printable
semiconductors, they exhibit long carrier diffusion lengths, high’carrier mobilities, and low trap
densities [2]. Metal halide perovskites are commonly categorizédhinto two groups based on their
composition: inorganic metal halide perovskites and hybrid organic-inorganic metal halide
perovskites. The hybrid organic-inorganic metal halide perovskites family has an ABXsstructure, where
‘A’ is an organic cation, ‘M’ is a metal cation, and ‘X//is a, halide anion. Layer-structured two-
dimensional perovskites follow instead the (RNHs)2(As)naMaXsnsa structure where RNH; represents
bulkier alkyl ammonium cation, ‘A’ stands for small organic oralkyl metal cation, ‘M’ and ‘X’ represent
the group IV metal cation and the halogen, respectively,hand ‘n’ is the number of layers [3]. The
semiconducting nature and favorable optoelectroficproperties of metal halide perovskites, which can
be easily tuned by altering A/X-site ions, make them also suitable for sensing gas molecules. Different
types of perovskite materials, applications of halide, perovskites in optoelectronics, their printing
techniques, and the current challengesare illustrated/in Figure 1.

Recently, the application of metal halide perovskites in gas/vapor sensing has shown promising
performance in detecting various gases including volatile organic compounds, carbon monoxide,
ammonia, oxygen, and nitrogen oxideés (NOx)[4]. The major benefits of perovskite-based gas sensors
are their high sensitivity (currentlyn the range of parts per million to parts per billion) [4], fast
response, and recovery times (less'than@ minute), and low detection limits (less than one parts per
million) [3]. Transduction of'their sensing response has been successfully achieved by a variety of
methods, including photeluminescence, photo-electrochemistry, electro-chemiluminescence, and
chemoresistive [5]. Furthermore, perovskites can be easily integrated into compact and low-cost
devices, making them /suitable for widespread use in various industries, including environmental
monitoring, industrial process eontrol, and healthcare. Despite this potential, perovskites are not
without their challenges, such as high reactivity to ambient conditions such as oxygen, humidity, and
temperature thatynegatively impact their long-term stability. However, recent progress toward the
development (of selective nitrogen dioxide, oxygen, and humidity sensors has been reported (Figure
2) [6, 7].

Despite progress on the fabrication of more stable perovskite gas sensors by laboratory-scale spin-
coating methods, there has been less focus on their scale-up and commercialization [9]. However,
extensive research has been conducted toward the scale-up of perovskite solar cells using a spray,
blade, andsslot-die coating, flexographic, inkjet, gravure, and screen printing [9]. Amongst these
methods, inkjet printing as a low-cost, designable, reliable, and reproducible method has been used
to fabricate gas/vapor sensors [10]. In inkjet printing, a printer is loaded with perovskite ink, which is
then dispensed through a nozzle as small droplets onto a sensor platform. CsPbBr; perovskite films
show a current degradation of only 12% after 200 cycles, indicating the excellent conductivity,
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stability, and durability of the uniformly grown inkjet-printed perovskite films [11]. Similarly, the self-
powered organic-inorganic hybrid heterojunction of p-type hybrid-halide perovskite and n-type
InGaZnO prepared by inkjet printing demonstrated nitrogen dioxide sensitivity of 127.2% per pant per
million [7]. These recent results demonstrate that mass production of high-performance perovskite
gas sensors may be possible by optimization of the ink formulation and inkjet printing parameters.

Current and Future Challenges

Printable gas/vapor sensors based on halide perovskites face numerous challenges [1, /4];.including
their limited environmental stability. Halide perovskites are sensitive to moisture and heat, leading to
rapid structural degradation and sensor performance decay [12]. For example, the complete
decomposition of CH3NHsPbls takes more than 20 days at a relative humidity of ~50%, and.less than
5 days at a relative humidity of over 90% [13]. Another standing challenge is the limited reproducibility
of their sensor performance. The latter varies greatly depending on the synthesis’ method and
experimental conditions, such as the area of the sensing film and electrodes/[5]. The response of metal
halide perovskites to a fixed concentration of as low as 10 parts per million efammonia gas decreases
by about 10% after the initial few cycles in a recent reproducibility study-[14].
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Figure 1 Schematic illustration of perovskite materials system types, their applications in various sensing areas,
and their challenges.
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Figure 2 a) Schematic illustration of reversible fluorescent patterns on glass substrates and Polyethylene
terephthalate substrates by handwriting ‘or printing for printable humidity sensors based on perovskite
composites. Reprinted by permission from [6]mb)/Response of printed, flexible, and self-powered sensors to
ethanol and c) acetone at room temperature. d) Sensitivities of printed sensors as a function of analyte gas
concentrations. Reprinted by permission from [8], copyright 2018 John Wiley and Sons. e) Schematic drawing of
organic-inorganic hybrid heterojunction based on halide perovskite and InGaZnO self-powered, highly selective
nitrogen dioxide sensor. f) Cross-sectional scanning electron micrograph showing the interface of the energy
harvesting part and the sensing part. g) transient response of the organic-inorganic hybrid heterojunction based
on halide perovskite and InGaZnO self-powered, highly selective nitrogen dioxide sensor to various humidity
levels and nitrogen dioxide gas,in the presence of humidity. Reprinted by permission from [7], copyright 2021
American Chemical Society.

Currently, halide-baséd perovskite sensors can selectively detect only a limited range of gases, namely
carbon monoxide, ammonia, oxygen, and nitrogen oxides [4], limiting the scope of applications.
Furthermore, they generally have high cross-sensitivity to these gases, which challenges the accurate
identification of the analyte [7], and their sensitivity and selectivity are insufficient for applications
requiring the detection of the concentration of gases less than parts per billion, such as disease
detection and monitoring by human breath analysis. The highest sensitivity reported so far using lead
halide perovskite nanoparticles is 0.5 parts per million for hydrogen sulphide gas [15]. Therefore,
improvements in the selectivity and sensitivity of halide-based perovskite sensors are also required
for advanced healthcare applications.
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Another existing challenge is to develop low-toxic perovskite materials for use in miniaturized sensing.
Current halide-based perovskite materials' toxicity and environmental impact are of concern and limit
their ability to be commercialized. Halide perovskites contain heavy metals such as lead and, are
processed with toxic solvents, both of which can be toxic to plants and animals. MAPbls-based
perovskites consist of approximately one-third of their weight in lead and are soluble in waterg[16].
The consumption of lead can have detrimental effects on various organs including the liver, kidneys;,
nervous system, and other bodily systems [16]. Additionally, the instability of some halide perovskites
under humid and/or high-temperature conditions can result in the release of toxic gases, such as
hydrogen cyanide. Therefore, developing stable and robust halide perovskites is crucial for reducing
their environmental impact and toxicity.

Currently, most halide perovskite sensors are produced through the spin coating'method, which is
difficult to scale up for mass production. Additionally, the process can be sensitive to the quality and
purity of the starting materials, which can further complicate scaling up the preduction process. Inkjet
printing has shown potential for producing high-resolution patterns and precisetink,placement, which
makes it the most promising method for printing perovskite sensors.However, the inkjet printing
process is slower than other printing methods and has issues with ink viscasity, positioning accuracy,
and print resolutions (current resolution is 1-100 um), and yet/not _enough research has been
conducted to print and commercialize highly reproducible and perferming halide perovskite-based gas
sensors [10].

Advances in Science and Technology to Meet Challenges

Printable gas sensors using metal halide perovskites and their derivatives hold promise for compact
gas sensing devices in various applications. Recent advancements have been focused on sensitivity,
sensing performance, and toxicity issues. However, furtherresearch is needed to tackle the remaining
challenges including stability, reproducibility, selectivity, and fabrication scalability.

