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ABSTRACT: Relative humidity sensors are widely studied under the categories of both environmental and biosensors owing to
their vast reaching applications. The research on humidity sensors is mainly divided into two concentration areas including novel
material development and novel device structure. Another approach focuses on the development of printed sensors with
performance comparable to the sensors fabricated via conventional techniques. The major challenges in the research on relative
humidity sensors include the range of detection, sensitivity (especially at lower %RH), transient response time, and dependence on
temperature. Temperature dependence is one of the least studied parameters in relative humidity sensor development. In this work,
relative humidity sensors were fabricated using all-printed approaches that are also compatible with mass production, resulting in low
cost and easy development. Laser-induced graphene (LIG)-based printed electrodes were used as the transducers, while the 2D
MoS, and graphene nanocomposite was used as the active layer material with the built-in property of temperature independence.
The exfoliation process of 2D MoS, was based on wet grinding, while graphene for the active layer was obtained by scratching the
graphene grown on the polyimide (PI) surface via laser ablation. The resulting sensors showed an excellent output response for a full
range of 0%RH to 100%RH, having no dependence on the surrounding temperature, and excellent response and recovery times of 4
and 2 s, respectively. The developed sensors can be confidently employed for a wide range of humidity sensing applications where
the temperature of the surrounding environment is not constant.

1. INTRODUCTION FETs,” chemiresistors,”® optical fibers,”’ crystal oscillators,*®
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The presence of water in its gaseous state in air is referred to as capacitors,”™ etc. All of the research in this field focuses on

humidity, and its understanding and measurement are
significantly important. The need for fabricating state-of-the-
art humidity sensors has recently escalated because humidity
finds its applications in the monitoring of the environment' as
well as various industries such as agriculture, health,”> food

31 .32 .
industry,” medicine,” etc. Sensors have been fabricated using tors,” memory devices,” and other systems. Different types of
8—10

developing low-cost and high-performing sensors using non-
conventional, environmentally friendly, and facile fabrication
techniques.

Various fabrication techniques are being developed for the
fabrication of electronic devices including sensors,”’ transis-

. . . 5—7 . .
various materials such as 2D materials,””’ metallic oxides,

nanocrystals,"" organic materials,"> polymers,"® paper-based Received: February 11, 2022
sensitive materials,"* and others'>~'” and by using a number of Accepted: April 27, 2022
different fabrication techniques including sputtering,'® thermal Published: May 6, 2022
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evaporation, = lithography,”™ printing,” spin coating,” spray
deposition,™ etc. Different types of structures have been used as
transducers including interdigitated electrodes (IDTs),**
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Figure 1. Step-by-step material synthesis and sensor fabrication process showing the exfoliation of bulk MoS, into 2D flakes, the growth of graphene
through laser ablation, patterning of transducer electrodes, and the formation of the active layer and contacts for the final device.

materials are also being explored that are compatible with the
available fabrication techniques for different types of devices.
Printed electronics has revolutionized the prototyping by
providing a simple, cost-effective, and quick solution for
preliminary device testing and optimization as compared to
the conventional device fabrication techniques. The major
hurdle in using printed electronics to mass produce electronic
devices like sensors is the unavailability of materials compatible
with the process or the materials having lower performance
when compared to their conventional counterparts for the same
types of devices.”> Printed humidity sensors have been
fabricated using a variety of materials with a major portion
consisting of polymers and composites, oxides, nanomaterials,
2D materials, etc.”*™** The polymer-based materials are
relatively easier to use in printing of devices, but the
performance of polymer-based humidity sensors has limitations
of alower range of detection, usually a slower transient response,
degradation, and significant dependence on the surrounding
temperature.”” Oxides on the other hand are extremely difficult
to print, while nanocomposites also have similar problems as
those of polymers.*>*' Researchers have tried to address some of
the issues while compromising on the others. In addition, the
transducer electrodes in printed electronic devices are generally
metallic materials that are very expensive and are difficult to be
patterned without wastage.

