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Van der Waals materials for paper electronics
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Two-dimensional van der Waals (vdW) materials have attracted extensive inter-
est because of their superior electrical, optical, thermodynamic, and mechanical
properties, which hold great potential in the development of flexible paper-based
devices. The family of vdW materials is significantly diverse and their electronic
features range from metallic to semiconducting and superconducting. This re-
view covers the state-of-the-art research progress in the development of various
vdW materials from fabrication to applications in paper-based electronics and
optoelectronics. In particular, the promising applications of vdW materials inte-
grated with paper as flexible mechanical sensors, environmental sensors, and
photodetectors are highlighted. The remaining challenges and prospects related
to paper-based devices with vdW materials are discussed. This review provides
a comprehensive roadmap to inspire future breakthroughs.

Paper electronics with vdW materials

As resource scarcity and environmental pollution caused by electronic waste (e-waste) continues
to grow, developing eco-friendly flexible devices from renewable resources to create a sustain-
able future has attracted extensive attention [1,2]. Cellulose paper, with its abundant raw mate-
rials, physical flexibility, biodegradability, and biocompatibility, represents a promising
candidate for constructing cost-effective, disposable devices [3-5]. Distinct from traditional
glass and plastic substrates, cellulose paper has unique 3D hierarchical architectures, high po-
rosity, large specific surface area, and abundant surface hydroxyl functional groups [6,7].
These features enable paper to function as a flexible building support, namely a scaffold, for
the incorporation of diverse conductive or active materials, thus facilitating for the construction
of disposable electronic and optoelectronic devices. Paper devices, for instance, can sense
water temperature when adhered to a cup, or even detect emotional shifts when placed on the
forehead [8]. Functionalized papers also serve as sustainable platforms for energy devices
[9,10], biodetection systems [11], and human—machine interfaces [12,13]. Furthermore, paper
can be utilized as an electronic component in numerous applications such as paper-based tran-
sistors [14] and complementary metal oxide semiconductor (CMOS) devices [9] where it func-
tions as a dielectric.

Despite the widespread employment of conductive materials such as metal nanoparticles and
carbon nanotubes as the electrical transport pathways in paper-based circuits [10,11], the urgent
need for the next generation of paper-based devices with diverse and fascinating functionalities
persists. Since the first isolation of graphene [12], the family of 2D vdW materials has experienced
rapid expansion, and various novel features have been explored. Owing to their exceptional elec-
trical, optical, thermodynamic, and mechanical properties, 2D vdW materials hold tremendous
promise for applications in flexible electronics and optoelectronics [13,15-18].

Although several recent reviews have documented advances in conductive and functional mate-
rials for paper-based devices, including metals, polymers, carbon materials, oxides, and their
composites [5,19-21], there is a noticeable gap in the literature on emerging vdW materials.
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2D Two-dimensional van der Waals
(vdW) materials feature an extended
crystalline planar configuration that is
held together by intralayer covalent or
jonic bonds, as well as interlayer vdW in-
teractions, which exhibit fascinating elec-
trical, optical, thermal, and mechanical
properties.

The family of vdW materials shows re-
markable diversity, displays a broad
range of electronic properties and chem-
ical composition, and can be integrated
on paper through solvent-based and sol-
vent-free techniques.

Paper-based devices using various
vdW materials are delivering promis-
ing applications in mechanical sens-
ing, environmental monitoring, and
optical detection, and will promote
the rapid development of flexible elec-
tronics and optoelectronics.
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This review highlights recent advances in paper electronics integrated with vdW materials, as il-
lustrated by the overview in Figure 1. First, the diversity of vdW materials and their fabrication
methods on paper are introduced. We then discuss the progress of their application towards
electronics, including the development of mechanical sensors, humidity sensors, temperature
sensors, and gas sensors. Furthermore, various paper-based photodetectors using vdW mate-
rials are reviewed in detail. Finally, challenges and prospects in the thriving field of paper-based
devices with vdW materials are addressed.
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Figure 1. An overview of integration of van der Waals (vdW) materials-based devices on paper. (A) 2D MoTe,
flakes prepared by mechanical exfoliation. Adapted, with permission, from [27]. (B) A 2D graphene thin film grown by the
CVD method. Adapted, with permission, from [17]. (C) Water-based 2D crystal inks. Adapted, with permission, from [38].
(D) Strips of transferred CVD MoS, on paper. Adapted, with permission, from [35]. (E) A NbSe, film abrasively deposited
on paper following a user-defined pattern. Adapted, with permission, from [34]. (F) A mulberry paper-based graphene film.
Adapted, with permission, from [58]. (G) A thick film of chemically exfoliated 1T MoS,. Adapted, with permission, from
[32]. (H) A TiSs-MoS; heterostructure on paper. Adapted, with permission, from [100]. (I) A WS, strain sensor on paper.
Adapted, with permission, from [65]. (J) A graphite-based capacitive pressure sensor on paper. Adapted, with permission,
from [54]. (K) A WS, temperature sensor with interdigitated graphite electrodes on paper. Adapted, with permission, from
[79]. (L) A WS, photodetector array on paper. Adapted, with permission, from [91]. Abbreviations: CVD, chemical vapor
deposition; Gr, graphene.
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Glossary