The current limited environmental stability of halide perovskite materials may be overcome by
probing more stable perovskites through the surfacesand compositional tuning and encapsulation
techniques. For instance, the incorporation of long-chain organic cations (Cu?*, Mn?*, and Sn%*) in two-
dimensional layered perovskites may demonstrate better stability against oxygen and moisture,
offering improved performance and longevity when compared to three-dimensional perovskites.

The sensitivity and target gas selectivity of halide perovskite gas sensors can be improved by
optimizing light absorption to stimulate chemical reactions, tailoring charge carrier generation using
heterojunction architecturesiand defect'engineering including interstitials and substitutional defects,
and surface modification of “the perovskite materials by exploring various nano structural
configurations. Future endeavers should also be focused on optimized dopant concentration and
distribution which are necessaryto reduce cross-selectivity for applications requiring the detection of
ultra-low gas concentrations,(in/the range of parts per trillion), including disease diagnosis through
breath analysis. Achieving consistent and reproducible sensor performance is crucial for reliable gas
sensing. By standardizing synthesis methods, optimizing the area of the sensing film and electrodes,
and implementing rigorous quality control measures, the variability in sensor performance can be
reduced.

Similarly,sfecognizing the environmental impact and toxicity concerns associated with lead-based
halide perovskites, there is a dire need to develop low-toxic alternatives without sacrificing the sensing
performance.and stability. By exploring alternative cations such as non-toxic divalent e.g., Sn*, Ge%,
Cu%,, hetero-valent (other than di-valent) replacements, non-toxic precursor solvents, lead-free
double perovskite derivatives, and incorporating environmentally friendly encapsulation techniques,
substantial progress in reducing the toxicity and environmental impact of halide perovskite materials
can be,made. To facilitate cost-effective large-scale production of halide perovskites for gas sensing
using’inkjet printing techniques, additional research is necessary to customize ink compositions for
specific and drop-on-demand printing methods, ensuring low-cost and high-speed processes, while

147



also achieving adequate electrical conductivity at lower temperatures without substrate and
precursor inks degradation and damage.

Concluding Remarks

The development of miniaturized gas sensing devices based on perovskite materials is at its early:stage
and presents several opportunities for material and fabrication process discoveries. Open challenges
include the development of new sensitive and selective materials with enhanced stability. and
tunability for portable gas sensing systems. Furthermore, combining the sensing properties of halide
perovskites with their light-harvesting features has significant potential for the development ofself-
powered miniaturized gas sensor systems for application in distributed and wearable sensing.
Establishing dedicated processes and solutions to produce halide perovskite gas.sensorsiis.a current
bottleneck that will likely require different solutions than those opting for/devices, that can be
hermetically sealed from the environment such as photovoltaic cells and photodetectors. Success in
this task will lead to ample opportunities for fundamental and technological discoveries as well as for
the translation and commercialization of halide perovskite-based gas sensing'technologies.
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Status

Compared with classic porous materials, the chemical versatility, regular porosity and diversity of their
structures make metal-organic frameworks attractive for their potential use in different fields
(catalysis, sensing, gas storage or drug delivery). Metal-organic frameworks are based on metallic
nodes and organic linkers giving rise to a class of functional crystalline matetials potentially porous.
Remarkably, metal-organic frameworks can also hold other active guest molecules, enzymes, bacteria,
and nanoparticles to promote their sensing properties. In addition/the fact that metal organic
frameworks are porous materials easy to be functionalized facilitates the tuning of their selectivity by
tailoring the size of the pores to the target molecules. Although many efforts have been concentrated
in the preparation of novel metal-organic framework structures, with different topologies, the
integration and immobilization of these materials in functionalidevicesiisstill in its infancy. In order to
apply metal-organic frameworks in sensing applications, their ‘depeosition in a substrate with excellent
surface coverage is highly desirable.

The preparation of metal-organic framework thin films on different nature substrates has recently
drawn attention from the research and industrial fields.In this'regard, metal-organic framework thin
films have been fabricated by various approaches,. suchas spray layer-by-layer,[1] or the direct
solvothermal synthesis.[2] Printed metal-organic frameworks have recently been proposed as an
interesting approach to deposit metal-organic frameworks as it allows to directly create complex
structural networks with much less waste than with 6ther techniques. For example, metal-organic
framework-74(Ni) and the University of Texas at San Antonio-16(Co) materials have been reported as
3D-printed monoliths for CO, adsorption,[3},or a 3D printable hydrogel ink containing Zeolitic
Imidazolate Framework-8 anchored on ‘cellulose ‘nanofibers as drug delivery platform.[4]

Researchers have also explored thé inkjet,printing for creating metal-organic framework thin films for
their use in signal sensors, chemical sensors, and selective membranes. In 2015, Junior et al.
pioneering reported a series'of lanthanide metal-organic frameworks printed onto plastic and paper
foils with a conventional inkjet printer, and open a new window for exploring printed metal-organic
framework materials in téchnological applications, such as optical devices (lab-on-a-chip), proof of
authenticity for official documents and sensing.[5] Other authors reported the deposition of metal-
organic frameworks in.screen-printed carbon electrodes,[6] drop-casting in the detection of nitrite[7]
or ammonia,[8] or spin coating in the detection of Escherichia coli.[9] But not until 2021, the possible
practical utility of printed metal-organic frameworks was demonstrated for sensing. Particularly, Deep
et al. demonstrated the potential of printed Mn-1,4-benzenedicarboxylate and Tb-trimesate metal-
organic frameworks on NH3 detection over the range 5-80 ppm with a limit of detection of 0.3 ppm
(much lower than already reported ammonia sensors) through colorimetry and photoluminescence,
respectively.[10] Finally, in 2022 Ameloot et al. reported for the first time the use of aerosol jet
printing for.the/deposition of the ultramicroporous metal-organic framework University of Texas at
San Antonio-280 with CO, adsorption capacity and potentially useful in CO sensing (Figure 1).[11]

Current and Future Challenges

Metal-organic frameworks have demonstrated their utility as coatings through the development of
inks with different purposes. They are stable under high temperatures (ca. 300 2C), so they can be
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Figure 1 Schematic representation of the aerosol jet printing setup used to deposit University.of Texas at San
Antonio-280. [CaOe] polyhedra are shown in green and C and O atoms are shown in grey. Reproduced with
permission.[11]

printed using different technologies. Also, mechanical properties can be adapted by adjusting the
composition and printing parameters. Thus, the printed materials have similar properties (adsorption,
fluorescence) than the pristine metal-organic frameworks with bétter mechanical properties.

As a new class of porous materials, it is important to recognize that prior to the potential use of printed
metal-organic frameworks as gas/vapor sensors, metal-organic framework’s stability and aging or
their fatigue/reusability is a major challenge. Most of the feported printed metal-organic frameworks
applied in different fields, did not consider their reusability or it is only performed at short-term
cyclability, remaining almost unknown the long-térm reuse of these deposited solids. Further,
considering their way from basic to industrial applications, novel synthetic routes with appropriate
space time yield (kilogram of materials per cubic meterof reaction mixture per day), avoiding the use
of expensive or dangerous reactants, using green‘and economic solvents, and favouring low pressure
conditions are required.[12] If fact, the vast majority’ of deposited metal-organic frameworks are
related with materials synthetized at room,temperature (mainly Cu-trimesate or Zeolitic Imidazolate
Framework-8).