2D materials, graphene, carbon nanotubes, and their
composites with polymers**~** have been recently investigated
for their ability to sense humidity in printed sensors. 2D
materials have proven to be an excellent choice because of their
ideal electrical and morphological properties and their ability to
detect lower levels of humidity.* The hurdle with using 2D
materials like MoS, nanoflakes, graphene, and others is their

difficulty in being mass-produced.” In addition, while 2D
materials address most of the performance limitations associated
with various categories of materials, temperature dependence
still remains an issue in most cases.

Graphene, which belongs to the 2D family of materials, has
been deemed to be an excellent candidate for humidity sensing
owing to its properties like high electron mobility (200,000 cm*
(V,)™"), high specific surface area (2600 m’g™"), chemisorption
of water molecules, and inertness toward various gases. 47750 The
porous structure of graphene makes it ideal for applications like
composite fillers, energy-storing devices, biosensors, etc. SL,52
Traditional methods for the fabrication of graphene require
either very high temperatures®> or a step-wise chemical
reaction,”™* which not only makes the entire process costly
but also time-consuming and with low yield. Similarly, other 2D
materials like MoS,, hBN, MoSe,, WSe,, etc., also offer excellent
sensing properties like graphene, but their fabrication methods
have many limitations as of graphene.*®

In 2014, Tour et al. fabricated graphene through laser ablation
of the polyimide (PI) surface and termed it as laser-induced
graphene (LIG). A CO, laser was used to grow graphene on the
surface of PI tape under ambient conditions.”” LIG was found to
possess the same porous structure as that of normal graphene,
and its electrical characteristics resembled those of high-quality
reduced graphene oxide (rGO). The computer-controlled laser
scribing system removes the constraint on the patterning of the
electrodes and other graphene-based structures.”*” Further-
more, LIG has proved to be nontoxic, which supports its use in
biological applications as well.”” Ever since its discovery, vast
research has been conducted on this subject,45’61_63 concluding
that through laser patterning, ideal properties of rGO can be
achieved through a much cheaper and facile procedure.
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Similarly, other 2D materials like MoS,, hBN, etc., have also
been exfoliated into 2D flakes using mass-producible methods
like wet grinding,64 acid-based intercalation, etc. Wet grinding is
a simple and low-cost method, while intercalation is expensive
and complicated.

This work focuses on combining the three focus areas of
research in relative humidity sensors by developing an all-
printed novel humidity sensor based on a 2D nanocomposite of
graphene and MoS, that is inherently independent of the effect
of temperature, requiring no post-data processing or signal
conditioning without compromising the overall performance of
the sensors. The transducer electrodes were also based on LIG
patterns, while both the active layer and 2D materials were
fabricated using mass production-compatible methods. The use
of the composite results in the overall temperature-independent
behavior of the sensor while retaining the ideal sensing
properties of the 2D materials.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Ultrafine powder of bulk
MoS, with a purity of 99% was purchased from Graphene
Supermarket. Twenty grams of pristine bulk MoS, was ground
in a mortar by adding 1 mL of ethanol with a purity of 99.9%.
The paste was continuously ground for one and half hour and
was then left to dry at room temperature. Ten grams of the dried
powder was then dispersed in 100 mL of ethanol and water-
based solvent prepared in equal ratio. The solution was first
bath-sonicated for 30 min to separate the agglomerated particles
and was then probe-sonicated for 1 h to exfoliate the ground
MoS, flakes into 2D few and monolayered sheets. Centrifuga-
tion was then performed at 4000 rpm for 30 min to separate the
bulk from exfoliated 2D flakes. The resulting supernatant was
extracted after centrifugation to separate the exfoliated 2D flakes
from the unexfoliated bulk particles. The residue was dried and
weighted to calculate the concentration of MoS, in the solution
by subtracting it from the initial 10 g. The resulting solution was
found to have ~3 g exfoliated 2D MoS, few and monolayered
flakes in 60 mL solution or a concentration of S wt %/vol. The
wet grinding-based exfoliation method is well suited for mass
production of 2D MoS, flakes, especially for applications like
sensors where few to monolayered sheets are acceptable for the
job.®® The step-by-step exfoliation process schematic is
presented in Figure 1.