Chemical vapor deposition (CVD): a
widely used process for creating high-
quality thin films and coatings that
involves thermally induced chemical
reactions of a heated substrate, where
reagents are supplied in gaseous form.
Coffee-ring effect: a phenomenon in
the process of inkjet printing. Owing to
the faster evaporation rate at the edge,
printed inks dry unevenly and thus form
a non-uniform pattem.
Piezoelectricity: a phenomenon in
which some crystalline materials are
polarized when subjected to mechanical
stress, creating an electric charge at their
surface. There is a linear relationship
between the mechanical stress applied
to a piezoelectric material and the
charge it generates, which can be
expressed as Q = d x F, where Q is the
charge generated, F is the applied
mechanical force, and d is the piezo-
electric coefficient.

Piezoresistivity: an electromechanical
effect characterized by the change in
electrical resistivity of a material upon
applied mechanical stress. The
piezoresistivity phenomenon can be
expressed as AR = Ry x 1T x 0, where
AR is the change in resistance, Ry is the
initial resistance, 1Tis the piezoresistive
coefficient of the material, and o'is the
stress applied.

Sensitivity: the sensitivity of strain and
pressure sensors is a significant param-
eter that denotes the relative change in
electrical value per strain/pressure unit.
For instance, the sensitivities of the
piezoresistive pressure sensor (Sp,) and
strain sensor (Sg) can be defined as

Sp = (ARRO)AP,andSs = (ARRO)e,
respectively, where AR is the change in
resistance, Ry is the initial resistance, AP
is the change in pressure applied, and ¢
is the change in strain applied.
Transition metal dichalcogenides
(TMDCs): a class of 2D materials with a
chemical formula of MXo, where M rep-
resents transition metal element (e.g., W,
Mo, Ga, In, ...) and X is a chalcogen
element (S, Se, and Te).

Van der Waals (vdW) interactions:
electrostatic forces caused by a tempo-
rarily fluctuating dipole moment arising
from a brief shift of orbital electrons to
one side of an atom or molecule.
Young's modulus: a numerical con-
stant that describes the elastic proper-
ties of a material upon unidirectional
stretching or compression, which is a
measure of the ability of a material to
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vdW materials with great potential in paper-based devices

Two-dimensional vdW materials feature an extended crystalline planar configuration that is held
together by intralayer covalent or ionic bonds, as well as interlayer vdW interactions
(see Glossary). As shown in Figure 2A, vdW forces are the weakest intermolecular interaction,
with an energy strength in range of ~0.1-10 kJ mol™", much lower than that of intramolecular
ionic and covalent bonds (~100-1000 kJ mol™), and even intermolecular hydrogen bonds [22].
This phenomenon provides a theoretical foundation for the easy exfoliation of individual layers
from bulk materials. Numerous exfoliation strategies have been proposed, including ultra-
sound-assisted liquid phase exfoliation [23], solvothermal-assisted liquid phase exfoliation [24],
electrochemical exfoliation [25], and mechanical exfoliation [26,27].