Another important point is the optimalydispersion of metal-organic frameworks on the desired
support. Dispersing metal-organic/frameworks into polymer matrixes is an effective way to enhance
the mechanical, electrical, optical,'and mass transport properties. Thus, to control the dispersibility of
metal-organic frameworks in these matrixes is basic for their optimum functionality. Metal-organic
framework particles aggregationjis a recurrent phenomenon, which is often indicative of poor
interfacial compatibility, associated with a loss of mechanical and mass transport properties of the
composites. Such aggregation is especially critical in the deposition of smooth and, therefore,
reproducible printedslayersaln’ this sense, metal-organic framework’s surface modification has
recently reported as an efficientaltérnative to avoid aggregation issues.[13]

Advances in Science and Technology to Meet Challenges

Metal-organic frameworks are impressive materials in terms of adsorption and chemical diversity. In
the field ofigas sensing, metal-organic frameworks are especially attractive because of the possibility
of tuning their sensitivity and selectivity to a target molecule during their synthesis by incorporating
in their paresity the proper functionalities (chemical groups, metallic particles, etc). For instance, the
Pd-embedded in a Zr and dibenzo[b,d]-thiophene-3,7-dicarboxylate-5,5-dioxide metal-organic
frameworkshows higher efficient and selective hydrogen sensing performance that the pristine metal-
orgahic framework.[14] Upon exposure to Hy, the transient resistance curves of the gas sensor showed
a 5-fold increased response when the Pd-based composite is utilized. Another example is the amino
functionalized Universitetet i Oslo-66-NH, material in the effective chemiresistive sensing of acidic
gases, such as SO,, NO; and CO,.[15] While the non-functionalized Universitetet i Oslo-66 showed no
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detectable changes in resistance, Universitetet i Oslo-66-NH, demonstrated an attractive response of
21.6,7.6 and 11.4% for 10 ppm SO, 10 ppm NOz and 5000 ppm CO, respectively. Thus, printed metal-
organic frameworks are projected as a novel pathway to bust their applications in several impostant
fields (chemical, food and energy industries, biomedicine, etc.) thanks to the combination of metal-
organic frameworks’ properties with the inherent advantages of printed electronic technologies: To
advance into the realization of printed metal-organic frameworks, some important facts should be
considered, like particle size, viscosity and surface tension, among other technological parameters to
obtain stable inks/pastes. Regarding their manufacturing, significant advances should/be, achieved
towards sustainable metal-organic frameworks. In spite of the synthesis of some ehvironmentally
friendly metal-organic frameworks, the majority of them require either high temperature (120-220
oC) and/or high-pressure processes (using Teflon-lined autoclaves), hazardous selvents and/or the
resulting synthesized metal-organic frameworks are not biodegradable.

Overall, some advances have been performed on the development ofuwprinted’ metal-organic
frameworks, although their application in gas/vapor sensing is still in its early'stages. Despite the
outstanding performances of some metal-organic frameworks, their application in'this field requires
a further deep evaluation of crucial parameters (reusability, cost, industrial conditions, efficient
deposition, etc.). Apart from the mentioned challenges with respect.to the printability of metal-
organic frameworks, another path to explore is the compatibilitybetweenimetal-organic frameworks
and pre-treatment (normally required for surface tension incompatibilities) and post-treatment
processes (normally needed for activating the deposited layers)as sensing devices are composed of
many different layers and metal-organic frameworks must®fiot be used alone. Finally, besides metal-
organic frameworks optimization, the existing perspective of 3Dyprintable sensors is based on the
capacity to create complex shapes, opening a set of opportunities to find uses in other diverse areas.

Concluding Remarks

Over and above, gas/vapor sensing printed metal=organic frameworks are conserved as
multifunctional platforms, as they not only work as sensors, but also as adsorbents, and even as
detoxifying agents. Apart from the outstanding features of metal-organic frameworks, their ease of
functionalization during the synthesis process with respect to other commonly used materials for gas
sensing, makes them perfect candidates to achieve selective sensing layers, which is one of the major,
not yet resolved challenges, in this type of sensors. However, for their broader use in printing
technology, science and technology should face the main weakness in the current state of the art: the
formulation of stable dispersions.
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Status

Metal sulfides have attracted great research interest due to the abundant choice of cheap materials.
They are part of the current generation of sensing materials, holding a favorablesposition by virtue of
their elemental composition, and progressing as possible cutting-edge alternatives to metal-oxide
semiconductors. In fact, the absence of oxygen in the crystal lattice results in“andistinct catalytic
mechanism for the surface reaction, as well as representing a potential (solution, to the consistent
signal drift experienced by metal oxides and attributed to in/out diffusion of oxygen vacancies.
Moreover, metal sulfides possess high carrier mobility at low temperaturesawhen compared to other
sensing materials, which allows a low energy consumption and‘then a low/room temperature
operation, making them superior for a feasible technological integration [1]¢ In addition, their sizable
and tuneable bandgaps enable the light activation in the visible range, involving both high energy
efficiency of photoconversion and an effective room-temperature operation. However, only starting
from the last decade metal sulfide semiconductors aresfeceivingvintense research interests for
promising applications in gas sensing, demonstrating a range ofiunique properties that outperform
those of other nanostructured semiconductors [2]. The {possibility to tune the nanostructure
morphology and crystal structure by using simple and inexpensive methods continues to push forward
the usage of metal sulfides as functional 154ensingg materials. In particular, both theoretical and
experimental investigations have highlighted that 2D ‘metal sulfides are extremely efficient in gas
detection due to their high surface-to-volume ratio, high,conductivity, and surface reactivity, although
the lack of control over their printing/and the associated uncontrolled packing of 2D nanostructures
limit reproducibility in their production.
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Metal sulfides-based sensors can be classified into chemiresistors, Schottky junctions,
heterojunctions, field-effect transistors, and optical and surface acoustic wave gas sensors (figure 1).
Studies published so far highlighted that IV-VI metal sulfides show fast response and recovery time,
within the range of a few seconds, while 1I-VI compounds have high response and selectivity to volatile
organic compounds [3], especially in dry air, but at relatively high working temperatures (> 150°C).
The use of functionalisations or hetero-junctions with other nanostructured semiconductors leads to
a strong increase in the sensing performance of metal sulfides-based printed gas sensors, allowing to
detect concentration of both organic and inorganic gases with a limit of detection compatible with
application requirements, including air quality monitoring (e.g. NO, — 20 ppb, benzene=0.1 ppm,NH3
— 1 ppm, etc.) and detection of explosive gas leakages (e.g. H, — 1 ppm, etc.).

Current and Future Challenges

Research in this field still needs more knowledge in the deep understanding of surface phenomena
that drives gas sensing performance of these materials since these topics afe stillunclear and several
investigations need to be performed with the help of both theoretical and experimental
investigations. As an example, efforts from a few research groups have'been devoted to the study of
sulfur defects and their impact on sensing properties. Developing synthetic méthods and deposition
techniques that enhance performance and signal reproducibility in analytical measurements is crucial
and requires significant improvements. Indeed, it is well known thatfilm thickness impacts on sensing
performance, especially on 2D structures [4]. In fact, the number of layers affects the electronic
properties of 2D materials. Therefore, developing deposition/printing methodology for optimal
reproducibility and film thickness is becoming critical for the useof these materials. For instance, non-
scalable thin-film techniques such as layer-by-layer deposition have so far led to the development of
metal sulfide gas sensors with better performance thanprinted ones, stressing the need for improved
printing techniques for these materials for the large-scale production of high-performing devices [3].

Although metal sulfides-based devices are sensitive to thessame gases and vapours as metal-oxide gas
sensors, they are less sensitive to specific gaseous.compounds, including acetone, ethanol, H,S and
S0O,, which greatly compromises the widespread use of these materials in various application fields. In
particular, their adoption is severely limited\in cases where the required gas detection limit is in the
ppt/low ppb range, such as in medical application’s (e.g., breath analysis).