Graphene for the active layer was grown on the surface of
polyimide (PI) tape (Kapton Tape) through the direct laser
ablation process. A CO, laser mounted on a 2-axis CNC router
(4040A SO W Laser Engraver) was used as the source. The laser
power was set at S W by adjusting the PWM at 10%, while the
relative bed speed was set at 90 mm/s to make 2 cm X 2 cm
rectangular sheet patterns on the PI surface. Under the influence
of the CO, laser, the polyimide film reaches a temperature of
more than 2400 K, resulting in the precursor pyrolysis. This
leads to emission of volatile gases such as CO, and H, along with
the conversion of the sp® carbon atoms to sp* carbon atoms. This
causes the distinct morphology and the porous structure of
graphene.®® During this process, the cooling and heating of the
PI film happen abruptly, resulting in the formation of five-, six-,
and seven-membered rings of carbon.”” The graphene powder
was obtained by scratching off the LIG sheet of the PI surface
using a sharp blade.

The 2D nanocomposite solution for the active layer of the
sensor was prepared by adding 0.3 g of powdered graphene to 10
mL of the prepared MoS, solution, thus resulting in a final

suspension with $ wt %/vol MoS, and 3 wt %/vol graphene. The
suspension was again bath-sonicated for 30 min to remove any
agglomeration of particles and homogenize the 2D nano-
composite before final deposition as the active layer thin film.
The resistance of MoS, increases with increasing temperature
with a slope of ~0.07,°® while the resistance of graphene
decreases with increasing temperature with a slope of ~0.12,%
showing the opposite behavior of both materials toward the
change in temperature. The final ratio of MoS, vs graphene in
the composite was selected to be ~1.67, which is equal to the
inverse of the ratio of resistance temperature coeflicients of both
materials to cancel out the effect of temperature in the final
composite.

2.2. Device Fabrication. Carbon-based interdigitated
transducer (IDT) electrodes were fabricated on a PI substrate
mounted on a glass slab through the laser ablation process as
discussed above. The printing parameters were optimized to
achieve patterns without any defects and with high conductivity.
Optimized parameters for electrode patterning are presented in
Table 1, while the fabrication process schematic is presented in

Table 1. Optimized Parameters for Fabrication of
Transducer Electrodes for the Device Using Laser Ablation

parameter optimized value
laser current (%) 10%
laser power (W) SW
stand-off distance (mm) 20 mm
relative stage speed (mm/s) 90 mm/s
electrode line width (mm) 0.45 mm
gap between adjacent electrodes (mm) 0.65 mm

Figure 1 along with the actual images of the fabricated devices.
The 2D nanocomposite-based humidity sensing active layer was
deposited by drop-casting 30 uL solution onto the fabricated
electrodes using a micropipette. The initial devices were
fabricated using a manual hand pipette, but later on, an
automated micropipetting system was developed to complete an
all-printing CNC-based automated fabrication system. The
automated pipetting system is presented in Figure S1. Silver
contacts were made to connect wires to the device for
characterization, and the devices were then sintered at 90 °C
for 1 h to cure the active layer by evaporating the solvent and to
sinter the silver contacts.

2.3. Sensor Characterization. The physical, chemical,
morphological, and electrical properties of the devices were
investigated using various standard techniques to validate and
evaluate their characteristics and performance. Optical micros-
copy was used to determine the physical state of devices. Field
emission scanning electronic microscopy (FESEM) was
performed using a Carl Zeiss EVO 18 with integrated energy
dispersive spectroscopy (EDS) to investigate the device
morphology and elemental analysis. A LabRAM HR Raman
spectrometer was used to investigate the chemical composition
and energy states to determine the type of chemical structure
present in the active layer. PHI Quantera II VG X-ray
photoelectron spectroscopy (XPS) was used to ensure the
presence of 2D MoS, flakes after exfoliation.

For the characterization of the sensor’s output response, an in-
house-developed automatically controlled environmental cham-
ber was employed.”® The temperature inside the chamber was
controlled through an inductive heating element, and humidity
was controlled using dry nitrogen gas and a desktop humidifier.

https://doi.org/10.1021/acsomega.2c00850
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Figure 3. SEM images of the materials showing (a) LIG patterns on the PI surface (1 kX@5 kV), (b) graphene + MoS$, active layer thin film (1 kX@5
kV), (c) zoomed view of LIG patterns (2 kX@5 kV), (d) zoomed view of the active layer thin film showing highly porous morphology (2 kX@$ kV),
(e) bulk MoS, chunks (5 kX@5 kV), and (f) exfoliated 2D MoS, flakes (25 kX@5 kV).