The family of the 2D vdW materials is significantly diverse, as demonstrated in Figure 2B. These
materials cover a broad range of electronic properties, including superconductors, semimetals,
semiconductors, wide-gap insulators, and ferromagnets (Figure 2C). They also range from
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Figure 2. Emerging van der Waals (vdW) materials in paper-based devices. (A) Energies of different molecular
interactions including vdW interaction, intermolecular H bonding, intramolecular ion-ion bonding, and covalent bonding.
Adapted, with permission, from [22]. (B) Catalog of various vdW films deposited on paper. Adapted, with permission, from
[28]. (C) Schematic drawings of the atomic structure of vdW materials with different electronic properties.
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single-element materials [e.g., graphene/graphite, black phosphorus (BP), germanene, and tellu-
rium] to multiple-element materials (e.g., NbSe,, WS,, MoSe,, In,Ses, SboTes, MoOs, and
PbSnS,) [28]. In research on paper-based devices, graphene/graphite is the most common
vdW material. It has often been utilized as the conductive electrode and resistive sensing material
for energy harvesting [29], energy storage [30], and sensors [31]. However, a series of 2D vdW
materials beyond graphene/graphite have been developed, further expanding their application
in paper-based devices. One such emerging class of 2D vdW materials are the transition
metal dichalcogenides (TMDCs), which exhibit exceptional properties such as strong light—
matter interaction and versatile electronic features ranging from metallic to semiconducting to
superconducting [32-34]. Semiconducting TMDC materials have sizeable bandgaps, which
complement the gapless graphene and thus could be applied in switching and optoelectronic de-
vices [35,36]. It is believed that these 2D vdW materials hold great potential to aid the develop-
ment of paper-based electronics and optoelectronics.

Fabrication methods for paper-based devices

Although the distinct properties of cellulose paper, including its pronounced roughness and sur-
face hydroxyl groups, present challenges for conventional microfabrication methods, these char-
acteristics also ensure robust adherence of active materials during device fabrication. The
fabrication of paper-based devices can be categorized into solvent-based and solvent-free tech-
niques. Figure 3 schematically illustrates several widely used methods.

Solvent-based fabrication methods

The prevalent solvent-based fabrication processes for paper-based devices involve the disper-
sion of flakes of van der Waals materials in solvents to form inks and slurries [37]. These can be
deposited onto substrates through inkjet printing, spray coating, screen printing, and dip-coating
(Figure BA-D).

Inkjet printing (Figure 3A) is a widespread method because it has a short processing time and is
mass-produced [38]. The inkjet printing technology simplifies the precise deposition of different
functional materials in a maskless way. However, during inkjet printing, ink rheology must be
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Figure 3. Schematic lllustration of fabrication methods for paper-based devices. (A-D) Solvent-based fabrication
methods, including inkjet printing (A), spray coating (B), screen printing (C), and dip-coating (D). (E-H) Solvent-free fabrication
methods, including pencil drawing (E), abrasion-induced deposition (F), direct laser writing (G), and sputtering (H).
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carefully designed to avoid ink-injector clogging. Common phenomena may affect the printing
resolution, including irregular diffusion of the inks on the fibrous paper substrates and the cof-
fee-ring effect [39].

Spray coating (Figure 3B) is used to apply ink or paint to the surface of substrates with the aid of
air pressure [40]. During the spraying process, air or nitrogen is usually used as a compressed
gas to atomize the active particles. Unlike inkjet printing intended for delicate patterns, spray coat-
ing is more promising for the manufacture of large-format products.

Screen printing (Figure 3C) operates on the principle that only the graphic mesh part of the print-
ing plate allows the passage of inks [41]. Under the pressing of a squeegee, the inks are trans-
ferred to the substrate, thus creating a graphic identical to the original printing plate. The
screen printing technique is characterized by strong printing adaptability, high reproducibility,
and good stereoscopic effect, and can significantly contribute to the production of low-cost
paper-based devices.

Dip-coating (Figure 3D) involves immersing a substrate into liquid phase coating solutions. After
withdrawal from the solution tank, the substrate can be fully infiltrated to form a wet coating
with a high mass loading [42]. The fibrous and porous structure of paper substrates is particularly
conducive to the use of this method to fabricate paper-based devices [43].

Solvent-free fabrication methods

Fabrication in the absence of solvents is desirable to avoid the prolonged high-temperature heat
treatment used to evaporate the solvents, and also improves the electrical contact of functional
particles or flakes. Several solvent-free fabrication methods are illustrated in Figure SE-H.

Pencil drawing (Figure 3E) provides a simple and fast way to create graphite traces with arbitrary
patterns on paper. The graphite traces can function as conductive electrodes or active elements
for paper-based functional devices, and are resistant to oxidation, corrosion, and radiation [44,45].

Abrasion-induced deposttion (Figure 3F) is a universally applicable technique that allows the depo-
sition of a wider diversity of layered vdW materials. Similarly to pencil drawing, the friction forces gen-
erated between the material and the substrate during the abrasion process are sufficiently powerful
to break weak interlayer vdW interactions, leaving a network/film of interconnected flakes [28,46].