In addition, illumination and temperature have a significant impact on the characteristics of metal
sulfide semiconductors, such as photaconductivity and limit of detection. Indeed, despite high melting
temperatures, sublimation and/material poisoning can occur at significantly lower temperatures. As a
result, for the most stable sulfur-based compounds such as ZnS and CdS, working temperatures of gas
sensors cannot exceed 300-350 °Cpwhile other metal sulfides degrade at temperatures lower than
100°C [5]. This shortcoming, mainly due to surface oxidation, negatively impacts on the long-term
stability of the materialand the related sensor performance (e.g., signal drift and response
reproducibility) [1]./Fherefore, other activation modes need to be explored to achieve low/room-
temperature operation overcoming the aforementioned phenomena. In this regard, the number of
scientific papers.pertaining to such systems is rapidly rising [3], suggesting that more research and
development is necessary since metal sulfide semiconductors, at the current state-of-the-art, are still
unable to address issues with selectivity and instability of gas sensors over time, especially under high-
humidity,€onditions {1, 3].

Advances in'Science and Technology to Meet Challenges

Elucidating.the receptor and transduction mechanism is essential to understand and improve the
performance of metal sulfides-based gas sensors for their potential use and commercialisation. Ab-
initio computational analysis and quantum mechanical modelling have provided evidence of chemical
and physical adsorption of gases on the surface of the sensing material. However, only the adoption
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of advanced multiscale models in combination with in-situ/operando analysis can provide the entire
panel of information required for a full understanding of the sensing mechanism [6,7].

To overcome the current challenges related to the production and printing of metal sulfides forgas
sensing applications, the combined adoption of advanced bottom-up (hydrothermal synthesis,
microwave-assisted method, etc.) or top-down (liquid phase or mechanical exfoliation) scalable
strategies for materials synthesis with innovative material modification methods (heat tfeatment,
plasma etching, functionalization,, etc.) is paving the way for the control of chemical (defects, etc)
and physical (conductivity, etc.) properties of nanostructured metal sulfides, which can'beexploited
for gas sensing as well [8,9]. Furthermore, new coating approaches under investigation, including
molecular printing, light-based printing, and spray coating, are showing significant advantages in
controlling the deposition thickness of films based on 2D nanostructures, facilitating the optimisation
of deposition parameters for the specific application required [10].

Regarding the shortcomings shown so far by metal sulfides-based gas sensors in terms of
performance, innovative software and hardware technologies are being investigated. To address the
instability due to uncontrolled oxidation of the nanoparticle surface, thexdevelepment of 2D layered
amorphous metal-oxide nanostructures is leading to strong advantages for material stability, allowing
the structural, morphological, and electrical properties of metal sulfidesito be maintained over time,
while increasing surface reactivity [11]. Furthermore, the exploitation of a mixed activation methods
recently studied for other sensing materials (e.g., metal oxides)pwhichineludes dynamic temperature
modulation and photoexcitation in the UV-visible range with ‘ultra-low power radiation sources
(LLEDs) [12], can lead to soft activation of metal sulfides-based gas sensors, allowing for increased
device stability by limiting surface oxidation. Recent work has shown that the development of suitable
Schottky junctions, heterostructures and functionalization allows for increased catalytic performance
of metal sulfides, which can be exploited to improve sensing/device performance, including limit of
detection, selectivity, and sensitivity [3].

For the effective use of metal sulfides-based sensars on-field, which is still lacking today, it is crucial
to increase knowledge on the performance of these devices in the long term, also by taking advantage
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Figure 2 Overview of challenges and possible state-of-the-art strategies for printable metal sulfides-based gas
sensors.
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of innovative approaches such as rapid ageing tests. This will enable the above-mentioned new
technologies to be combined with a data-driven approach for developing predictive models (using
artificial intelligence methods) useful for optimising the performance of the devices and meeting the
application requirements (Figure 2). Such a combined approach has brought significant bengefits,to
other types of detectors (e.g., metal-oxides-based sensors), enabling their effective functiopal use'in
relevant environments.

Concluding Remarks

In these early years of research into the use of metal sulfides for the development of printed gas
sensors, strengths, challenges, and weaknesses emerged. Thanks to their peculiamchemical¢physical
properties, metal sulfide gas sensors have shown superior sensing performance for the detection of
various target gases compared to other widely used sensing materials. On the other hand, the lack of
knowledge about their sensing mechanisms, the instability of metal sulfides over time due mainly to
surface oxidation, and the strong impact of the deposition technique on their electrical and sensing
performance have limited the study of metal sulfides-based devices to the labaratory environment,
preventing their use in on-field applications. The current challenges on metal-sulfides-based gas
sensors can be overcome tackled exploiting innovative state-of-the-art,technologies, including: (i)
multiscale models for simulation and in-situ/operando techniques tolunravel sensing mechanisms; (ii)
new methods for the synthesis of metal sulfide nanostructures with great control over their structure,
composition, etc.; (iii) soft activation approaches, such as.temperature modulation or low-power
photoactivation; (iv) development of predictive models/basedhon data-driven artificial intelligence
techniques for data analysis. The combined adoption of these methods can bring the metal-sulfides-
based sensors to the next level, paving the way for theirfuture use in relevant environments.
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Status

Currently, 1D nanomaterials have been recognized as suitable structures to replace'the traditional
thick films of polycrystalline metal oxide powders in gas sensing devices. Variations in their
dimensionality, shape, and composition provide a wide range of possibilities for'the research and
development of gas sensors with enhanced sensitivity and selectivity, as wellas fast response and
recovery times. Great progress was achieved in the synthesis of nanowiressthankssto technological
advances in deposition techniques. Significant efforts have been made for therintegration of these
materials into printable sensing devices and the identification of gaseous compounds by using
different detection approaches (mainly electrical, optical, colorimetric, acoustic, thermocatalytic,
gravimetric, and capacitive, [1]). Herein, the nature of analyte molecules, low dimensionality, and the
type of material, as well as the interface between nanowires.are crucial factors that affect the
excitation, surface reactions, charge distribution, and emission.

Many works explored new composites and heterojunctions, where ‘the synergy effect between
different materials enhances their sensing performance./The most investigated sensing materials in
the form of nanowires are metal oxides (SnO,, ZnO, W03, and| TiO;), semiconductors (Si and SiC),
perovskites, and metals (Au, Ag, and Pd). The synthesis procedures have been well developed
concerning vapour and liquid phase methods, such'as chemical/physical vapour deposition, pulsed
laser deposition, thermal oxidation, electrospinning, electrochemical synthesis, hydro- and solvo-
thermal, sonochemical, surfactant and template-assisted techniques [2]. However, there are no
comprehensive investigations on the integration of nanowires into printable gas sensing devices.

Electrical gas sensors (conductometric, Schettky, and field-effect transistors), where the properties of
working materials are changed due to their intéraction with gaseous compounds and vapours, are one
of the most investigated architecturesifor the fabrication of printable gas sensors. Herein, the
longitudinal domain structure in the"nanoscale provides an extremely large surface-to-volume ratio
enhancing the diffusion of analyte molecules towards the surface and the interaction. ZnO is one of
the most studied metal oxideynanowires'for the fabrication of electrical sensors, where the response
of the material increases about forty times compared to thin film devices [3]. The charge transfer is
enhanced due to the adserption of‘analyte molecules to the surface of low-dimensional nanowires,
and the response time jof the ZnO-based sensor is reduced from 287 to 67 s. This is an important
parameter for the fabrication of fast sensors and the real-time detection of gases.

In a similar fashion] capacitive sensors are normally based on the gas-dependent dielectric constant
of sensitive nanowires., These devices are frequently designed to detect humidity at room temperature
and are mostly based,on Ag, ZnO, and other semiconducting nanowires. However, they require more
complex interface electronics compared to conventional conductometric or field-effect transistor-
based deyices.