The characterization setup schematic is presented in Figure S2.
For reference temperature and humidity measurement, a
precalibrated Bosch BME 280 sensor was used, while the
electrical characteristics of the fabricated device in response to
changing humidity and temperature were recorded using an
Applent AT-825 digital LCR meter operating at 0.6 V,,, and 1
kHz. All devices were time-synced through a customized
software, and the data from both reference sensors and the
device under testing was plotted in real time on a computer
while simultaneously logging it for recording and later use. A
cycling test of the sensors was performed by switching between
one stream of air saturated with water vapor and one stream of
dry nitrogen. The active area of the sensors was placed
perpendicularly to the joint opening of the two streams. The

distance was kept at 2 cm. Valves controlling humid stream and
dry nitrogen stream were opened and closed to switch between
high and low humidity. The streams were switched after getting
a stable/saturated curve of the sensor’s output. The reference
sensor recorded a high side humidity of ~97%RH and a low side
humidity of ~4%RH.

3. RESULTS AND DISCUSSION

3.1. Morphological and Chemical Characterizations.
The materials used in fabrication of the devices were
characterized for their physical morphology first to ensure the
formation of physical 2D flakes in the case of MoS, and ascertain
that the LIG patterns were not damaged and were neither under-

https://doi.org/10.1021/acsomega.2c00850
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Figure 4. Chemical characterization of active layer materials showing (a) the XPS energy spectrum of MoS, and (b) RAMAN spectra of LIG and MoS,

+ LIG composite thin film.

nor overexposed. Optical microscopic images of the LIG
patterns are presented in Figure 2 at various magnifications,
confirming that the fabricated patterns were continuous and
without any physical defects. The images of the IDT fingers
show that the achieved electrode finger width was 0.45 mm,
while the gap between two fingers was ~0.6 mm.

The surface SEM images of LIG patterns fabricated for
transducer electrodes presented in Figure 3a,c show the distinct
porous structure of the graphene flake layer grown on the PI
surface as expected. The SEM images of the graphene + MoS,
active layer thin film presented in Figure 3b,d show that the
scratched off graphene retained its specific porous structure
without any degradation or defects. This porous morphology of
the active layer is crucial for humidity and gas sensing
applications where a higher surface area-to-volume ratio results
in better adsorption and sensitivity. The surface SEM images of
bulk and exfoliated MoS, presented in Figure 3e,f show that the
bulky chunks were successfully exfoliated into 2D flakes through
the wet grinding process as explained earlier.

Chemical and structural properties of the LIG and 2D MoS,
flakes were investigated through Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and energy dispersive
spectroscopy (EDS). The results of XPS for MoS, presented
in Figure 4a show distinct peaks for Mo3p, Mo3d, Mo4p, and
S2p, confirming the presence of MoS,. The comparison of the
spectra for exfoliated and bulk MoS, indicates a sharp rise in the
intensity of Mo and S peaks for exfoliated flakes when compared
to the bulk ones, while the carbon and oxygen peaks remain the
same, which is due to the carbon-based tape used in this
characterization for sample holding. Raman spectroscopy results
presented in Figure 4b compare the spectra for LIG patterns
directly grown onto the PI surface, the powder obtained by
scratching the grown LIG layer, and the thin film based on the
2D nanocomposite of LIG and MoS, flakes. The spectra for pure
LIG show distinct peaks at 1350, 1585, and 2695 cm™!
corresponding to the signature D-band, G-band, and 2D-band
of graphene, respectively.”” The D-band is associated with the
higher energy sp3 defect sites, while the G-band is associated
with the lower energy sp? carbon bonds.”” The intensity of the