Laser direct writing method (Figure 3G) is employed to synthesize and pattern graphene material
through the direct conversion of raw materials, where a focused laser beam induces a localized
photothermal or photochemical reaction [47]. This method features high resolution, non-contact
processing, and eco-friendliness without using masks or toxic chemicals. Notably, cellulose
paper can be converted into graphene, which can be used in a vast array of applications such
as sensing, energy storage, electrocatalysis, and generators [48-50].

The sputtering method (Figure 3H) has received great attention because of its simplicity and reli-
ability, as well as its ability (and repeatability) to cover large areas [51,52]. The sputtering process
is mainly based on bombarding the target material with ions generated by plasma formed during
direct current (DC) and radiofrequency (RF) gas discharge.

Integrating vdW materials with paper for mechanical sensor applications
Flexible mechanical sensors have attracted significant interest owing to their sensitive ability to

detect strain and pressure. The application of strain or pressure leads to a change in electrical
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properties such as resistance and capacitance, and sensing involves transduction mechanisms
such as piezoresistivity [53], capacitance [54], and piezoelectricity [55]. For piezoresistive
strain sensors, the sensing function is not only from the intrinsic resistive properties and geometric
influences of the materials but also from disconnection of micro/nanomaterials, tunneling effects,
and the formation of microcracks within the film [56]. These strain/pressure-sensitive devices are
generally composed of sensing materials, supporting substrates, and conductive electrodes,
where the first two components play significant roles in the sensitivity, dynamic range, flexibility,
and stability of the device [57,58]. This section highlights several promising applications of paper-
supported devices with vdW materials in mechanical sensing.

Pressure sensors

As shown in Figure 4A, pressure sensors have various configurations, including single-layer,
double-layer, and multi-layer. For pressure sensors, the construction of microstructures on
substrates is a practical approach for enhancing the performance of the device, such as sen-
sitivity, dynamic range, and durability. Owing to its inherently porous structure and rough sur-
face, cellulose paper promises to be a competitive candidate for the deposition of vdW
materials to produce high-performance pressure sensors. A composite paper-based pressure
sensor composed of softwood cellulose fibers and graphite nanoplates was fabricated through
a papermaking process, and this delivered a wide detection range of up to 1421 kPa [59]. As
shown in Figure 4B, upon applying pressure, the electrical resistance of the device changed,
which could be attributed to the reduced cross-section of the composite paper. A
graphene—paper pressure sensor was developed using a porous tissue paper, and exhibited
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Figure 4. Integrating van der Waals (vdW) materials with paper for pressure sensor applications. (A) Schematic diagrams of pressure sensors with different
numbers of layers. (B) Change in the resistance of a graphite-based pressure sensor on paper at different frequencies. Adapted, with permission, from [59]. (C) Change
in the capacitance of a graphite-based pressure sensor on paper. Adapted, with permission, from [54]. (D) Change in the resistance of a pressure sensor based on
2D-SnSe, nanosheet functionalized paper. Adapted, with permission, from [61].
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an extensive operating range of 0-20 kPa and a high sensitivity of 17.2 kPa™" of the range of O-
2 kPa [60]. This pressure sensor can detect human physiological activities, including pulsation
and respiration.

The rough surface of papers could be considered as a natural microstructure that increases the
effective dielectric constant and thus enhances pressure sensitivity during loading. A graphite-
covered capacitive pressure sensor was constructed by utilizing the surface roughness of stan-
dard printer paper, and its capacitance varied with pressure, as demonstrated in Figure 4C
[54]. The microscale roughness and surface curling of the pressure sensor induce interlayer air
gaps that contribute to sensitive responses in the low-pressure region. This rough-surface-en-
abled capacitive pressure sensor presented a pressure sensitivity of 0.62 kPa~" with a low detec-
tion limit of 6 Pa and high stability over 1000 bending cycles.

In addition to graphite/graphene, other vdW materials, especially TMDCs, are being explored for
their tunable electronic transport. A 2D-SnSe, nanosheet functionalized paper that operates as a
piezoresistive pressure sensor is presented in Figure 4D [61]. Because of the enhanced air gap,
the responsivity can be modulated by stacking different numbers of SnSe,-papers, and achieved
the highest value of 868% in the broad pressure range of 2-100 kPa. Moreover, this device
showed excellent stability over >5000 loading cycles, making it suitable for monitoring human ac-
tivities such as finger taps, nasal breaths, and wrist pulses.