Optical gas sensors based on 1D nanowires mostly rely on two transduction mechanisms upon
interaction“with a specific analyte: a change of their optical transmittance or the quenching and
shifting,of their photoluminescence. Silicon, silver, and metal oxides have been widely studied. As an
example of superior performances of 1D nanostructures, hierarchical nanowire-based WO; films
exhibited shorter response time and higher transmittance change (tso% = 24.8 s, AT1s00nm = 65.1%) than
porous’films (tsox = 66.3 s, AT1s00nm = 28.6%) [4].
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In surface acoustic wave sensors, the adsorption of the gas molecules on the sensitive interface
modulates their propagation properties. They are largely used for hydrogen and humidity monitoring,
typical materials are Pd-based, Ag, SnO,, and ZnO. As a comparison, a ZnO thin-film sensonwas
reported to detect hydrogen concentrations approaching 0.2%, while an equivalent nanowire sensor
was capable of measuring concentrations one order of magnitude lower [5]. Gravimetric sensors
measure the change in weight. The active material is deposited on a mechanical resonator and the gas
adsorption may induce a shift in its resonant frequency. Quartz crystal microbalances have been used
as sensors at room temperature with ZnO, Au, and Ag or IrO, nanowires for the detection/oflammonia,
humidity, acetone, other vapours, and odours including alcoholic beverages.

In colorimetric gas sensors, the response is based on the colour change due to the chemical reactivity
of the indicators and usually exploits nanomaterials, but no relevant research has'been done on gas
phase detection using nanowires. In thermocatalytic-type sensors, the cembustible gaseous
compounds burn on the catalytic material increasing the temperature of the'sensingstructure and in
turn its electrical resistance [6]. In this case, metal oxide nanowires withstheir stable thermal
properties seem effective replacements for the conventional metallic layers, jin which thermal
instability affects their functionality. However, metal oxide nanowires have,not yet been integrated
into such gas sensors and studied in detail.

The continuous research works and further advances in synthesisitechnologies of nanowires with
desired composition and dimensions, the proper analysis and/choice of detection approach for each
gaseous compound will lead to the manufacturing of gas sensing systems that meet target
applications.

a) Traditional solution processes d) Direct ink writing techniques
* Spin-coating * Inkjet-printing
Spray-coating ¢ Extrusion printing
Dip coating

b) Template-assisted techniques ‘ €) Meniscus-assisted coating
Screen-coating "y - * Blade coating
Gravure-printing ¢ Capillary printing

* Rod coating

c) Interfacial assembly Wik 2] f) Brushing by conical fibers
Water-oil interface assembly i /
strategies
* Langmuir-Blodgett technique

Figure 1 Schematics of yarious solution processes. Figures: (a) spray-coating. Reproduced with permission
from ref. [7]. Copyright 2016/Wiley-VCH VG&CK, Weinheim. (b) Screen-coating. Reproduced with permission
from ref. [8], under the terms of Creative Commons CCBY License. (c) Langmuir-Blodgett technique.
Reproduced with permission from ref. [9]. Copyright 2019 American Chemical Society. (d) Inkjet printing.
Reproduced.fromref[10]. Copyright 2013 American Chemical Society. (e) Blade-coating. Reproduced from
ref. [11]./Copyright 2016 American Chemical Society. (f) Brushing by conical fibers. Reproduced with
permission from ref. [12]. Copyright 2018 Wiley-VCH VG&CK, Weinheim.

Current and Future Challenges

Printable sensing technologies require the preparation of inks composed of 1D nanowires. Their
formulation is crucial for the device performance and should not be underestimated. It also strongly
depends on the patterning technique used for the dispersion of nanowires on a substrate [13]. Inks
composition and properties, such as viscosity, surface tension, and solvent chemical nature, are
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pivotal for achieving high printing accuracy and resolution. In particular, the choice of solvents and
binders/additives is fundamental for the nanowires final electrical, optical, and sensing properties:
their permanent binding to the nanowires surface may reduce the interaction with the surrounding
atmosphere thus affecting sensor performance dramatically. Moreover, ideally, these inks should‘be
inexpensive, easy to prepare, environmental-friendly and stable against aggregationssand
precipitation. For ink preparation, the easiest approach is the synthesis of nanowires directly in the
form of powder compared to their growth on support, which requires a challenging detachment and
transfer.

Electrical, optical, and transduction properties are strongly correlated with the' coverage and
micropatterns of the 1D materials, which makes them critically important for high=performance
sensors development. Various solution processes capable of making micropatterns have been
proposed, each one with its unique advantages and disadvantages [14]. Moreover, the choice of
substrate for printing is fundamental. Adhesion, homogeneous size and distribution of nanowires,
chemical stability with the ink solvent, and wettability are affected by the combination of substrate
material and ink. Furthermore, it should satisfy required sensor specifications, while being compatible
with conventional electronics when integrated into small and portable monitoring systems.

Alignment of the deposited nanowires is another challenge, as ‘solution-based processes do not
guarantee precise arrangement. Despite alignment is not strictly required for gas sensors, in some
cases (such as surface acoustic wave sensors) it may affect their performance. In this regard, a few
techniques can be adopted, for example, electrophoresis. Although nanowires exhibit versatile
functionalities for the detection of gases, they suffer from poor selectivity. Hence, the realization of
materials with appropriate compositions and dimensions for the selective detection of a specific
analyte is an important challenge. Moreover, if thé"Velatile'compound to be detected is poorly
interacting with the material surface, such as in the case 0f/CO,, nanostructuring the surface may
provide only limited effects.

Even though great advancement has been achieved in the application of nanowires in printable
sensing technologies, their stability and reproducibility need detailed studies. Most of the devices
have been developed at the laboratory_ level (low technology readiness level). Therefore, further
advances are required for a high-throughput anddarge-area uniformity fabrication of printed sensors,
maintaining low production costs. Despite the huge advances in the field, the interaction mechanism
between specific volatile molecules'and nanowires surface is not fully understood, and further studies
are required to optimize the relation between sensing material and target analyte. Moreover, some
sensing architectures have intrinsic limitations due to the nature of the transduction mechanism. For
example, in optical sensors, the'quenching of the photoluminescence signal limits the sensitivity up to
specific gas concentrations, and.colorimetric may give just an ON/OFF status.

Advances in Science and Technology to Meet Challenges

Concerning ink preparation, more attention should be given to environmental sustainability by
selecting green procedures and solvents. The specific toxicity of nano-sized materials and deposition
techniques shotld be considered. It has been proven that 1D nanomaterials can induce pathologic
injuries and are more biologically harmful than other morphologies (nanoparticles for example) [15].