16609

G-band is higher in all cases, indicating a higher number of low-
energy binding sites for chemisorption of water atoms. The 2D
peak can be fitted with just only a Lorentzian peak centered at
around 2700 cm ™', which is the same as that of single-layered
graphene, but the larger width indicates that the structure is
similar to 2D graphite, which consists of randomly stacked
graphene single layers along the c-axis.”” The intensity of both
the D- and G-bands is lower in the composite when compared to
pure graphene, indicating a decrease in the surface area of
graphene after interaction with MoS,. Furthermore, a broad
peak at 1107 cm™" in the composite spectrum represents C=0,
which indicates the formation of oxides of graphene at the defect
sites during the process of making the solution for the
nanocomposite and annealing of the thin film.”' A wide
envelope in the range of 535 to 650 cm™' indicates the
formation of some C—S bonds, confirming the physical
interaction of graphene and 2D MoS, flakes. The intensity
and sharpness of the C—S peak are however very low, indicating
the weaker interaction of MoS, and graphene at various
locations spread throughout the thin film rather than formation
of a widespread network of 2D heterojunctions. This will enable
direct electron transfer between graphene and MoS, but will not
result in formation of a visible barrier throughout the material.
The signature peaks of MoS, at 402 and 381 cm ™" are not visible
in the Raman spectrum of the composite due to their relatively
low intensities, but a separate Raman spectrum of exfoliated
MoS, flakes presented as the inset in Figure 4b indicates the two
peaks, clearly confirming the formation of 2D flakes. Energy
dispersive spectroscopy (EDS) was also performed to confirm
the presence of both carbon and MoS, in the active layer, and the
results presented in Figure S3 ascertain the presence of all the
elements.

3.2. Electrical Response and Behavior. The fabricated
humidity sensing devices consisted of IDT-type electrode pairs
with an active layer of the 2D MoS, and graphene composite
deposited on the sensing area. The sensors respond to the
change in surrounding environment humidity in terms of the
change in their impedance. The percent relative humidity of a
controlled environment was varied from 0%RH to 100%RH,
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Figure 5. Response of humidity sensors showing (a) impedance vs %RH for three independent trials at 30 °C and (b) responsivity curve of the sensors
showing the percent change in response at different relative humidity levels.
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Figure 6. Response of devices toward the change in temperature: (a) impedance curves at different temperatures, (b) hysteresis curve for
humidification and desiccation, (c) errors in relative humidity at various temperatures, and (d) errors in impedance at various temperatures.
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Figure 7. Performance of the fabricated sensors showing (a) the transient response curve, (b) response and recovery times, (c) touch sensing, and (d)

breath detection.

and enough time was provided to the output of fabricated
devices to get stable. Impedance readings of the fabricated
sensors were recorded at intervals of S%RH for three
independent trials at three various times. The results presenting
the relationship of the impedance output of the fabricated sensor
versus the changing relative humidity of the environment are
presented in Figure 5. The temperature for all three trials was
kept constant at 30 °C inside the controlled environment test
chamber.

Results presented in Figure Sa show that the impedance of
sensors based on the 2D nanocomposite decreases exponentially
with increasing relative humidity of the surrounding environ-
ment. It can be further observed that the sensors show a stable
response toward the full range of relative humidity from 0%RH
to 100%RH without any saturation. Figure Sb shows that the
sensitivity or responsivity of the sensors for the lower half of
relative humidity (0%RH to SO%RH) is also quite reasonable at
~8% (50 k2/%RH), after which it increases exponentially up to
~80% (385 kQ/%RH). It was also calculated from the results
that the absolute average error for the three trials was just 1.9%,
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indicating the excellent reproducibility of the fabricated sensors
under given conditions. The mechanism behind humidity
sensing for pure MoS, and pure graphene has been investigated
individually in previous research works. MoS, responds to the
change in humidity through absorption of water molecules at the
defect sites of the hexagonal 2D structure and the terminal ends
of the flakes.”" Mechanical wet grinding results in formation of a
relatively larger number of defect sites as compared to MoS,
synthesis using hydrothermal and chemical exfoliation methods,
making wet grinding the ideal process for humidity sensing
applications.”> MoS, responds to low relative humidity levels,
but the response quickly saturates near 40%RH, thus reducing
the range of detection.”" Graphene-based humidity sensors on
the other hand respond to the change in relative humidity
through both adsorption and absorption. The sensitivity of pure
graphene-based sensors toward lower humidity levels is very
low, and the overall change in resistance is very small.”> In
addition, the resistance of graphene-based humidity sensors is
also highly dependent on changes in surrounding temperature
because the resistance of pure graphene decreases with
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Table 2. Comparison of Performance and Fabrication Methods of the Current Sensor with the Literature and Commercially