Strain sensors

The sensitivity of strain sensors depends on the sensing material, operating mechanism, device
structure, and other factors. Conventional strain sensors often struggle to meet the demands
for wearability and comfort requirements owing to their drawbacks of rigidity and brittleness
[62]. Therefore, there is a growing interest in the development of flexible strain sensors. In general,
the strain sensitivity, also known as gauge factor (GF), is 2-5 for most metallic materials, ~100 for
semiconductor materials, and 1-100 for flexible materials [63,64]. Figure 5A depicts a flexible
paper-based strain sensor at tension and compression deformations. WWhen subjected to tension
or compression strain, the electrical properties of these devices exhibit a monotonic variation.
This strain-dependent sensing mechanism can mostly be attributed to the sliding of active flakes
distributed in the sensing area of the device (Figure 5B). The flakes interact through vdW bonding,
which results in relatively weak friction, thus allowing the flakes to slide when moderate stress is
applied. During compression strain, the flakes compact together to increase flake-to-flake over-
lap and consequently reduce resistance. By contrast, tension strain forces the flakes to separate,
decreasing the overlap and even forming cracks in some locations, thus increasing the resistance
of the device.

A paper-based piezoresistive strain sensor was developed with a WS, fim as the sensing area
[65]. As indicated by the current versus voltage characteristics at different uniaxial strains, the re-
sistance increased with tension but decreased with compression strain, yielding a high GF of ~60
(Figure 5C). A graphite-based strain sensor on paper was able to deliver a synchronous electrical
response behavior during a repeated strain of 0.2%, demonstrating its promising application in
motion detection (Figure 5D) [59].

BP is mechanically robust, and has a Young's modulus of 106.4 GPa that can withstand large
localized strains without breaking [66], making it an ideal material for flexible strain sensors. A low-
cost strain sensor was developed using BP grown on paper as the sensing material and polydi-
methylsiloxane (PDMS) as a passivation layer to reduce the oxidation of BP [67]. This BP-based
device performed over a strain range exceeding 2.5%, and exhibited a GF of 6.1. It also
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Figure 5. Integrating van der Waals (vdW) materials with paper for strain sensor applications. (A) llustration of paper-based strain sensors upon compression
and tension deformations. (B) Schematic diagrams of the strain-sensing mechanism under compression and tension deformations respectively. (C) Electrical signal
changes with applied uniaxial strain for an abrasion-induced deposited WS, strain sensor. Adapted, with permission, from [65]. (D) Real-time output signal of a

graphite-based strain sensor on paper under repeated bending strain. Adapted, with permission, from [59].

presented strong robustness, and there was no significant change in device performance over
2000 bending cycles. Moreover, the performance of the sensor remained consistent over 98
days, indicating excellent air stability.

Integrating vdW materials with paper for environmental sensing applications
Sensors capable of capturing information in complex environments have seen significant ad-
vances over the past few decades. Compared to human perception, these sensors offer higher
accuracy to detect subtle ambient changes and broader sensing ranges, and are capable of de-
tecting extreme temperatures up to thousands of degrees [68]. Integrating these sensors with the
Internet of Things (IoT) enables data acquisition, analysis, and remote interactive operation of ob-
jects. In this section we overview advances in paper-based devices with vdW materials for the de-
tection of ambient temperature, humidity, and gases.

Humidity sensors

Humidity, usually defined as relative humidity (RH), is a non-negligible environmental parameter in
daily life and industrial production. Humidity sensors convert moisture per volume into electrical
signals, and have applications in healthcare, weather monitoring, agriculture, food storage, and
industrial processes [21,69,70]. The humidity sensing mechanism may be elaborated with
Lewis acid-base interactions and the Grotthuss chain reaction [71], as shown in Figure 6A. Am-
bient water molecules are adsorbed to the surface of hydrophilic sensing materials via hydrogen
bonding to form a chemisorbed layer. As the concentration of water vapor increases, the hydro-
gen bonding between adjacent hydroxyl groups facilitates the formation of contiguous multilayer
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Figure 6. Integrating van der Waals (vdW) materials with paper for environmental sensor applications. (A) Schematic diagram of humidity sensors showing the
Grotthuss mechanism. (B) A force and humidity dual-mode sensor based on a polyimide (Pl)/paper bilayer structure. Adapted, with permission, from [75]. (C) Schematic
diagram of temperature sensors showing the thermal excitation effect of carriers upon exposure to high temperatures. (D) A pencil-paper on-skin temperature sensor.
Adapted, with permission, from [44]. (E) Schematic diagram of gas sensors showing the sensing mechanism of an n-type semiconductor for reducing gas.
Abbreviation: Ads, adsorbed. Adapted, with permission, from [81]. (F) A room temperature NH3 gas sensor. Adapted, with permission, from [84].

water by physisorption. In this regime, protons can jump between adjacent water molecules fol-
lowing the Grotthuss mechanism, H,O + HsO* — HsO* + H,0, where HsO* ions act as charge
carriers in proton-exchange reactions. Such ionic transport results in a reduction in resistance,
thus improving the overall conductivity.