In sensor fabrication, specific surface treatments, such as plasma, functionalization, wet chemical, and
temperature control, may improve surface adhesion and wettability mostly on soft and flexible
substrates.limproved substrate adhesion is essential under mechanical deformations or at extreme
operating conditions (temperature, humidity, gas flow, and aggressive atmospheres). Rational
optimization of the devices may be achieved by understanding sensing principles, which require
opefando measurements (such as diffuse reflectance infrared Fourier transform spectroscopy,
attenuated total reflectance-Fourier transform infrared spectroscopy, and near ambient pressure-X-
ray photoelectron spectroscopy) that provide accurate information on the surface chemistry during
the operation in real working conditions [16].
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Several nanowires have been successfully applied in printable electrical gas sensors using various
techniques. While the achievements in thermocatalytic-type sensors suggest that 1D nanowires can
be used in the aforementioned monitoring systems for the selective detection of combustible gases.
However, there is no progress in this field and further investigations are required to evaluate the
integration of semiconductor nanowires in thermocatalytic-type gas sensors. The interaction of
nanowires with smaller and simple molecules of analytes (for example, hydrogen) can be improved by
the modification of the dimensions of the material and the application of catalytic layers. Instead, the
adsorption of large and complex molecules (for example, acetone) on nanowires,requires higher.
energies, and therefore the sensors operate at relatively elevated temperatures. Thus, more research
studies are required for the development of composites and heterojunctions with precise control of
the composition and size of nanowires, which may enable the tuning of their sensing response and
selectivity to complex gaseous compounds. Furthermore, their combinationwith selective
filters/membranes could be another efficient way to enhance selectivity. Latély; some interesting
approaches have been proposed, such as novel surface molecular imprinting strategies for selective
control in heterogeneous catalysis. These procedures can be integrated into gas sensing devices to
achieve the required selectivity. The concept relies on a template-assisted selective passivation of the
active surface. Upon removal of the template, unpoisoned sitessprovidesize, shape, and functional
group compatibility with the target analyte. This strategy enables selective catalytic reactions by
proper selection of the template, poisoning molecules, and desigh,of the imprinting process [17].

Another strategy largely adopted to overcome selectivity issues. in traditional gas/volatile sensors is
the integration of multiple devices forming an array. The challenge, however, remains the combining
of different sensing principles in one single system, duéto,the variety of requirements of each element
forming the array. At the same time, machine learning algetithms and artificial intelligence could
provide valid support for the discrimination of analytesiin a, noisy environment.

Concluding Remarks

Overall, significant advances in the synthesis methods of nanowires with various dimensions have
boosted their application in printable sefAsingitechnologies. Simultaneously, new processing methods
for nanowires with complex compositions continuously enhance their sensing performances. The
preparation of inks with appropriateschemical’stability is important for the development of printable
sensing devices. The understanding of theyJadhesion mechanism of materials on the substrate remains
a significant factor to be examined.Thus,the accuracy of printing methods including the ink properties
should be a topic for further studies. Moreover, appropriate technical procedures for transferring
nanowires from the suppert material to the ink solvents must be developed. Considerable
advancements have been made'in the application of nanowires in electrical and optical printed gas
sensors. Instead, the integration of nanowires in printed sensing devices based on other operation
technologies, such as'surface acoustic wave, gravimetric, colorimetric, and thermocatalytic is still in
its early stage of development.

The current resSearch studies suggest that printed sensing devices will open a new era for the
manufacturing of flexible and stretchable gas/vapour sensors for real-time monitoring of human
health and.the ‘environment. Nowadays, the reduction of adverse effects of technological processes
on humah life and the environment is highly required. Therefore, eco-friendly fabrication procedures
and the application of nontoxic precursors and materials in the development of printable technologies
and sensing devices should be considered.
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Section 7.1 — Introduction to printable chemical sensors for non-biological
analytes in solid/liquid media
Vincent Noél, Giorgio Mattana and Benoit Piro

Université Paris Cité, ITODYS, CNRS, F-75006 Paris, France

Printable materials for chemical sensing are of course needed to make electrical contacts (in‘this case,
metal inks are the most common, e.g., silver, gold and, more recently, platinum), butiare also needed
to make the functional parts of chemical sensors, e.g., conducting polymers, nanostructured oxides,
organic or inorganic semiconductors, graphene or carbon nanotube derivatives.{ These materials are
already available as inks, but their use as thin functional films often involves complicated and/or non-
reproducible procedures. Printing (inkjet printing, screen printing, aerosol printing, to'name the most
common techniques) allows the deposition of thin films in a very reproducible’way and is one of the
most credible methods for the fabrication of sensors in laboratories, butialso on an industrial scale.

Like all chemical sensors, those for non-biological analytes containgwo functional parts: a receptor
and a transducer. A chemical event (a reaction, the binding of a target molecule to a probe, a change
in refractive index, in pH, in capacitance, etc.) occurring at the (molecular) receptor is translated by
the transducer into an analytical signal, which is generally: optical| (absorbance, fluorescence),
electrical (potential, current), or both (e.g., electrochemiluminescence). Non-biological analytes that
can be addressed by printed chemical sensors are, for the mosticommonly reported ones, toxic ions
(e.g., heavy metals, chromium, arsenic), organic pollutants such'as pesticides or even nanoparticles
such as nanoplastics, in soils or surface, drinking on,sea water. The most promising device
configurations for such types of analytes now.seem to be conductivity sensors and thin-film
transistors, both of which can be easily fabricated by printing technologies such as screen printing [1]
(but for relatively thick - tens of micrometers ~layers with limited lateral resolution, 100-200 pm),
inkjet printing [2], extrusion [3], but also capillary printing [4] and nanoprinting [5], which allow the
design of much smaller functional parts, down to a few tens of nanometers in size as well as thickness.
Different types of substrates can currently be,used for device fabrication, but the most interesting
(because of their low cost, flexibility, and light weight) are plastic films and, more recently, paper [6].

Currently, printed chemical sensors designed for non-biological analytes such as organic pollutants or
metal ions, make use of a wide)variety of active materials, including metal oxides, conjugated
polymers, carbon nanotubes, graphene, metal organic frameworks, amongst others. These materials
can be prepared or functionalizedhthrough soft chemical processes known as “chimie douce”. Such
processes can be achievedthrough inkjet printing. Each droplet jetted on the substrate can mix and
react with a previous jetted droplet, effectively creating pL reactors within the droplets. Although not
yet reported, this process could.enable the fine control and localization of reactions within pL droplets,
on a um-scale.

When it comes _to, performance expectations, printed chemical sensors are not significantly different
from chemical sensors produced using conventional techniques [7]. The response time is not usually
a limiting factor; but high levels of both selectivity and sensitivity are needed, with limits of detection
(LOD) rapging from the nanomolar to the femtomolar (nM to fM) levels. The desired sensitivity is
achieved through a high density of high-affinity capture probes attached to the sensor surface. Proper
immobilization of purpose-designed molecular probes, exhibiting lock-and-key recognition properties
(i.ewsteric effects coupled with weak-bond interactions), provide the desired selectivity while small
active areas provide the low LOD. Printing technologies enable the achievement of these goals
because the capture probes, antifouling agents, protective membranes, or other sensor components
can besdeposited in a precisely controlled manner, on tiny areas. This process can be executed layer
by layer, with lateral resolution that extends down to the micrometer scale.
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As mentioned above, the active materials used for detection of non-biological targets must include a
recognition function and have physico-chemical properties capable of translating the presence of the
target into the variation of a given physical signal, ideally proportional to the quantity of the analyte
detected, as it is needed for any kind of sensor. A schematic view of how an active recognition layer
can be printed for being used in a chemical sensor is given on Scheme 1 below.

An important criterion concerns the stability of the materials. Indeed, unlike sensors dedicated to the
detection of biological compounds used in agueous medium (often neutral pH, i.e. biological fluids),
materials for the detection of non-biological chemical compounds can be in contact with“aggressive
environments (high pressure, high temperature, corrosive environment, low or high pH, etc.) [2]. It is
therefore necessary to anticipate this aspect in the design of the device and to use materials capable
of withstanding the analysis conditions. For these reasons, post-processing ofthe printed layers is
often mandatory, for example to induce crosslinking or crystallization of the materials.
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Scheme 1 How an active recognition layer can be printed,on anykind of substrate, for being used in a chemical
sensor. Note that the receptor can be printed as well.