Available Relative Humidity Sensors

response/
fabrication sensing recovery temperature
materials method mechanism %RH range sensitivity time % error compensated reference
amorphous PEO reverse offset impedance 0-75% 100 mV/%RH 29/19s 1.24% YES (conditioning cir- 78
printing cuit)
2D MoS, + PEO EHD printing resistive 0—-80% 85 kQ/%RH 0.6/03 s 5.4% YES (numerical with 65
temp. sensor)
PEDOT:PSS-methyl inkjet printing impedance 0—100% 100 kQ/%RH 1/35s 2.2% NO 22
red-graphene series
TiSi, screen printing capacitive 0—-100% 63 kQ/%RH 3s/4s insignificant  NO 79
GO/PVA heat & pull optical fiber 20—100%  0.5290%/RH 147/293 s 3.11% NO 80
porous LIGO laser ablation capacitive 11-97% 9150 pF/%RH 2s 3.3% NO 45
printing
OR coating fiber optic Braggs ~ Bragg’s wave- 11.3-97.3%  2.40 pm/%RH 655/370 s 4.16% YES (uncoated refer- 81
grating length shift ence subtraction)
PI coating fiber optic Braggs  Bragg’s wave- 11-83% 1.5 pm/%RH YES (numerical with 82
grating length shift temp. sensor)
HPP801A031 polymeric capacitive 1-99% 310 nF/%RH 3s NO commercial
MEMS lithog-
raphy
HTU31 MEMS lithogra-  resistive 0—100%  0.01 %RH resolution 5/10's 2% YES (numerical with commercial
phy temp. sensor)
HTU21D MEMS lithogra-  resistive 0—100%  0.04 %RH resolution 5/10's 5% YES (numerical with commercial
phy temp. sensor)
Si7021 MEMS lithogra-  resistive 0—80% 0.7 %RH resolution 5/18s 3% YES (Undisclosed) commercial
phy
2D MoS, + graphene  laser ablation impedance 0-100% 8% (0—S0%RH), 4/2s 3.8% YES (material-based this work

80% (50—100%

RH)

self-compensation)

increasing temperature, which is highly undesirable.”® As the
results presented in Figure S indicate, the 2D nanocomposite of
MoS, and graphene addresses both the issues associated with
the range of detection and sensitivity at lower humidity levels.
The exfoliated 2D MoS, and graphene interact through carbon—
sulfur (C—S) bonding between the layers”" as eminent from the
Raman results presented in Figure 4. The 2D sheets of graphene
and MoS, bind together at various sites, allowing direct electron
transfer between the two layers. Water molecules at lower
percentage RH result in ionic plus proton hopping current in
MoS,,”* while the hydroxyl ions bind to the lower-energy
binding sites (sp®) of graphene and to the free defect and edge
sites of MoS,, increasing its mobility due to the electron donor
behavior of the hydroxyl ion and the n-type semiconducting
properties of MoS,.”*”® At higher humidity levels, the resistance
of the overall composite decreases due to adsorption and
absorption of water molecules into the highly porous 2D
nanocomposite. Furthermore, the temperature dependence and
hysteresis of the composite-based sensor were also investigated
by recording the full-range response curves at five different
temperatures as presented in Figure 6.