The response of the humidity sensor is generally defined as the ratio of the electrical value of the
device at a specific RH to the initial RH. Concerning the negatively responsive resistance humidity
sensor, the response can be expressed by two approaches. One is the relative ratio [(Ro—Rrm)/Ro
x 100%)] [72], and the other is the absolute ratio (Ro/Rrp) [71], where Ry and Ry are the initial
electrical resistance and the electrical resistance at a specific RH, respectively. The sensitivity of
the humidity sensor can be represented as the change in electrical value per RH unit, measured
as the slope of the response line following a calibrated linear fit [21].

Cellulose fibers can function as a humidity-sensing material because of their hygroscopic charac-
ter, which allows them to adsorb moisture from the environment, leading to a proportional change
in the ionic conductivity of the paper. Inspired by this property, a simple humidity sensor was fab-
ricated using paper as both the sensing material and the substrate, and this presented a re-
sponse of >10% over the humidity range of 41.1-91.5% [73]. A paper-based humidity sensor
with graphite electrodes can be embedded within a textile procedure mask to monitor respiration
pattern and rate [74]. In addition, vdW materials have been extensively integrated with paper to
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create highly sensitive humidity sensors. A force and humidity dual-mode sensor was developed
based on a polyimide (Pl)/paper bilayer structure (Figure 6B) [75]. The Pl layer is transformed into
a patterned porous graphitic structure by using a direct laser-writing method, allowing it to detect
humidity variations. Because of the difference in humidity absorption properties of the Pl and
paper layers, the sensor bends in a humid environment, causing a change in the resistance of
the graphitic pattern.

Temperature sensors

Temperature sensors are designed to convert the temperature of an object or environment into
an electrical signal. For common resistive temperature sensors based on semiconductor mate-
rials, an increase in temperature causes a decrease in resistance, which is attributed to thermal
excitation of the carriers [76], as shown in Figure 6C. Because defects are widely present, free
carriers are trapped at the boundaries between adjacent grains, forming a potential barrier ®
that hinders the movement of the carriers. As thermal energy (temperature) increases, the ther-
mally excited carriers can cross the barrier by tunneling and hopping between adjacent grains,
resulting in a reduction in resistance. The temperature coefficient of resistance (TCR) is a param-
eter used to quantify the sensitivity of a temperature sensor, which is expressed as:

1 dR ®

where T is the temperature, k is the Boltzmann constant, and @ is the potential barrier [45].

Thermosensitive vdW materials can be integrated with low-cost papers to achieve temperature
detection. Graphite is a widely used vdW material for thermal sensing [77,78]. For example, a
pencil-paper on-skin temperature sensor was developed, where graphite has high electrical con-
ductivity and paper has low thermal conductivity (Figure 6D) [44]. The device exhibited a clear
electrical response as the temperature changed, with a response time of ~90 s and a TCR of
—-3600 ppm K. Semiconducting materials also exhibit strong temperature dependence of resis-
tance. A temperature sensor based on WS, nanoplatelets was fabricated on paper and demon-
strated a remarkable drop in resistance with increasing temperature [79]. The charge transport in
this device was attributed to thermally activated carriers, resulting a TCR ranging from —20 000
ppm K" to —160 000 ppm K~ and a fast response time of ~0.2 s, demonstrating excellent tem-
perature sensing ability.