Another issue that must be addressed. is the environmental impact of printed chemical sensors.
Reducing the amount of active material deposited on a sensor is the primary objective, which digital
printing technologies like on-demand inkjet printing with each droplet having a volume of merely a
few pL, perfectly address. Another cruciabissue is the use of toxic chemicals, specifically solvents, given
that printing is a wet procedure; hefce, the use of water as a solvent or vehicle is of utmost importance
[8]. Finally, today's consideration|of recyclability is vital. Once again, the layer-by-layer addition of
functions that can be detached fromione another at the product's end-of-life, printed on natural or
recyclable substrates (e.g., textileppaper, recyclable polymers...), make printing technologies a highly
appealing and scalable solutionfor industrialization. It is generally agreed that environmental impact
is best evaluated in terms of Life Cycle Assessment (LCA), which is able to provide an estimation of
how a given technology affects the environment (in terms of energy consumption, utilization of rare
and nonrenewable/resources, emissions and recyclability). While LCA analysis has been applied to
specific printed materials (polymeric films used for photovoltaic applications) or devices (antennas)
[9], to the best/of our knowledge a comprehensive evaluation of the environmental impact of printed
chemical sensors for non-biological analytes is still missing and would be strongly needed in order to
set up fabricationstrategies capable of obtaining devices with reduced carbon footprint.
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Section 7.2 — Printable chemical sensors for non-biological analytes in

solid/liquid Media based on organic semiconductors
Elliot Strand, Eloise Bihar and Gregory L. Whiting

University of Colorado Boulder, College of Engineering and Applied Science, 4001 Discovery Drive,
Boulder, CO, 80303, United States of America

Status

For printable chemical sensors used for non-biological analytes in solid and liquid media, organic
semiconductors hold particular promise due to their ease of fabrication, biocompatibility,
customizable functionality and mechanical flexibility. Among the various. available organic
semiconductors, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate isthe most widely used due
to its ease of processing, stability in agueous environments, high conductivity;/andicompatibility with
printing techniques (Figure 1) [1]. Over the past decade, several reports have/demonstrated the
successful use of solution-processable semiconductors with printing processes for developing organic
chemical sensors for non-biological analytes in solid and liquid media. Examples include coupling
printed organic semiconductors with ion-selective membranes foridetection of ions like sodium and
potassium, or using pH-sensitive dyes alongside organicasemiconductors for proton uptake
measurements [2,3]. Other approaches have associated organic. semiconductors with inorganic
materials for monitoring oxidation reactions (e.g., hydrazine detection) [4], utilized selective
mediators and enzymes for ethanol detection [5], and incorporated fluorinated polymers for
temperature sensing [6].

Organic semiconductors can offer significant advantages overitraditional microelectronic materials in
this case. For example, organics are well suited for use‘invarious natural environments, enabling tight
integration with various media over long durations. /In addition, organic materials are mixed
ionic/electronic conductors that can transport both ions and charge carriers throughout the volume
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of their structure. Hence, they exhibit capacitance values that are orders of magnitude higher than
conventional semiconductors or noble metals that are limited by their surface area due to the double
layer capacitance. As a result, printable chemical sensors based on organic semiconductors,can
achieve high sensitivities (> 59mV/dec) compared to many established sensing devices that are limited
by the Nernstian slope. The electronic and structural properties of organic semiconductors cangalso
be readily tuned using organic chemistry, which makes them extremely versatile, label-free sensors:
Secondary doping techniques involving organic solvents like ethylene glycol, dimethyl sulfoxide, or
glycerol have demonstrated the ability to enhance conductivity. The addition of /counter-ion
polyelectrolytes, such as poly(styrene sulfonic acid), not only contributes to aqueous solubility but
also enables substitution with other counterions like Tosylate, which can modify sensing capabilities.
For example, Mariani, et al. explored the synthesis of poly(3,4-ethylenedioxythiophene)doped with
pH-sensitive dyes (bromothymol blue and methyl orange), tailoring the sensing application specifically
for pH detection [7]. Similarly, Culebras, et al. synthesized poly(3,4-ethylenedioxythiophene) doped
with various counterions (perchlorate, hexafluorophosphate, and bis(trifluoromethyl! sulfonyl)imide)
via electro-polymerization to fine-tune its thermoelectric properties for use jin thermoelectric
generators [8].

Current and Future Challenges

While organic semiconductors offer numerous advantages for chemical sensing applications, they also
present certain challenges. One significant challenge lies in achieving sufficient stability, as organic
materials tend to be more susceptible to degradation in most solid'andliquid environments compared
to their inorganic counterparts and can be prone to compléex interference from environmental factors.
The specific needs and performance characteristics for such sensars depend closely on the application
space they are to be used in. For example, if one-timé use disposable test strip like devices are being
made, which printed organic materials are particularly well'suited to, then long term operation is not
required, and minimizing device-to-device variability will.be a critical concern. It can be challenging to
achieve high reproducibility in the fabrication andyintegration processes of organic semiconductors,
which requires careful control over manufacturing methods and device structures in order to achieve
consistent and optimal performance ‘metrics. On the other hand, if the sensor is to be installed and
provide continuous readout over weeks/or months, for example for in-situ monitoring of factors such
as pH, temperature, analyte concentration, and electrical conductivity, then the main operational
concern is likely to be addressing.drift andidegradation of the sensor signal over time. This is of
particular concern in complex liguid /nedia that may contain materials that foul, damage, or dissolve
the materials that the sensonis/made,of and will limit useful lifetimes. It should be noted that in some
cases that degradability of ithe,sensor materials can be a desirable feature, enabling transient
electronic systems that provide reduced waste and allow for wide dispersion of sensors into the
environment for monitoring natural systems such as agricultural soils [9,10], however this can further
exacerbate issues of signalidrift over time.

Sensor selectivity is another significant concern. Organic semiconductors tend to respond to a wide
range of other analytes, and this cross-reactivity can limit their utility. For example, chemical sensors
for determining concentrations in liquid media, will likely respond to other similar interfering
compounds, as well as differences in factors such as temperature and pH. As such new materials for
sensors, ineludingsmaterials for selective membranes are needed. Other approaches to providing
selectivity such as read-out methods and biasing schemes, packaging approaches, and data analytics
all need ‘te be further developed to enable the use of these sensing devices. Overcoming these
challenges will'be crucial for advancing practical application of organic semiconductors for chemical
sensing fornOn-biological analytes and for expanding their capabilities in real-world scenarios.

Advances in Science and Technology to Meet Challenges
In general, the importance of packaging and encapsulation for chemical sensors based on organic
materials has not been emphasized, but these features are critical for gathering meaningful data from
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the application environment, particularly in natural systems, to ensure longer term operation by
minimizing fouling and sensor drift over time. There is also great promise in the development of new
materials for printed chemical sensors rather than relying on traditional organic semiconductors\such
as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. The synthesis of novel semiconducting
polymers is crucial to expound important structure-property parameters required, for example;for
accumulation mode organic electrochemical transistor operation [11,12]. Since, |organic
electrochemical transistors based on these polymers operate in accumulation-mode; they could be
functionalized to detect anionic species (such as nitrate - important for environmental monitoring)
through a doping mechanism. The ability to detect both positively and negatively charged iohs.with
printed organic electrochemical transistors would expand the range of sensing applications for these
devices.