The full response curves presented in Figure 6a show the
excellent stability of the sensors toward changing surrounding
temperature. One exponential equation for the impedance curve
fit was derived for the response toward relative humidity at a
single temperature as presented in Figure 6a. The same equation
was then employed to calculate the humidity and impedance at
different temperatures. Further details of the equation
parameters are presented in Table S1. The comparison of
calculated humidity levels with the reference shows absolute
errors of 2.43,2.02, 3.2, 0.55, and 1.59 for 20, 25, 30, 36, and 45
°C, respectively, as shown in Figure 6¢, while the impedance
curves obtained at 20, 25, 30, 36, and 45 °C have absolute errors
0f0.411,0.634, 0.628,0.303, and 0.377, respectively, as shown in
Figure 6d. The average percentage error for humidity was
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calculated to be around 3.9% for 25 °C AT or 0.16%/°C. It can
be noted that the reference sensor also has a maximum error of
up to 3% in the measurement of relative humidity. Given the
data, the sensors show almost independent behavior toward
changing temperature and their output impedance is only
effected by the change in relative humidity as desired. The
temperature-independent behavior of the sensor is partially due
to the chemical interaction of MoS, and graphene through the
C—S bonds and mostly due to the fact that the mobility of MoS,
decreases with increasing temperature,77 while the conductivity
of graphene increases with increasing temperature.”> The
opposite effect of the two is effectively canceled out in the
composite-based sensor, resulting in the temperature-independ-
ent behavior of the device. This results in the high specificity and
stability of the sensors, making them ideal for humidity
measurement in environments where temperature is not
constant. The hysteresis behavior of the sensor is presented in
Figure 6b for the full cycle humidification and desiccation,
showing an average hysteresis of 3.94% for the whole curve
calculated using eq 1. The results show no permanent zero error
and the output returning to the initial value eventually.

S| Ve T
average hysteresis = Z Tkl Tk / n

k=0 ymax - yml (1)

Other performance characteristics of the fabricated sensor like
response and recovery times and the performance while being
employed as a touch sensor and a breath detection sensor were
investigated, and the results are presented in Figure 7.

Figure 7a shows the transient response curve of the fabricated
sensor with excellent stability and reproducibility and no visible
saturation or offset observed between cycles, indicating the low
hysteresis of the device. The expanded curves presented in
Figure 7b were used to calculate the response time and recovery
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time of the sensor to get a stable response for 10% minimum and
90% maximum values of output. The sensors showed excellent
response and recovery times of 4 and 2 s, respectively, which are
comparable to the sophisticated sensors commercially available
over the shelf. The behavior of sensors toward physical touch
was also investigated with the results of Figure 7c showing very
high sensitivity of the sensors toward touch and an excellent
recovery back to the intrinsic value. The curves also show that
there is no degradation or slope visible in the sensor’s output
before and after the touch. Finally, the breath detection results
presented in Figure 7d indicate that the sensors can be used to
detect normal breathing patterns with good reliability and low
noise. The performance parameters and fabrication methods of
the sensor were compared to those in the recent literature and
the commercial sensors available in the market. The comparison
presented in Table 2 clearly shows that the fabricated devices
can be an excellent choice for low-cost, mass-produced,
temperature-independent humidity sensors fabricated through
laser patterning techniques.

4. CONCLUSIONS

Relative humidity sensors were successfully fabricated through
laser patterning techniques compatible with mass production
and automated manufacturing. Laser-induced graphene patterns
grown on the polyimide surface were used as transducer
electrodes, while the active sensing layer was based on the 2D
nanocomposite of exfoliated MoS, flakes and graphene. The
printing resolution of electrode patterns was mainly dependent
on the laser power, relative speed of the stage and head, and the
unit step mechanical resolution of stage movement. High-
resolution microstepping CNC routers can be used to improve
the resolution of electrode patterns. The material synthesis
process to achieve the 2D nanocomposite for the active layer
involved exfoliation of bulk MoS, powder through mechanical
wet grinding, while 2D graphene was extracted from the grown
LIG sheets. The sensors showed excellent sensitivity toward the
full range of relative humidity (0%RH to 100%RH) with fast
response and recovery times of 4 and 2 s, respectively. The
fabricated sensors were inherently temperature-independent
with their output impedance changing only in response to the
change in humidity, making them highly specific and ideal for
humidity-measuring applications where temperature is not
constant. The sensors were also employed for breath detection
and touch sensing, and the results showed a stable response. The
developed methods and materials can be a step forward toward
the development of high-performance sensing devices fabricated
through automated printing compatible with scalable produc-
tion.
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