Gas sensors

Gas sensors are valuable tools for detecting specific gases because they sense the change in
the volume fraction of the target gas and convert this to an electrical signal [80]. Gas adsorption
can alter the surface state of a sensing material, leading to a change in the space charge layer
and modulating its conductivity (Figure 6E) [81]. For a n-type semiconductor, electrons are the
majority charge carriers. Surface states in the semiconductor behave as electron donors or ac-
ceptors which exchange with electrons inside the semiconductor to form a space charge layer
near the surface. The presence of a reducing gas prompts the desorption of adsorbed oxygen
species on the surface, which in turn releases electrons into the material, thereby enhancing its
electrical conductivity. In most real situations the gas composition can be complex, and the tar-
get gas is surrounded by interfering gases. As a result, a gas sensor must possess high sensi-
tivity and selectivity to identify and categorize the target gas [82,83]. The response and
sensitivity parameters of gas sensors are defined in a way that is essentially the same as that
for humidity sensors.
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Paper substrates are excellent candidates for gas sensing because of their porous structure and
high specific surface area. For example, 2D WS, nanosheets with sulfur defects were prepared
by lithium ion intercalation and exfoliation (Li-2D WS,) and integrated onto paper as a sensing
layer for ammonia (NHs) gas detection (Figure 6F) [84]. The Li-2D WS, nanosheets are p-type,
and valence band holes are the majority carriers. When exposed to NHz molecules, they accept
electrons from NHg, causing electron—hole recombination, which reduces the concentration of
hole carriers, and therefore reduces the conductivity of p-type WS,. The assembled device on
paper eventually presented an excellent response to NH3 gas, with an average response of
~4.6% at 100 ppm concentration, and the response intensity was more than threefold higher
than that of chemical vapor deposition (CVD) of 2D WS, on a silicon wafer at the same NH3
concentration. The gas sensitivity of the device did not decay noticeably after 8000 bending cy-
cles, indicating its good stability.

Recently, a highly sensitive and selective NO, gas sensor was developed using WS, platelets
[85]. The WS, platelets possess structural continuity, giving higher conductivity for lower detec-
tion limits. This sensor delivered a response of ~42% at 0.8 ppm concentration, and established
a lower detection limit of ~2 ppb. More importantly, it is highly selective for NO, gas, despite the
presence of interfering of NHs and CO.

Integrating vdW materials with paper for photodetector applications
Paper-based devices with vdW materials also have promising applications in optoelectronics,
particularly in photodetectors. Photodetectors convert incident light of various wavelengths into
an electrical signal and are essential components in medical imaging, optical communications,
security inspections, environmental monitoring, and other fields [86,87].
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Figure 7. Integrating van der Waals (vdW) materials with paper for photodetector applications. (A) A DUV photodetector based on a BN paper at 185 nm

illumination. Adapted, with permission, from [90]. (B) A broadband UV-Vis—-NIR photodetector based on a WS,-on-paper.

Adapted, with permission, from [91]. (C) An

IR photodetector based on Bi,Ses-on-paper at 1064 nm illumination. Adapted, with permission, from [92]. Abbreviations: DUV, deep UV; BN, boron nitride; IR,

infrared; NIR, near-IR; Vis, visible.
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Compared to commercially available thin-film photodetectors (e.g., silicon photodetectors (Si)
and InGaAs photodetectors), the novel photodetectors based on 2D layered TMDCs materials
offer appealing features such as physical flexibility, room temperature operating, high
photoresponsivity and detectivity, and ultrabroadband spectral response ranging from UV to
terahertz frequencies (THz) [88,89]. Responsivity (R) is a typical parameter to evaluate
photodetection performance, which is expressed as:

Ion
R—=_P" 2
P x Sqevice [ ]

where P is the incident power intensity, /1, is the photogenerated current, and Sgevice is the active
channel area of the device upon illumination [86].

Recent studies have reported the fabrication of flexible paper-based photodetectors with distinct
detection ranges using various vdW materials. For instance, a flexible solar-blind photodetector
was fabricated using a hexagonal boron nitride (h-BN) paper supported with cellulose nanofibers,
and achieved excellent photodetection at 185 nm illumination with a responsivity of ~0.05 mA
W' and a short response time of 0.267 s at 10 V (Figure 7A) [90]. A broad-band WS, photode-
tector on paper was also reported, as shown in Figure 7B [91]. It could detect incident light rang-
ing from 365 nm (UV) to 940 nm (near-IR), with a high responsivity of ~270 mA W~" (at 35 V).
Given these advantageous properties, these paper-based photodetectors have promising appli-
cations as optical detector elements in spectrometers. In addition, an IR photodetector was de-
veloped using liquid-exfoliated Bi»Se; nanosheets, and exhibited a responsivity of 26.69 pA W™
with excellent flexibility and stability in the bending state upon 1064 nm illumination at 5 V voltage
(Figure 7C) [92].