Concluding Remarks

The development of printable chemical sensors based on organic semiconductors is a promising
pursuit in the advancement of sensing technology. These devices offer numeérous advantages such as
mechanical flexibility, biocompatibility, physical and chemical customizability, compatibly with
additive print-based fabrication techniques that enables low cost and,low energy production of large
numbers of devices that are largely free from areal constraints, and theability to detect a wide range
of analytes in solid and liquid media. There are a wide range of éxciting use cases for printed organic
chemical sensors, alongside significant research challenges, particularly surrounding long-term
stability, device-to-device variability and reliability, and selectivity that need to be addressed before
widespread use can become common. Material design and device engineering will be essential for the
future progress of printable chemical sensors. Both hardware/(e.g., packaging) and software (e.g., data
analytics) approaches are exciting methods to improvellong term device function. The synthesis of
novel organic semiconductors will also play a role,in improving device performance as well as the
range of analytes that can be monitored. Overall, there,is immense potential for printable chemical
sensors based on organic semiconductors to solvereal-world problems that require the monitoring of
various environments.
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Status

Nanomaterials are often used to improve the sensitivity of chemical sensors byfamplifying their
conductivity and catalytic activity. Among the different nanomaterials employed for theidetection of
non-biological analytes (e.g., ions, heavy metals, and organic pollutants), carbon nanotubes offer
particularly advantageous structural and optical characteristics. With a diameterthat varies from 0.4
to 100 nm and a length up to tens of micrometers, carbon nanotubes haye*high“aspect ratios that
enhance their sensing performance. They are also characterized by excellent.electrical properties (e.g.,
conductivity one order of magnitude more than copper), mechanical properties (e«€., 100 times more
resistant and 6 times lighter than steel), and thermal properties (up to 250°Cin air and >2600°C in
vacuum) [1]. Furthermore, the solution processability of carbon“hanotubes makes them fully
compatible with commercially available printing and coating g€chniques, such as inkjet, screen-
printing, and spray-coating [2][3]. The combination of these gpropertiessenables sensitive chemical
sensors for the detection and quantification of a wide range of neh-biological analytes.

In particular, solution processable carbon nanotubes are combined with different chemical sensing
transducing platforms, such as electrochemical sensors, electrolyte-gated field-effect transistors, and
chemiresistive sensors (see Figure 1). In the case offelectrochemical sensors, carbon nanotubes are
employed to modify the surface of the working electrode, while for transistor-based and
chemiresistive sensors the carbon nanotubes, constitute the sensing layer. By combining these
platforms with ionophores or other recognition €lements selective detection of Zn?*, Pb?*, Cd?*,
nitrogen compounds like NHz, NO3 ,iNO, , and organic compounds (dimethyl methylphosphonate,

bisphenol) can be achieved [3]-[8].
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Figure 1 a) Printable carbon nanotubes for: b) electrochemical sensors, c) electrolyte-gated field-effect
transistor-based sensors, and d) chemiresistive sensors.
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Recently, fundamental and application-oriented studies on hybrid carbon nanotube-nanomaterials
are being explored [9]. Hybrid carbon nanotube-nanomaterials are valuable materials that combine
the unique physicochemical properties of different components, potentially yielding novel properties
through component interaction [10]. In a recent study, an electrochemical sensor with carbon
nanotube-copper modified screen-printed electrode was reported to detect NO5 [11]. Similarly, a
screen-printed electrode modified with carbon nanotubes functionalized with silver-doped zinc oxide
nanoparticles was reported for bisphenol detection [12].

The combination of carbon nanotubes’ high compatibility to metals, polymers, and nanoparticles with
their solution processibility is indeed expected to push toward the technological advancements of:
printed chemical sensors. This will lead to significant improvements in the monitoring ofithe health of
the environment, humans, animals, and plants, enabling new fields of applications until now not
accessible through standard fabrication techniques.

Current and Future Challenges

Although significant achievements have been reached (e.g., sensitive detection down to nM
concentration), most of the carbon nanotube-based chemical sensors are atlabaratory stage and need
further development before being ready for commercialization and/proeduction [13].

When bringing these devices from the laboratory to the real-world environment (i.e., complex
biological environments with a wide range of fluctuating parameters such as temperature, pH, and
liguid compositions), these sensors lack indeed in reliability and accuracy.

Another major issue that appears when testing such sensars in complex biological environments is the
non-specific binding i.e., the lack of selectivity to the specific target analyte even when exposed to
non-specific interactions [14]. Even though numerous technological advancements (e.g.,
functionalization with biorecognition elements)@have been demonstrated, non-specific binding
remains a critical bottleneck.

Particular attention must be given also,to device-to-device variability and time stability, which strongly
limit sensor reliability, hindering as anconsequence a wider applicability. The device-to-device
variability is related to both the composition; homogeneity, and uniformity of the carbon nanotube
based-ink used, as well as to the printing technique employed for its deposition.

A further challenge regards the abijlity to sense multi-analyte in a single device, which is fundamental
for the development of smart and interactive sensors for wearable and point-of-care applications.

Finally, in terms of the use of earbon nanotubes, the synthesis cost needs to be lowered and their
environmental effects should alsanbe carefully assessed. Indeed, some studies have revealed that
carbon nanotubes, dependingon their size, shape, surface area, and chemical composition, may have
possible health impactsion.the environment and humans [2].

This is why more research is needed especially in the following areas:
1) improvement of the sensing performance (e.g., sensitivity and specificity);
2) enhancement ofithe printing technique, as well as optimization of the carbon nanotube-ink
composition, to lower the device-to-device variability;
3) development©f transducer platforms that allow multiple-stimuli detection in a single device
(e'g., arrays);
4) development of mathematical algorithms to minimize sensor drift.

Advances.in Science and Technology to Meet Challenges

To achieve desirable performance of chemical sensors based on carbon nanotubes, i.e., in terms of
sensitivity (which depending on the application should be as low as 10 pg/L, as in the case of arsenic
in water [15]), selectivity, stability over time (i.e., minimal sensor drift), a thorough optimization of the
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Figure 2 Advances in science and technology required to meet the mainichallenges in the field of printable
carbon nanotube based chemical sensors for non-biological analytesiin salid/liquid media.

entire sensing platform is required. When looking at chemical sensing platforms (see Figure 1), one
can in fact distinguish between the sensing layer (i.e.pthe carbon nanotube-ink) and the transducing
element (i.e., metallic or carbon nanotube-modified electrodes). In this regard, research should focus
on the optimization of the formulations of carbon nanotube inks to be used as sensing or modification
layers, as well as on the printing techhnigue employed to integrate the carbon nanotube ink into the
sensing platform (see Figure 2).

First of all, dedicated efforts on carbon'nanotube ink preparation are crucial to achieve the desirable
performance of chemical sensors. Anyidealscarbon nanotube ink is represented by a homogenous
dispersion of nanotubes in the solvent, resulting in a bundle-free film. In fact, the currently poor
dispersion of carbon nanotubes inysolvents greatly limits their applicability in the fabrication of
chemical sensors. To overcome this, polymer modification or biosurfactants could be used to enhance
the homogeneity and leadsthus telimproved performance in terms of sensitivity, device-to-device
variability, and time stability [16]. Furthermore, homogeneous nanotube ink composites are ideal
materials for flexible and, printed electronics, with the potential for integration into printing
techniques, including'screen-printing, spray-coating, inkjet-printing etc.

Secondly, the printing technique/used to integrate nanotubes’ ink into the sensing platforms, must
fulfil several requirements e.g., uniform deposition, reproducibility, controlled thickness. Here to
further extend the spectrum of possibilities of printing, the integration of different techniques can
bring innumerablebénefits, and let the designers exploit the advantages of each method, e.g., screen-
printing (of electrodes (i.e., transducing element) and spray-deposition of few nm thick carbon
nanotubenetwaorks (i.e., sensing layer) [17]. However, a thorough examination of printing processes
on nanotubeink distribution must be performed to understand and improve the electrical properties
of the printed patterns.

Finally, a dedicated effort for the development of carbon nanotubes chemical sensor arrays is needed.
The 'use of chemical sensor arrays in combination with mathematical algorithms (e.g., chemometric
techniques) for data analysis is the key to truly assess the sensor performance and open new
applications horizons e.g., electrochemical arrays for detect