To enhance photoelectrical performance further, a combination of two or more materials is highly
recommended because it increases light absorbance and thus increases the responsivity. These
combinations include metal nanoparticles-MoS, [93], WSes-polyaniline (PANI) [94], WSe,/graph-
ite [95], ZnS-MoS; [96], and graphite/ZnO-WS, [97] hybrid compositions. The properties can be
engineered by constructing vdW heterostructures by in-plane or vertical stacking [98]. For in-
stance, a MoS,/WSe, heterostructure was synthesized as active material to fabricate a paper-
based photodetector [99]. Electron-hole pairs are generated in both MoS, and WSe, upon illu-
mination. The electrons diffuse from the conduction band of WSe, to the conduction band of
MoS,, and are eventually collected on the electrode. The interface formed between n-MoS,
and p-WSe, could help to reduce the probability of trapping the photogenerated carrier. This
MoS,/WSe, photodetector presented excellent performance, with a high photoresponsivity of
about 124 mA W~ and an external quantum efficiency of 23.1%. In addition, a TiS;—~MoS,
heterostructure was built by placing MoS, on top of TiSs [100]. The formation of a type Il band
offset in the TiSs—-MoS, heterojunction could promote the effective separation of electrons and
holes. Therefore, the TiS;—MoS, photodetector delivered an exceptional optoelectronic perfor-
mance with a faster response time (0.96 s) and higher on—off ratio (1.82) relative to the individual
MoS, and TiSz photodetectors.

Concluding remarks

Over the past decade we have witnessed remarkable advances in the field of flexible electronics
and optoelectronics, particularly through the integration of paper-based devices with various
vdW materials. Cellulose paper offers numerous advantages, such as flexibility, biodegradability,
and biocompatibility, as well as a large specific surface area and abundant surface functional
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Outstanding questions

Can we develop new strategies to
extensively integrate vdW materials
with paper? Can we combine the
current established industry roll-to-roll
methodology with paper electronics
based on vdW materials?

How can we establish vdW
heterostructures on paper? vdW
heterostructures integrated on silicon
wafers are reported to deliver
numerous novel properties, but there
have been few reports of their
construction on paper substrates.

Can we refine  papermaking
technology to diminish the impurities
in vdW functional materials?

Can we leverage the properties of
origami and kirigami to enhance the
performance and diversity of paper
electronics based on vdW materials?

Can we construct sophisticated
devices with high spatial resolution
and low energy consumption by
employing fibrous-textured paper?

Can we encapsulate the paper-based
devices without sacrificing
biodegradability?

Can we further engineer the
miniaturization and integratability of
paper-based electronic systems to
achieve multimodal all-in-one sensing
and wireless communication
capabilities?

Can we utilize artificial intelligence to
promote innovative vdW
heterostructures and device topology
in the field of paper electronics?
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groups. These characteristics make paper an ideal eco-friendly, low-cost alternative to traditional
silicon, glass, and synthetic polymer substrates for wearable devices. The weak vdW interactions
between the individual layers of 2D materials allow the creation of variety of 2D vdW materials in-
cluding semimetals, semiconductors, superconductors, and insulators. These materials boast
exceptional mechanical, optical, and electrical properties, making them well suited for integration
with paper-based devices. By incorporating these vdW materials onto paper, devices can be de-
veloped to sense various factors, including deformation, humidity, temperature, and gas. The nu-
merous potential applications of paper-based devices with vdW materials highlight the promising
future of flexible electronics and optoelectronics.

Despite significant progress, numerous challenges and issues must be addressed before large-
scale, mature applications can be realized in the realm of paper-based electronics and optoelec-
tronics (see Outstanding questions). During the standard papermaking process, fillers are intro-
duced that potentially contaminate vdW functional materials and hinder device performance. In
addition to composition, the dimension and structure of the paper fibers play significant roles in
device performance [101]. As a result, it is recommended to develop customized papermaking
processes specifically for electronics and optoelectronics, as opposed to ordinary writing
paper. Another considerable challenge in device preparation is the inherently high porosity and
surface roughness of paper because these factors can increase energy consumption and de-
crease pattern resolution. Furthermore, advanced encapsulation processes for paper-based de-
vices are crucial to ensure their reproducibility and durability by diminishing aging effects under
various environment conditions such as irradiation, humidity, and ambient oxidation [102]. In ad-
dition, biodegradability should not be compromised when sealing them from external interfer-
ence. Moreover, the development of highly integrated and miniaturized paper-based electronic
systems is eagerly anticipated. One feasible approach is to establish multimodal sensing using
a single material by exploiting the unique advantages of semiconducting vdW materials such as
WS.. To advance this promising field, researchers from across different disciplines are encour-
aged to collaborate and contribute their expertise. Given the growing investment in novel synthe-
sis and manufacturing technologies, device performances could be further improved to meet the
future demands of cost-effective, eco-friendly, and wearable electronics and optoelectronics.
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